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A B S T R A C T

Vanillyl alcohol oxidase (VAO) is a fungal flavoenzyme that converts a wide range of para-substituted phenols.
The products of these conversions, e.g. vanillin, coniferyl alcohol and chiral aryl alcohols, are of interest for
several industries. VAO is the only known fungal member of the 4-phenol oxidising (4PO) subgroup of the VAO/
PCMH flavoprotein family. While the enzyme has been biochemically characterised in great detail, little is
known about its physiological role and distribution in fungi.

We have identified and analysed novel, fungal candidate VAOs and found them to be mostly present in
Pezizomycotina and Agaricomycotina. The VAOs group into three clades, of which two clades do not have any
characterised member. Interestingly, bacterial relatives of VAO do not form a single outgroup, but rather split up
into two separate clades.

We have analysed the distribution of candidate VAOs in fungi, as well as their genomic environment. VAOs
are present in low frequency in species of varying degrees of relatedness and in regions of low synteny. These
findings suggest that fungal VAOs may have originated from bacterial ancestors, obtained by fungi through
horizontal gene transfer.

Because the overall conservation of fungal VAOs varies between 60 and 30% sequence identity, we argue for a
more reliable functional prediction using critical amino acid residues. We have defined a sequence motif P-x-x-x-
x-S-x-G-[RK]-N-x-G-Y-G-[GS] that specifically recognizes 4PO enzymes of the VAO/PCMH family, as well as
additional motifs that can help to further narrow down putative functions. We also provide an overview of
fingerprint residues that are specific to VAOs.

1. Introduction

Vanillyl alcohol oxidase (VAO, EC 1.1.3.38) is a covalent fla-
voenzyme first isolated from the ascomycetous fungus Penicillium sim-
plicissimum (de Jong et al., 1992) . VAO is active with a wide range of
para-substituted phenols (Fraaije et al., 1995; van den Heuvel et al.,
1998). Several VAO reactions produce high-quality aromatic com-
pounds, e.g. vanillin and coniferyl alcohol (see Fig. 1A for an overview).
These molecules are of interest for the food, flavour and fragrance in-
dustry, exemplified by several patents, e.g. from Mane (Lambert et al.,
2007), Rhodia (Gayet et al., 2014) and Unilever (van Berkel et al.,
1993).

VAO can also produce chiral aryl alcohols. For instance, the VAO-
mediated conversion of 4-ethylphenol results in the formation of (R)-1-
(4-hydroxyphenyl)ethanol with an enantiomeric excess of 94%
(Drijfhout et al., 1998). Interestingly, an engineered variant of VAO was
shown to be capable of producing the (S)-isomer of 1-(4-hydro-
xyphenyl)ethanol with an enantiomeric excess of 80% (van den Heuvel

et al., 2000a). It has been proposed that the methyl ether 4-(methox-
ymethyl)phenol is the physiological substrate of VAO, as it is the only
known substrate that induces expression of the vao gene in P. simpli-
cissimum (de Jong et al., 1992). However, little is known about the
origin of 4-(methoxymethyl)phenol and the physiological role of VAO.
Subcellular localisation studies showed that the P. simplicissimum en-
zyme (PsVAO), together with a co-inducible catalase-peroxidase, is
distributed throughout the cytosol and peroxisomes (Fraaije et al.,
1998a).

PsVAO is the prototype of a large flavoprotein family, the VAO/
PCMH family, together with p-cresol methylhydroxylase (PpPCMH,
from Pseudomonas putida NCIMB 9866, recommended name: 4-me-
thylphenol dehydrogenase (hydroxylating), EC 1.17.99.1). The FAD-
binding domains of all enzymes within this family share a common fold
(Fraaije et al., 1998b). Within the VAO/PCMH family, VAO and PCMH
belong to the 4-phenol oxidising (4PO) subgroup (Ewing et al., 2017a).
All 4PO enzymes contain a Tyr-Tyr-Arg triad, which is crucially in-
volved in substrate binding, and therefore is the cause of the selectivity
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of these enzymes for para-substituted phenols (Ewing et al., 2017b).
VAO is the only known fungal member of this subgroup, whereas all
other known members are bacterial enzymes (Brandt et al., 2001;
Cunane et al., 2000; Ewing et al., 2017a; Jin et al., 2007; Leferink et al.,
2008; Priefert et al., 1999; Reeve et al., 1989).

Among the 4PO enzymes, PsVAO is characterised in greatest bio-
chemical detail (Gygli et al., 2017). It has been established that the

covalent binding of the FAD cofactor of PsVAO is crucial for the redox
properties of this enzyme, as it significantly increases its redox potential
(Fraaije et al., 1999). This increase in redox potential speeds up the rate
of reduction of the FAD by the substrate, and thus increases the overall
reaction rate (Fraaije et al., 1999). The same effect has been observed in
PpPCMH (Efimov et al., 2004, 2001).

PsVAO has most properties in common with eugenol oxidase from

Fig. 1. Different reactions catalysed by PsVAO
(A) and active site of PsVAO (B). A: p-Creosol (4-
methylphenol) is converted via vanillyl alcohol
(4-hydroxy-3-methoxybenzyl alcohol) to vanillin
(4-hydroxy-3-methoxybenzaldehyde). Coniferyl
alcohol (4-hydroxy-3-methoxycinnamyl alcohol)
is produced from eugenol (2-methoxy-4-allyl-
phenol). 4-Ethylphenol is converted to (R)-1-(4-
hydroxyphenyl)ethanol. The proposed physiolo-
gical substrate 4-(methoxymethyl)phenol is oxi-
datively demethylated to 4-hydro-
xybenzaldehyde. B: Active site of PsVAO (PDBID
1VAO). The FAD cofactor is coloured in yellow
and critical amino acid residues are shown in
dark grey. For clarity, only the isoalloxazine
moiety of the FAD cofactor (which is covalently
bound to His422) is shown. See Table 1 for more
information about these critical amino acid re-
sidues.
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the actinobacterium Rhodoccocus jostii RHA1 (RjEUGO) (Jin et al.,
2007; Nguyen et al., 2016). Both enzymes contain an 8α-(N3-histidyl)-
FAD as prosthetic group, use oxygen as electron acceptor, and share a
considerable overlap in substrate specificity. A main difference, how-
ever, is that PsVAO is a homo-octamer (de Jong et al., 1992), while
RjEUGO is a homodimer (Jin et al., 2007). A recent protein engineering
study showed that an extra surface loop in PsVAO determines this dif-
ference in oligomerisation behavior (Ewing et al., 2016). Another re-
markable difference between PsVAO and RjEUGO concerns the re-
activity with alkylphenols. PsVAO converts a wide range of
alkylphenols to the corresponding alcohols or alkenes (van den Heuvel
et al., 1998), whereas RjEUGO shows almost no activity with these
compounds (Jin et al., 2007).

Because of the conservation of the FAD-binding domain, all 4PO
enzymes share at least 25% sequence identity. To reliably identify novel
VAOs, their fungal origin can be used, as well as conservation of known
critical amino acid residues (see Table 1 and Fig. 1B). Currently, no
clear sequence motifs specific to VAO are defined (Dym and Eisenberg,
2001; Garma et al., 2016). Little is known about the occurrence of VAO
in fungi, besides that it is produced in P. simplicissimum, Byssochlamys
fulva and Fusarium monoliforme (de Jong et al., 1992; Furukawa et al.,
1999; van Rooyen, 2012). In B. fulva, expression of vao is induced by
vanillyl alcohol (Furukawa et al., 1999). In F. monoliforme, vao ex-
pression was observed with veratryl alcohol and anisyl alcohol, and to a
lesser extent with vanillyl alcohol (van Rooyen, 2012). In P. simpli-
cissimum, vanillyl alcohol and eugenol are not inducing expression of
vao, but 4-(methoxymethyl)phenol, anisyl alcohol and veratryl alcohol
are (Fraaije et al., 1997).

Here, we aim to shed light on the occurrence of VAO in fungi. VAO
has recently been added to the CAZy (Carbohydrate-Active Enzymes)
database, as a separate family of auxiliary activities (AA4) involved in
lignin breakdown (Levasseur et al., 2013). We have used this criterion
to mine fungal genomes in the Mycocosm database for putative VAOs.

2. Results

We have identified candidate VAOs in the Mycocosm database and
performed a phylogenetic analysis of them. We have used the bacterial
4POs as outgroup for the analysis of these fungal sequences. We
mapped the distribution of VAO homologs in different fungi. We ana-
lysed the phylogenetic tree obtained, as well as conservation of critical
amino acid residues and cellular localisation of putative VAOs. We
analysed the genomic environments of these putative VAOs. We also
propose motifs for the future identification of fungal VAOs, as well as
bacterial 4POs.

2.1. Fungal distribution of VAO homologs

Different classes of fungi possess sequences homologous to the se-
quence of PsVAO, which are annotated as AA4 in the Mycocosm

database. In Basidiomycota only Agaricomycotina were found to con-
tain putative VAOs (see Fig. 2). In Ascomycota, only Pezizomycotina
contain putative VAOs: dothideomycetes (29), leotiomycetes (6), sor-
dariomycetes (19), eurotiomycetes (25) and orbiliomycetes (3), see also
Fig. 2. Gene duplications appear to have occurred in almost all fungal
classes containing VAO homologs. As can be seen in Fig. 2, in the
Agaricomycotina only three organisms have multiple copies of vao
genes, while in Pezizomycotina, 19 organisms have multiple copies of
vao genes. Most striking is Aspergillus sydowii, which contains seven
putative VAOs.

The fungi found to carry a vao gene are living in very diverse en-
vironments, e.g. Jaapia argillacea in the northern hemisphere and
Aspergillus glaucus in the artic regions, while Eurotium rubrum is the most
common fungal species isolated from the Dead Sea. Other fungi e.g
Gloeophyllum trabeum, Dacryopinax primogenitus and Glonium stellatum
are wood decayers. This observation does not enable us to draw a
conclusion on the native functions of VAOs or fungal 4POs, other than
that they are likely involved in a metabolic pathway used by all these
fungi.

The prevalence of VAO sequences in fungal genomes does not follow
fungal taxonomy. While several fungal clades do not appear to contain
any species with a VAO, there are no clades in which all species contain
a VAO. The presence of a VAO in a species also does not appear to be
related to life style or biotope as they can be found in some saprobic,
plant pathogenic and animal/human pathogenic fungi, but are also
frequently absent in other fungi with these life styles. The same applies
to the number of VAO copies, which differs for species with a VAO
between one and seven and again cannot be linked to biotope or life
style.

2.2. Cellular localisation

All identified fungal proteins appear to be intracellularly located,
since no N-terminal signal peptides have been found in any sequence
using the SignalP 4.1 Server. A proposed C-terminal peroxisomal tar-
geting signal (WKL-COOH instead of the SKL-COOH peroxisomal tar-
geting signal-1 (Fraaije et al., 1998a)) was only present in some of the
sequences in the VAO clade, or further changed to YKL-COOH in
eurotiomycetes and absent in all other sequences. In the same study, it
was found that VAO localises in the cytoplasm as well as peroxisomes in
P. simplicissimum (Fraaije et al., 1998a). The predictions of the DeepLoc
server (Almagro Armenteros et al., 2017) reflect the experimental data,
especially the bimodal distribution observed experimentally for VAO:
cytoplasmic or peroxisomal localisation is often predicted to be equally
likely. With only two exceptions (WP_056693180.1 and Calvi1_515549
(Calocera viscosa)), all sequences are predicted to be peroxisomal or
cytoplasmic (see supplementary data 3).

In P. simplicissimum, VAO is expressed together with a catalase-
peroxidase (Fraaije et al., 1998a). At the time of that study, no sequence
for this catalase-peroxidase was available, but in the meantime several

Table 1
Function of critical amino acid residues in PsVAO.

Residue(s) Function

Tyr108, Tyr503, Arg504 Substrate binding, substrate deprotonation (Ewing et al., 2017b; Mattevi et al., 1997)
His61 Involved in autocatalytic formation of covalent bond of FAD to His422 (Fraaije et al., 2000)
His422 Covalent bond to FAD (Mattevi et al., 1997)
Ile414 No function known in PsVAO but the corresponding Tyr residue in PpPCMH is covalently binding FAD (Cunane et al.,

2000)
Asp170 Involved in autocatalytic formation of covalent bond of FAD to His422; catalytic base; stereoselectivity (Drijfhout et al.,

1998; Mattevi et al., 1997; van den Heuvel et al., 2000a, 2000b)
Thr457 Stereoselectivity (Drijfhout et al., 1998; van den Heuvel et al., 2000a)
Loop 219–240 (octamerisation loop published:

220–235)
Essential for octamerisation (Ewing et al., 2016)

Tyr51, Tyr 408 Tyrosines suggested to be involved in dioxygen migration to the re side of the active site (Gygli et al., 2017)
Asp192, Met195, Glu464, His466, (Tyr503) Proposed to be involved in access of phenolic ligand to si side of active site (Gygli et al., 2017)
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sequences and crystal structures from related organisms have been
solved e.g. (Carpena et al., 2004; Scherer et al., 2002; Zhao et al., 2013,
2006). Using sequence Q96VT4 from Aspergillus nidulans, we searched
the genomes of fungi in the red clade (containing PsVAO and sequences
most similar to it) for homologs of this catalase-peroxidase. In total, 87
putative catalase-peroxidases were found, including isoforms in several
fungi. Ninety percent of these sequences were predicted by the DeepLoc
webserver to be localised in the cytoplasm or peroxisome (see supple-
mentary data 4).

2.3. Genomic environment of putative VAOs

We analysed the genomic environment of sequences most similar to
PsVAO (in the red clade, marked in red in Fig. 3). There is some synteny
between closely related species, but a notable lack thereof in a broader
view across the fungal kingdom. The fact that VAO is not located in a
region of high synteny could indicate that horizontal gene transfer
played a role in the origin of fungal VAOs.

2.4. Three different subgroups/clades of fungal VAOs

Here we will describe the phylogenetic tree of the PsVAO homo-
logues in more detail (Fig. 3). This tree was created using the bacterial
4POs (RjEUGO and PpPCMH) and the novel fungal VAOs. All sequences
were between 502 and 632 amino acids long. Please note that RjEUGO
is more closely related to PsVAO than the other bacterial 4POs, forming
its own clade (marked in green in Fig. 3). ART40635, WP_068805427,
WP_061561479, AAM21269 and WP_056693180 are bacterial se-
quences that were added to expand the outgroup. Interestingly, these
bacterial sequences do not form one outgroup in the tree but two dis-
tinct clades. They separate the fungal VAOs into one clade more closely
related to PCMH and one clade more closely related to EUGO.

Three main clades can be identified, with 4POs containing a cyto-
chrome c subunit sequence rooting the entire tree (marked in grey in
Fig. 3). We describe the phylogenetic tree in counterclockwise order
from the grey outgroup on. Please note that all residues are numbered
according to the PsVAO numbering.

The blue clade (see Fig. 3 and supplementary Fig. A1) contains se-
quences, which only share four critical residues with PsVAO, making
these four residues (Tyr108, His422, Tyr503 and Arg504) the only ones
that are conserved in all fungal VAOs. The only exception is the se-
quence Diaam1_2(7551, from Diaporthe ampelina in the red clade (vide
infra)). The sequences in the blue clade are more similar to PpPCMH
and markedly differ from PsVAO in at least three aspects: (i) they do not
contain the octamerisation loop (Ewing et al., 2016), nor do they
contain Tyr51, a proposed gatekeeper for oxygen access to the active
site (Gygli et al., 2017); (ii) they do not share the three residues Arg312,
Arg398, Glu410 which are conserved in most of the other homologs;
(iii) some of these sequences contain a short loop between positions 321
and 322, which is absent in all other sequences studied here.

The green clade, containing sequences similar to RjEUGO, separates
the sequences in the blue clade from the sequences in the red clade.

The clade containing PsVAO is marked in red in Fig. 3 (VAO clade).
This clade contains sequences that are most similar to PsVAO (see
supplementary Fig. A1). All sequences in this clade contain the octa-
merisation loop, or at least a 2–4 residues shorter variant thereof.
Members of the VAO clade all contain Tyr51, Arg312, Arg398 and
Glu410 (except the sequence from Beauveria bassania (Beaba1), which
contains an aspartate at position 312).

The yellow clade (see Fig. 3 and supplementary Fig. A1) contains
sequences that share eight critical amino acid residues with PsVAO.
This clade can be split into two sub-clades, one without an octamer-
isation loop (in lighter yellow in Fig. 3) and one with a very short oc-
tamerisation loop (in darker yellow, in Fig. 3, formed of 5 instead of 16
residues). It is doubtful whether this loop has the same function as the
octamerisation loop in PsVAO (Ewing et al., 2016). Sequences in the

Fig. 2. Species-tree showing the occurrence of putative VAO sequences in dif-
ferent fungi. The branch lengths are indicative of evolutionary distances. (A)
Overview of all fungal classes, with the number behind the class indicating how
many putative VAOs were found in that class. No number means there is no
putative VAO present. (B) Details on the fungal classes that were found to
contain putative VAOs. The number behind the organism indicates how many
putative VAOs were found in that organism. Note that especially the branch
lengths for closely related species are not accurate.
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yellow clade contain His61, Met61 or Phe61. Two sequences contain a
cysteine at position 414, Bauco1 (78266, from Baudoinia compniacensis)
and Aciri1_meta (49642, from Acidomyces richmondensis). Otherwise,
the conservation of critical amino acid residues in this clade is like in
the red clade.

In conclusion, the blue clade contains sequences most similar to
bacterial 4POs, while the red and yellow clade contain sequences most
similar to PsVAO. PsVAO is found in the red clade, where all sequences
are very similar to it. The yellow clade contains sequences without an
octamerisation loop (subclade coloured in lighter yellow) and se-
quences with a very short “octamerisation loop” (subclade coloured in
darker yellow). Enzymes whose functions have been biochemically
studied are marked with a star.

2.5. Conservation of critical amino acid residues

All fungal sequences identified contain the Tyr108-Tyr503-Arg504
triad and His422 with the exception of Diaam1_2 (7551, from Diaporthe
ampelina), which has phenylalanine residues at positions 503 and 422.
His61, which has been found to be involved in the autocatalytic

formation of the covalent His422-flavin bond (Fraaije et al., 2000) is
not conserved in the sequences, but often replaced by a tyrosine, me-
thionine or phenylalanine. No sequence has a tyrosine residue at po-
sition 414 (which covalently binds the FAD cofactor in PpPCMH), but as
already indicated above, two sequences of the yellow clade carry a
cysteine at that position.

The catalytic base, Asp170 is present in all sequences in the red and
yellow clade, with the exception of Diaam1_2 (7551, from Diaporthe
ampelina), which carries a glutamine at that position. Sequences in the
blue clade carry mainly serine or alanine at position 170, and might use
an aspartate at position 457 as catalytic base instead. This would re-
semble the situation in PpPCMH, where an alanine (Ala154) and a
glutamate (Glu427) occupy these positions (Cunane et al. 2000).
Thr457 is not strictly conserved in either of the three clades, but the
majority of sequences carry Thr457 or Asp457. These two facts com-
bined are a good predictor for the enzyme enantioselectivity (van den
Heuvel et al., 2000a). Especially in the blue clade, inverted enantios-
electivity can be expected, likely producing (S)-1-(4-hydroxyphenyl)
ethanol from 4-ethylphenol (van den Heuvel et al., 2000a).

The loop between residues 220 and 237 in PsVAO is present in all

Fig. 3. Analysis of the molecular phylogeny of VAO by Maximum Likelihood method. The evolutionary history was inferred by using the Maximum Likelihood
method based on the JTT matrix-based model (Jones et al., 1992). The tree with the highest log likelihood (−36578.6019) is shown. Initial tree(s) for the heuristic
search were obtained automatically as follows. When the number of common sites was< 100 or less than one fourth of the total number of sites, the maximum
parsimony method was used; otherwise BIONJ method with MCL distance matrix was used. The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 97 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 429
positions in the final dataset. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011). Minor manual modifications were made to the obtained tree.
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sequences in the VAO clade, and absent in all other sequences.
Interestingly a much shorter loop (five residues) is present in some
sequences of the yellow clade. This indicates that not all of the se-
quences identified here will produce octameric VAOs. Considerable
variation in the loop itself occurs, but prolines appear to be more
conserved than other residues in the loop.

Sequences in the blue clade are more similar to the bacterial 4POs in
the sense that they do not share Asp170 with PsVAO, but contain a
serine or alanine instead. However, they all share His422 with PsVAO.
Like the bacterial sequences, sequences in the blue clade lack residue
Tyr51. See also supplementary Fig. A2 for sequence logos of the three
fungal clades (yellow, red and blue). Tyr51 was suggested to be in-
volved in dioxygen migration to the active site (together with Tyr408,
which is not conserved). These two tyrosines are located in a loop in
PsVAO, where the cytochrome c subunit binds to the FAD-subunit in
PpPCMH (Gygli et al., 2017).

2.6. Motifs for VAOs

PsVAO and the other members of the 4PO subgroup, as well as
members of the VAO/PCMH family all share the same FAD-binding
fold, for which a motif has been proposed (Dym and Eisenberg, 2001).
Their specific mode of FAD binding however differs: they bind their
FAD cofactor non-covalently, mono-covalently, or bi-covalently (Ewing
et al., 2017a). Members that bind their FAD cofactor via the C8α po-
sition of the isoalloxazine ring do not always use the same residue or
even the same domain (Heuts et al., 2009). This fact can be used to
distinguish between the different members at the sequence level
(Garma et al., 2016). Expanding on this idea of function-related pat-
terns or motifs, it should also be possible to distinguish between 4PO
enzymes with different activities based on patterns or motifs of active
site residues.

To define a motif specific to VAOs, we expanded the sequence
motifs proposed by Dym and Eisenberg (Dym and Eisenberg, 2001)
with the present knowledge of critical amino acid residues (see Fig. 4).
The well-known dinucleotide-binding motif (Wierenga et al., 1983) is
absent in VAO, as these enzymes do not contain a Rossmann fold, but
have their own, distinct fold, which is shared by all members of this
family. We defined motifs based on Fig. 4, as summarised in Table 2.
Some of these motifs are specific to VAO, and others to the known
members of the 4PO subgroup.

3. Discussion

Fungi and bacteria separated about 4090 million years ago (MYA).
This makes it remarkable that RjEUGO still clusters more closely with
VAO than with the bacterial 4POs. To better understand this, we looked
at RjEUGO more closely. This enzyme originates from Rhodoccocus jostii
RHA1 (Jin et al., 2007; Nguyen et al., 2016), which is an actino-
bacterium. The other bacterial members of the 4PO subgroup all come
from Pseudomonas strains, which makes them proteobacterial. Actino-
bacteria and Proteobacteria separated 3169 MYA. It is interesting to
note that these speciation events all took place before the great oxi-
dation event, so before atmospheric oxygen levels increased perma-
nently (2400 to 2100 MYA, (Lyons et al., 2014)). The absence of at-
mospheric oxygen at the time of this separation makes it likely that the
common ancestor of all 4POs was not a true oxidase.

Candidate fungal VAOs are present in a variety of fungi, but pre-
dominantly in the class of Pezizomycotina and Agaricomycotina. None
of the earlier lineages appear to contain any copies of this gene, sug-
gesting that it originated after the dikarya evolved as a separate group
from those earlier lineages. However, in those groups of fungi that
contain species with a VAO (e.g. Sordariomycetes, Dothidiomycetes,
Eurotiomycetes, Leotiomycetes, Agaricomycotina), the presence of VAO
genes is restricted to a small number of species, often not closely re-
lated. The broad diversity of species that contains VAO genes could

indicate that VAO is an old enzyme that was frequently lost in fungal
species, likely due to it no longer being essential. However, the phy-
logenetic analysis of fungal VAOs also points to an alternative ex-
planation. As the VAO tree only partially follows the taxonomic re-
lationships between the species, this suggests the possibility that several
of these species obtained the VAO gene through horizontal transfer,
possibly from bacteria. This would explain the low frequency of pre-
sence of VAO in fungal genomes, as well as the large phylogenetic di-
versity of the fungal VAO candidates.

Interestingly, among the species that contain candidate VAO genes,
the number varies from one to seven copies, suggesting that those
species with multiple copies have really capitalized on this enzymatic
function and therefore likely require it for life in their biotope. An in-
teresting example of this is Aspergillus sydowii that has the highest
number of VAO genes detected (seven) and has both a terrestrial and a
marine life style, in which it has been implicated as a major causal
agent of coral bleach (Ein-Gil et al., 2009).

Another factor speaking in favour of horizontal transfer as the origin
of fungal VAOs is the non-conserved genomic region in which the genes
have been detected. This would be consistent with introduction by
horizontal transfer, while an ancient fungal origin would more likely
result in some conservation/synteny of the neighbouring genes of the
VAO genes, which we could not detect.

Based on the conservation of critical amino acid residues, we are
confident that the sequences we have identified will produce enzymes
with VAO-like activity, with the exception of the putative VAO from
Diaporthe ampelina. This sequence might be a pseudogene. Sequences in
the blue clade are likely to have modified activities, especially with
changed enantioselectivity. We argue that it is more reliable to use
critical amino acid residues than overall sequence identity to predict
the enzymatic function of a sequence. Sequence identities between
PsVAO and the novel VAOs in the blue clade are only between 30 and
40%, but most critical amino acid residues are strictly conserved. It is
therefore crucial to use these critical amino acid residues when anno-
tating novel VAO sequences. We have also included the critical amino
acid residues into the motifs we defined.

The functional role of the identified motifs is likely structural: The
residues in the 4PO-motif-1 form a loop, which is in close contact with
the FAD cofactor. It is important to note that one of the tyrosines cru-
cially involved in substrate deprotonation (Tyr108) is located in this
loop. This motif is therefore likely linked to proper orientation and
stabilisation of the position of Tyr108. The 4PO-motif-5 also forms a
loop containing the other two residues involved in substrate deproto-
nation, Tyr503 and Arg504. Proper orientation of these residues is also
the likely reason for the conservation of this motif.

Searching the Swissprot database with the defined motifs shows
that, as could be expected, the shorter motifs are not specific enough to
identify 4POs from the database. However, 4PO-motif-1 is highly se-
lective and only yields sequences of PsVAO and PpPCMH. The sequence
of RjEUGO is not a reviewed sequence entry in the Swissprot database
and therefore not a hit. We then expanded our search to GenBank,
UniProt, RefSeq and PDBSTR. Only the 4PO-motif-1 was sufficiently
selective, giving 848 hits. These sequences are (automatically) anno-
tated as VAOs, PCMHs, glycolate oxidases, alcohol oxidases, aryl al-
cohol oxidases, hypothetical proteins, FAD-binding oxidoreductases,
FAD binding domain-containing proteins and uncharacterized proteins.
It is highly likely that the annotations of these sequences are erroneous
and that they are actually all 4POs or even VAOs. For example, one
sequence annotated only as FAD-binding oxidoreductase is actually
RjEUGO (WP_011595933.1). PsVAO is also annotated as an aryl-alcohol
oxidase in many organisms, including Y15627 from P. simplicissimum.
This annotated aryl-alcohol oxidase is identical to P56216, the original
sequence of VAO. Calling VAO an aryl-alcohol oxdiase is not technically
wrong, but leads to confusion because the enzymes with EC number
1.1.3.7 that are defined as aryl-alcohol oxidases are part of the glucose-
methanol-choline oxidoreductase family (Ferreira et al., 2009).
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We recommend using the 4PO-motif-1 for a knowledge-based search
of novel 4POs or to improve the annotation of these sequences. The
additional use of the other motifs will help to further narrow down
putative functions. In addition to these motifs, several fingerprint re-
sidues can be used to identify VAOs in a given set of sequences (see
Table 1). Including the original PsVAO sequence (P56216.1) is highly

recommended for ease of finding these fingerprints.
Cellular localisation of the candidate VAOs and a co-expressed

catalase-peroxidase was predicted to be peroxisomal or cytoplasmic.
This is in agreement with experimental data available on both enzymes
from P. simplicissimum (Fraaije et al., 1998a, 1996). It is likely that fungi
that intracellularly express highly active VAO also co-express a

Fig. 4. Sequence logos of fungal VAOs and their location in the structure (PDBID 2VAO). Top: coloured boxes indicate the different motifs. Cyan highlights the 4PO-
motif-1, purple the 4PO-motif-2, turquoise the 4PO-motif-3, orange the 4PO-motif-4 and yellow the 4PO-motif-5. Turquoise also highlights the VAO-motif-1, which
overlaps with the 4PO-motif-3 and grey the VAO-motif-2. Gaps are introduced by the removed bacterial outgroup. Bottom: Stereo view of the structure of VAO with
the same colours as above indicating the location of the different motifs defined in this study (see Table 2 for details). The FAD cofactor is shown as sticks and
coloured in yellow. The cap domain (residues 270–500, interrupting the FAD binding domain) is shown in white and the FAD binding domain in grey.

Table 2
Motifs for 4POs and their starting position in PsVAO, defined based on Fig. 4 (in PROSITE format). Bold letters
indicate a critical amino acid residue.

4PO-motif-1; start 96 P-x-x-x-x-S-x-G-[RK]-N-x-G-Y-G-[GS]

4PO-motif-2; start 143 E-P-G-V-[TS]-[FY]

4PO-motif-3; start 178 G-N-x-x-x-x-G

4PO-motif-4; start 252 G-x-F-x-Q-x-x-x-G-x-x-x-K-x-G-x-x-L

4PO-motif-5; start 503 Y-R-x-x-(x)-x-x-x-D

VAO-motif-1; start 169 P-x-x-G-x-(x)-G-S-x-x-G-N-x-x-x-x-G

VAO-motif-2; start 422 H-x-x-x-x-P-x-x-x-x-x-G
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catalase-peroxidase to prevent accumulation of toxic levels of hydrogen
peroxide. However, the catalase-peroxidase genes we identified in the
genomes of the red clade are not located in the immediate environment
of the vao gene.

VAO and the other members of the 4PO subgroup are the only
known members of the VAO/PCMH family that covalently bind their
FAD cofactor via a residue in the cap domain. The other family mem-
bers bind FAD either mono-covalently or bi-covalently via (a) residue(s)
in the FAD-binding domain, or non-covalently. Tyrosines, cysteines and
histidines are involved in the covalent binding modes (Cunane et al.,
2000; Huang et al., 2005; Mattevi et al., 1997). Histidines can bind FAD
via an 8α-N1-histidyl (to the FAD-binding domain) or 8α-N3-histidyl
bond. PsVAO uses His422 of the cap domain to install the 8α-(N3-his-
tidyl)-FAD bond (Mattevi et al., 1997).

Interestingly, many putative VAOs do not contain His61 which is
involved in the autocatalytic incorporation of FAD (Fraaije et al., 2000),
but all contain His422 and none contain Tyr414. For putative VAOs
with Tyr61 this residue may be able to have the same function. But for
other putative VAOs, the autocatalytic incorporation of FAD, as ob-
served for PsVAO, is unlikely, or another mechanism is in place to ac-
tivate His422. The absence of Tyr414 also negates the option of a 8α-
(O-tyrosyl)-FAD, although two sequences with a cysteine at position
414 might have a 8α-(S-cysteinyl)-FAD. Some of these putative VAOs
might bind their FAD cofactor non-covalently.

4. Conclusion

In conclusion, we have identified sequences, which represent with a
high likelihood novel, fungal VAOs. Genomic analysis revealed pre-
sence of VAO in only a small subset of fungal species that are present in
several fungal orders. Based on phylogeny and synteny analysis, it
seems more likely that fungi that possess VAOs obtained these through
horizontal transfer, possibly from bacteria, rather than that many fungi
have lost this gene through evolution. We have defined a specific se-
quence motif (P-x-x-x-x-S-x-G-[RK]-N-x-G-Y-G-[GS]) that recognizes
4PO enzymes, that can be used in combination with several fingerprint
residues to identify novel VAOs.

Several properties of the members of the 4PO subgroup remain
confusing. Their substrate specificities overlap, but RjEUGO is unable to
convert alkylphenols. PpPCMH and other bacterial 4POs as well as the
fungal PsVAO are able to convert these molecules enantioselectively.
Their fungal or bacterial origin cannot be used to functionally separate
them as the bacterial RjEUGO is a true oxidase like PsVAO, but the
other bacterial 4POs are not. Also, these enzymes are induced by dif-
ferent molecules (Fraaije et al., 1997; Otani et al., 2014; Reeve et al.,
1989), and no common inducer or physiological substrate has been
identified (yet). Biochemical characterisation of the identified fungal
sequences will help to shed light on whether there are “fungal EUGOs”
or “fungal PCMHs” and additional work to identify and characterise
bacterial members of the 4PO subgroup will also help to illuminate
whether there are “bacterial VAOs”. More work is certainly needed to
disentangle these enzymes from each other.

5. Methods

VAO is currently the only member of the Auxiliary Activity Family 4
(AA4) of the CAZy database. In CAZy, there are 21 eukaryotic and 131
bacterial sequences classified as AA4, presenting a clear bias against
fungal sequences.

A manual search of the MYCOCOSM database (April 2017) revealed
89 putative VAOs. Gene models of enzymes annotated as CAZy-AA4 in
the MYCOCOSM database were analysed. Sequences from non-pub-
lished genomes were removed, greatly reducing the amount of se-
quences. Protein sequences and genomes were downloaded and gene
models were manually corrected where necessary. Sequences with ob-
vious internal STOP codons were removed. If unresolvable problems

were present with one sequence from an organism, all sequences from
that organism were removed. Sequences were aligned using clustal
omega. The verified alignment was used to build a phylogenetic tree
using MEGA (version 5.2). The raw data of the alignment and the tree
can be found in the supplementary Data (supplementary data 1 and
supplementary data 2).

Sequences originating from ascomycota and basidiomycota were
identified, with the majority of sequences in the ascomycota phylum
(78, vs 11 in basidiomycota). Gene models for 15 of these 89 un-
characterised fungal sequences were manually corrected. Organisms
from different classes in the two phyla contained putative VAOs. The
original sequence of PsVAO was added to the 89 putative VAOs, as were
the bacterial sequences of characterized 4POs, giving a total of 97 se-
quences, for which an alignment, and subsequently a phylogenetic tree,
was built using the clustal omega webserver (https://www.ebi.ac.uk/
Tools/msa/clustalo/) and the MEGA5 program (Tamura et al., 2011).

Sequence logos were created using the weblogo webserver ((Crooks
et al., 2004), http://weblogo.berkeley.edu/) and edited with inkscape
(https://inkscape.org/en/). The genomic environment was manually
extracted from the MYCOCOSM database, only selecting ORFs on the
same strand as the putative VAO. Visualisation was performed with
inkscape. The DeepLoc webserver was used to analyse the probable
localisation of putative VAOs ((Almagro Armenteros et al., 2017),
http://www.cbs.dtu.dk/services/DeepLoc-1.0/). Estimated times of
speciation events of the last common ancestor of organisms containing
4POs were median times given by http://timetree.org/. The proposed
motifs were tested using http://www.genome.jp/tools/motif/MOTIF2.
html, on 14.11.2017. Catalase-peroxidases (katGs) were identified in
fungi in the red clade by blasting with Q96VT4. Cellular localisation of
sequences of the best hits was analysed using the DeepLoc server
((Almagro Armenteros et al., 2017), http://www.cbs.dtu.dk/services/
DeepLoc-1.0/).
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