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SUMMARY
Polyphenol oxidases (PPOs) are coupled binuclear copper proteins that catalyze the oxidation of phenols.
New functions of PPOs are continuously being discovered, latest with several fungal o-methoxy phenolases,
which are active on lignin-derived compounds. Here, we perform a comprehensive phylogenetic analysis of
PPOs from a wide taxonomic origin and define 12 PPO groups. We find that a deep gene duplication has led
to two distinct PPO types. Type 1 includes PPOs from chordates and molluscs, as well as the fungal o-me-
thoxy phenolases. Type 2 includes plant PPOs, molluscan hemocyanins, and fungal tyrosinases. Most of the
type 2 proteins have a C-terminal shielding domain and a thioether bond in the copper-binding site. We also
find thatmost ascomycetes contain high numbers of the PPO type 1 that includes the o-methoxy phenolases,
which may indicate a role in the lignin conversion strategy of these fungi.
INTRODUCTION

Polyphenol oxidases (PPOs) are a large group of enzymes found

across all domains of life1 where they perform a wide range of

functions, which are still not fully understood. PPOs are mostly

associatedwith the biosynthesis of melanins, which have several

biological roles such as protection from UV radiation and oxida-

tive stress (due to its free radical scavenging properties), skin

wound healing in animals, virulence in pathogenic microorgan-

isms, defense against pathogens, and enhancement of microbial

resistance to environmental damage.2,3 Beyondmelanin synthe-

sis, PPOs are involved in the synthesis of specialized bioactive

metabolites in plants and microorganisms.4–6 Bacterial PPOs

from wetland environments are also regarded as key enzymes

in the ‘‘latch mechanism’’ hypothesis, impacting carbon storage

in these ecosystems.7

PPOs belong to a larger group of proteins called coupled binu-

clear copper (CBC) proteins (Figure 1A). CBC proteins are

defined by having a single type-3 copper binding site, containing

two copper ions (CuA and CuB) each coordinated by three histi-

dine residues in a four-helix bundle. Besides PPOs, the CBC pro-

tein class includes hemocyanins, which are proteins without

enzymatic activity that transport oxygen in arthropods and mol-

luscs8 (Figure 1A). Most PPOs, as well as molluscan hemocya-

nins, contain the Pfam domain PF00264 (common central

domain of tyrosinase). Arthropods, on the other hand, contain

hemocyanins and prophenoloxidases,9 which contain the

distantly related Pfam domain PF00372 (hemocyanin, copper

containing domain), which will not be the focus of this study.
iScience 28, 111771, Febru
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Other examples of important and well-studied copper-con-

taining enzymes are laccases and ascorbate oxidases, which

both have four copper atoms in their active sites, two of which

are coordinated in a type-3 site, similar to PPOs,10 and both

are prevalent in plants.11 Single copper-enzymes like lytic poly-

saccharide monooxygenases (LPMOs)12 also receive much

attention from research due to their biological significance and

industrial potential.

PPOs are classically divided into two functional groups; those

that possess both mono- and diphenolase activity (tyrosinases,

EC 1.14.18.1), and those that possess only diphenolase activity

(catechol oxidases, EC 1.10.3.1) (Figure 1A). Monophenolase

activity refers to the monooxygenation of a monophenol, gener-

ating an o-diphenol, while diphenolase activity refers to the two-

electron oxidation of a diphenol, generating an o-quinone

(Figure 1B). Tyrosinases are named so because their canonical

substrate is L-tyrosine which they convert into L-dopaquinone

in the synthesis of melanin. Catechol oxidases, on the other

hand, are named so because they are active on L-DOPA (cate-

chol) but not on L-tyrosine. This nomenclature can, however,

be misleading, because some PPOs can be inactive on tyrosine,

but still possess monophenolase activity toward other mono-

phenols. Additionally, insufficient characterization can lead to

wrong naming.

Several other functions have been discovered, which do not fit

in any of the above two groups. The aurone synthase performs

monooxygenation and oxidation of chalcones in the anabolic

pathway of aurone in plants4,13 (Figure 1A). These enzymes

performmonooxygenation, but are not active on tyrosine. Another
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Functions of CBC proteins

(A) Functional groups of CBC proteins.

(B) Mono- and diphenolase activity.
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group is the o-aminophenol oxidases, which convert o-aminophe-

nols into o-quinone imines by a two-electron oxidation (EC

1.10.3.4) (Figure 1A). The o-aminophenol oxidases also possess

‘‘normal’’ mono- and diphenolase activity. In addition to o-amino-

phenol oxidase activity, hydroxyanilinase activity (C-nitrosation)

(Figure 1A) has been reported for two characterized bacterial en-

zymes, GriF fromStreptomyces griseus14 and NspF from Strepto-

myces murayamaensis.5,15 The hydroxyanilinase activity can be

considered a special case of monooxygenation.

In addition, a set of fungal PPOs have been discovered in

recent years, which oxidize ortho-methoxylated phenols, sug-

gesting potential roles in the valorization of lignin-derived

compounds.16–20 These enzymes funnel lignin-derived guaiacyl

(G)- and syringyl (S)-type monophenols into the same product

(methoxy-ortho-diphenols) (Figure 1A), which suggests that

they may be part of the strategy of these organisms to transform

lignin-derived compounds into common intermediates before

further uptake and metabolization. They have also been shown

to boost LPMO-driven degradation of lignocellulose by supply-

ing LPMOs with electrons from the oxidation of G-units.16,21

These PPOs are not active on tyrosine and do not fit into any

of the other three functional groups, thus we refer to them here

as ‘‘o-methoxy phenolases’’ (Figure 1A). In addition, the reaction
2 iScience 28, 111771, February 21, 2025
on S-type monophenols is different as it is an oxidative deme-

thoxylation (Figure 1A). All of the o-methoxy phenolases

described so far belong to a group of fungal PPOs termed short

PPOs, which differ from the canonical fungal long PPOs (tyrosi-

nases) by lacking the C-terminal shielding domain (PF18132).22

In addition to the aforementioned functions, some reports

show unusual functionalities for PPOs, such as dopachrome tau-

tomerase for the human tyrosinase related protein 2 (TYRP2),

which contains zinc ions in the active site,23,24 and proteolytic

activity for two PPOs,MdPPO2 from the ‘‘Golden Delicious’’ ap-

ple (Malus domestica) and AbPPO4 from button mushroom

(A. bisporus).25

Some PPOs are produced with a C-terminal shielding domain,

which blocks the active site. This includes plant catechol oxi-

dases, fungal tyrosinases, and some bacterial tyrosinases,

such as VsTyr from Verrucomicromium spinosum.26 This domain

presumably protects against the production of highly reactive

quinonoid products inside the cell.27 The C-terminal domain is

cleaved off by a proteolytic enzyme to induce activity.27

It is evident that there is a large functional diversity in the

PPOs, and that grouping these enzymes based on function is

difficult. Furthermore, it is poorly understood how the differences

in function relate to sequence and structure. Previous
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phylogenetic studies have focused mainly on animal and plant

CBC proteins1,28 with fungal PPOs being underrepresented.

Moreover, with the many newly discovered activities, a phyloge-

netic analysis showing how the different characterized enzymes

are related, is needed.

Here, we perform a comprehensive phylogenetic analysis of

PPOs from all kingdoms, and define 12 types of PPOs.We inves-

tigate how these PPO types relate to activity and substrate pref-

erence and how they are distributed in different genomes. We

further give an overview of the conserved residues in each

type. Finally, we perform a detailed analysis of the fungal short

PPOs, including their differences in substrate preference, and

their presence in fungi with different lignin-degrading profiles.

RESULTS

Phylogeny of PPOs
An analysis of all the NCBI reference genomes shows that the

number of PPO genes varies considerably between different or-

ganisms (Figure S1). Some bacterial and archaeal genomes

contain PPO genes, but the large majority do not (92% for bacte-

ria and 99% for archaea). Most land plants (Magnoliopsida)

contain high numbers of PPOs (up to 22), except for plants of

the Brassicaceae family (including themodel organismArabidop-

sis thaliana), which interestingly do not possess any PPOs. In the

fungal classes, the ascomycetes such as sordariomycetes and

dothideomycetes usually contain high numbers of PPOs, while

several other fungal classes do not possess any PPOs, such as

saccharomycetes (budding yeast), mucoromycetes, and tremel-

lomycetes. Most animals possess proteins with the PF00264

domain, except for insects and malacostracans (e.g., crabs, lob-

sters, and shrimp) which, as mentioned previously, contain he-

mocyanins and prophenoloxidases with the distantly related

Pfam domain PF00372.9 The highest numbers of PPO genes

occur in bivalves, such as 81 PPO genes in blue mussel. The

mammalian genomes contain between two and nine PPO genes.

We collected a representative set of PPO sequences by se-

lecting one reference proteome from each taxonomic class in

which PPOs were present, excluding the classes where there

were no proteomes with BUSCO completeness score29

greater than 80%. This resulted in 100 selected proteomes

(Table S1). We then retrieved all the proteins matching the

PPO Pfam domain (PF00264, common central domain of

tyrosinase) in these genomes (749 proteins). For proteins

with several instances of the domain, all the instances of the

domain were included, resulting in 856 sequences

(Table S2). We then constructed a Bayesian phylogenetic

tree of the selected domains, excluding low scoring hits (Fig-

ure 2, detailed Figure S2). The tree was rooted using minimum

variance rooting.30 Based on the tree structure, we defined 12

PPO types (a-l in Figure 2).

Type a consists of sequences mainly frommolluscs, but also a

few sequences from brachiopods, nematodes, and annelids.

Type b consists of sequences from Cnidaria, type c consists of

sequences from oomycotes, and types d and e consist mainly

of sequences from zoopagomycotes. Most of the sequences

from types a-e contain signal peptides, and there is to our knowl-

edge no experimentally characterized proteins of these types.
Type f encompasses the so-called fungal short PPOs, named

so because they do not possess a C-terminal shielding domain

as the fungal long PPOs. All the characterized proteins of this

type are o-methoxy phenolases and include AoCO4 from

Aspergillus oryzae (pdb: 4J3P),18,22,31 MtPPO7,16 TtPPO (pdb:

6Z1S),17,32 and MtPPO-80920 from Myceliophthora thermophila

(syn. Thermothelomyces thermophilus), PpPPO-c209219 from

Parascedosporium putredinis, and CgPPO-473 and CgPPO-

266 from Chaetomium globusum. All characterized members

are active on lignin-derived G units, and some are additionally

active on lignin-derived S units. The f type is present in both as-

comycetes, basidiomycetes, and chytridiomycetes, and most of

the sequences have a predicted signal peptide.

Type g consists of sequences from chordates (vertebrates,

tunicates, and cephalochordates). Most of these proteins

contain a C-terminal transmembrane domain and a signal pep-

tide. There is one structurally characterized protein of this type;

the human tyrosinase-related protein 1 (HsTrp1, pdb:5M8L).33

Type h is a small clade of bacterial sequences that form a

sister clade to type g. This clade includes the structurally

characterized tyrosinases ScTyr (from Streptomyces castaneo-

globisporus, pdb:1WX2),34 BmTyr (from Priestia megaterium,

pdb:3NM8),35 as well as the two o-aminophenol oxidases with

hydroxyanilinase activity, GriF from S. griseus14 and NspF

from S. murayamaensis.5,15 GriF and NspF form a small clade

within the h clade.

Type i consists of sequences from plants only, including

several characterized catechol oxidases with elucidated crystal

structure; MdPPO1 from apple (Malus domestica, pdb:6ELS),36

VvPPO from grape (Vitis vinifera, pdb:2P3X),37 IbCO from sweet

potato (Ipomoea batatas, pdb:1BT3),38 JrPPO1 from walnut (Ju-

glans regia, pdb:5CE9),39 SlPPO1 from tomato (Solanum lyco-

persicum, pdb: 6HQI),40 and the aurone synthase CgAUS from

Coreopsis grandiflora (pdb: 4Z0Y).4 In all the sequences of

type i, the active domain (PF00264) is followed by a PF12142

domain (polyphenol oxidase middle domain) and most of the se-

quences additionally contain the C-terminal shielding domain

PF12143. Some proteins of type i harbor a signal peptide, and

a few harbor a transmembrane domain close to the N-terminus.

Type j consists of sequences from molluscs, including the

characterized hemocyanins EdHc from octopus (Enteroctopus

dofleini, pdb: 1JS8),41 RvHc from the sea snail Rapana venosa

(pdb: 1LNL),42 TpHc from Japanese flying squid (Todarodes pa-

cificus, pdb: 6R83),43 Hd from the sea snail Haliotis diversicolor

(pdb: 3J32),44 and MgHc from giant keyhole limpet (Megathura

crenulata, pdb: 3QJO).45 These proteins have a ‘‘beads-on-a-

string’’ structure with 7–8 repetitive PF00264 domains

interspersed with the shielding domain PF14830 (hemocyanin

beta-sandwich). These proteins gather in decamers or multi-

decamers, forming some of the largest known proteins.46

Typek is a small groupcontainingsequences fromvarious taxo-

nomicorigins, includingbacteriaand fungi. There isonecharacter-

ized protein of type k, BtTyr from Burkholderia thailandensis

(pdb:5ZRD).47 Finally, type l consists of the so-called fungal long

PPOs, which harbor the C-terminal shielding domain PF18132.

This type consists of sequences from ascomycetes and basidio-

mycetes including the structurally resolvedAbPPO3 (pdb:2Y9X)48)

and AbPPO4 (pdb: 5M6B)49 from button mushroom (A. bisporus),
iScience 28, 111771, February 21, 2025 3
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andAoMelB fromAspergillus oryzae (pdb:3W6Q).27All of the char-

acterized PPOs of this type exhibit canonical tyrosinase activity.

Approximately half of the sequences of type l contain a signal pep-

tide, indicating different cell compartmentalization and hence

different functional roles. One characterized bacterial tyrosinase,

VsTyr (8BBQ) from Verrucomicromium spinosum26 falls outside

of the defined types, in a small sister clade to the plant PPOs

(type i).

Distribution of PPO types in genomes
The presence of multiple PPO genes in many species shows that

gene duplication events have occurred. Moreover, the presence

of sequences from multiple taxonomic groups (e.g., fungi) in

distinct, distant regions of the phylogenetic tree suggests that at

least one ancient gene duplication event occurred. A gene dupli-

cation in the last universal common ancestor (LUCA) will appear

as a split in the gene tree, creating two subtrees. Each subtree re-

tains the topology of the Tree of Life. On the other hand, gene loss

event will result in sections of the Tree of Life being absent in the

tree.50 The phylogenetic tree of the PPOs shows a split at the root

with sequences from fungi, molluscs, and cnidarians on both

sides of the tree, indicating a deep gene duplication event (Fig-

ure 2). Since it can be difficult to see the exact position of different

species in the PPO tree, we display in Figure 3 the number of each

PPO type in each species alongside a phylogenetic tree illus-

trating the evolutionary relationship between the species.

The chordate genomes almost exclusively contain g type

PPOs, except for a few d type and unclassified PPOs. The num-

ber of PPO genes varies from 3 inGallus gallus (red junglefowl) to

27 in Callorhinchus milli (Australian ghostshark).

The molluscan genomes contain several different PPO types.

All three investigated molluscan genomes contain the a type,

and Mytilus edulis (blue mussel) contains 79 PPOs of this type.

Apart from the a type PPOs,Octopus vulgaris (common octopus)

and M. edulis also contain d type PPOs, and Candidula unifas-

ciata (land snail) andO. vulgaris also contain the j type PPOs (he-

mocyanins). Furthermore, O. vulgaris contains one g type PPO

and two unclassified PPOs. PPOs in molluscs are known to

contribute to shell formation and pigmentation.52 In mussels,

PPOs furthermore have a role in the production of adhesive pro-

teins.53,54 This is a post-translational modification, where PPOs

hydroxylate tyrosine residues in the foot-proteins into DOPA,

and in some cases they oxidize it further into dopaquinone.53

These adhesive proteins are important for themussel to maintain

attachment to their solid support in the sea bed (rocks and

stones).55 The exceptionally high number of a type PPOs in

mussels may provide the mussels with a wide array of PPOs ex-

hibiting different substrate specificities and functions (monophe-

nolase or diphenolase activity),53 but it could also be linked to

increased gene expression.
Figure 2. Phylogenetic tree of PPO sequences

The tree contains protein sequences matching PF00264 from one NCBI reference

instances of the domain, all the domains were included. The phylogenetic tree is c

usingminimumvariance rooting. Characterized proteins (with priority to proteins h

protein names. The domain architecture of the proteins is shown on the right with

origin of the proteins is marked by color-coding according to the legend in the fi

major clades. A detailed tree with accession numbers and species is shown in F
The ascomycetes and basidiomycetes contain mainly f and l

type PPOs, while the zoopagomycetes contain mainly d and e

types (detailed further). The two genomes of oomycetes contain

high numbers of PPOs (14 and 18 type c PPOs). In plants, most

of the streptophytes (land plants and green algae except chloro-

phytes) contain high numbers of the i type PPOs; 34 for the liver-

wort Marchantia polymorpha and 14 for poplar (Populus tricho-

carpa). The PPOs of land plants have been extensively

reviewed elsewhere, finding that monocots typically contain

two to eight PPO genes, and that gymnosperms presumably

possess PPOs, but that they are not widely expressed.28 The

green algae Klebsormidium nitens has only 2 i type PPOs (Fig-

ure 2). The examined chlorophytes (green algae) have 1 PPO

gene each, of the l type and unclassified, which are very different

in sequence from the i type PPOs (Figure 2). Others have previ-

ously noted that the chlorophyte PPOs are not homologous to

the streptophyte PPOs and have suggested that they have

been acquired via horizontal gene transfer from bacteria.56 The

examined rhodophytes (red algae) contain 1-3 PPO genes of

types k, as well as unclassified PPOs. All of the examined bacte-

rial genomes contain one PPO gene from either theb, h, or k type

or unclassified PPOs.

Based on the topology of the protein tree and the distribution

of PPOs across various genomes, we propose that the root of the

PPO tree corresponds to a deep gene duplication event, leading

to the emergence of two distinct types (Figure 2). Type 2 is distin-

guished by the presence of C-terminal shielding domains inmost

of the proteins (in molluscan hemocyanins, these domains alter-

nate with tyrosinase domains). If this hypothesis is correct, we

would expect the C-terminal domains in these groups to be ho-

mologous. To test this, we used the COMER software57 to

compare the plant C-terminal domain (PF14830) against the

entire Pfam database. The search produced three significant

hits: the search domain itself, the hemocyanin domain

(PF14830; E-value = 6.9E-5), and the fungal domain (PF18132;

E-value = 3.7E-4). These results support the idea that the C-ter-

minal shielding domains evolved from a common ancestral gene.

Both type 1 and type 2 PPOs are present in bacteria, animals,

and fungi, indicating that the gene duplication occurred in the

last universal common ancestor. However, it is notable that

very few bacteria possess PPOs, and even fewer archaea.

Therefore, it is also possible that the PPO gene originated in an

early eukaryote and was later transferred horizontally to some

bacteria and archaea.

Differences in conserved residues between the PPO
types
We investigated the conserved residues in all of the PPO se-

quences as well as in the individual families. There are common

features in the sequences between all of the types, particularly in
genome from each taxonomic class (E-value<1e-20). For proteins with several

onstructedwithMrBayes using only the PF00264 domain, and the tree is rooted

aving an elucidated crystal structure) are shown on the tree with their respective

a cut-off at 1500 residues. The 12 PPO types are marked a-l. The taxonomic

gure. Posterior probabilities are shown as support values on the nodes for the

igure S2.
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the two copper binding sites (Figures 4A and S3). The CuA bind-

ing site shows the most conservation with a fully conserved Phe,

Arg, and Glu residue besides the three copper-coordinating

histidines. Yet, the distance between the 1st and the 2nd His res-

idue varies considerably. In types a-f (PPOs from molluscs, cni-

daria, oomycetes, and zoopagomycetes, and the fungal short

PPOs), the distance is only 7–9 residues, whereas it is 16–24 res-

idues in types g-l (PPOs from chordates, bacteria and plants,

molluscan hemocyanins, and fungal long PPOs).

One feature that is common between all the structures of the

type 2 proteins is that they contain a thioether bond, between

a Cys residue and the 2nd His residue of the CuA binding motif.

This peculiar bond is known to stabilize the 2nd His residue,

which is located in a flexible loop.58 The location of the Cys res-

idue involved in the bond, however, varies. In types j, k, and l

(mollusc hemocyanins, bacterial PPOs, and fungal long PPOs),

the Cys residue is located two positions before the 2nd His

CuA (Figures 4A and S3), while in the plant PPOs (type i), it is

located four residues after the 1st His of CuA and is only 76%

conserved and therefore not depicted in Figure 4A.

The CuB binding site shows less conservation with only the

copper-coordinating histidines being fully conserved. All types

except for b, additionally have a conserved Phe located four res-

idues before the 3rd His of CuB, and most types have a

conserved Asp located four residues after the 3rd His of CuB.

Many of the types (c-f and l) also contain a seventh conserved

His residue located immediately before the third His of CuB,

which has been shown to assist in CuB-coordination.
59

A residue that is known to be important for activity is the so-

called waterkeeper residue, a Glu located 3–4 residues before

the 1st CuB-coordinating His (Glu-256 in AbPPO3, Figure 4B).

This residue has been shown essential for monophenolase activ-

ity in several PPOs and is proposed to activate a water molecule,

which deprotonates the monophenolic substrate.59 The Glu res-

idue is conserved in all types except for b, c, e, and f. In the

fungal short PPOs, the residue at this position varies, but is often

Gln or Glu (Gln-273 in AoCO4, Figure 4B). Most of the fungal

short sequences have an insertion between this residue and

the 1st CuB-coordinating His, making the distance between

them 10 residues.

Another position that has been proposed to be important to

distinguish PPO activity, is the 1st activity controller, located

directly after the 1st His of CuB.60 The 1st activity controller is

a conserved Asn in type j (molluscan hemocyanin) and g (chor-

date PPOs). An Asn at this position is known to allow for tyrosi-

nase activity.61 The fungal long PPOs, mostly contain Asn or

Asp in this position (Asn-260 in AbPPO3, Figure 4B), which is

proposed to control tyrosinase activity.60 The fungal short

PPOs, on the other hand, mostly have Gly or Ala at this position

(Gly-285 in AoCO4).

We also observe that type g and h (chordate and bacterial

PPOs, respectively) share a conserved motif in a helix before
Figure 3. Distribution of PPO types in genomes

On the left, the time tree is displayed showing the evolutionary relationship betwe

type of PPO is shown (protein type-naming according to Figure 2). Unclassified P

PPOs of each type. Proteins with several instances of the PF00264 domain are c
the CuB-binding site; FRNX2EG. Finally, we observe that all

PPO types have a conserved Arg located between the two cop-

per binding sites in an area with low conservation. This Arg is

located slightly outside of the active site (Figures 4B and 4C),

and its role has to our knowledge not been examined.

Distribution of PPOs in fungal genomes
Next, we examined the occurrence of the different PPO types in

a larger selection of fungal genomes. Instead of one proteome

per taxonomic class, we selected one proteome for each fungal

taxonomic order (66 proteomes, Table S3). We additionally

added a number of fungal species that are known to grow on

living plants or decaying plant biomass (Table S5). From these

proteomes, we retrieved the proteins matching the PF00264

Pfam domain (769 proteins, Tables S4 and S6). In order to

determine the types of the PPO sequences, we used phyloge-

netic placement. This method places new sequences on the

phylogenetic tree (Figure 2), rather than building a new phylo-

genetic tree.

Almost all the included ascomycetes contain both short and

long PPOs (type l and f), andmany of them contain high numbers

of the f type PPOs (Figure 5). For example, the two plant patho-

gens Alternaria alternata and Colletotrichum gloeosporioides

contain 20 and 30 short PPOs, respectively.

In the basidiomycetes, on the other hand, several species do

not have any short PPOs, e.g., the lignin-degrading fungi

A. bisporus (button mushroom)62 and Phanerochaete carnosa.63

However, others have high numbers of short PPOs, e.g., the

plant pathogen Rhizoctonia solani which has 26 short PPOs,

and the good lignin degrader Coprinopsis cinerea64 which has

18 short PPOs. There are no characterized fungal short PPOs

from basidiomycetes and hence it is still not known whether

they are o-methoxy phenolases like the characterized ones

from ascomycetes.

While almost all agaricomycetes contain long PPOs, the rest of

the examined basidiomycetes (exobasidiomycetes, puccinio-

mycetes, ustilaginomycetes, and wallemiomycetes) do not

contain any long PPOs (Figure 5). One of these, corn smut (Usti-

lagomaydis), has been shown to have a different melanin synthe-

sis pathway, which does not involve L-DOPA.65 This is congruent

with its lack of long PPOs.

The examined chytridiomycetes contain f type (fungal short

PPOs), e type, and unclassified PPOs, but no l type PPOs (fungal

long) (Figure 5). The mucoromycetes contain only l type PPOs

(fungal long PPOs). The zoopagomycetes contain very high

numbers of PPOs (up to 48), of the d and e type (Figure 5). These

fungi are obligate parasites of other zygomycete fungi and of

microscopic soil animals such as amebae,66 and it is tempting

to speculate that their high numbers of PPOs are related to this

lifestyle. While the d and e type PPOs are similar in sequence

to the fungal short PPOs (type f), their function is still unknown,

as there are no characterized PPOs of this type.
en the different species in the tree.51 On the right, the number of genes of each

POs are shown as ‘‘u’’. The size of the circles is proportional to the number of

ounted as one.
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Figure 4. Conserved residues in the PPO types

(A) Conserved residues in selected PPO types are shown on representative sequences. Only the PF00264 domain is shown. The secondary structure of the

sequences was retrieved from the crystal structures for types f, g, h, i, j, and l and from AlphaFold models for types a and e. Lines are shown between residues

that are conserved across all the PPO types. An aligned version including all PPO types and residue numbers is shown in Figure S3.

(B) Structure of a fungal long PPO (AbPPO3, pdb: 2Y9X) with the inhibitor tropolone bound showing the conserved histidines, Arg, waterkeeper and 1st activity

controller.

(C) Structure of a fungal short PPO (AoCO4, pdb: 4J3P) showing the conserved histidines, Arg and ‘‘waterkeeper’’. The 1st activity controller is a Gly and is

therefore not shown. The copper and oxygen atoms are shown in brown and red respectively.
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Figure 5. Distribution of PPO types in fungal genomes

The number of the different PPO types (Figure 2) in the selected fungal genomes is shown on the right. Phylum, class and order is shown on the left.
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Specificity of fungal PPOs on lignin-derived
monophenols
Next, we investigated how the differences in activity of the o-me-

thoxy phenolases (short fungal PPOs) relate to differences in

sequence. As mentioned previously, the o-methoxy phenolases

are active on G-typemonophenols, which have amethoxy group

in the ortho-position relative to the hydroxyl group (Figure 1A).

Additionally, activity on S-type monophenols have been shown

for three PPOs. The reaction on S-typemonophenols is different,

because the carbon attacked by the PPO is protected by a me-

thoxy group, and the ortho-methoxy group is released as meth-

anol20 (Figure 1A).

To investigate this difference in specificity, we constructed a

Bayesian phylogenetic tree of the f type PPOs from the extended

fungal dataset (Table S4) (Figure 6). The tree shows that the

S-type active CgPP O-473 andMtPPO7 are located very closely

in the tree. However, the third S-type active PPO,CgPPO -266, is

located in another branch close to PpPPO-c2092, which is not

active on S-type monophenols. The sequence identity between

CgPPO-266 and PpPPO-c2092 is 39.9% over 416 residues.

Thus, the tree does not show a clear division of the PPOs that

are active on both G- and S-type monophenols and those that

are active only on G-type monophenols. This suggests that the

ability to oxidize S-type monophenols has evolved multiple

times. The difference in substrate preference may be related to

subtle differences in the substrate binding pocket, and

increasing the number of characterized PPOs of type f together

with structural data may help to understand these differences.

DISCUSSION

We have presented a comprehensive phylogenetic analysis of

PPOs, showing 12 PPO types (a-l). The topology of the phyloge-

netic tree indicates that the root of the tree corresponds to a

deep gene duplication, which has likely occurred in LUCA. This

duplication has led to two overall PPO types; type 1, which in-

cludes sequences from chordates, molluscs, cnidarians, and

fungi, including o-methoxy phenolases (types a-h), and type 2

which includes PPOs from plants, molluscan hemocyanins,

and fungal tyrosinases (types i-l). The type 2 proteins are charac-

terized by most proteins having a thioether bond in the copper-

binding site and a C-terminal shielding domain. The shielding

domains from plants, hemocyanins, and fungi show distant sim-

ilarity, indicating that they have evolved from the same ances-

tral gene.

There is, however, some uncertainty regarding the rooting of

the PPO tree. The tree was rooted using minimum variance root-

ing, which does not always result in the correct rooting. Howev-

er, the distinct differences between the two resulting gene

families—specifically the C-terminal shielding domain and the

thioether bond—further support this rooting. We also attempted

outgroup rooting using the Pfam module of arthropod hemocya-

nins (PF00372) as an outgroup, as it is distantly related to the

PPO Pfam module (PF00264). However, the outgroup did not

provide a definitive root, likely due to the low similarity between

the two Pfam modules.

Since both type 1 and type 2 PPOs are present in both bacte-

ria, fungi, and animals, the gene duplication has likely occurred in
10 iScience 28, 111771, February 21, 2025
LUCA. However, it cannot be excluded that it has occurred in an

early eukaryote with subsequent horizontal gene transfer to

bacteria. Especially, since very few bacteria contain PPOs

(Figure S1).

The classification system presented here can be used to indi-

cate the function of new sequences, as the PPO types often pre-

serve the overall functions. Specifically, the o-methoxy pheno-

lases are all classified as type f, the fungal tyrosinases as type

l, the plant catechol oxidases as type i, and the o-aminophenol

oxidases with hydroxyanilinase (C-nitrosation) activity as type

h. However, more functionally characterized PPOs are needed,

before we can make more precise functional predictions.

While some areas of the phylogenetic tree contain many char-

acterized enzymes, others remain largely unexplored. Our anal-

ysis can help guide the selection of targets for enzyme character-

ization, which may reveal new and important functionalities.

It is evident that the functional diversity of PPOs has not yet

been fully explored. The high abundance of PPOs in certain or-

ganisms suggests different functional roles. These differences

may be associated with substrate specificity, reaction speed,

and pH preference, as demonstrated in a recent report for the

six PPOs of button mushroom (A. bisporus).60

Our analysis of fungal genomes showed that the fungal short

PPOs are more prevalent in ascomycetes than in basidiomy-

cetes. All currently characterized short PPOs exhibit o-methoxy

phenolase activity, suggesting that these enzymes may play a

role in the lignin utilization, especially in ascomycetes, likely

through the oxidation of low molecular weight lignin-derived

phenolic compounds. These enzymes convert both guaiacyl

and syringyl lignin-derived units into o-methoxy-catechols,20

and this may be part of a strategy to transform lignin-derived

compounds into common intermediates before further uptake

and use.67 Notably, the formation of catechols is a prerequisite

for ring-opening reactions by dioxygenases and incorporation

of lignin derivatives into central carbon metabolism. We also

see some examples of basidiomycetes with high numbers of

short PPOs. However, no short PPOs from basidiomycetes

have been characterized, and they are located in a different re-

gion of the phylogenetic tree than the characterized short

PPOs (Figure 6), and thus their functions are still unknown.

The characterized o-methoxy phenolases exhibit different

substrate specificities; some are active on S-type monophenols,

performing oxidative demethoxylation, while others are only

active on G-type monophenols.20 In our phylogenetic tree of

the short PPOs, the S-type active PPOs did not cluster sepa-

rately from those that are not active on S-type monophenols.

Therefore, the features that confer S-type activity are still not

known, and may involve subtle differences that enable the ac-

commodation and stabilization of the extra o-methoxy group

present in S-units. To understand these differences, further char-

acterization of o-methoxy phenolases, along with structural

data, is needed.

Limitations of the study
We did not include the Pfam domain PF00372 (hemocyanin,

copper containing domain) in our analysis. This domain covers

mainly the arthropod hemocyanins and prophenoloxidases.

Although this Pfam domain is related to the PPO Pfam
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Figure 6. Phylogenetic tree of fungal short PPOs (type f)
One genome was selected from each taxonomic order of fungi, and the proteins matching PF00264 were retrieved. A Bayesian phylogenetic tree of the f type

PPOs (fungal short PPOs) was constructed. The characterized proteins are shown on the left along with their substrate specificity. An empty circle is shown for

PPOs that were tested on the given substrate and were not active on the substrate, and no circle is shown for PPOs that have not been tested on the given

substrate. Posterior probabilities are shown as support values on the node, with only values > 50% shown.
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PF00264, they differ substantially in sequence, and it did not

make sense to include them in the same phylogenetic tree.
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Höhna, S., Larget, B., Liu, L., Suchard, M.A., and Huelsenbeck, J.P.

(2012). MrBayes 3.2: Efficient Bayesian Phylogenetic Inference andModel

Choice Across a Large Model Space. Syst. Biol. 61, 539–542. https://doi.

org/10.1093/sysbio/sys029.

71. Pedersen, A.G. (2023). Sumt: A Command-Line Program for Computing

Consensus Trees and Other Phylogenetic Tree Summaries (Zenodo).

https://doi.org/10.5281/zenodo.10148693 Version 3.8.1.

72. Letunic, I., and Bork, P. (2021). Interactive Tree Of Life (iTOL) v5: an online

tool for phylogenetic tree display and annotation. Nucleic Acids Res. 49,

W293–W296. https://doi.org/10.1093/nar/gkab301.

73. Jones, P., Binns, D., Chang, H.-Y., Fraser, M., Li, W., McAnulla, C., McWil-

liam, H., Maslen, J., Mitchell, A., Nuka, G., et al. (2014). InterProScan 5:

genome-scale protein function classification. Bioinformatics 30, 1236–

1240. https://doi.org/10.1093/bioinformatics/btu031.

74. Barbera, P., Kozlov, A.M., Czech, L., Morel, B., Darriba, D., Flouri, T., and

Stamatakis, A. (2019). EPA-ng: Massively Parallel Evolutionary Placement

of Genetic Sequences. Syst. Biol. 68, 365–369. https://doi.org/10.1093/

sysbio/syy054.

75. Czech, L., Barbera, P., and Stamatakis, A. (2020). Genesis and Gappa:

Processing, Analyzing and Visualizing Phylogenetic (Placement) Data.

Bioinformatics 36, 3263–3265. https://doi.org/10.1093/bioinformatics/

btaa070.

76. Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (New

York: Springer-Verlag).

77. Joosten, R.P., Te Beek, T.A.H., Krieger, E., Hekkelman, M.L., Hooft,

R.W.W., Schneider, R., Sander, C., and Vriend, G. (2011). A series of

PDB related databases for everyday needs. Nucleic Acids Res. 39,

D411–D419. https://doi.org/10.1093/nar/gkq1105.

78. Schrödinger, L. (2020). The PyMOL Molecular Graphics System, Version

3.0 (Schrödinger, LLC).

79. Ayres, D.L., Darling, A., Zwickl, D.J., Beerli, P., Holder, M.T., Lewis, P.O.,

Huelsenbeck, J.P., Ronquist, F., Swofford, D.L., Cummings, M.P., et al.

(2012). BEAGLE: An Application Programming Interface and High-

Performance Computing Library for Statistical Phylogenetics. Syst. Biol.

61, 170–173. https://doi.org/10.1093/sysbio/syr100.

https://doi.org/10.1021/acscatal.8b02635
https://doi.org/10.1021/acscatal.8b02635
https://doi.org/10.1021/bi200395t
https://doi.org/10.1021/bi200395t
https://doi.org/10.1038/s41598-017-01813-1
https://doi.org/10.1146/annurev.genet.39.073003.114725
https://doi.org/10.1146/annurev.genet.39.073003.114725
https://doi.org/10.1093/molbev/msac174
https://doi.org/10.1016/j.actbio.2014.03.031
https://doi.org/10.1016/j.actbio.2014.03.031
https://doi.org/10.1101/2024.07.05.602216
https://doi.org/10.1006/jcis.2000.7120
https://doi.org/10.1006/jcis.2000.7120
https://doi.org/10.1007/s10126-007-9053-x
https://doi.org/10.1007/s10126-007-9053-x
https://doi.org/10.1093/hr/uhad102
https://doi.org/10.1186/s12859-019-2913-3
https://doi.org/10.1186/s12859-019-2913-3
https://doi.org/10.1002/pro.2734
https://doi.org/10.1002/pro.2734
https://doi.org/10.1002/cbic.202000647
https://doi.org/10.1002/cbic.202000647
https://doi.org/10.1002/cbic.202400050
https://doi.org/10.1002/anie.201508534
https://doi.org/10.1126/sciadv.adl3419
https://doi.org/10.1007/s00253-011-3830-1
https://doi.org/10.3389/fbioe.2021.767139
https://doi.org/10.3389/fbioe.2021.767139
https://doi.org/10.1128/AEM.01510-20
https://doi.org/10.1128/AEM.01510-20
https://doi.org/10.1007/s00436-017-5685-6
https://doi.org/10.1126/sciadv.adj0053
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.5281/zenodo.10411474
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.5281/zenodo.10148693
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/sysbio/syy054
https://doi.org/10.1093/sysbio/syy054
https://doi.org/10.1093/bioinformatics/btaa070
https://doi.org/10.1093/bioinformatics/btaa070
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref81
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref81
https://doi.org/10.1093/nar/gkq1105
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref83
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref83
https://doi.org/10.1093/sysbio/syr100


iScience
Article

ll
OPEN ACCESS
80. Almagro Armenteros, J.J., Tsirigos, K.D., Sønderby, C.K., Petersen,

T.N., Winther, O., Brunak, S., von Heijne, G., and Nielsen, H.

(2019). SignalP 5.0 improves signal peptide predictions using deep

neural networks. Nat. Biotechnol. 37, 420–423. https://doi.org/10.

1038/s41587-019-0036-z.

81. Käll, L., Krogh, A., and Sonnhammer, E.L.L. (2004). A Combined Trans-

membrane Topology and Signal Peptide Prediction Method. J. Mol. Biol.

338, 1027–1036. https://doi.org/10.1016/j.jmb.2004.03.016.
82. R Core Team (2023). R: A Language and Environment for Statistical

Computing (Vienna, Austria: R Foundation for Statistical Computing).

83. Posit team (2023). RStudio: Integrated Development Environment for R

(Boston, MA: Posit Software, PBC).

84. Shindyalov, I.N., and Bourne, P.E. (1998). Protein structure alignment by

incremental combinatorial extension (CE) of the optimal path. Protein

Eng. 11, 739–747. https://doi.org/10.1093/protein/11.9.739.
iScience 28, 111771, February 21, 2025 15

https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1016/j.jmb.2004.03.016
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref79
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref79
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref80
http://refhub.elsevier.com/S2589-0042(25)00030-6/sref80
https://doi.org/10.1093/protein/11.9.739


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MAFFT v7.508 Katoh and Standley68 https://mafft.cbrc.jp/alignment/server/index.html

seqconverter v3.0.0 Pedersen69 https://github.com/agormp/seqconverter

MrBayes v3.2 Ronquist et al.70 https://nbisweden.github.io/MrBayes/

sumt v3.8.1 Pedersen71 https://github.com/agormp/sumt

iTOL Letunic72 https://itol.embl.de/

InterProScan Jones73 https://www.ebi.ac.uk/interpro

EPA-NG v0.3.8 Barbera74 https://github.com/pierrebarbera/epa-ng

gappa v0.8.0 Czech75 https://github.com/lczech/gappa

ggplot2 3.5.1 Wickham76 https://ggplot2.tidyverse.org/

TimeTree 5 Kumar51 https://timetree.org/

COMER Margelevi�cius57 https://bioinformatics.lt/comer/search/input/

DSSP Joosten77 https://biopython.org/docs/1.75/api/Bio.PDB.DSSP.html

PyMOL Schrödinger78 https://www.pymol.org/
METHOD DETAILS

PPO sequence dataset
A file listing all the Uniprot reference proteomes was downloaded from Uniprot on 2024-02-28, and a file listing all the Uniprot refer-

ence proteomes containing proteins matching Pfam PF00264 was downloaded from InterProScan73 on 2024-01-22. One proteome

was selected from each of the taxonomic classes represented in this data set, based on BUSCO scores.29 If no proteome was avail-

able with BUSCO completeness score greater than 80%, the taxonomic class was omitted. Since no classes are defined for

Oomycota, one protome from each order of Oomycota was selected. In total 100 proteomes were retrieved (Table S1).

All proteins matching PF00264 were downloaded from InterProScan73 along with their E-values and proteome IDs. The proteins

from the selected proteomes were retrieved. If a protein contained several PF00264 domains, all of the domains were included in the

dataset. One protein fromOctopus vulgaris, which contained 14 PF00264 domains, was discarded, as there were no similar proteins

in Uniprot. In total 856 sequences were retrieved (Table S2).

Phylogenetic tree
The selected PF00264 domains with an E-value lower than 1e-20 were used for the phylogenetic tree. An alignment was constructed

of the selected PF00264 domains usingMAFFT v7.508 with the L-INS-i strategy.68 Columns withmore than 95%gaps were removed

using seqconverter v3.0.0.69

A Bayesian phylogenetic tree was generated with MrBayes v3.270 using metropolus-coupled Markov chain Monte Carlo with the

BEAGLE library.79 Two runs with 3 chains were performed for 210,000,000 generations with gamma distributed rates and without a

fixed substitution model, reaching an average standard deviation of split frequencies of 0.015. A consensus tree with all compatible

groups was generated. Minimum variance rooting was performed using sumt v3.8.1.71 The tree was visualized using iTOL.72 Protein

domain annotations were downloaded from InterProScan, including Pfam, SignalP80 and Phobius81 annotations.

Phylogenetic placement
To place new sequences on the phylogenetic tree, amaximum clade credibility tree was created using sumt v3.8.1.71 EPA-NG v0.3.8

was used to perform phylogenetic placement of the new sequences on to the maximum clade credibility tree,74 and a grafted tree

was built using the ‘‘graft’’ command of gappa v0.8.0.75

Genome distribution plot
Sequences that were filtered out due to high E-values were placed on the tree using phylogenetic placement (see above). The mem-

bers of each type in the tree were retrieved and the number of PPOs of the different types was plotted for each proteome in the data-

set using R,82 Rstudio,83 and the ggplot2 v3.5.1 package.76 A species tree showing the evolutionary relationship between the species

was constructed using TimeTree 5.51 Species that were not available in TimeTree were omitted.
e1 iScience 28, 111771, February 21, 2025

https://mafft.cbrc.jp/alignment/server/index.html
https://github.com/agormp/seqconverter
https://nbisweden.github.io/MrBayes/
https://github.com/agormp/sumt
https://itol.embl.de/
https://www.ebi.ac.uk/interpro
https://github.com/pierrebarbera/epa-ng
https://github.com/lczech/gappa
https://ggplot2.tidyverse.org/
https://timetree.org/
https://bioinformatics.lt/comer/search/input/
https://biopython.org/docs/1.75/api/Bio.PDB.DSSP.html
https://www.pymol.org/


iScience
Article

ll
OPEN ACCESS
Similarity of C-terminal domains
To investigate the similarity between the C-terminal shielding domains, we searched with the full alignment of the PF12143 Pfam

domain downloaded from InterProScan on 2024-09-30 against the Pfam database (37.0) using COMER.57

Conserved residues
The conserved residues for each PPO typewere determined based on alignments of the proteins of each type generatedwithMAFFT

v7.508 using the L-INS-i strategy. Protein secondary structure was calculated from the PDB files using the DSSP module.77

Protein structures were visualized using PyMOL,78 and structural alignments were performed using the CEalign algorithm84 in

pymol.

Extended fungal PPO sequence dataset
For the extended fungal PPO dataset, one proteome was selected from each fungal taxonomic order. If no proteome was available

with BUSCO completeness score greater than 80%, the taxonomic order was omitted. In total 66 proteomes were retrieved

(Table S3). From the selected proteomes, all the domains matching the PF00264 domain were retrieved. Additionally, a number

of genomes of fungi that are known to grow on plant biomass were included (Table S5), and the PF00264 domains were likewise

retrieved from these proteomes.

Genome distribution plot for extended fungal dataset
All the sequences from the extended fungal dataset (Table S4) as well as the lignin-degraders (Table S6) were placed on the phylo-

genetic tree using phylogenetic placement (see above). The members of each group in the tree were retrieved and the number of

PPOs of the different types was plotted for each proteome.

Detailed phylogenetic tree of fungal short PPOs
All sequences in the extended fungal dataset (Table S4) with an E-value lower than 1e-20were placed on the overall phylogenetic tree

(Figure 2) using phylogenetic placement (see above). The sequences that located in the group of the fungal short PPOs (type f) were

used to build a detailed phylogenetic tree of this group.

A Bayesian phylogenetic tree was generated with MrBayes v3.270 using metropolus-coupled Markov chain Monte Carlo with the

BEAGLE library.79 Two runs with 3 chains were performed for 60,000,000 generations with gamma distributed rates and without a

fixed substitution model, reaching an average standard deviation of split frequencies of 0.011. A consensus tree with all compatible

groups was generated. The tree was rooted on the branch that connects the chytridiomycetes sequences to the rest of the tree, as

observed in the phylogenetic tree of PPOs from all taxonomic classes (Figure 2).
iScience 28, 111771, February 21, 2025 e2


	ISCI111771_proof_v28i2.pdf
	Classification of polyphenol oxidases shows ancient gene duplication leading to two distinct enzyme types
	Introduction
	Results
	Phylogeny of PPOs
	Distribution of PPO types in genomes
	Differences in conserved residues between the PPO types
	Distribution of PPOs in fungal genomes
	Specificity of fungal PPOs on lignin-derived monophenols

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Method details
	PPO sequence dataset
	Phylogenetic tree
	Phylogenetic placement
	Genome distribution plot
	Similarity of C-terminal domains
	Conserved residues
	Extended fungal PPO sequence dataset
	Genome distribution plot for extended fungal dataset
	Detailed phylogenetic tree of fungal short PPOs





