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Abstract: In nature, living organisms produce a wide variety of specialized metabolites to perform
many biological functions. Among these specialized metabolites, some carry halogen atoms on their
structure, which can modify their chemical characteristics. Research into this type of molecule has
focused on how organisms incorporate these atoms into specialized metabolites. Several families of
enzymes have been described gathering metalloenzymes, flavoproteins, or S-adenosyl-L-methionine
(SAM) enzymes that can incorporate these atoms into different types of chemical structures. However,
even though the first halogenation enzyme was discovered in a fungus, this clade is still lagging
behind other clades such as bacteria, where many enzymes have been discovered. This review will
therefore focus on all halogenation enzymes that have been described in fungi and their associated
metabolites by searching for proteins available in databases, but also by using all the available fungal
genomes. In the second part of the review, the chemical diversity of halogenated molecules found in
fungi will be discussed. This will allow the highlighting of halogenation mechanisms that are still
unknown today, therefore, highlighting potentially new unknown halogenation enzymes.

Keywords: enzymatic halogenation; fungi; halogenases; haloperoxidases; halogenated metabolites;
biocatalysis

1. Introduction

While initially considered as extraction artefacts, with only 29 compounds isolated
from microorganisms in 1961 [1], halogenated molecules are now well described among
natural products. In fact, the first chlorinated compounds were discovered in fungi and
lichens at the beginning of the 20th century [2] and the first halogenation enzyme was
discovered from a fungus in 1966 [3]. These organisms have pioneered all the studies
carried out around halogenation of metabolites in Nature. In March 2021, there were
10,310 halogenated natural products described in the Dictionary of Natural Products
(https:/ /dnp.chemnetbase.com/ accessed on 1 March 2021) for all kingdoms of life (with
7725 molecules being associated to a specific type of organism) [4]. This represents 3% of all
known natural products. Among them, 59% contained at least one chlorine, 43% contained
at least one bromine, 3% contained at least one iodine and only 2% contained at least one
fluorine (Figure 1). The most prolific producers of halogenated metabolites are sponges
and algae followed by bacteria and fungi, with no distinction between marine or terrestrial
strains for these last two clades. Most halogenated compounds contain at least one chlorine
but interestingly, brominated compounds are mostly found in marine clades such as
sponges, algae, hemichordates, molluscs, annelids and echinoderms (Figure 1). This can
be related with that fact that chloride and bromide are 60 and 20 times, respectively, more
concentrated in seawater than in sedimentary rocks (SR) found in terrestrial environments
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([C1]: 19,000 mg/kg for seawater against 320 mg/kg for SR, [Br]: 65 mg/kg against 3 mg/kg
in SR). Instead, iodide and fluoride are more concentrated in SR than in seawater [5,6], but
compounds containing iodine and fluorine are rarer.
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Figure 1. (a) Distribution of all halogenated natural products recorded in the Dictionary of Natural
Products in March 2021 (n = 10,310). The compounds were classified according to their clade. NPs in
green contain at least one Cl, in orange at least one Br, in purple at least one I, and in pink at least
one F. (b) Venn diagram of halogen distribution for all the halogenated natural products recorded in
the DNP.
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For fungi, chlorinated compounds are the most represented (approximatively 80%).
According to The Natural Products Atlas database [7], 705 compounds contain at least one
chlorine among the 848 halogenated metabolites described. Only 133 contain at least one
bromine, which represents 15% of the described halogenated molecules. However, it should
be noted that marine species of fungi have been less studied compared to their terrestrial
counterparts. In fact, we now know that fungi are ubiquitous, they are both found in
terrestrial and marine environments. They can live on a wide variety of marine habitats
including the water column, sediments, and in association to other living organisms
like invertebrates, algae or marine mammals. They have been found in many marine
areas from the deep environments to the surface water. Many marine strains have their
equivalent in the terrestrial environment suggesting strong adaptive capabilities to their
living environment [8,9]. Terrestrial fungi were the first species to be studied at the end
of the 19th century, with a strong interest after World War two with the discovery of
antibiotics such as penicillin. In contrast, regarding the number of publications, studies on
marine fungi have only begun at the end of the 1980s (Figure 2). Many more compounds
are probably waiting to be discovered as suggested in a recent analysis for halogenated
compounds from marine fungi [10].
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Figure 2. Evolution of the number of publications available on PubMed for terrestrial fungi (blue)
and marine fungi (red) over the years (keywords used for PubMed research: (blue) “fungi” NOT
“marine”, (red) “fungi” AND “marine”; “fungi” NOT “marine” excludes marine fungi from the
research while “fungi” AND “marine” only selects strains from marine environment).

Nature remains an inestimable source of new bioactive metabolites due to their chemi-
cal diversity, their structural complexity and their biological selectivity [11]. From 1981 to
2020, 53% of all new approved drugs were from natural sources (or derived from them). It
highlights the importance of natural product (NPs) in the worldwide drug discovery strate-
gies [12], with fungi representing the third kingdom after plants and animals to produce a
large diversity of compounds (20,000 new compounds described in 2019). Halogenated
secondary metabolites are of interest because halogens have been shown to enhance the
bioactivity of their carrier metabolites [13,14]. It should be noted that halogenation can
be a critical point for the bioactivity of some natural products, whether in a physiological
context in their environment or in the context of biological applications. In the field of
drug discovery, the introduction of a carbon-halogen bond can have several effects such
as an increase in stability and lipophilicity, in biological membrane permeability and in
ligand binding [15]. Indeed, among the drugs that have been released on the market over
the last 40 years or among compounds in clinical trials, more than 30% bear one or more
halogens in their structure [12,16]. Concerning the roles of halogenated compounds in
the marine environment, studies have suggested their anti-biofouling and anti-microbial
activities [17,18].
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To produce halogenated metabolites, living organisms possess specific complex enzy-
matic machineries. Enzymes performing halogenation have been widely studied since the
1960s and the discovery of the first haloperoxidase from the fungus Caldariomyces fumago [3].
Halogenation enzymes are now divided in different classes depending on the chemical
mechanisms used for halogen incorporation in metabolites. So far, halogenation enzymes
described include: (1) haloperoxidases and flavin-dependent halogenases, which catalyse
electrophilic incorporation of halides; (2) non-heme iron-dependent halogenases, which
catalyse free-radical attack of halogen on specific substrates and (3) S-adenosylmethionine-
dependent halogenases, which catalyse nucleophilic substitution on aliphatic chains. Re-
garding the potential of halogenated compounds, especially for drug discovery programs
but also for synthetic chemistry applications of all kinds, an increasing interest for these
enzymes has grown (Figure 3).
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Figure 3. Evolution of the number of publications available on PubMed for halogenation enzymes
(keywords used for the research on PubMed: haloperoxidase, chloroperoxidase, bromoperoxidase,
iodoperoxidase, and halogenase).

In fact, the development of useful methods for the regioselective halogenation for the
construction of functional materials has engaged chemists for many decades [19,20]. The
main reagents used for this purpose present different drawbacks such as being irritating,
toxic, corrosive and difficult to handle (ex: X, with X = Cl, Br, I) or lacking regioselectivity
(ex: N-halosuccinimides). In this context, halogenation enzymes represent interesting
alternatives towards safer, greener and more efficient chemistry.

As fungi represent a sustainable source of both compounds and enzymes with a large
variety of metabolites produced, this review intends to focus on the different enzymatic
classes of halogenation enzymes and the different halogenated metabolites which have been
detected or described in fungi until today. The whole fungal kingdom will be investigated
including both marine and terrestrial species, even if the marine environment seems to be
more favourable to the production of halogenated metabolites [5,21,22]. For each enzyme
class, its historical discovery will be developed, and the current knowledge level will be
specified. The number of sequences detected and their natural occurrence in fungi will
be analysed. Each enzymatic mechanism will be precisely described, and the different
three-dimensional structures will be compared (when possible). Associated metabolites
will be used as examples when their biosynthetic pathways have been clearly elucidated
and involve a specific halogenation enzyme. On the other hand, utilization in biocatalysis
will also be discussed and examples of biotransformation will be presented.
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2. Halogenation Enzymes
2.1. Methodology

Gathering of available data about halogenation enzymes in fungi was done using
the Universal Protein Resource (UniProt) database. Research on UniProt was carried out
in April 2021 with keywords and restraining the queries in the fungal kingdom (“heme
haloperoxidase”, “flavin-dependent halogenase”, “vanadium haloperoxidase” and “non-
heme halogenase”) (Table 1). UniProt database included 225,013,025 protein sequences from
all kingdoms of life, with 565,928 sequences manually annotated and characterized from
experimental results. The rest of the sequences corresponds to high quality computationally
analysed sequences with automatic annotation and classification. For this study, Blastp
analysis was also performed on the MycoCosm database from Joint Genome Institute which
included 2172 fungal genomes available for comparative genomics analysis in February
2022 [23,24]. According to Blastp, the expected value (E) is a parameter that describes the
number of hits one can “expect” to see by chance when searching a database of a particular
size. E value describes the random background noise and the closer to zero, the more
significant the match is. Hits found on MycoCosm database are linked with a predictive
Protein family code (Pfam) which are available on the InterPro database. Protein Data
Bank (PDB) has been used to obtain the 3D structure of crystallized proteins. To carry out
sequence alignments, the software Mega X was used [25]. The PyMOL Molecular Graphics
System, Version 2.0 Schrédinger, LLC was used to represent 3D structures. On the PDB,
structures were viewed and illustrated using Mol* [26] and RCSB PDB viewer.

Table 1. Halogenation enzymes characterized in fungi in 2021.

armH3

Enzyme Class Entry * Protein Names Organism Strain Ref.
Heme-dependent . .
haloperoxidase P04963 Chlorog[e)g)mdase ((ISZ;;;ZX% z:illbclzﬁl Zzgg ) [27]
(EC 1.11.1.10) riomyces fumag
Vanadium- P49053 Vanadium ikél;r(())peromdase Curvularia inaequalis [28]
d dent
cpenden P79087 Vanadium chloroperoxidase Alternaria didymospora
haloperoxidases . L [29]
(EC 1.11.1.10) (unreviewed) EdCPO (Embellisia didymospora)
LOE155 Flavm—deperl;daelr;\t halogenase Malbranchea aurantiaca [30]
Non-heme halogenase Metacordyceps chlamydosporia
B3EWT7 rdc2 (Pochonia chlamydosporia) (311
Non-heme halogenase Floropilus chiversii
C5H881 radH (Chaetomium chiversii) (321
AOA1R3RGJ2 OChmtOOX?AT;fge“ase Aspergillus carbonarius ITEM 5010 [33]
. CBS
A2R6G7 OChratOX‘;;aloge“ase Aspergillus niger 513.88/FGSC [34]
A1513
Flavin-dependent Flavin-dependent halogenase S W106-
halogenases AO0A067XMV4 ptaM Pestalotiopsis fici 1/CGMCC3.15140 [35]
(EC1.14.14.-) Sulochrin halogenase . NIH 2624 /FGSC
QOCCX4 GedL Aspergillus terreus A1156 [36]
D7PI14 Halc;;;;zln ase Penicillium aethiopicum [37]
Flavine halogenase . ATCC
Q2UPC7 aclH Aspergillus oryzae 42,149 /RIB 40 [38]
AOA455R7MO Flavine halogenase Acremonium egyptiacum [39]
ascD (Oospora egyptiaca)
Flavin-dependent halogenase o
G3FLZ7 Armillaria mellea [40]
armH1
G3FLZ8 Flavin-dependent halogenase Armillaria mellea [40]
armH2
A0AQUZJTS) ~ lavin-dependent halogenase Armillaria mellea [40]




Molecules 2022, 27, 3157 6 of 45
Table 1. Cont.
Enzyme Class Entry * Protein Names Organism Strain Ref.
A0AOU3AL34  Flavin-dependent halogenase Armillaria mellea [40]
armH4
AO0A0U3C228 Flavin-dependent halogenase Armillaria mellea [40]
armH5
N/A ** Flavm—depez\}i:lne:;(t halogenase Helminthosporium velutinum yone96 [41]
N/A** FlaVln—depeCnhdne\rll\E halogenase Helminthosporium velutinum yone96 [41]
N/A ** Flavm'depe;‘lis;t halogenase Lachnum palmae NBRC 106495 [41]
N/A ** Flavm'depe;‘fjlr\‘f halogenase Lachnum palmae NBRC 106495 [41]
N/A** Flavm—deperglezr}t halogenase Chaetomium globosum [42]

* In UniProt database. ** N/A: Not applicable. Corresponds to FDHs not found in databases, but described in
the literature.

2.2. General Considerations about Fungal Halogenation Enzymes
2.2.1. Detection and Characterization of Halogenation Enzymes

During the 80s, to detect gene encoding halogenation enzyme in fungal strains, PCR
methods were used. For example, to obtain the C. furmago CPO mRNA, a specific oligonu-
cleotide probe called “29mer” was designed. This primer targeted chloroperoxidase amino
acid residues 167 to 177 which correspond to the signal peptide which is cleaved during
secretion of the protein in the culture medium [43]. PCR screening can be used today if
the fungal genome is not sequenced. Nowadays, computational methods are the easiest
way to detect potential halogenating proteins for example using genome-mining tools
like antiSMASH or Blastp [24,44]. These genome-mining methods are very useful for the
detection of enzymes present in biosynthetic gene clusters (mainly for FDHs) [45-47].

Following the discovery of CPO in C. fumago, Morris and Hager developed a spec-
trophotometric assay using monochlorodimedone (or MCD) (Figure S1), which structure
closely resembles to 2-chlorocyclopentane-1,3-dione (1), the precursor of caldariomycin [48].
In this assay, the formation of dichlorodimedone (or brominated MCD) by the enzyme is
spectrophotometrically followed at 290 nm (in the presence of MCD, halide, H,O, and
vanadate) [48]. This assay is used today for haloperoxidases to determine halogen speci-
ficity for chlorine and bromine. For iodine, the thymol-blue (thymolsulfonphtalein) assay
can be used to characterize specificity as well as the o-dianisidine assay in native protein
gel directly [49,50]. Because of the higher specificity of FDHs, enzymatic characterization
of this family of enzyme has to be done with the specific substrate of each protein [30,47].

2.2.2. Production of Halogenation Enzymes

Detecting an enzyme constitutes the first step, but to be characterized and used in
biocatalysis, enzymes need to be purified. This is one of the most difficult part of the
research. It can be very time-consuming, and many troubles can cause inactive proteins,
unexpressed proteins, low yield or impure proteins [51]. Trying to produce fungal eu-
caryotic protein in procaryotic systems can also be an important lock to lift because of
the lack of post-translational modification in procaryotic systems which can cause pro-
tein aggregation or inactivation [52]. While several eucaryotic expression systems exist,
E. coli remains the simplest to use [51]. To overcome this technological barrier, chaperones
protein can be used to enhance refolding of heterologous enzymes [53]. In the present
manuscript, some enzymes presented have been heterologously expressed for biocatalysis
experiments like the CPO from C. fumago, the vCPO of C. inaequalis or the Rdc2 enzyme
from M. chlamydosporia as well as the MalA protein from M. aurantiaca (see Tables 2 and 3
for produced metabolites and Sections 2.3.6, 2.4.6 and 2.6.5) [30,54-56]. Nevertheless, while
more complicated and time-consuming, the way to obtain the best activity for purified
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enzymes remains to natively purify them from the fungal strain as performed for CPO
from C. fumago and vCPO from C. inaequalis [57,58].

Table 2. Examples of biocatalytic reactions reported in the literature using haloperoxidases (CfuCPO:
C. fumago heme-dependent chloroperoxidase, CivCPO: C. inaequalis vanadium-dependent chloroper-
oxidase, r: recombinant protein, n: native protein).

Reaction Substrate Enzyme and Reagents Product Refs.
HO_
Sulfoxidation rR-S°R rCfuCPO + H,O, S [59]
R
Rlll o
Epoxidation R Xy R rCfuCPO + Hy0, R' R" [59]
R' R R"l
Rlll Rll m
Halohydroxylation )YR nCfuCPO or rCivCPO +
of alkene RS H,O, + X~ R OH [60]
R' X R"
OH OH
nvHPO or rhHPO
Halogenation of phenol - 61
8 P ©:R +Hy0; + X X@:R (611
Oxidation of indole @1/) nCfuCPO + H,O, @r\):o [62]
» 3 =\
Oxidation of pyrrole N nCfuCPO + H,O, N [62]
H H
(0] OH O
. . HPO or thHPO + A
Achmatowicz reaction E)—< v _ j\/j\ 63,64
/ R H202 + X [ ]
O OH
Flavone and flavanone O _
halogenation O 0 OH nCfuCPO + HyO, + X [65]
Rs
Halogenation of barbituri OWO
alogenation of barbituric _
acid and derivatives RgN\n/NR1 nCAuCPO + Hy0; + X [66]
(6]
Halohydroxylation - _
of alkyne R—R anHCPO + H202 + X [67]
Halogenation and opening A\ nCAICPO + HyO, + X~ [67]
of cyclopropane R 22
Cl
Halogenation of _
aromatic compound COO nCAuCPO + HOp +Cl OOO L68]
Cl
Halolactonization of R 0
unsaturated NXCOo,H rCivCPO + H,O, + X~ ORﬁ'/\j/\ X [69]
carboxylic acid
R o
Haloetherification N OH rCivCPO + HyOy + X~ " [69]
of alkenol f
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Table 3. Enzymatic halogenation catalyzed by some fungal flavin-dependent halogenases (r: recom-
binant protein).

Reaction

Substrate Enzyme and Reagents Product Ref.

Halogenation of
dihydro-resorcylide

Halogenation
of zearalenone

Halogenation
of curvularin

Halogenation
of curcumin

Chlorination of
4-hydroxyisoquinoline

Chlorination of
6-hydroxyisoquinoline

OH O H OH O H?

o rRdc2 + O, FADH, + X~ Ho [70]
O Ry=ClorH
(0] RZ =ClorH
rRdc2 + O, + FADH, + X~ [70]
HO
rRdc2 + O, + FADH, + X~ [70]
OH O
H O O H H o o H
0 N =z 5N — O Z SN
O O rRdc2 + O, + FADH; + X X [70]
HO H H OH Ho M H OH
OH OH
X rRdc2 + O, + FADH, + Cl~ X cl [71]
Cl
/@3\‘ rRadH/rRdc2 + O, + m\l 1]
HO = FADH, + Cl HO _

2.3. Heme-Dependent Haloperoxidases
2.3.1. History

This halogenation enzyme class was the first class to be discovered in fungi dur-
ing the 60s with a first extracellular heme-dependent chloroperoxidase (CPO) described
from Caldariomyces fumago [48]. Isolation of CPO by Hager et al. followed their stud-
ies on caldariomycin biosynthesis [3]. Heme-dependent haloperoxidases (hHPOs) use
a ferriprotoporphyrin IX as prosthetic group and are dependent on hydrogen peroxide.
Haloperoxidase enzyme class is characterized by the use of hydrogen peroxide as chemical
oxidant [72].

2.3.2. General Structure

In the PDB, there is only one fungal heme-dependent haloperoxidase protein which
has been structurally resolved. This is the protein which was found in C. fumago [73]. The
specific gene encodes a protein of 373 amino acid residues, but the mature protein only
contains 299 amino acids. This difference was explained by the two cleavages occurring
when the protein is excreted (one for the signal peptide at the N-terminus and one at
the C-terminus). This enzyme undergoes at least two post-translational modifications,
glycosylation and cyclisation [27]. CPO from C. fumago was described to be heavily glycosy-
lated, 25-30% of the protein is carbohydrate, glucosamine and arabinose are the two major
constituents [3]. Production of recombinant CPO in Escherichia Coli has shown that glyco-
sylation is not a mandatory requirement for chloroperoxidase refolding and non-native
enzyme activity [74]. As well, over- glycosylation does not affect protein activity too [55].
Inside CPO, heme is stabilized by hydrophobic and hydrogen-bonding interactions in a spe-
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cific pocket (Figure 4). A proximal glutamic acid participates to the enzymatic mechanism
by assisting in the formation of compound 0 and compound I (Figure 5) [75]. In absence of
halide as substrate, CPO function is modified and is closer to cytochrome P450 function.
Up to now, apart from the CPO from C. fumago, there is no other fungal hHPO structure
available for comparison [63]. Because of their poor stereoselectivity, identification of
related metabolites in fungal metabolome is complex.

Figure 4. (a) Crystal structure of heme-chloroperoxidase from Leptoxyphium fumago (PDB ID: 1CPO).
(b) Active site with glutamic acid 183 colored in pink.

R-Cl + H,0 OH
Fe(lll)
(RH] eme H,0,
2
OH H
OHy Glu183 .
Fe(l) ;©10 o
ome H,0 Fe(lll)
eme
+H,0 Compound 0
0]
\/LO_ 0
cr Glu183 | .
Fe(lV)
eme
Compound |

Figure 5. Schematic mechanism of hHPOs inspired by [75].

Structural analysis of 1CPO (Figure 4) shows similarities between hHPOs and other
heme enzymes but heme-dependent haloperoxidases folds into a specific tertiary structure
characterized by eight helical segments [73]. Structure of hHPO is unique but as previously
said it shares features with both peroxidases and cytochrome P450. The heme cofactor
anchorage residue is, like cytochrome P450, a cysteine (Cys 29, Figure 4b) and the distal
side of heme is polar, like peroxidases. But the particularity of hHPO is the substitution of
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the histidine found in peroxidases by a highly conserved glutamic acid as the catalytic acid
base [76].

2.3.3. Enzymatic Mechanism and Specificity

The catalytic cycle of the enzyme (Figure 5) begins with the attack of the iron (III)-water
complex by hydrogen peroxide which displaces the water molecule. The hydrogen peroxide
reacts with a close glutamic acid residue (Glu183 in 1CPO, Figure 4b) to be deprotonated.
An iron (III)-hydroperoxo complex is formed. A radical species is then formed with the
protonation on the terminal hydroxyl group (which can be hypothesized to come from the
Glu183). The radical species ferryl-(IV)-oxo heme cation is named “compound I” which is
a versatile oxidative species able to react with a lot of substrates at neutral pH (aliphatic
substrates, olefins, sulphides and others presented in Table 2). Here, compound I reacts
with halides (X~, except F~) to form an iron (III)-hypohalide complex at low pH [75].
Structural and crystallographic analysis suggest that a hypohalous acid species is released
into the proximal environment because no binding pocket for substrates has been described
in hHPOs. The electrophilic XO~ (X* donor) then normally reacts with substrates close
to the protein [72]. Consequently, regioselectivity and stereoselectivity of hHPOs is quite
poor [77]. hHPOs can react with chloride, bromide and iodide but not with fluoride and are
named after the high electronegative halide they can oxidize. The formation of compound
I and its reaction with halide is very fast. The bounded structure should exist in a rapid
equilibrium before expulsion of the hypohalous acid from the heme centre [78]. Because of
the low specificity for substrates, identification of the halogenation targets is more difficult.
If no substrate is present in the enzyme environment, hypohalous acid reacts with a second
equivalent of hydrogen peroxide to produce dioxygen and halide.

For many years, research teams have debated the fact that there were two halogenation
routes for secondary metabolites. The first one was that the hypohalous acid remained
inside the hHPO to halogenate the substrate directly after its formation. On the other
hand, other researchers claimed that this high reactive species diffuses to the proximal
environment to react with acceptable substrates. Today, the second option is favoured
and most probably true. A study based on the analysis of 35 chlorinated compounds with
different reactivities and sizes proved that the hypohalous acid produced by the hHPO
adopts the same behaviour as a hypohalous acid chemically produced. This indicates
that the chlorine transfer to the final substrate occurs most probably outside the hHPO by
diffusion [79].

2.3.4. hHPOs in Fungi

To evaluate the hHPOs presence in fungi, research on UniProt database has been
made using the filters: heme and haloperoxidase and fungi. There were 5088 hits in
fungal organisms but only 6 sequences had been studied with the protein function being
biochemically characterized in 2022. The other sequences remain uncharacterized and
have only been computationally detected in fungal genomes. Only one out of the six
characterized proteins has been studied for its halogenation capacities, the CPO from C.
fumago (Table 1). Among the 6 studied proteins, were the aromatic peroxygenases AaP
from Agrocybe aegerita and the lignin peroxidase LiP from Phanerochaete chrysosporium.
These enzymes have been described to possess a secondary haloperoxidase activity, after
positive reaction to the monochlorodimedone (MCD) assay, explained hereafter [80,81].
Indeed, the AaP peroxygenase can use bromine to halogenate MCD during the MCD assay.
It shares 21% identity with CPO from C. fumago, and a crystal structure is available for
this enzyme (PDB ID: 2YOR). Piontek et al. who described this activity for AaP thought
it was physiologically questionable because of the rarity of bromine in the terrestrial
environment [82].

In a second approach, a Blastp analysis was performed using the CPO sequence from
C. fumago on MycoCosm. With an E-value threshold of 1.0 x 1025, only 6 hits were found.
The percentage of identity ranged from 38% to 57%. Interestingly, when the same research
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was carried out with an E-value threshold of 1.0 x 10719, there were 2360 hits. This high
number of sequences is explained because of the multiple presence of genes encoding
heme-dependent haloperoxidase in one fungal genome [83]. The general feature of all these
hits is that they possess the more or less conserved heme-binding pocket which class them
into the peroxidase family 2 (Protein family code Pfam: PF01328). This enzyme family
gathers the particular peroxidases, with low similarity with other peroxidases. This family
is represented by the hCPO of C. fumago and the aromatic peroxygenase from A. aegerita.

2.3.5. Implication in Biosynthesis of Halogenated Compounds

hHPOs have a lot of functions like cytochrome P450 or peroxidase but hHPOs are also
thought to be responsible for halogenation of metabolites in fungal metabolome. However,
so far, apart from caldariomycin (2), no halogenated compound has been related to a
hHPO (Figure 6). It is difficult to associate the correct substrate with the corresponding
hHPOs because of the external reaction of halogenation and because hHPO encoding
genes are found directly in fungal genomes outside biosynthetic gene clusters (BGC), with
multiple copies.

hCPO
oﬁ;o = Ho,,_é,OH

1 2

Figure 6. 2-chlorocyclopentane-1,3-dione (1) chlorination to form caldariomycin (2) inspired by [84].

2.3.6. Applications and Prospect

CPO from C. fumago has been intensively used by fine chemical industries with pu-
rified recombinant protein or purified native protein [55,58]. For example, it has been
used for its halogenating activity but also for its other activities like oxygen transfer reac-
tions, asymmetric epoxidations of olefins, allylic, benzylic and propargylic hydroxylations,
asymmetric sulfoxidations and regioselective oxidations of indoles [59]. The problem with
hHPOs is that they are readily inactivated by the oxidant which causes the irreversible
oxidative destruction of the porphyrin ring [85]. To improve stability of hHPOs, some
research teams have used site-directed mutagenesis to generate mutants with better thermal
and oxidative stability [86]. A comprehensive review from Hofler et al. gathers the many
chemical applications using CPO from C. fumago and AaP peroxygenase from A. aegerita.
However, some issues still need to be improved to render haloperoxidases more practical
in use for large-scale organic synthesis (substrate loadings, selectivity, stability and others
enzymatic parameters) [63] (Table 2).

2.4. Vanadium-Dependent Haloperoxidases
2.4.1. History

Vanadium-dependent haloperoxidases (VHPOs) were first discovered during the 80s
from the brown algae Ascophyllum nodosum [87]. Like heme-dependent haloperoxidases,
vHPOs catalyse electrophilic halogenation using the diffusion of hypohalite species (HOX
equivalent to “X*”). The first vHPO described in fungi was from the terrestrial fungus
Curvularia inaequalis in 1995 [28].

Like hHPOs, vHPOs are metalloenzymes which stabilise a metallic prosthetic group
in their structure. For vHPOs, it is the vanadium oxyanion vanadate (VO43) with an
oxidation state of +5 [88]. Vanadium-dependent haloperoxidases can be found in three
different forms: vanadium chloroperoxidases (vCPOs) which can use chloride, bromide
and iodide, vanadium bromoperoxidases (vBPOs) which can use bromide and iodide and
vanadium iodoperoxidases (vIPOs) which only use iodide. vHPOs are named after the
most electronegative halide they can oxidize. No vanadium fluoroperoxidases have been
discovered yet. It can be explained by the overall thermodynamic potential of hydrogen
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peroxide which is too weak to oxidize fluoride [75]. It is important to note that vanadium,
which is the second most abundant transitions metal in seawater, is abundant in marine
environment [89].

2.4.2. Structure

The only crystal structure of a fungal vHPO is from C. inaequalis (Table 1). As said
previously, vHPOs stabilize a required vanadate prosthetic group. vHPOs share a relatively
low level of overall protein sequence identity between the different taxa (algae, fungi,
marine bacteria). Only two short domains in the vanadate binding pocket are highly
conserved [90], as presented hereafter.

(1) PxYxSGHA
(2)  LxoaxxAxxRxxxGxHxxxD

Inside this catalytic pocket, vanadate is coordinated in a trigonal bipyramidal and
forms a metallic interaction with the imidazole chain of the highly conserved histidine
residue (H496 in CivCPO) (Figure 7a). In the Protein Data Bank, vCPO 1VNC (and its mu-
tants 1VNE, F, G and H) is the first crystal structure in 1996 and 1999 for its mutants [54,91].
Another structure, the 1IDQ, represents the crystal structure of native vanadium-containing
chloroperoxidase from C. inaequalis without the azide molecule present in 1IVNC [57].

HIS404 |

1

Figure 7. (a) Vanadate (VO43*)-binding pocket in vCPO from Curvularia inaequalis (PDB ID: 11IDQ).
(b) Structural overlay of active sites from different vHHPOs crystallized: vCPO from C. inaequalis (PDB
ID: 1IDQ), vHPO from A. nodosum (PDB ID: 1QI9), vBPO from C. pilulifera (PDB ID: 1UP8), and vBPO
from C. officinalis (PDB ID: 1QHB).

Oxygens in the equatorial plan of vanadate are stabilized by multiple hydrogen bonds
with conserved residues (for vCPO PDB ID: 1VNC or 1IDQ-Lys353, Arg360, Ser402, Gly403
and Arg490) [88,92].

Figure 7b shows the active site highly conserved in vHPO from different taxa (algae
and fungi here). There is a perfect overlay of the residues which stabilize the vanadate
cofactor [90]. In the vCPO from C. inaequalis, another histidine residue is proposed to be
part of the catalytic cycle (H404). This same histidine residue is observed in the vBPO
from A. nodosum. The intermediate peroxovanadate formed during catalysis is oriented
toward Phe397. In fungi, there is one equivalent of vanadium per enzyme. In contrast with
vHPOs from algae which revealed multimerization, vCPO from C. inaequalis is composed
by only one monomer. In fungal vHPOs, the active site neighbours the N-terminal helix
bundle [90]. Multimerization seems to be a common feature in algal vHPOs producing
high molecular mass protein but, as shown in Figure 7, the active sites of each monomeric
form can be overlaid. Nonetheless, monomeric algal subunits and vCPO from C. inaequalis
have a different tertiary structure. Algal subunits contain more (3-structures than vCPO.
Comparing vCPO from C. inaequalis and the homodimeric vBPO (I) from A. nodosum, the
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enzyme core is similar: vCPO contains a two o-helix bundles while in vBPO, each monomer
provides one bundle to form the two x-helix bundles core [92].

In 2015, a phylogenetic analysis was carried out by Leblanc et al. with the alignment
of 26 sequences of biochemically or structurally characterized vHPOs and 4 sequences of
bacterial non-specific acid phosphatases [90]. The phylogenetic tree revealed that vHHPOs
could derive from a common marine bacterial ancestor, closely related to the bacterial
acid phosphatases [90]. Another clue to illustrate their phylogenetic association is the
overlay of monomeric vHHPOs and bacterial acid phosphatases [93]. In fact, three specific
regions of vCPO from C. inaequalis (corresponding to structural elements and catalytic
residues in the active site) were found to correspond to a conserved pattern of bacterial
acid phosphatases (Figure S2). Authors indicated that many residues which matched with
these conserved domains directly interact with the vanadate cofactor in the active site of
vCPO [93]. The active site of these two types of enzymes seems to be very close. This
observation is reinforced by the fact that vanadate is considered as an inhibitor of acid
phosphatase with its ability to replace phosphate transition state. A potential PAP2-related
phosphatase mechanism can be rebuilt using the active site of vCPO from C. inaequalis by
replacing vanadate by a phosphate group [93] (Figure S2).

To determine the halide specificity of different types of vHPOs (vCPO from C. inae-
qualis, vBPO from C. officinalis and vIPO from Z. galactanivorans), their structures have been
meticulously compared because no halide has been co-crystallized with these enzymes.
One of the first residues highlighted in vCPO from C. inaequalis was the Phe397 which is
replaced by a histidine in vBPO from C. officinalis but is present in bacterial vIPO from Z.
galactanivorans. However, another bacterial vCPO was shown to include a histidine residue
at this place [88]. Even if this residue is not involved in the catalytic mechanism, it remains
unclear if it could affect the halide specificity of vHPOs [88,94]. Many studies relate directed
evolution of vHPOs active site to determine the different conserved residues activity and
to determine which one is responsible for halide selection. In the vCPO from C. inaequalis,
Phe397 and Trp350 are putative halide-binding site residues by analysis of different mutants
and comparison with vBPO of C. officinalis. More precisely, halide specificity may depend
on different synergistic effects: (i) the electron density on oxygens of the vanadate cofactor,
(ii) the changes of electrostatic environment near the Phe397 in mutants [95]. A more recent
study also suggests that halide specificity can be explained by modification of hydrogen
bond coordination and modification of the redox potential of the vanadate cofactor rather
than selective halide binding. In this case, authors propose that the modification of the
proximal electronic environment and of the redox potential of the vanadate cofactor may
allow it to react with different halides [96].

2.4.3. Enzymatic Mechanism and Specificity

vHPOs function is like hHPOs but with a different prosthetic group. Like hHPOs,
vHPOs produce a hypohalous acid (HOX, donor of X*). vHPOs catalyse the two-electron
oxidation of halides in presence of hydrogen peroxide. At the beginning, the vanadate
cofactor at the oxidation state (V) can react with hydrogen peroxide to form a stable per-
oxovanadate intermediate (Figure 8). This stable intermediate can then react with different
halogens species (mainly X™) to form the hypohalous acid. This highly reactive hypohalous
acid can then react with an acceptable substrate (R on Figure 8). Most of the studies on
vHPOs suggest that this latter reaction occurs after diffusion of the hypohalous acid in
a non-enzyme dependent reaction [90]. If no substrate is present, the hypohalous acid
reacts with a second equivalent of hydrogen peroxide to form the corresponding halide
and dioxygen.
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Figure 8. General halogenation mechanism of vanadium-dependent haloperoxidases inspired by [88].

Like hHPOs, vHPOs present a lack of selectivity during the halogenation process.
Most studies did not show any control of stereo- or regioselectivity by the metalloenzymes
but are in favour of a mechanism involving the diffusion of the hypohalous acid. However,
this lack of selectivity is still questionable as some publications have revealed enantiospe-
cific bromination and cyclization of sesquiterpenes using vBPO of C. officinalis [97]. This
study of Carter-Franklin & Butler shows differences between brominated compound enzy-
matically obtained and brominated compound chemically obtained suggesting a certain
regioselectivity of algal vBPO [98]. These differences suggest that in presence of a specific
substrate, the reaction might be enzymatically controlled but if no specific substrate is
present, vHHPOs could unspecifically halogenate proximal molecules.

2.4.4. vHPOs in Fungi

Up to now, there are 288 sequences (UniProt database) associated to fungal vHPOs
but only two have been characterized, e.g., the one from C. ingequalis and another from
Alternaria didymospora (previously named Emobellisia didymospora). The first one is the only
one which has been crystallized [91]. Other sequences have been only computationally
detected and automatically classified as vHHPOs. For computationally detected vHPOs,
UniProt database is not adapted. There are a lot of duplicated and statistically unvalidated
sequences and possible confusions with PAP2 enzymes can occur. To refine this result, a
Blastp analysis was done on MycoCosm database using vCPO from C. inaequalis as query se-
quence [23]. For this analysis, the E-value threshold was fixed at 1.0 x 1020, 105 sequences
corresponded to proteins belonging to the superfamily “Acid phosphatase/Vanadium-
dependent haloperoxidase” gathering approximatively 70 different fungal species with an
important Alternaria genus cluster (including 20 different species).

The vCPO of A. didymospora shares 68% identity with the CivCPO [29]. This is the
first characterized vHPO from a marine fungus, which has a higher affinity for bromine
(Km =5 uM) compared to chlorine (Km = 1.2 mM) at pH 5.2, this enzyme has been natively
purified [29]. Another vHPO has also been detected in Botrytis cinerea, a fungal pathogen
of plants. Authors have detected intracellular haloperoxidase activity using o-dianisidine
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assay [99]. They have shown that it was a vHPO by inactivating the protein using EDTA
and reactivating it using ortho-vanadate, but the sequence of the specific protein is still not
available on databases such as UniProt [99].

An interesting case is the vBPO described from the terrestrial lichen Xanthoria parietina,
a symbiont between the green alga Trebouxia and an ascomycete. This study allowed the
first discovery of a vBPO in a terrestrial environment. However, authors were not able to
determine if the protein came from the fungal or the algal proteome, even if this enzyme
shared features with algal vBPOs [100].

2.4.5. Implication in Biosynthesis of Halogenated Compounds

In C. inaequalis, no halogenated compound has been reported to be the product of
vCPO. No fungal secondary halogenated metabolites have been reported to be halogenated
by a vanadium haloperoxidase so far.

2.4.6. Applications and Prospect

Today, some chemistry laboratories are using the vCPO from C. inaequalis as part of
their halogenation tools. In fact, this enzyme has been developed and marketed (heterol-
ogously or natively) to produce halogenated molecules in organic synthesis [54,57,101].
This type of enzyme has the advantage to be extremely stable in organic solvents and to
produce less waste than full organic halogenation reactions. One parameter to consider
in the halogenation reaction remains the pH-dependency of the biocatalyst. A recent
publication reported the use of vCPO from C. inaequalis to form different halolactones or
haloethers using a chemo-enzymatic approach. They proved that the halolactones formed
using chemical reactions or chemoenzymatic reactions where comparable. However, the
chemoenzymatic process was found to be more eco-friendly with less toxic solvents needed
and a drastic reduction of toxic wastes as it only produced water and unreacted halide [69].
However, one of the disadvantages of this method was that the current chemoenzymatic
halolactonization was not selective and produced racemic lactones. Bromocyclizations
of x-and y-allenols have been described and halofunctionalization of different alkenes
by vCPO from C. inaequalis has also been described [102,103]. Like CPO from C. fumago,
vCPO is able to halogenate phenols like thymol [104]. The vCPO has also been reported
to be useful in the Aza-Achmatowicz reaction. This reaction allows the rearrangement
of a furan ring into a dihydropyran using hypohalous acid. This reaction is frequently
used in pharmaceutical biotechnologies because it provides scaffolds containing multiple
functional handles for further synthetic transformations [64] (Table 2).

2.5. Co-Factor-Free Haloperoxidases
2.5.1. History

The third class of haloperoxidase is the cofactor-free haloperoxidase (HPOs) which
mechanism does not involve any metallic cofactor. This type of haloperoxidase was
discovered during the last 80s in bacteria [105]. Contrary to vHPOs and hHPOs, HPOs do
not need any metallic cofactor to halogenate substrates but use a catalytic triad in the active
site (Ser-His-Asp) to form the hypohalous acid [106].

2.5.2. Structure

So far, no fungal structure of HPOs crystallized is present in the PDB. The only struc-
tural analyses of HPOs were conducted on bacterial enzymes from Streptomyces aurofaciens,
S. lividians and Pseudomonas fluorescens. The catalytic triad Ser-His-Asp was confirmed by
site directed mutagenesis studies on the HPO from Pseudomonas pyrrocinia [107]. This study
showed that an organic acid (acetate, benzoate or propionate coming from the reaction
buffer [108]) is required to start the enzymatic reaction with the formation of a peroxoacid
which allows the hydrogen peroxide activation. A tunnel inside the enzyme can bring
the halide to the hydrophobic active site where it can react with a peroxoacid to form a
hypohalous acid. This hydrophobic binding pocket is supposed to protect the peroxoacid



Molecules 2022, 27, 3157

16 of 45

against hydrolysis [106]. A structural comparison has also been carried out to determine
evolutionary relationships between bacterial HPOs. This study showed structural rela-
tionships with «/ 3 hydrolases which also harbour the catalytic triad Ser-His-Asp in their
active site. Between these two enzyme classes, the central 3-sheet and six helices are mostly
conserved. The overall topology is similar when comparing crystal structures [109]. The
HPO from S. aureofaciens is a monomeric protein with the central (3-sheet formed by eight
strands, all parallel except for the second. Strands 3 to 6 and 7 and 8 are connected by
a-helices A, B, C and E. The C-terminal part is formed by helices F and G. Between strands
6 and 7, a large inclusion is formed by five helices. This general topology corresponds to
the 3D structure of «/ {3 hydrolases [110].

2.5.3. Enzymatic Mechanism and Specificity

According to the mechanism described by Hofmann et al., an organic acid (coming
from the reaction buffer) is required during the first step [106]. The histidine residue
is hydrogen bonded to Asp and Ser at the beginning. It begins with the release of the
carboxylic acid group of the organic acid bound to Ser and a water molecule. Then,
hydrogen peroxide can react with this bounded acid to form a free peroxoacid which
remains in the hydrophobic active site where it is attacked by halide to form hypohalous
acid [106]. Then, this reactive species can freely react with an acceptable substrate to
produce a halogenated metabolite. The optimal pH was described to be pH 6, as at pH 8 the
organic acid can be deprotonated leading to a less effective reaction. No halide binding site
was detected by analysing the structure of HPOs [106]. For halogenation, while no binding
site for a substrate was described suggesting uncatalyzed reaction with the hypohalous
acid species formed by the enzyme, some substrate specificity was still observed and was
explained by the influence of the size and the hydrophobic environment of the active
site [106].

2.5.4. Detection in Fungi

No characterized or crystal structure of HPOs has been described in fungi so far.
However, this class of haloperoxidases seems to be present in fungal genomes as, in UniProt
database, 57 sequences related to non-heme chloroperoxidases which share features with
o/ hydrolases like HPOs were computationally detected. Two sequences were found
in a Mucoromycete, Rhizophagus irregularis and the 55 others from various Ascomycota.
A Blastp conducted on MycoCosm with the HPO sequence of Pseudomonas fluorescens
(UniProt KB-O31158 (PRXC_PSEFL)) also revealed 306 hits with an acceptable E-value
(<1.0 x 107°%) and a percentage of identity between 66% and 49% suggesting the probable
presence of HPOs in fungal genomes.

So far, even in bacteria, where they were first described, no halogenated metabolite
has been related to these enzymes.

2.5.5. Prospects

It would be interesting to isolate and characterize a fungal HPOs to study their halo-
genating capacity regarding the substrate nature, specificity and efficiency. We can assume
that it would be probably close to hHPOs and vHPOs, which also form reactive hypo-
halous acid species. Such discovery would allow comparing activities for the three class of
haloperoxidases from fungi. Because HPOs do not need any metallic cofactor, we could
expect no oxidative destruction of the metallic cofactor causing enzymatic inactivation in
comparison to hHPOs. This would be an attractive feature for biocatalysis.

2.6. Flavin-Dependent Halogenases
2.6.1. History
Flavin-dependent halogenases (FDHs) are the most characterized enzymes halogenat-

ing metabolites at that time because of their presence in BGCs. Discovered during the
90s [111], FDHs are a class of enzymes which is ubiquitous across all taxa [88]. The genes
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encoding FDHs have been already found in fungal genomes using metagenomic analy-
ses [112]. For example, this type of halogenating enzyme is involved in the biosynthesis
of ochratoxin A in Aspergillus carbonarius [33]. Another example is the chlorination of
radicicol, a potent heat shock protein 90 inhibitor isolated from various fungi like Pochonia
chlamydosporia and Chaetomium chiversii.

2.6.2. Structure

All FDHs structures described in literature have a low percentage of identity between
the different kingdoms of life but 3 parts of the enzyme are necessarily present for an
optimal enzymatic function. First, there is a flavin binding site where the flavin cofactor is
reduced (with the help of a flavin reductase partner) which harbours the highly conserved
binding motif “GxGxxG” [113]. A substrate binding pocket has also been detected in
contrast to fungal haloperoxidases. This binding pocket has been described to be distant of
the flavin cofactor binding pocket [114,115]. In FDHs, the hypohalite formed is not freely
diffusible but it is regiospecifically delivered to the aromatic substrate via the formation
of a haloamine species which is the third required part of the enzyme [88]. Here, a highly
conserved lysine residue is found. It is not clear if the halide reacts with this lysine residue
to form a haloamine residue or if it is just stabilized in a pocket next to this residue [116].

In the fungal reign, only nine FDHs have been crystallized. All of them are the flavin-
dependent halogenases MalA (one is the wild type, and the eight others are mutants from
MalA) from Malbranchea aurantiaca [30]. This FDH (PDB: 5WGR) (Figure 9) allows the
dichlorination of a fungal indole alkaloid, premalbrancheamide to form malbrancheamide
which is a calmodulin antagonist [117].

Figure 9. 5WGR-crystal structure of wild-type MalA’, premalbrancheamide complex: separation
between substrate binding pocket (green), FAD binding pocket (red), and lysine 108 (blue) [30].

The analysis of the protein structure shows that the active site (substrate binding
pocket) and the FAD binding pocket are clearly separated [30]. The highly conserved lysine
used to fix hypochlorous acid is Lys108 in MalA. As observed for the general mechanism
of FDHs, premalbrancheamide undergoes electrophilic aromatic substitution with the help
of Glu494 which allows an efficient binding of the substrate. The substrate is also stabilized
in the binding-pocket because of the presence of a Phe496 which facilitates a favourable
hydrophobic interaction with the aromatic ring of premalbrancheamide [30] (Figure 9).
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2.6.3. Enzymatic Mechanism and Specificity

Flavin-dependent halogenases catalyse the 2e™ oxidation of the halide (X™) to the hy-
pohalite (OX™) [88] (Figure 10). A consensus mechanistic scheme based on the biochemical
characterization of L-tryptophan FDH (FDHs using L-tryptophan as substrate: PrnA from
Pseudomonas fluorescens, RebH from Lechevalieria aerocolonigenes and PyrH from Streptomyces
rugosporus) describes today the general mechanism of FDHs in fungi [88,118].
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Figure 10. FDH schematic reaction mechanism inspired by [88].

The mechanism closely resembles the one described for the flavin-dependent oxyge-
nases. First, there is a reduction of the flavin cofactor by a 2e™ transfer from NAD(P)H (+H*)
catalyzed by a flavin reductase. The flavin-oxidized (Flox) cofactor is reduced in the flavin
cofactor (Fl.q) in the FAD binding pocket. It is possible that the flavin reductase is encoded
in the BGC with the other genes required for the synthesis of the metabolite, this reaction
partner does not seem to be specific to FDHs [119]. Then, the reduced cofactor (Fl..q) can
react with molecular oxygen (O,). A transient species is formed: FI-C(4a)-OOH [88]. This
transient species is considered to be a “OH*” donor which can hydroxylate the proximally
bound aromatic substrate via electrophilic aromatic substitution or it can react with halide
to form hypohalous acid [118]. This hypohalous acid species (X* donor) travels through a
tunnel to another conserved pocket close to the bonded substrate where it can react with
the highly conserved active lysine residue, or it can be stabilized through halogen bonds
with the amine [115,116]. The bound substrate can then undergo electrophilic aromatic
substitution with the bound HOX species to form the halogenated molecule. This step is
possible thanks to the presence of a closer glutamine which stabilizes the substrate.

The formation of the three flavin-cofactor states has been spectroscopically (UVs)
detected in FDHs. It is noteworthy that those two independent reactions take place in
FDHs. First, the formation of the highly reactive hypohalous acid occurs with the reduction
of the flavin cofactor and its attack by molecular oxygen (O;). The halogenation step
follows. As the two actives sites are spatially separated in the enzyme, the hypohalous acid
must be translocated from one to the other. The main hypothesis for this migration is that
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there is a tunnel between the two active sites inside the enzyme. Then, the enzyme controls
the fixation of the substrate to catalyse a regiospecific halogenation [120].

2.6.4. FDHs in Fungi and Their Implication in the Biosynthesis of Metabolites

In fungi like in other organisms such as bacteria, the biosynthesis of many secondary
metabolites is encoded by BGCs which contain all the genes required for the effective
enzyme production involved in their biosynthesis. Contrary to haloperoxidases, all fungal
flavin-dependent halogenases (FDHs) described have been found as part of BGCs, facilitat-
ing their association to halogenated metabolites [121]. In terms of substrates, FDHs have
been shown to halogenate many different structures with reactive carbons such as indole,
phenol [38] or pyrrole [122]. While some are able to directly halogenate free substrates [123],
most FDHs strictly prefer substrates bound to an acyl carrier protein (ACP).

Fungal FDHs Halogenating Indole Structures

A basic search of fungal flavin-dependent halogenases in the UniProt first highlighted
696 sequences. 15 of those detected proteins have already been characterized in the lit-
erature (Table 1). The remaining proteins have only been computationally detected but
not characterized. Among the 15 described proteins, we find the previously mentioned
FDHs MalA from Malbranchea aurantiaca, which is responsible for the biosynthesis of the
indolic alkaloid malbrancheamide (4) (Figure 11) [117]. A mechanism has been recently
proposed by Fraley et al. to describe the formation of malbrancheamide (4) by MalA where
the chlorine is stabilized by the formation of a chloramine intermediate bounded with
Lys108 as previously described for the general mechanism [30]. The main difference here is
the late-stage halogenation of premalbrancheamide (3) compared to L-tryptophan FDHs
where halogenation usually takes place at the beginning of the biosynthesis. However, the
general mechanism remains the same as described before. Further investigation with a
Blastp analysis on MycoCosm using MalA sequence revealed the presence of 277 analogue
proteins in fungal genomes, with an E-value lower than 1.0 x 1070 and a percentage of
identity ranging from 38% to 77%. This shows that many more remain to be discovered
with potentially new related halogenated compounds.

Figure 11. Premalbrancheamide (3) chlorination by MalA to obtain malbrancheamide (4).

Fungal FDHs Halogenating Phenol Structures

The first flavin-dependent halogenase (Rdc2) identified in fungi was discovered in
2008 by Reeves et al. in Pochonia chlamydosporia. No crystalized structure for this en-
zyme was obtained but a homology model was built to analyse its enzymatic mechanism.
Interestingly, the binding site of this enzyme allows the fixation of the natural substrate (R)-
monocillin II (5) to form pochonin D (6) and to obtain the final oxidised product radicicol
(7) (Figure 12) [31].
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Figure 12. (R)-Monocillin II (5) chlorination by Rdc2 to form pochonin D (6), precursor of radicicol (7).

It also allows the loading of a wide range of other macrolactones such as isoquinolines
(4-hydroxyisoquinoline and 6-hydroxyisoquinoline) which were reported to be halogenated
by Rdc2 [71]. This enzyme contrasts with the more specific FDHs previously described
using L-tryptophan as physiological substrate because of their lower substrate selectivity.
Nonetheless, like other FDHs described, Lys74 is strictly conserved and essential for the
enzyme catalysis and the stabilization of the highly reactive halogen species by the forma-
tion of a chloramine. Lys74 is present in the N-terminus hydrophobic region where the
substrate binds. The chlorination occurs in ortho of the hydroxyl group in the three cases
((R)-monocillin II and 4- or 6-hydroxyisoquinoline) [71]. A homologous enzyme was found
in the radicicol-producing fungus Chaetomium cheversii and named radH (Table 1). [32,70].
A Blastp analysis performed on MycoCosm using radH sequence and an E-value threshold
of 1.0 x 107" revealed 2300 hits with a percentage of identity from 37% to 79%, sug-
gesting a frequent presence of radH homologues in fungal genomes. Because we found
more hits than the number of genomes available (2008), it can be supposed that some
species may possess multiple copies of radH-like proteins in their genome. According
to databases (UniProt or MycoCosm), the most detected FDHs in fungi are the radH-like
flavin-dependent halogenases. It is present in a lot of Aspergillus species (Figure S3), which
can be explained by the fact that this genus has been extensively studied in relation with the
production of the chlorinated mycotoxin ochratoxin A (9) (OTA), leading to its important
presence in fungal sequence databases such as MycoCosm. OTA is a food mycotoxin which
is highly controlled because of its important toxicity for humankind [33]. For this reason,
many studies have targeted the ochratoxin A BGC. A radH-like flavin-dependent haloge-
nase [32,70] named AcOTAhal has been described in 2016, which catalyses the chlorination
of ochratoxin B (8) (OTB) (the non-halogenated form of OTA) to form OTA (Figure 13) [33].
The main producers of OTA are Aspergillus ochraceus and Penicillium verrucosum but more
largely the Aspergillus and Penicillium species [124].

OH OH O OH OH O
)\©/l\: AcOTAhal )\(;il;

Figure 13. The FDH AcOTAhal catalyzes the chlorination of ochratoxin B (8) to form ochratoxin A (9)
in Aspergillus carbonarius [33].

Another FDH-containing BGC has been described in the plant endophyte Pestalotiopsis
fici, which is responsible for the biosynthesis of pestheic acid (12), one of the precursors of
chloropupukeananes (compounds showing antimicrobial, antitumor and anti-HIV activ-
ities). In the BGC, ptaM encodes a flavin-dependent halogenase which is a homologous
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to the radH protein with a conserved FAD binding domain. The FDH is essential for
the production chloroisosulochrin (11) (Figure 14). A knock-out mutant was created on
ptaM revealing that the production of chloroisosulochrin (11) was abolished whereas the
nonchlorinated precursor isosulochrin (10) was accumulated indicating that the ptaM gene
is essential for the chlorination step (Figure 14) [35]. In an alternative way, isosulochrin (10)
can be oxidized by PtaE to obtain RES-1214-1 (13) before being halogenated by PtaM to
obtain pestheic acid (12) in Pestalotiopsis sp. [35].

PtaM
OH OH
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OH OH OH
O (@] (@) (6]
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Figure 14. Chlorination of isosulochrin (10) by PtaM in P. fici to obtain chloroisosulochrin (11), a
precursor of pestheic acid (12). Isosulochrin (10) can be oxidized by PtaE to form RES-1214-1 (13),
which is chlorinated by PtaM to form pestheic acid (12) in Pestalotiopsis sp.

Geodin (17) is a chlorinated metabolite produced by diverse fungal species and in
particular Aspergillus terreus where the BGC has been described. The BGC involves a
FDH, GedL, for the dihalogenation step of sulochrin (14) in dihydrogeodin (15) (Figure 15).
Contrary to PtaM on isosulochrin, the halogenation catalyzed by GedL on sulochrin occurs
on the other phenolic moiety, showing the interesting regioselectivity of this type of enzyme.
The BCG description has been realized after heterologous reconstitution of the geodin gene
cluster from A. terreus in the expression platform Aspergillus nidulans [36]. Geodin has been
described to enhance fibrinolytic activity of vascular endothelial bovine cells [125].

The well-known antifungal polyketide, griseofulvin (19), also involves a flavin-dependent
halogenase during its biosynthesis by Penicillium species (P. griseofulvum, P. chrysogenum or
P. aethiopicum). In P. aethiopicum, the griseolfulvin gene cluster was investigated and a gene,
Gsfl, was characterized to produce a halogenase that shares high similarity (60%) with the
flavin-dependent chlorinase radH (Figure 16). To confirm its implication in the griseofulvin
biosynthesis, the gene was disrupted. LC-MS analysis showed abolition of the griseofulvin
production together with an accumulation of the non-chlorinated precursor, griseophenone
C (17) proving the implication of Gsfl in the griseofulvin biosynthesis [37,126].
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Figure 15. Dichlorination of sulochrin (14) by GedL in A. terreus to form dihydrogeodin (15) in the
biosynthesis of geodin (16).

19

Figure 16. Chlorination of griseophenone C (17) by GsfI to form griseophenone B (18), precursor of
griseofulvin (19) in P. aethiopicum.

Another FDH has been described in Aspergillus oryzae by analysing the biosynthesis
of the mycotoxin aspirochlorine (Figure 17). The acl BGC contains one halogenase AclH
which catalyses the chlorination of the aspirochlorine precursor, dechloroaspirochlorine
(20). Aspirochlorine (21) production was completely abolished by deleting the AclH gene.
Complementation was done in the mutant A. oryzae AaclH with the aclH gene, leading to
the restoration of aspirochlorine production.

o ¥ o %
N_ O N__O
?L:Z//g‘l@i AclH ?\KI:Z/OH
OH OH
S-S H Cl- S-8 H
20 21

Figure 17. Chlorination of dechloroaspirochlorine (20) by AclH in A. oryzae to form aspirochlorine (21).

Another FDH, AscD, has been described in the BGC of ascofuranone (26) and as-
cochlorin (25) in the fungus Acremonium egyptiacum (Figure 18). These two molecules are
meroterpenoids possessing diverse bioactivities including anticancer anti-trypanosomiasis.
Halogenation process takes place at the beginning of the biosynthesis, with ilicicolin B (22)
being chlorinated to obtain ilicicolin A (23) which, after several steps, leads to ascofuranone
(26) or ascochlorin (25). Ilicicolin A is then oxidised by AscE, an epoxidase, to obtain
ilicicolin A epoxide (24). From this precursor two routes have been described: the molecule
is hydroxylated by the monooxygenase AscH leading to ascofuranone, if not, it leading to
the cyclohexanone ascochlorin [39].
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Figure 18. Chlorination of ilicicolin B (22) by AscD in A. egyptiacum to form ilicicolin A (23) and then
the epoxide form (24) in the biosynthesis of ascochlorin (25) and ascofuranone (26).

Cyclohelminthols and palmaenones are specialized metabolites respectively produced
by Helminthosporium velutinum and Lachnum palmae which carry chlorine atoms on an oxy-
genated cyclopentene system. These two types of metabolites, even if they are produced by
different organisms, share the same biosynthetic intermediate, 6-hydroxymellein (27). The
two BGCs have been described for cyclohelminthol (chm) and palmaenone (plo) [41]. Genes
encoding tryptophan halogenases homolog proteins have been detected in each BGC: chmK
and chmN in H. velutinum and ploK and ploN for L. palmae. But if chmK and chmN are found
in the same BGC, ploN is found outside the cluster in L. palmae. Halogenases from each BGC
have been cloned into A. oryzae to analyze their activities. In the two cases, halogenation
of 6-hydroxymellein (27) is the first step followed by undescribed modifications to obtain
cyclohelminthols IV (35) and palmaenones A (30) and B (31) (Figure 19) [41].

For palmaenone biosynthesis, PloK first catalyzes mono or dichlorination on C3 and
C5 and then PloN (66% homolog to ChmN) catalyzes the third chlorination on C7. For
cyclohelminthol biosynthesis, ChmK catalyzes chlorination on C5 and ChmN on C7 but
without particular order [41]. These observations again highlight the high regioselectivity
of FDHs enzymes.

Identification and description in Chaetomium globosum of chaetoviridin and chaeto-
mugilin BGC led to the discovery of the FDH Cazl. Genetic inactivation studies were
performed to describe the involvement of each caz genes in the biosynthesis of these
metabolites (Figure 20). Chlorination takes place on an unstable biosynthetic intermediate
(36) to form cazisochromen (37). Then, the biosynthetic route continues to finally obtain
chaetoviridin A (38) and later chaetomugilin A (39) [42].
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Figure 19. Halogenation of (R)-6-hydroxymellein (27) by PloK and PloN in L. palmae, and in H.
velutinum by ChmK and ChmN. If R = H, (2R,3R)-3-Chloro-6-hydroxymellein, if R = Cl, (2R,3R)-
3,5-Dichloro-6-hydroxymellein (28). (2R,3R)-3,5,7-Trichloro-6-hydroxymellein (29), palmaenone A
(30), palmaenone B (31). (R)-7-Chloro-6-hydroxymellein (32), (R)-5-chloro-6-hydroxymellein (33),
(R)-5,7-dichloro-6-hydroxymellein (34), and cyclohelminthol IV (35).
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Figure 20. Chlorination of the biosynthetic intermediate (36) to obtain cazisochromen (37) in the
biosynthetic pathway of chaetoviridin A (38) and chaetomugilin A (39).
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Other Non-Classical Fungal FDHs

FDHs were also detected in the honey fungus Armillaria mellea [40]. This basid-
iomycetous tree pathogen produces a large variety of structurally related toxins known
as melleolides. While it was obvious that some of these secondary metabolites undergo a
chlorination step during their biosynthesis, the characterization of the melleolides gene
cluster in 2016 did not show any FDH encoding gene [40]. A flavin-dependent oxidoreduc-
tase was present, but it lacked the strongly conserved motif GWxWxxPL of FDHs. Authors
have then identified 5 genes encoding putative FDHs in the A. mellea genome but outside
the melleolides BGC (armH1 to armH5). To evaluate their implication in the chlorination of
melleolides, these five genes were cloned, and proteins were expressed heterologously in E.
coli. The unchlorinated melleolide F was given as free substrate to test their halogenation
specificity and the final product was analysed by HPLC-HR-ESIMS. The authors showed
that all the five enzymes were able to chlorinate melleolide F to form 6'-chloro-melleolide F,
but based on the peak areas, armH4 showed the best results. Bromination was then also
successively conducted with armH4, but iodination assays failed to produce iodinated
metabolite. So far, these are the only studies performed to understand the chlorination of
melleolides. Further studies involving disruption of the FDHs genes, would probably give
more confidence in the identification of the halogenating enzyme of melleolide F. However,
this study shows that two different groups in the fungal flavin-dependent halogenases can
probably be distinguished: those which accept free substrates and those which are more
specific and need substrates bounded to a carrier-protein. We do not have enough data yet
to assume that this is a general trait of fungal halogenases [40].

More recently, a multitask FDH from Aspergillus oryzae (AoiQ) was shown to be able
to mono or dihalogenate a non-activated carbon atom on an alkyl chain or perform several
methylations [127]. This particular enzyme has been detected and characterized in the
genome of Aspergillus oryzae RIB40 encoded by the AoiQ gene. It corresponds to a 1014
amino acids protein (2 times bigger than standard FDHs) with two different parts. At the
N-terminus part, flavin-dependent halogenase conserved motifs are present (flavin cofactor
binding site and tryptophan binding site) while at the C-terminus part of the enzyme, a
conserved S-adenosyl methionine (SAM) binding domain is found. This feature is typically
present in methyltransferases (detailed hereafter 2.7). Blast homology research made by
Chankhamjon et al. highlighted that homolog enzymes can be found in at least a dozen of
other fungal genomes [127]. Ao0iQ protein was shown to be responsible for the introduction
of a geminal dichloro moiety on diaporthin derivatives De-O-methyldiaporthin (40), dia-
porthin (41) and 8-methoxyldiaporthin (42) in Aspergillus oryzae (Figure 21). This enzyme
is the only fungal aliphatic halogenase described so far. An example of the biosynthetic
routes involving AoiQ can be observed in Figure 21. Halogenation can occur once or
twice leading to de-O-methyl-dichlorodiaporthin (43), dichlorodiaporthin (major product)
(44) and 8-methoxyl-dichlorodiaporthin (45). Monochlorinated compounds can also be
dimethylated by the AioQ SAM part of the enzyme [127].

2.6.5. Application and Prospect

Today, the use of flavin-dependent halogenases in biocatalysis is still somewhat lim-
ited because of their lack of stability, the low diversity of substrates they can handle and
the high difficulty to produce them in large scale [128]. To improve the flavin-dependent
halogenase efficacy, different engineering steps have been proposed. For example, the use
of cross-linked enzyme aggregates (CLEAs, glutaraldehyde) has been successfully reported
in literature to stabilize the halogenase RebH from Lechevalieria aerocolonigenes [129] which
is today the most used flavin-dependent halogenase in biocatalytic halogenation [113,130].
Other studies also reported the directed evolution of FDHs to improve their thermosta-
bility [131] or extend their substrates specificity [132]. The modified enzymes were then
successfully used in chemical synthesis to generate small halogenated molecules such as
chlorinated alkaloids or antibiotics derivatives (ex: chloropacidamycin) [133,134]. So far,
the main applications of FDHs in biocatalysis were reported for recombinant Rdc2/RadH
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which allowed successful reactions on similar structures as its natural substrates but also
on other skeletons such as curvularin, curcumin or isoquinoline (Table 3) [70,71]. The MalA
enzyme has also been studied for its potential in biocatalysis on fungal indole alkaloids,
which display a large range of biological activities. The chemoenzymatic way to produce
these molecules allowed better selectivity and yield [135]. As for the AoiQ enzyme, which
discovery is still somehow quite recent, no further applications have been described so
far, but it looks promising. Indeed, we can imagine that regioselective halogenation on
non-activated aliphatic carbons would be of interest for biocatalysis.

AoiQ
2CI

AoiQ | SAM AoiQ | SAM

AoiQ SAM

Figure 21. Biosynthetic route examples of the hybrid enzyme AoiQ described in Aspergillus oryzae on
diaporthin derivatives de-O-methyldiaporthin (40), diaporthin (41), 8-methoxyldiaporthin (42), de-O-
methyl-dichlorodiaporthin (43), dichlorodiaporthin (44), and 8-methoxyl-dichlorodiaporthin (45).

2.7. Non-Heme Iron-Dependent Halogenases
2.7.1. Mechanism

Another specific class of halogenases exists in nature, namely the non-heme iron-
dependent halogenases (NHFe halogenases) such as WelO5 discovered in 2014 in the
cyanobacteria Hapalosiphon welwitschii [136]. Up to now, no three-dimensional nor charac-
terized structure of a NHFe fungal halogenase has been published in protein databanks.
However, some putative sequences in fungal genomes could correspond to this class of
halogenating enzymes, which mechanism of action and reactivity could be of interest
to chemists.

Indeed, NHFe halogenases allow halogen (mainly chlorine) incorporation by using
radical chemistry on unactivated aliphatic chains [88] and closely mirrors that of NHFe
hydroxylases. First, the organic substrate is fixed in the enzyme active site which triggers a
modification in the resting state and allows the coordination of dioxygen by Feyy. Then a
“Hanauske-Abel and Giinzler mechanism” of the Fenp-oKG oxygenases occurs leading to
hydrogen-atom abstraction by the haloferryl species (X-Fe(ryy = O) [137]. The halogenase
mechanism proceeds by a rebound attack by the halogen atom at the iron centre (Fe)-X)
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on the organic radical substrate to form the halogenated organic compound and the release
of Fe(y [75] (Figure 22).
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Figure 22. Catalytic cycle of NHFe halogenase inspired by Butler et al. [75].

2.7.2. Detection in Fungi

In UniProt database, 24 putative sequences corresponding to NHFe halogenases were
found in fungi, but none has been analysed and characterized in the literature. All these
sequences have been computationally detected. A Blastp analysis on MycoCosm using the
WelO5 protein from Hapalosiphon welwitschii [138], with an E-value threshold of 1.0 x 10~
revealed no hit in fungal genomes. In the same way, no more result was obtained when
using the syrB2 NHFe halogenase from Pseudomonas syringae [139].

2.7.3. Prospect

This review of the literature and the databases shows that this enzyme class needs to
be more studied in fungi to better assess their occurrence and functions. In other kingdoms
like bacteria or algae, NHFe halogenases are able to halogenate substrates bound to a
carrier protein. They can also halogenate free small molecules [136]. The presence of this
enzyme class in fungal genomes is questionable because no hit was obtained using bacterial
NHFe halogenases as query sequences in Blastp analysis. Of course, not all fungal genomes
were investigated and there can still exist such enzymes in fungi, especially regarding the
24 putative sequences found on UniProt database, which is more complete compared to the
recent database MycoCosm. However, compared to other classes of halogenating enzymes
reviewed so far, NHFe halogenases seem to be—if really present in fungi—very rare or
very different from bacterial NHFe halogenases. Moreover, first attempts of application
of NHFe enzymes in biocatalysis have raised many issues as the activity of heterologous
NHFe halogenase remained low and the substrate needed to be bound to a specific carrier
protein to be usable [140].

2.8. S-Adenosylmethionine-Dependent Halide Methyltransferase
2.8.1. Mechanism

Another class of halogenating enzyme, the SAM-dependent halide methyltransferase
has also been described in nature, such as the HOL protein produced by Arabidopsis
thaliana [141]. However, they are not well documented in the literature, in particular in fungi.
This enzyme class allows the biosynthesis of halomethanes “CHj3-X" which can potentially
act a donor of halide for the biosynthesis of halogenated secondary metabolites [88,142].
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SAM-dependent halide methyltransferases allow the formation of MeCl, MeBr and Mel
(F~ is not accepted). These enzymes catalyse nucleophilic substitution reactions between
SAM and halide ions to form methyl-halides (Figure 23).
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Figure 23. Example of a halide methyltransferase catalyzed reaction.

2.8.2. Detection in Fungi

No crystal structure of SAM-dependent halide methyltransferase is available in the
fungal reign, but some have been detected for example in the Hymenochaetaceae family [142].
However, it could be proposed that the previously mentioned multitask FDH enzyme
named AoiQ (Section 2.5.4), identified from A. oryzae could also be placed into this class as
conserved SAM binding domain was observed in this enzyme, and the type of halogenation
observed on non-activated aliphatic carbon was very different from classical FDHs.

2.8.3. Prospects

Much remains to be understood concerning this enzyme class regarding their mecha-
nism, metabolic role and their implication in the biosynthesis of halogenated secondary
metabolites. Further studies on the enzyme Ao0iQ may also reveal more insights into this
category of halogenation enzymes.

2.9. Summary of Fungal Halogenation Enzymes

Enzymatic halogenation in fungi has been widely studied (Figure S3). Different
halogenating enzyme classes exist but lots of grey areas remain in the different protein
families and their enzymatic mechanism. One example is given by the few numbers of
three-dimensional structures available for each enzyme class. Most of the time, only one
3D structure is available for one enzymatic class. It is then impossible to compare fungal
enzyme structures. However, other studies on enzymatic halogenation in other kingdoms
can be useful to formulate hypotheses.

Another aspect is the association between halogenated metabolites and their halogena-
tion enzyme. Lots of enzymatic classes responsible for halogenation are unspecific. For
example, haloperoxidases seem to produce halogenated reactive species but do not control
the regioselectivity or the stereoselectivity of the halogenation. Moreover, their occurrence
in genomes have not been found to be related to BGCs, precluding the possibility to make
correlations between these enzymes and specific metabolites. However, in bacteria some
vHPOs have been recently found to be specifically related to BGCs and to be involved in
the production of napyradiomycin and merochlorins A-D [143,144]. We do not know yet
if this type of halogenating enzyme is mostly implicated in the secondary metabolism or
in other functions. This association is more easily performed for halogenated secondary
metabolites involving flavin-dependent halogenases which are more specific and mainly
present in BGCs, except for melleolides.

So far, no enzyme able to fluorinate specific or unspecific substrates has been described
in fungi. The occurrence of fluorinated natural products is very rare in nature even if some
fluorinating enzymes have been described in bacteria like 5’-fluoro-5’-deoxyadenosine
synthase in Streptomyces cattleya [145]. Even if fluorine has a great abundance in nature, its
incorporation scarcity in secondary metabolites is probably due to its extreme electronega-
tivity. On the other hand, the number of iodine containing compounds is also very low in
number because of the low abundance of iodide in nature [5].



Molecules 2022, 27, 3157

29 of 45

The Natural Products Atlas referenced 865 halogenated molecules isolated from fungi in
early 2021 [7]. These molecules either possess a single halogen in their structure or several.
Some of the molecules described even possess the three types of halogens studied here,
namely bromine, chlorine and iodine. Among all these metabolites, only those previously
cited in this review have had their biosynthesis associated to a halogenating enzyme. For
some of them, they were even completely described. In accordance with what has been
said previously, we mainly find metabolites arising from an FDH, with the exception of
only one metabolite, caldariomycin, for which halogenation is claimed to be catalyzed by a
hHPO. In comparison with the total number of halogenated metabolites described in fungi
(Figure 1), it means that knowledge on relationships between halogenated metabolites and
their halogenating enzyme occurring in these organisms are still poorly resolved.

3. Halogenated Metabolites
3.1. Methodology

Further investigation of these 865 halogenated fungal metabolites was performed
using the open source DataWarrior software to investigate their chemical similarities and
differences [146]. A molecular network was constructed using the default “FragFp” de-
scriptor, allowing to filter the molecular structures and link them together according to
their similarities (Figure 24). The DataWarrior’s default descriptor FragFp is a substructure
fragment-based binary fingerprint. It relies on a dictionary of 512 predefined structure
fragments. This descriptor can be used to calculate similarities between molecules. The
FragFp similarity between two molecules is the number of fragments that both molecules
have in common divided by the number of fragments being found in any of the two
molecules. Typically, chemists will consider molecules to be structurally close if their
similarity value is about 0.90 or above. The constructed network which included all fungal
halogenated metabolites available in the NP Atlas database allowed us to explore the
chemical diversity found in fungal halogenated metabolites. Moreover, for each com-
pound, information about 1) the type of halogens present (Cl, Br, I, F), 2) the halogenating
enzyme described and 3) the type of halogen bond was added to the list (using the auto-
mated chemical classification package “ClassyFire” on R Cran [147]). These three filters
allowed to highlight meaningful information on the network and different hypotheses
could be raised about halogenation enzyme classes being involved for the biosynthesis of
many compounds.

Some clusters group together structures, including metabolites for which the halo-
genation enzyme is described (Figure 24). In many cases, they correspond to biosynthetic
intermediates or molecules of the same class, which only differ by the position of chemical
groups (regioisomers). However, in some cases, molecules that were linked to a molecule
for which the halogenating enzyme is known, arose from different biosynthetic pathways
or fungal organisms. From this point, it was possible to put forward the hypothesis that,
given the strong similarity of the structures, these metabolites might be halogenated by
the same type of enzyme. As most halogenating enzymes known to be involved in the
biosynthesis of secondary metabolites correspond to FDHs, mainly reacting on indole or
phenol systems, this approach was mostly applied to compounds in the haloarene class. We
can see that most clusters of haloarene-type compounds are related to known halogenation
enzymes belonging to FDHs, which is consistent with the reactivity of this type of enzyme.
On the other hand, for haloperoxidase enzymes, the use of the network occurred to be very
limited, especially as the only metabolite, which is halogenated by a heme haloperoxidase,
caldariomycin (2) (classified as a haloalkane) was isolated in the network and not linked
to any other metabolite. It was therefore difficult here to make any hypotheses for this
type of enzyme. Moreover, it is not clear yet if and how these enzymes are involved in the
biosynthesis of secondary metabolites. Given to their usual non-inclusion into BGC, it can
be anticipated that they can halogenate many different compounds. However, no evidence
of this type has been reported so far, except for the bacterial compounds napyradiomycin
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and merochlorins A-D [143,144], which could be classified as haloalkenes and haloalkanes.
Further studies on fungal HPOs are then needed to answer these questions.
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Figure 24. Similarity molecular network of the 865 halogenated fungal metabolites described in the
Natural Product Atlas in 2021. This plot was created with DataWarrior software, where structures
were clustered based on their similarity using the “FragFp” descriptor (set to 80% for similarity
analysis). Each structure is represented by a marker whose shape is defined by the halogens present:
chlorine (A), bromine (O), iodine (0), chlorine and bromine (<), chlorine and iodine (57), and bromine
and iodine (OJ). Structures for which a halogenating enzyme was described as being involved in
their biosynthesis appeared as colored: in green for hybrid enzyme, in blue for flavin-dependent
halogenases (FDH), and in red for haloperoxidases (HPO). Finally, the type of halogen bond for each
molecule is represented by a halo surrounding the marker, which is blue for haloarenes, turquoise for
haloalkenes, red for haloalkanes, and green for haloalkynes. Classification of the structures according
to their halogen bonds was performed using the classyfireR package on R Cran [147] and the Chebi
descriptors. Black and numerated circles (1 to 10) correspond to studied and detailed clusters in the
present review.

3.2. Compounds in the Haloarene Class

In cluster 1, the pochonin D (6) produced by Pochonia chlamydosporia, has been de-
scribed to be halogenated by the flavin-dependent halogenase Rdc2 [56]. Using the de-
scriptor FragFp, a high number of halogenated fungal metabolites showed a similarity
score greater than 0.85 (on a scale of 0 to 1). This means that the fragments present in
these molecules are very similar to those found in molecule 6. In addition, the halogen
atom is systematically found in the ortho position of a hydroxyl group on the aromatic
ring (both chlorine and bromine atoms can be found). Among these molecules with a
high similarity index, we found molecules belonging to the pochonin family which are
produced by the same fungus, but also halogenated molecules produced by other fungal
species such as monorden E (46) produced by Humicola sp. [148], palmerin D (47) pro-
duced by Lachnum palmae [149], chaetosemin G (48) produced by Chaetonium sp. [150] and
5-chloro-6-hydroxymellein (49) produced by an unknown strain [151] (Figure 25).
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Figure 25. Structures of the metabolites found in the pochonin D cluster 1: pochonin D (6), monorden
E (46), palmerin D (47), chaetosemin G (48), and 5-chloro-6-hydroxymellein (49).

Thus, if we rely on the strong structural similarity between these halogenated molecules,
particularly in terms of the position of the halogen on the molecule, we can assume that the
halogenating enzymes involved in their biosynthesis may be related or very close to Rdc2,
the previously reported FDH halogenating pochonin D (6).

If we analyse more precisely the structure of the molecule in correlation with the
described biosynthetic pathway of pochonin D (6), the precursor of radicicol, we can
observe that the cyclisation of the polyketide chain occurs before the halogenation by the
enzyme (here Rdc2) [56]. On the non-halogenated precursor (R)-monocillin II (5), two
positions are then available for halogenation. Interestingly, it is the less reactive position
on C6 that undergoes halogenation. Indeed, position C4 is located between two hydroxyl
groups on the aromatic ring which makes it more reactive (by intramolecular electrostatic
effects) than position C6 (Figure 12). It also seems easier to access for possible spontaneous
reaction in view of the steric hindrance. Therefore, by extension and in view of the similar
structures of the four molecules mentioned above, involvement of a flavin-dependent
halogenase of the Rdc2 family in their biosynthesis seems to be a consistent hypothesis.

This hypothesis is reinforced by the genomic analysis previously carried out on My-
coCosm [23] in the search for fungal strains that possess genes in their genome that are
homologous to the RadH protein (like Rdc2). It has been shown that there is a strong
presence of “RadH like proteins” in the fungal genomes available in the database. More
specifically, if we look at the four molecules mentioned above for which the halogenation
enzyme is not known, for one of their producers, Humicola sp., one related genome could
be found in MycoCosm (Thermomyces lanuginosus SSBP, previously Humicola lanuginosa).
In this available genome, we could find a putative protein that matched with a flavin-
dependent halogenase of the “radH like protein” type with a homology percentage of 60%.
This protein could hypothetically be involved in the biosynthetic pathway of monorden
E (46).

The construction of the network proved useful for hypothesising potential metabolites
that could be halogenated by FDHs in view of the similarities in structure and specificity of
these enzymes. Another cluster can be shown to illustrate this overall idea, the cluster 2
which contains the diphenyl ether compound pestheic acid (12) known to be halogenated
by a the FDH PtaM and produced by Pestalotiopsis sp. (Figure 14) [152]. This structure
closely resembles to buellin (50) isolated from the lichen Diploicia canescens [153], chrysine
D (51) and penicillither (52) both isolated from Penicillium species [154,155]. Again, simi-
lar structures produced by different organisms may probably be halogenated by similar
enzymes. At least 67 molecules are grouped together in cluster 2 and they share the same
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skeleton with two aromatic rings linked by an ether bond. Some compounds present a
cyclised pyran-4-one moiety between these two aromatic rings, forming xanthone-type
compounds such as penicillixanthone (53) [155], 4-chlorocurvularinic acid (54) [156] and
engyodontiumone B (55) [157]. In the centre of this cluster, many metabolites possess an
extra ester bond forming typical depsidones, like spiromastixone N (56) [158], aspersidone
(57) [155] and 7-bromofolipastatin (58) [159] (Figure 26). Research of PtaM homologous
proteins showed no result for Diploicia, Curvularia and Spiromastix genera in the available
2 genomes on MycoCosm (Helicocarpus griseus UAMH 5409 and Cochliobolus lunatus m118
v2.0). On the contrary, Penicillium sp. and Aspergillus sp. returned 26 and 352 hits respec-
tively, with protein similarities from 49% to 70% of identity for Penicillium sp. and from
45% to 69% for Aspergillus sp. These latter genera could then possess homologous proteins
to PatM with similar functions.

o}

50 51 52

53

f@ g@@ i%z

57

Figure 26. Pestheic acid (12) is included in cluster 2 containing buellin (50) from Diploicia sp.; chrysine
D (51), penicillither (52), and penicillixanthone (53) from Penicillium sp.; 4-chlorocurvularinic acid
(54) from Curvularia sp.; engyodontiumone B (55) from Engyodontium sp.; spiromastixone N (56) from
Spiromastix sp.; aspersidone (57) from Aspergillus sp.; and 7-bromofolipastatin (58) from Aspergillus sp.

3.3. Compounds in the Haloalkene Class

In the molecular network some other clusters of metabolites appeared, but, this time,
corresponding to compounds in the haloakene class. For example, a fairly large cluster
(cluster 3, Figure 27) of about thirty molecules linked halogenated metabolites derived from
azaphilones (pigments in Monascus sp.) [160]. BGCs described for this type of compounds
have revealed the presence of typical FDH sequences such as the Cazl previously described
and hypothesized to chlorinate the bicyclic core of chaetomugilin A (39) and chaetoviridin
A (38), metabolites belonging to the family of chaetoviridin E (61) and chaetomugilin B
(62) [42,161].
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Azaphilone

59

Figure 27. Representative azaphilone-type metabolites from cluster 3: 11-epichaetomugilin A (59)
from Chaetomium sp.; 5-bromoochrephilone (60) from Penicillium sp.; chaetoviridin E (61) and chaeto-
mugilin B (62) from Chaetomium sp.

These metabolites, if we refer to the biosynthesis of azaphilones, are derived from the
polyketide pathway coupled with a fatty acid pathway [162]. An esterification between
the polyketide chromophore and the (3-keto acid forms the backbone of the molecule.
Here, the clustering was consistent as almost all molecules in this cluster were similar
with their halogen atom (chlorine/bromine) positioned on the a-carbon of the ketone
(o, B-unsaturated ketones).

It should be noted that this position is highly reactive because it is vicinal of a carbonyl
group. Many ketones undergo electrophilic a-substitution reactions since the hydrogens
in this position are more labile. Thus, halogenation reactions on this reactive o-carbon
are either acid or base catalyzed and can even be autocatalytic when releasing acid as a
product. The mechanism of this reaction involves the keto-enolic equilibrium with the
formation of enol or enolate species. However, the presence of an «-f3 double bond can
disturb the formation of enolates [163]. In fact, halogenation of a &, 3-unsaturated ketone is
usually performed in organic chemistry by using strong oxidants such as OXONE® and
hydrohalic acid [164] or metachloroperbenzoic acid (pKa 7.57, a weak acid) in DMF in the
presence of HCl at 25 °C. As most structures in this cluster correspond to «,[3-unsaturated
ketones, with the halogen in «-position, we can again assume it is catalyzed by specific
FDH enzymes, closely related to the Cazl enzyme.

Another cluster (cluster 4) can be associated to the previous one as it also highlighted
azaphilone-type molecules. These latter showed chlorine on both sides of the ketone
leading one of the halogen bonds being on a sp> carbon (and considered as a haloalkane on
Figure 28). These molecules such as aranochlor A (63) [165], dankastatin A (64) and B (65)
present a much longer carbon chain with an amide bond linking the heterocycles to the
carbon chain [166]. Considering the similar bicyclic core, with halogenation taking place in
o of a ketone, we can hypothesize that the enzymes implied to halogenate those compounds
might be similar to cluster 3, at least for position C-5. For the second chlorine on position
C-3, another mechanism could be involved, especially as we can see that derivatives of this
family of compounds correspond to C-2-C-3 epoxy derivatives as for aranochlor A (64).
Indeed, epoxides are very sensitive to nucleophilic additions, leading halogenation of these
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species to be quite easy [167]. Thus, spontaneous formation of this halogen bond in C-3
from an epoxide intermediate could also be an option for these compounds.

Figure 28. Metabolites present in cluster 4, aranochlor A (63) from Pseudoarachniotus sp., dankastatin
A (64) and B (65) from Gymnascella sp.

Interesting metabolites from basidiomycetes can be found in cluster 5 like pterulone
(66) produced by Pterula sp. (Figure 29) [168]. Theses metabolites carry a chlorine atom
on a terminal double bond which is unusual. This cluster gathers 9 metabolites like calo-
cerin B (67) or 2,3-dihydro-1-benzoxepin derivative 4a (68) both produced by Favolaschia
sp. [169]. The halogenation takes place on a sp? carbon, but no enzyme described before
seems to be able to perform this type of reaction. Indeed, FDHs and haloperoxidases
catalyze electrophilic halogenation. Here, the total synthesis of pterulone (66) has been
described using the way of nucleophilic addition. A Wittig reaction was used to intro-
duce chlorine on a ketone using (chloromethyl)triphenylphosphonium chloride with n-
butyllithium in THF at 0 °C, which corresponds to harsh chemical conditions [170]. So
far, no enzyme performing this kind of reaction in fungi has been described to selectively
halogenate ketones by displacing an oxygen atom. Further studies on the biosynthetic
pathways of these compounds would be needed to further understand the way they are
naturally halogenated.

o o o

66 67 68

Figure 29. Some metabolites from cluster 5: pterulone (66), calocerin (67), and 2,3-dihydro-1-
benzoxepin derivative 4a (68).

3.4. Compounds in the Haloalkane Class

With the exception of caldariomycin (2) and the very particular diaporthin deriva-
tives (43, 44 and 45) mentioned above, all clusters for which a halogenating enzyme was
described corresponded to haloarenes or haloalkene molecules with a FDH involved. From
this observation, molecules classified as haloalkanes (or alkyl halides) occurred to be of
interest considering their halogenation mechanism. In fact, preparation of alkyl halides in
organic chemistry usually requires the use of radical reactions on alkanes or alkenes, with
reagents such as N-bromosuccinimide (NBS), N-chlorosuccinimide (NCS), Br; or Cl, and
energy such as light or heat. The formation of the carbon-halogen bonds on sp® carbons can
be difficult and require harsh chemistry. If these types of bonds are present in nature, they
might be catalyzed by enzymes. In relation with what was previously presented, non-heme
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iron-dependent halogenases (NHFe) and S-adenosylmethionine-dependent halogenases
(SAM-H) are the two types of halogenation enzymes that are capable of carrying out halo-
genations on non-activated aliphatic chains, using radical or nucleophilic mechanisms.
However, these enzymes are poorly known and described in fungi. This is why a closer
look into the structures in the haloalkane class was carried out.

Among molecules classified as haloalkanes, the previously mentioned diaporthin
derivatives could be retrieved in cluster 6, which gathered 9 molecules produced by
different species of fungi such as Hamigera sp., Ampelomyces sp., Penicillium sp. and another
undescribed species (Figure 30). They correspond to different isocoumarins classified as
haloalkanes. The halogen atoms are found on the aliphatic chains carried by the molecules.
AoiQ, which is a particular multitask enzyme with both FDH and SAM motifs, is involved
in the biosynthesis of (43), (44) and (45) as explained above. Dichlorodiaportin (44) is
dichlorinated by this enzyme but also methylated to obtain the methoxy groups. Regarding
the similarity of structure here, it can be assumed that a similar protein is involved in the
biosynthesis of (9R)-8-methyl-9,11-dichlorodiaportin (70) [171], peniisocoumarin F and ]
(71, 72) [172] and all the metabolites present in this cluster with halogenated unactived
aliphatic chains.

HO (@] HO (0]
(@]
© OH OH
O~ (OGP~
Cl HO,,
HO Cl Cl
70 71 72

Figure 30. Metabolites displaying chlorination on aliphatic chains in the studied cluster 6, peniiso-
coumarin C (69) from Penicillium commune, (9R)-8-methyl-9,11-dichlorodiaportin (70) from Hamigera
fusca, and peniisocoumarin F (71) and J (72) from Penicillium commune.

If no enzyme could be clearly proposed in this kind of structure, halogenation on
aliphatic chains seem to be complicated with weak reactivity. However, all molecules
present a hydroxyl group on the carbon in « position. This suggests the possible spon-
taneous formation of halogen bonds here from an epoxide intermediate again. In fact,
peniisocoumarin C (69), which was isolated together with peniisocoumarins A-B and D-J
from Penicillium commune actually corresponds to the proposed intermediate allowing good
reactivity for spontaneous halogenation on that position [173,174].

Further considering haloalkane-type molecules, cluster 7 attracted our attention as
it included halogenated secondary metabolites belonging to the class of non-ribosomal
peptides, described from strains of the genera Penicillium sp., Talaromyces sp., Beauveria
sp. and an unknown strain (Figure 31). Once again, halogens are placed on saturated
carbon chains and therefore on unreactive positions. In this case, we can refer to the
cyclochlorotine (73) biosynthesis reported in 2016 [175]. Considering the chlorine atoms
on the molecules, the authors suggested the incorporation of a 3,4-dichloroproline during
the formation of the peptide. However, they could not find any sequence coding for a
halogenase in the BGC of cyclochlorotine (73). Despite their attempts to identify elsewhere
in the genome the halogenase responsible for the formation of the unusual Pro(Cl,), by
searching for conserved signatures of NHFe halogenases and a-ketoglutarate dependent
halogenases, they could not detect any. They also hypothesized the combined action of a
dehydrogenase and a FDH, but overexpression experiments of candidate genes were not
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conclusive. Finally, one recent study on cyclochlorotine (73) BGC in P. islandicum found
that 73 is dichlorinated by a tailoring process involving an enzyme named CctP2, which
can halogenate unactivated carbons. This enzyme was described to share no homology
with any known halogenases, leading it to be a new type of enzyme that activates inert
C-H bonds like NHFe halogenases [176].
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Figure 31. Example of halogenated non ribosomal peptides found in this specific cluster 7, cy-
clochlorotine (73) and cyclochlorotine B (74) from Penicillium islandicum, destruxin-A4-cyclohydrin
(75) from unknown fungi.

For monochlorinated compounds in this cluster, while spontaneous hydrohalogena-
tion involving hydrohalic acid (HCI, HBr) [177] on a double bond can still be considered as
an explanation for their formation, we can assume similar halogenation mechanisms inside
a family of compounds.

To finish, as already shown, halogenation of alkanes is well represented in fungi.
NHFe halogenases and SAM-dependant halide methyltransferases (like AoiQ) are the only
known enzymes that can halogenate unactivated aliphatic carbons. However, they are
poorly described in fungi. And yet, many fungal compounds carry halogen on aliphatic
chains as evidenced in clusters 8, 9 and 10.

Cluster 8 is composed of curtachalasin L (76), I (77) and K (78) together with xylaricha-
lasin A (79) produced by Xylaria sp. [178,179] (Figure 32). All these metabolites carry
halogenations on cyclohexane rings. Interestingly, during 12-epi-fischerindole G formation
catalyzed by the bacterial NHFe halogenases WelO5 in Hapalosiphon welwischii, halogena-
tion of a cyclohexane has been described [138]. We can then hypothesise that a similar
protein is produced by this fungus and involved in the biosynthesis of these compounds.
This hypothesis can be applied for metabolites in cluster 9 where halogenation again occurs
on the cyclohexane ring of the three metabolites pestalotiopens A (80), B (81) and C (82)
produced by Pestalotiopsis sp. [180] (Figure 32). Our search for WelO5 homologous proteins
in Xylariales genomes available on MycoCosm gave no result. However, it is possible that
even if a fungal NHFe halogenase was present, its sequence might be too different from
bacterial NHFe halogenase WelO5.

Cluster 10 is composed of the ribosomally synthesized and post-translationally modi-
fied peptides (RiPPs) victorins B (83), D (84) and E (85) from Cochliobolus victoriae [181-183]
(Figure 33). All these molecules present terminal chlorines on aliphatic chains. The chlori-
nated lipopeptide barbamide described in the literature from the marine cyanobacterium
Lyngbya majuscula present the same trichlorinated carbon sp® as 84. Biosynthesis of bat-
bamide has been investigated and was shown to be performed by a hybrid NRPS/PKS
enzyme. In the corresponding biosynthetic cluster, barB1 and barB2 encode two proteins
that share homology with NHFe halogenases SyrB1-SyrB2 and CmaB from Pseudomonas
syringae. These enzymes have been described to halogenate the amino-acid L-threonine for
SyrB2 and L-alloisoleucine for CmaB before their insertion into non ribosomal peptides
(NRP) [139,184]. For barbamide, trichlorination of leucine was then shown to be catalyzed



Molecules 2022, 27, 3157 37 of 45

by BarB2, when leucine is bound to BarB1 following the NHFe halogenase radical mech-
anism [184]. In the case of 83, 84 and 85, halogenation could be due to the presence of a
protein belonging to this same enzymatic family. Indeed, halogenation also occurs on a
leucine residue, and we can hypothesize a similar reaction on the amino acid before its
insertion in the different peptides. However, ribosomes are described to insert only canoni-
cal amino acids in peptides making this hypothesis questionable. Kessler et al. who have
worked on victorin biosynthesis hypothesized that NHFe halogenases could be involved
but no homolog enzyme is found in the genome of the fungi C. victoriae. In fact, difference
between fungal and bacterial NHFe halogenases could be important [183].

Figure 32. Compounds belonging to cluster 8: curtachalasin derivatives L (76), I (77), and K (78) and
xylarichalasin A (79); and cluster 9: pestalotiopens A (80), B (81), and C (82).
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Figure 33. Cluster 10: victorins B (83), D (84), and E (85) from Cochliobolus victoriae and bacterial
compound barbamide.
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4. Conclusions

Fungi are great factories of specialised metabolites which can be promoted in many
fields such as therapeutics, food industry, agronomy and cosmetics. Fungal secondary
metabolism has been widely studied over the last decades and has led to the characteriza-
tion of numerous enzymatic families, and in the case of this review, of different families of
halogenating enzymes. Some are easier to characterize than others because of their specific
position in the fungal genome in BGCs such as most of the FDHs. However, for others
such as haloperoxidases for example, their characterization remains poor. All classes of
halogenating enzymes discovered so far allow to explain much of the wide diversity of
halogenated metabolites found in fungal metabolomes. Nevertheless, as reviewed, not
many halogenated compounds reported from fungi have had their biosynthesis and more
particularly their halogenation mechanism solved. Much remains to be discovered in this
field. Regarding the high diversity of halogenated metabolites found in fungi, the diversity
of skeletons on which halogen atoms are incorporated also revealed to be beyond the
knowledge we have on fungal halogenating enzymes so far.
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don is halogenated to obtain dichlorodimedone if X* = CI* or bromochlorodimedon if X* = Br*.
Figure S2: Alignment between vHPOs (fungi, algae and bacteria) and bacterial acid phosphatases
PAP2. Figure S3: Summary of all putative sequences of fungal halogenation enzymes detected in
both UniProt and MycoCosm databases. Distribution of all the detected sequences is found in each
pie chart. The number of genomes for each phylogenetic branch available on MycoCosm database are
given in grey under each fungal division. Number of sequences found in each database in January
2022 is indicated next to the caption in the summary part. All described enzymes are presented in the
rectangle boxes in front of the corresponding fungal division.
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