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e Furanocoumarins are phytoalexins often cited as an example to illustrate the arms race
between plants and herbivorous insects. They are distributed in a limited number of phyloge-
netically distant plant lineages, but synthesized through a similar pathway, which raised the
question of a unique or multiple emergence in higher plants.

e The furanocoumarin pathway was investigated in the fig tree (Ficus carica, Moraceae).
Transcriptomic and metabolomic approaches led to the identification of CYP76F112, a
cytochrome P450 catalyzing an original reaction. CYP76F112 emergence was inquired using
phylogenetics combined with in silico modeling and site-directed mutagenesis.

¢ CYP76F112 was found to convert demethylsuberosin into marmesin with a very high affin-
ity. This atypical cyclization reaction represents a key step within the polyphenol biosynthesis
pathway. CYP76F112 evolutionary patterns suggests that the marmesin synthase activity
appeared recently in the Moraceae family, through a lineage-specific expansion and diversifi-
cation.

e The characterization of CYP76F112 as the first known marmesin synthase opens new
prospects for the use of the furanocoumarin pathway. It also supports the multiple acquisition
of furanocoumarin in angiosperms by convergent evolution, and opens new perspectives
regarding the ability of cytochromes P450 to evolve new functions related to plant adaptation
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to their environment.

Introduction

Plants have evolved a wealth of chemical diversity which includes
many lineage-specific metabolites that play important roles in
their adaptation and interaction with their environment. Among
such specialized metabolites, furanocoumarins (Bourgaud ez al.,
2006, 2014) constitute an effective defense against various bioag-
gressors including pathogens, herbivores and other plants (Beier
& Oertli, 1983; Schuler, 2011; Bourgaud ez al., 2014). Their dis-
tribution is restricted to phylogenetically distinct angiosperm lin-
eages (The Angiosperm Phylogeny Group, 2016) including the
Fabaceae, Moraceae, Rutaceae and Apiaceae (Pathak e 4/, 1962;
Bourgaud er al., 2014; Munakata er al., 2020; Fig. 1a), raising
questions about the evolution of their biosynthetic pathways.
The presence of similar compounds in distant lineages can be
explained by two alternative hypotheses: they may have evolved
only once but were subsequently massively lost, or they may have
been independently acquired multiple times in distant plant fam-
ilies (i.e. convergent evolution).

The furanocoumarin biosynthesis pathway has been studied
for decades. Historically, feeding experiments with radiola-
beled precursors led to the identification of successive
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metabolic intermediates, revealing a highly similar route
across the investigated species (Brown & Steck, 1973; Murray
er al., 1982) (Fig. 1b). Molecular elucidation of the pathway
started more recently with the identification of a bergaptol
O-methyltransferase (BMT) that specifically converts bergaptol
into bergapten (Hehmann ez 4/, 2004). Since this pioneering
work, additional genes encoding dioxygenases, prenyltrans-
ferases (PTs), methyltransferases and cytochrome P450s
(P450s) were characterized. Most of them were from apia-
ceous species (Hehmann ez al, 2004; Larbat et al, 2007,
2009; Karamat et al, 2014; Munakata er al, 2016; Roselli
et al., 2017; Krieger et al, 2018), and only three of them
were isolated from Rutaceae and Moraceae (Vialart et al.,
2012; Limones-Mendez ez al, 2020; Munakata ez al, 2020)
(Fig. 1b). Despite these steps forward, the molecular elucida-
tion of the furanocoumarin pathway is still incomplete and
its evolution history remains unclear. Thus far, the studies
provided clues in favor of the multiple independent origins
of the pathway. In particular, a recent study suggested that
the PTs umbelliferone dimethylallyltransferases (UDTs) iden-
tified in Apiaceae and Moraceae evolved from different ances-
tral genes (Munakata er al, 2020). Another report

New Phytologist (2021) 1

www.newphytologist.com


https://orcid.org/0000-0001-6683-8541
https://orcid.org/0000-0001-6683-8541
https://orcid.org/0000-0002-7888-6281
https://orcid.org/0000-0002-7888-6281
https://orcid.org/0000-0002-9840-6708
https://orcid.org/0000-0002-9840-6708
https://orcid.org/0000-0002-6444-7608
https://orcid.org/0000-0002-6444-7608
https://orcid.org/0000-0001-6777-6565
https://orcid.org/0000-0001-6777-6565
https://orcid.org/0000-0002-9060-5040
https://orcid.org/0000-0002-9060-5040
https://orcid.org/0000-0003-4507-8031
https://orcid.org/0000-0003-4507-8031
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.17458&domain=pdf&date_stamp=2021-06-24

(@

Core eudicots
»
Rosids

Orders (families)

Gunnerales
Dilleniaceae
Saxifragales

Vitales

Zygophyllales
Celastrales

Oxalidales
Malpighiales

Fabales (Fabaceae) %
Rosales (Moraceae)

Cucurbitales

Fagales NFC

>
Rosid | CYP76F112
Rosid 11

5
=

Asterids

Geraniales
Myrtales

CYP71Al1
CYP71AJ2
CYP71AJ3

Crossosomatales

Picramniales

Sapindales (Rutaceae) %
Huerteales
Malvales CYP71AZ4

Brassicales (Brassicaceae)

Santalales

Berberidopsidales
Caryophyllales
Cornales

Ericales
Garryales

. YP71AZ1
Gentianales e

CYP71AZ6
CYP82D64
CYP82C2
CypP82C4

Solanales (Convolvulaceae)

Boraginales
Lamiales

Asterid |

Aquifoliales

Asterales
Escalloniales
Bruniales

Apiales (Apiaceae) %
Paracryphiales

Dipsacales

New

Phytologist
(b)
IO
HO SCoA
C2’H 0 p-Coumaroyl CoA
IbDiox —(®
PsDiox ‘
JOCK,
PcPT Umbelliferone *
PsPT1 \
P1-@ [ N\ PSPT2
HO' 0" "0 HO’ 0
Demethylsuberosin |
_® ‘ Osthenol
\
: ! }
OH P
Marmesin ‘ CYP71AJ4
4 <
N
o (] =
Psoralen * Angelicin *

]
Lo C?ther
derivatives

N

Xanthotoxol * Bergaptol

OMe
I
0 0 |
Ome o )

Xanthotoxin*  Bergapten *

\ 4

Enzyme family fold

=> Dioxygenase

=» Prenyltransferase

*G =» Cytochrome P450

le

Plant families

@ Moraceae %

@ Rutaceae %

@ Brassicaceae

@ Convolvulaceae
Apiaceae %

OMe
506
o )

OMe

Isopimpinellin

% Major producer

Fig. 1 Furanocoumarin production in core eudicots. (a) Phylogenetic relationship between the major furanocoumarin producers. The core eudicots
phylogeny has been drawn according to the Angiosperm Phylogeny Group IV (2016). Unplaced orders are not shown. All families are not detailed. The
families in which occur the major furanocoumarin producing species are highlighted with a star. The nitrogen fixing clade (NFC), containing the Fabales,
Rosales, Cucurbitales and Fagales orders, is highlighted in light purple. (b) Simplified representation of the furanocoumarin biosynthesis core pathway from

the plant widespread p-coumaroyl coenyme A (CoA). The family fold of the

enzymes mediating the different reaction steps are depicted by the color of the

associated arrow. All enzymes described so far in the pathway are detailed, together with the associated plant families (Larbat et al., 2007, 2009; Vialart
etal., 2012; Karamat et al., 2014; Munakata et al., 2016, 2020; Roselli et al., 2017; Krieger et al., 2018; Limones-Mendez et al., 2020). The
(furano)coumarins that have already been identified in Ficus carica (Villard et al., 2019) are highlighted with a purple asterisk. It should be noted that
angular furanocoumarins are trace compounds in the Ficus genus, and contrary to linear furanocoumarins, angelicin has only been described in F. carica
fruits (Marrelli et al., 2012). M, Moraceae; R, Rutaceae; B, Brassicaceae; C, Convolvulaceae; A, Apiaceae. The stars showed the plant families that are

producing furanocoumarins.

demonstrated that the hydroxylation of xanthotoxin is cat-
alyzed by P450s from two different families in parsnip (Api-
aceae, CYP71) and grapefruit (Rutaceae, CYP82) (Limones-
Mendez et al., 2020).
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In the late 1980s, Hamerski and Mattern found evidence
that the marmesin synthase (MS) activity was catalyzed by a
P450 in Ammi majus (Apiaceae) (Hamerski & Matern, 1988).
To identify this still unknown enzyme and clarify its
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emergence, we focused on P450s from Ficus carica (Moraceae),
the common fig tree that produces large amounts of linear
furanocoumarins (Villard et 4/, 2019). Based on recent tran-
scriptomic resources (Kitajima ez al, 2018), we identified and
characterized CYP76F112 as a MS, which completes the fura-
nocoumarin pathway until defensive psoralen and thus opens
new prospects for future uses of this pathway. Comparative
genomics and iz silico modeling and docking analyses sug-
gested that CYP76F112 as well as the MS activity appeared
recently in the evolutionary history of Moraceae, which pro-
vides additional support for the independent acquisition
hypothesis of furanocoumarins in higher plants.

Materials and Methods

Plant material and reagents

Seeds of Ficus carica were provided by Plant Advanced Technolo-
gies (Vandoeuvre-les-Nancy, France). The F. carica plants were
grown at room temperature, with natural light. Standard speci-
mens of demethylsuberosin (DMS) and marmesin were respec-
tively purchased from Topharman (Shanghai Co. Ltd, China)
and Plant MetaChem (Gieflen, Germany). Other phenolic sub-
strates (Supporting Information Table S1) were purchased from
Plant MetaChem and Extrasynthese (Lyon, France).

Identification of the P450 candidate genes

The coding sequences (CDS) were identified from a F carica
differential  RNA-sequencing (RNA-Seq) library (Kitajima
et al, 2018). A (BLASTn search was performed using
CYP71A4J3 (Larbat er al, 2009) as query and an e-value of
1000. Resulting hits with >80 amino acids long and sharing
at least 20% identity with the query were considered. Over-
lapping contigs were merged and sorted according to their
expression level in F. carica petiole latex. The putative full
CDS of candidates 1 and 2 were directly extracted from
lengthy contigs of the F.carica RNA-Seq library. For candi-
date 3, the contigs were assembled and merged based on a
homologous sequence from Ficus religiosa available on the
OneKP (Carpenter et al, 2019; One Thousand Plant Tran-
scriptomes Initiative, 2019) database (https://db.cngb.org/one
kp/) (Supporting Information Fig. S1).

Cloning of the CYP76F110-112 open reading frames

Total RNAs were extracted from frozen ground F. carica leaves
according to the E.Z.N.A.® Plant RNA Kit protocol (Omega
Bio-tek, Norcross, GA, USA). Complementary DNAs (cDNAs)
were synthetized from 100 ng of extracted RNAs using the High
Capacity RNA-to-cDNA™ Kit (Applied Biosystems™, Thermo
Fisher Scientific, Waltham, MA, USA). CYP76F110-112 open
reading frames (ORFs) were PCR-amplified using the
PrimeSTAR® Max (Takara Bio Inc., Kusatsu, Japan). For subse-
quent Western blot analyses, we amplified the ORFs using
reverse primers including a 6xHis tag extension at the 3’ end

© 2021 The Authors
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(underlined), right before the stop codon. The following pairs of
primers are: 5-ATGAAATATGTCCTTTGGAGTTGCAG-3'
(forward) and 5-CTAATGATGATGATGATGATGAGAA
ATTATCGCCACGGGAC-3' (reverse) for CYP76F110, 5'-
ATGGATTTGATCACCTCTATATTGTGTTTTG-3'  (for-
ward) and 5-CTAATGATGATGATGATGATGAGCGATT
GCTATAGGGACAAC-3"  (reverse) for CYP76F111, 5'-
ATGGATATTTTCACCTCCTTACTGTATC-3"  (forward)
and  5-CTAATGATGATGATGATGATGATGCTTTGTC
GGCACGGG-3' (reverse) for CYP76F112. PCR conditions
were 1 min at 98°C, 35 cycles (10s at 98°C, 15 s at 55°C, and
20s at 72°C), and a final 5 min at 72°C. The resulting PCR
products were cloned using the pCRV"MS/GW/TOPO® TA
Cloning Kit (Invitrogen™, Thermo Fisher Scientific). Each plas-
mid was cloned and sequenced twice, from independent PCRs.
The CDSs were subcloned into the yeast expression vector
pYeDPGO_GW® (Ducholm ez al., 2015) using the Gateway LR
Clonase™ II Enzyme Mix (Invitrogen™, Thermo Fisher Scien-

tific).

Synthesis of the CYP76F mutants

In order to have similar constructions, nucleotide sequences
of the His-tagged CYP76F111, CYP76F112, and their associ-
ated mutants were synthesized and inserted into the yeast
expression vector pYeDP60 (Urban er al, 1990, 1997) by
GeneCust  (Boynes, France). The cloning was performed
using the BamHI and EcoRI restriction enzymes (Fig. S2).

Expression of the CYP76Fs in a yeast system

Recombinant pYeDP60_GW®™ and pYeDP60 plasmids con-
taining the His-tagged P450s were used to transform the Sac-
charomyces cerevisiae strain WAT21 (Pompon et al, 1996;
Urban ez al, 1997). P450 heterologous expression and
microsome preparation were conducted as described in Larbat
et al. (2007) and Pompon er al (1996). The expression of
the P450s in the microsomal fraction was checked by per-
forming Western-blots using 6xHistidine Epitope Tag anti-
bodies (Acris, OriGene Technologies, Rockville, MD, USA)
(Figs S3, S4). The concentration of functional P450s present
in the microsomal solution were quantified using differential
CO spectrum method described in Omura & Sato (1964a,b)
(Fig. S5).

In vitro P450 assays and determination of the kinetic
parameters

Fresh microsomal solutions were incubated into 0.1 M NaPi
buffer (pH 7.0) containing 100 pM of substrate, in the pres-
ence or without 200 uM NADPH in a final volume of
100 pl. After 30 min at 27°C, under an agitation of 600 rpm,
the reactions were stopped by the addition of 50 pul of acetoni-
trile/HCl (99:1). CYP76F112 optimal reaction temperature
and pH were determined by incubating microsomes in the
presence of 50 uM DMS and 200 uM NADPH for exactly
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5 min, 600 rpm. To determine the optimal temperature, the
NaPi buffer 0.1 M, pH 7.0 was used, and incubations were
performed at temperatures ranging from 20 to 45°C. To
determine the optimal pH, the incubation temperature was set
to 27°C and incubations were performed using buffers with
pH ranging from 4 to 10. All the incubations were performed
in triplicates. CYP76F112 kinetic parameters were determined
by incubating 0.54 pmol of functional P450 into 0.1 M NaPi
buffer, pH 7.0 containing an excess of NADPH and 10 to
300 nM of DMS. Incubations were conducted for 1 min at
27°C, 600 rpm, and stopped by the addition of acetonitrile/
HCI (99:1). Kinetic parameters of the mutants were deter-
mined following the same method, but with incubation dura-
tion, quantity of functional enzyme, and DMS range adapted
to avoid the metabolization of more than 50% of the initial
DMS. For every enzyme and DMS concentration, 5 to 15
incubations of 1ml were performed, pooled together, and
concentrated 50 to 150 times, which allowed the precise
detection of DMS and marmesin. The marmesin present in
the final solutions was quantified by converting the peak area
from the MS data into a quantity of marmesin (mol). This
was performed in duplicates. The specific activity of each
CYP76F112 (wild-type or mutants) was calculated and
expressed in mol of marmesin formed per minute per mol of
functional P450 (Table S2). Finally, the SigMAPLOT software
(v.12; Systat Software Inc., San Jose, CA, USA) was used to
plot a Michaelis-Menten model curve and calculate the
kinetic parameters.

Identification and quantification of metabolites

Reaction  products ultra-high-
performance liquid chromatography (UHPLC) Nexera2 (Shi-

were analyzed using an
madzu, Kyoto, Japan, https://www.shimadzu.com/), equipped
with an ultraviolet (UV) detector SPDM20A (Shimadzu) cou-
pled to a simple quadrupole mass spectrometer LCMS2020
(Shimadzu). The UHPLC-mass spectrometry analyses were
performed as described in Krieger ez 2l (2018), with the fol-
lowing differences: the mobile phase B consisted either of
methanol with 0.1% formic acid, or of acetonitrile with 0.1%
formic acid. Compounds were detected based on UV scans.
Data were recorded and analyzed on the LABSOLUTION soft-
ware (Shimadzu). Reaction products were identified by com-
parison of their retention time and m/z ratio with those of
standard molecules. Additional analyses were performed by
liquid chromatography (Thermo Vanquish, Thermo Scientific)
coupled to a tandem mass spectrometer (Orbitrap-IDX;
Thermo Scientific). The column was a Phenomenex Kinetex
XB-C18 (150 mm x 2.1 mm, 2.6 mm) reversed-phase column.
The elution solvents consisted of ultrapure water with 0.1%
formic acid (A) and methanol with 0.1% formic acid (B).
The mobile gradient phase was as follows (A/B ; v/v): 10:90
at Omin, 60:40 at 20min, 65:35 at 32min, 90:10
between 36 and 38.5, and 10:90 from 38.51 to 40 min.
Data were recorded and analyzed on Xcausur™ software
(v.2.1.SP1. Build1160; Thermo Fisher Scientific).
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Phylogenetic analysis of the CYP76Fs in the nitrogen fixing
clade

The CYP76F dataset was constituted by performing a similar-
ity search in the genetic resources of 20 plant species (Fig. 2a)
available in the public OneKP (Carpenter er al, 2019; One
Thousand Plant Transcriptomes Initiative, 2019) and
GenBank (Benson et al, 2012) databases. Genomic and tran-
scriptomic  resources were screened through BLASTN search,
using CYP76FI112 as query. Resulting hits were kept if they
were more than 100 nucleotides long and shared at least 55%
identity with the query. Full length putative P450 genes and
pseudogenes were identified and isolated from the resulting
hits. The NETGENE2 Server (http://www.cbs.dtu.dk/services/Ne
tGene2/) set on Arabidopsis thaliana helped to predict intron-
exon borders (Hebsgaard, 1996). All identified putative
CYP76F genes were included in the initial CYP76F dataset
(Dataset S1). Putative pseudogenes containing premature stop
codon(s) but no frameshifts were included in the dataset.
Putative frameshift-containing pseudogenes, which could not
be aligned well with other sequences to generate the subse-
quent partitioned files, were excluded. Additional sequences of
furanocoumarin-committed P450s were added to the dataset,
to constitute the outgroup of the following tree. The
sequences were aligned with the GENEIOUS software (Geneious
prime 2019), relying on a Translation Alignment based on
MAFFT v.7.450, Auto algorithm, BLOSUMG62 scoring matrix,
Gap open penalty =1.26, Offset value=0.123. The alignment
was checked and partitioned (CodonPosl CodonPos2,
CodonPos3) on MESQUITE v.3.6 (Maddison & Maddison,
2019). Bayesian inference trees were constructed using
MRrBaves (Ronquist & Huelsenbeck, 2003; Ronquist ez 4/,
2012) (v.3.2.7) at Cipres v.3.3 (Cipres Science Gateway). The
Bayesian Markov Chain Monte Carlo analysis was set and
tested locally, and ran on CipRes using the following parame-
ters: nst=mixed, rates=gamma, shape=(all), 30 million gen-
erations, two independent runs, four chains each, temperature
heating 0.05, samples taken every 20 000 generations, burn-in
time set at 7.5 million samples, partitioning: CodonPosl
CodonPos2, CodonPos3. The model convergence and model
likelihood between runs were checked in TRACER v.1.7.1
(Rambaut ez 4/, 2018). Then, the tree was drawn and colored
with FIGTREE v.1.4.4. The tree branches supported by poste-
rior probabilities below 0.7 were considered as weak, above
0.9 as strong. This first gene tree was used to reduce the ini-
tial CYP76F dataset to a smaller subset of sequences (Dataset
S1), that were realigned and used to generate a second tree, as
described eatlier.

Homology modeling and docking experiments

CYP76F three-dimensional (3D) homology models were gener-
ated on the basis of CYP76AHI crystal structure (Gu ez al,
2019) (PDB ID: 5YLW), using the Swiss-MODEL protein homol-
ogy modeling server (Guex er al, 2009; Benkert er al, 2011;
Biasini et al, 2014; Bertoni et al., 2017; Bienert et al., 2017;

© 2021 The Authors
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Fig. 2 Furanocoumarins repartition within the nitrogen fixing clade (NFC). (a) Species from the NFC included in the data mining. The phylogeny of the NFC
has been drawn according to the Angiosperm Phylogeny Group IV (2016). The families and species in which furanocoumarins have already been described
are marked with a star. In the families highlighted in bold red, a similarity search has been performed in all currently publicly available genetic resources. For
the families in bold black, the search was arbitrarily restricted to a few entirely sequenced species. The families in gray were not included in the similarity
search, either because no genetic resource was available, or because of their low interest (distant from the Moraceae). The species used in the similarity
search are detailed. For all of them, except Ficus religiosa (*), (almost) complete genomes were available (scaffold to chromosome assembly level). The
complete names of these species, from top to bottom, are as follows: Cicer arietinum, Cajanus cajan, Medicago truncatula, Fragaria vesca subsp. Vesca,
Malus domestica, Prunus avium, Pyrus x bretschneideri, Rosa chinensis, Ziziphus jujuba, Cannabis sativa, Humulus lupulus, Parasponia andersonii,
Trema orientale, Ficus carica, Ficus erecta, Ficus religiosa, Morus notabilis, Boehmeria nivea, Cucumis sativus, Juglans regia. (b) Putative emergence of
the marmesin synthase (MS) activity in moraceous CYP76Fs. The phylogeny of the Moraceae family was adapted from Clement & Weiblen (2009) and
Zerega & Gardner (2019). The tribes in which furanocoumarin producing species have already been described are in purple, the associated genera (Ficus,
Magquira, Brosimum and Dorstenia) are detailed and marked with a star (Rovinski & Sneden, 1984; Vieira et al., 1999; Abegaz et al., 2004). Data related
to the Parartocarpeae tribe are scarce; these plants may or may not contain furanocoumarins. The putative emergence of furanocoumarins and the MS

activity during the evolution of the Moraceae family is highlighted with a blue path.

Waterhouse er al., 2018; Studer ez al., 2020) (https://swissmode
l.expasy.org/, SMTL, last update: 24 October 2019, last included
PDB release: 1 October 2019). CYP76AH1 N-terminal trans-
membrane domain was not included in the template. Model
quality was assessed using the GMQE and QMEAN scoring
functions. Ramachandran plots and local quality estimate were
also checked. The 3D homology models were visualized on
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PyMoL (v.2.3.3, Schrédinger, LLC). Three-dimensional models
of the heme (CID: 4971) and the DMS (CID: 5316525) were
downloaded on PubChem (https://pubchem.ncbi.nlm.nih.gov/).
Docking experiments were performed using AuToDock VINA
v.1.1.2 (Trott & Olson, 2009). Unless otherwise specified, stan-
dard settings were used. To dock the heme into the CYP76Fs,
the receptor was defined as rigid, except for the P450 absolutely
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conserved cysteine which was treated as flexible. The receptor
grid was defined as a 16 A x 16 A x 16 A cube around the con-
served cysteine. DMS was docked into the CYP76Fs in complex
with its heme. The receptor was treated as rigid, except for a set
of 15 flexible amino acids listed in Table S3(a). The receptor grid
was defined as a 45 A x 35 A x 35 A block around the heme. In
both cases, the resulting models were ranked according to their
affinity. The models described in this study correspond to the
most probable binding mode (lowest affinity). Other models
were also checked, they are presented in Tables S3(b)—S5. Finally,
PyMoL was used to visualize the different models, compare them,
measure distances, merge the receptor and the ligand, and to pre-
pare the figures.

Results

Screening of the F. carica RNA-Seq library

Kitajima et al. recently reported the construction of a F. carica
RNA-Seq library prepared from the latexes of three organs (peti-
oles, trunks, fruits) producing different quantities of fura-
nocoumarins (Kitajima et 4/, 2018). Linear furanocoumarin
concentrations were highest in petioles compared to trunk and
fruit latexes (Kitajima ez al., 2018), thus we assumed that the cor-
responding biosynthetic genes were preferentially expressed in
petiole latex. This was supported by the differential expression
patterns of FePT1, the F. carica UDT converting umbelliferone
into DMS (Kitajima ez al., 2018; Munakata ez al., 2020). Besides,
the MS was hypothesized to belong to the P450s enzyme super-
family (Hamerski & Matern, 1988). All P450s described to date
in the furanocoumarin pathway belong to the CYP71A],
CYP71AZ, CYP82C and CYP82D subfamilies (Fig. 1b) which
are part of the CYP71 clan. We therefore targeted the entire
CYP71 clan, that is known to be the main clan involved in the
phenylpropanoid pathway (Nelson & Werck-Reichhart, 2011;
Hamberger & Bak, 2013).

To identify the MS, we performed a tBLASTn search on the
F. carica RNA-Seq library (Kitajima ez 4/, 2018) using as query
CYP71AJ3, the psoralen synthase isolated from parsnip (Larbat
et al., 2009). A total of 62 contigs (Fig. S6) of various length were
identified, assembled, and sorted by expression level. The
sequences preferentially expressed in fruits or in trunks latexes
were eliminated. This led to the identification of nine putative
genes belonging to the CYP71 clan: two putative genes were part
of the CYP71 family (CYP71A and CYP71B), three of the
CYP76F subfamily, three of the CYP81 family (CYP81B,
CYP81BN and CYP81CA) and one of the CYP82] subfamily
(Table S6). Interestingly, none belonged to the subfamilies previ-
ously described in the furanocoumarin pathway (Fig. 1b). All
nine putative genes were investigated in preliminary experiments:
seven were successfully cloned and expressed, but only one
CYP76F candidate was found to metabolize a molecule belong-
ing to the core furanocoumarin pathway (Fig. 1b). Consequently,
the CYP71, CYP81 and CYP82 putative genes were not further
investigated, and the present article will exclusively focus on the

CYP76 candidates.
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Identification and cloning of CYP76F110-112

The three CYP76F candidate genes (candidates 1-3) were prefer-
entially expressed (/=80-90%) in petiole latex (Fig. S1; Table S6).
For candidates 1 and 2, putative full CDSs were directly isolated
from contigs of the F. carica RNA-Seq library. For candidate 3,
the reads did not allow us to construct a full length CDS. This
sequence was therefore obtained by assembling partial contigs
from the F. carica library, using a homologous contig identified
in the F. religiosa genetic resources available in the OneKP
database (Carpenter ez a/., 2019; One Thousand Plant Transcrip-
tomes Initiative, 2019) as a scaffold (Table S6). The predicted
CDSs were experimentally confirmed through a reverse transcrip-
tion polymerase chain reaction (RT-PCR) amplification and sub-
sequent sequencing of F. carica messenger RNAs (mRNAs). The
resulting CYP76 ORFs were classified into the CYP76F subfam-
ily as CYP76F110-112 (P450 nomenclature committee, https://
drnelson.uthsc.edu/CytochromeP450.html).

The three CDSs share ~70—75% nucleotide identity and were
mapped on the recently published F carica genome (Usai et al.,
2020). This analysis revealed that CYP76F110 s located on chro-
mosome 2 while CYP76F111 and CYP76F112 are clustered on
chromosome 11 (Fig. S7). The genomic analysis showed that the
three genes have an intron of ¢ 250-1800 bp, framed by two
exons of ¢. 900 and ¢ 600 bp (Fig. S7). The CDSs cloned from
our plant samples share more than 99% identity with their corre-
sponding genomic sequences (Usai ez al, 2020), but differ by a
few mutations. In particular, the genomic equivalents of
CYP76F111 and CYP76FI112 both have frameshift mutations
that introduce premature stop codons (Fig. S7). These frameshift
mutations likely come from sequencing errors (i.e. number of T
repeats for CYP76F112) in the genomic resource. For the rest of
this work, we therefore used our CDSs, which were isolated and
sequenced twice from independent RT-PCR amplifications.

CYP76F112 encodes a stable, specific and efficient
marmesin synthase

To determine their activity, CYP76F110-112 were heterolo-
gously expressed in yeast (Fig. S3). The microsomal fractions
were used to perform in vitro enzyme assays in the presence of
NADPH and various putative substrates. A total of 42 putative
substrates including coumarins and furanocoumarins were tested
(Table S1). For CYP76F110 and CYP76F111, no product was
detected. Yet, CYP76F112 could convert DMS into a unique
product that was formally identified as marmesin by comparison
of its retention time and tandem mass spectrometry spectrum
with those of standard marmesin (Fig. 3). The synthesis of this
molecule was NADPH-dependent (Fig. 3). CYP76F112 did not
convert any of the other 41 tested molecules (Table S1).
Enzymatic characterization showed that CYP76F112 maximal
activity was obtained at pH 7 and 27°C (Fig. S8), which is con-
sistent with the optimal conditions described for other
furanocoumarin-committed P450s (Larbat ez 2/, 2007, 2009).
The apparent K, value associated to the conversion of DMS into
marmesin by CYP76F112 was determined to be 32.2 3.9 nM,
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Fig. 3 Conversion of demethylsuberosin (DMS) into marmesin mediated by CYP76F112 from Ficus carica. (a) Ultra-high-performance liquid
chromatography (UHPLC) separation profiles. Microsomes collected from yeast producing CYP76F112 or not (V@, negative control) were incubated in the
presence of DMS, with or without NADPH. The reaction products were monitored at 320 nm. The retention times of 6 and 8 min respectively correspond
to marmesin and DMS. (b, ¢) Ultraviolet (UV) spectrum and tandem mass spectrometry fragmentation pattern of CYP76F112 reaction product, in
comparison with a marmesin standard. (d) CYP76F112 specific activity, in the presence of various DMS concentrations. Experimental points are
represented by black crosses. The red Michaelis-Menten model curve has been plotted on SiamaPLoT to fit the experimental data. The kinetic parameters

associated to this reaction were determined in SigmaPLOT.
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which is low for a P450. The apparent £, associated to this reac-
tion was determined to be 22.1 4 0.9 min~', for a catalytic effi-
ciency ke Ky of 11.5uM ' s7! (Fig. 3; Table S2a).

CYP76F112 results from a recent Moraceae-specific
expansion of CYP76Fs

To further investigate the evolution of the MS, a gene phyloge-
netic analysis of the CYP76Fs was performed. As CYP76F112
was identified in F. carica (Moraceae, Rosales) the plants most
likely to possess CYP76F112 homologs were F. carica closest rela-
tives, i.e. species from the Rosales and the neighboring Cucur-
bitales, Fagales and Fabales orders, which are collectively known
as the nitrogen fixing clade or NFC (Soltis er al., 1995; The
Angiosperm Phylogeny Group, 2016) (Figs 1a, 2a). It should be
noted that the Fabales order contains furanocoumarin-producing
species such as Psoralea cinerea (Fabaceae). If the furanocoumarin
pathway had emerged only once in higher plants, it may thus
have been possible to trace the MS back to the root of the NFC.

CYP76F112was used as query to perform an extensive similar-
ity search of 20 species (including 19 genomes) from the NFC
(Fig. 2a). This led to the identification of 134 putative CYP76F
sequences corresponding to 123 genes and 11 pseudogenes
(Dataset S1). CYP76F110-112 and these putative CYP76Fs were
used to generate a gene-family phylogenetic tree (Fig. S9), which
resulting topology reflected the known NFC phylogeny with
lineage-specific gene-family expansions (Fig. 2a). Using our gene-
tree, we further investigated the well-supported Ficus-containing
clade (Fig. S9), which showed that the CYP76F subfamily had
dramatically expanded in the Moraceae family (Fig. 4). In partic-
ular, the analysis revealed that CYP76F112 belongs to a lineage-
specific clade exclusively composed of 21 Ficus sequences (the
Ficusclade, Fig.4). The closest non-Ficus sequences belong to
Morus notabilis (Moraceae) that does not produce fura-
nocoumarins. The Ficus-clade can be subdivided into four sub-
clades (subclades I-1V), with CYP76F111 and CYP76F112being
respectively included in subclades I (earliest branching) and IV
(more recent branching). However, CYP76F110 is not part of
the Ficus-clade and had likely branched before the Moraceae-
specific expansion (Fig. 4).

Genomic analysis showed that all 14 CYP76F sequences from
F. carica (Usai et al.,, 2020) were clustered on chromosome 11,
except one sequence localized on chromosome 2. Similarly, the
16 CYP7G6Fs from F. erecta (Shirasawa et al., 2019) were clustered
on chromosomes 10 (14 sequences) and 9 (two sequences)
(Fig. 4). The genomic organization of these sequences showed
characteristic patterns (i.e. close clustering, tandem repetitions
and head to tail orientation) that strongly suggests recent and
repeated tandem duplications (Fig. 4). Besides, two sequences
from F erecta and F. religiosa (GO1_76_F_erecta and
GO1_76_F_religiosa) share more than 98% identity with
CYP76F112, which makes them putative orthologous MSs
(Figs 4, S10).

The phylogenetic analysis thus revealed that the Ficus MS
genes originated from a recent expansion and diversification of
the CYP76Fs. Moreover, our data support that this taxon-
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specific expansion likely occurred after the divergence of Ficus
and Morus ancestors (Fig. 4).

In silico analysis identified four residues essential for the
docking of demethylsuberosin in CYP76F112 active site

To obtain further insights into the evolution and acquisition of the
MS activity, we modeled the active-site docking of CYP76F112
compared to CYP76F111. First, 3D homology models of
CYP76F111 and CYP76F112 were generated on the basis of the
CYP76AHLI crystal structure (Gu ez al., 2019), which permitted to
establish a putative structural annotation and illustration (Fig. 5).
Then, a DMS molecule was virtually docked into the heme-
containing active site of both enzymes (Figs 6, S11; Table S3). In
the case of CYP76F112, the DMS was docked in close vicinity to
the heme, with its C2’ and C3’ carbons located at respectively 4.3
and 4.6 A from the heme iron (Fig. 6). These distances are consis-
tent with the reactive range described for other P450s (Larbat
et al., 2007; Fujiyama ez al., 2019), making the model conform to
expectations for a MS. For CYP76F111, the DMS was docked in
an upside-down orientation compared to CYP76F112, making
the conversion into marmesin impossible (Fig. 6).

By comparing CYP76F111 and CYP76F112 active sites, we
identified four residues that were essential for the positioning of
the DMS within these enzymes. The respective equivalents of
these four residues in CYP76F111/CYP76F112 are P105/T102,
A108/5§105, W120/M117 and P310/S305 (Fig. 7; Table S3a). In
CYP76F112, the polar residues T102, S105, and S305 are close
to the docked DMS (< 4/?\). More precisely, T102 and S105 are
localized side by side and, during the docking, their side chains
get reoriented toward the DMS ketone group (Figs 7, S12). S305
is localized near the other extremity of the DMS, and its side
chain points toward the DMS hydroxy group (Fig.7). These
polar amino acids might establish hydrogen bonds with the
ketone (T102, S105) and hydroxy group (S305) of the DMS.
Contrarily, in CYP76F111, the equivalent amino acids P105,
A108 and P310 are not polar. In CYP76F112, M117 is located
right below the distal end of the DMS. Conversely, in
CYP76F111, W120 extends slightly above the heme, reducing
the substrate-binding pocket (Fig. 7).

Virtual mutants were generated by exchanging the amino acids
P105/T102, A108/S105, W120/M117 and P310/S305 between
CYP76F111 and CYP76F112 (Table S7). These mutants were
modeled and used for new docking experiments. The results sug-
gested that the simultaneous replacement of the four residues
may impact DMS positioning within CYP76F111 and
CYP76F112, possibly leading to the disappearance of the MS
activity for CYP76F112-T102P, S105A, M117W, S305P and to
its appearance for CYP76F111-P105T, A108S, W120 M, P310S
(Fig. 7). Similarly, the docking results also suggested that the
individual mutations of the residues M117 or S305 might be
enough to impact the positioning of the DMS within
CYP76F112-M117W and CYP76F112- S305P, while the
residues T102 and S105 probably both have to be modified
(CYP76F112-T102P, S105A) to impact it (Figs7, S13;
Table S4).
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Fig. 4 Evolution of the Ficus CYP76Fs. (a) Gene-family phylogenetic tree of the CYP76Fs from the Cannabaceae, Moraceae and Urticaceae families. The
alignment of full-length CYP76F nucleotide sequences was used to generate a Bayesian inference tree. The tree was rooted using CYP76Fs from the
Rhamnaceae family. The Ficus-clade, which consists in a well-supported clade exclusively composed of Ficus sequences, is highlighted in light blue and is
subdivided into four subclades (I-V). The residues T102, S105, M117 and S305 are reported through the phylogeny. Those corresponding to CYP76F112
derived character state are highlighted in bold red, others are in gray. Putative marmesin synthases (MSs) are in light blue, others are in light purple. (b) Genomic
organization of the F. carica (Usai et al., 2020) and F. erecta (Shirasawa et al., 2019) sequences along the chromosomes. The (pseudo)genes are depicted with
triangular arrows which direction reflect the gene orientation. They are colored according to their subclades, and reported in the tree with matching arrows. For
an easier understanding, F. carica and F. erecta closest relatives have been linked with dotted lines reflecting their phylogenetic relationship.
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Fig. 5 Structural models of CYP76F111 and CYP76F112 from Ficus carica. (a) Three-dimensional (3D) homology models of CYP76F111 and CYP76F112,
generated on the basis of CYP76AH1 (PDB ID: 5YLW). CYP76F111-112 3D models can both be superimposed almost perfectly with CYP76AH1. (b)
Annotated 3D model of CYP76F112, complexed with an heme and a demethylsuberosin (DMS) molecule. CYP76F112 a-helices are in marine blue, the B-
sheets in purple, and the loops are turquoise. The heme is in gray, the DMS is green. The o-helices and B-sheets have been annotated by analogy to
CYP76AH1 annotated structure (Gu et al., 2019). (c) CYP76F112 amino acid sequence, annotated like the 3D model. The beginning of the sequence,
which was not modeled, is in gray. The substrates recognition sites (SRS1-SRS6) are highlighted in yellow/orange. The residues T102, S105, M117 and
S305 are highlighted with red asterisks. (d) CYP76F112 3D model represented as surfaces (blue), complexed with a heme (not visible) and a DMS molecule
(green). The enlargement shows the entrance of CYP76F112 wide access channel, located between the F/G loop and the B-domain, that opens onto a
substrate-binding pocket in which the DMS is docked. The substrate-binding pocket is mostly made of hydrophobic residues, excepts for two polar regions
that include the amino acids T102, S105, H110, S305 and T310.
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Fig. 6 Docking of the demethylsuberosin
(DMS) within CYP76F111 and CYP76F112
from Ficus carica. (a, b) Three-dimensional
(3D) models of CYP76F112 (blue) and
CYP76F111 (purple) in complex with a heme
(gray) and the DMS (green), reoriented to
better show the heme and the DMS. (c, d)
Enlargement on the heme and the DMS, as
docked into CYP76F111-112 respective (e)

active sites. (e) Reactional mechanism

proposed for the P450-mediated conversion

of DMS into marmesin, adapted from ~
Mizutani & Sato (2011). The carbons of the 4 4
DMS that are involved in the reaction are C2'
and C3’, respectively highlighted with pink
and blue arrows.

Site-directed mutagenesis confirmed the importance of
T102, S105, M117 and S305 on CYP76F112 activity

To assess the robustness of the modeling and docking predic-
tions, we synthesized seven single and multiple CYP76F111 and
CYP76F112 mutant gene constructs. As for the wild-type, the
corresponding proteins were expressed in yeast (Fig. S4) and used
for functional characterizations (Figs 7, S5b—e; Table S2b—e). As
predicted, the CYP76F112-T102P, S105A, M117W, S305P
quadruple mutant but also the CYP76F112-M117W single
mutant could not metabolize DMS, confirming that the M117W
mutation alone is enough to disturb the positioning of the DMS.
It might be deduced that replacing M117 by W creates a steric
hindrance that pushes the DMS away from the heme, preventing
MS activity (Fig. 7). The residue M117 therefore plays a critical
role for CYP76F112 specificity, probably by shaping the
substrate-binding pocket. The single mutants CYP76F112-
T102P, CYP76F112-S105A and CYP76F112-S305P together
with the double mutant CYP76F112-T102P, S105A retained
MS activity but have modified kinetic parameters (Fig. 7). In par-
ticular, the mutations T102P, S105A and S305P significantly
reduced the enzyme affinity (K], x 3 for CYP76F112-T102P,
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~K, x4 for CYP76F112-T102P,S105A, and ~K,, x 4 for
CYP76F112-S305P), although the variations in catalytic activity
were less clear (Fig. 7). We hypothesize that CYP76F112 polar
T102, S105 and S305 residues, by establishing hydrogen bonds
with the DMS, help attract, position and stabilize the substrate in
the ‘correct’ position above the heme iron. In this way, they
increase the affinity and allow the enzyme to remain active with
only a few nM of DMS, without being indispensable for the MS
activity (Fig. 7). Finally, the results showed that the mutant
CYP76F111-P105T, A108S, W120M, P310S did not exhibit
MS activity. This implies that, even though the residues T102,
S105, M117 and S305 play an essential role in CYP76F112
enzymatic activity, additional residues must also play essential
roles, for instance in the folding of the transmembrane domain
or the substrate access channel.

Recent evolution of T102, $105, M117 and S305 coincides
with the emergence of CYP76F marmesin synthase activity

The residues in positions equivalent to that of CYP76F112
T102, S105, M117 and S305 were analyzed throughout the
CYP76F  phylogeny (Fig.4). Our results showed that
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CYP76F112 amino acids do not correspond to an ancestral state,
but rather recent synapomorphies that are shared only by sub-
clade IV from the Ficus-specific clade (Fig. 4). Interestingly, the
ancestral state of residue M117 was likely tryptophan, which was
replaced by a methionine in subclade IV only. Given the impor-
tance of this residue, this observation suggests that no enzyme
ousside the subclade IV would be able to convert DMS into
marmesin. To test this hypothesis, additional modeling and
docking analyses was performed with four F. erecta and F. reli-
giosa sequences from subclade IV and the neighboring II and III
subclades (Figs 4, S14; Table S5). The results showed that the
DMS docked within both enzymes from subclade IV was in the
same position than within CYP76F112, suggesting that these
enzymes may have MS activity. Whereas, the enzymes from sub-
clades II and III, the DMS was docked in a position that would
not allow its conversion into DMS (Figs 4, S14). Accordingly, we
concluded that CYP76F MSs were restricted to subclade IV.
Finally, we can now conclude that CYP76F112, as well as its
MS activity, evolved recently in the Moraceae family through a
lineage-specific expansion and diversification of CYP76Fs. In
particular, the acquisition of this activity would not have been
possible without the evolution of the residue M117, and
CYP76F112 remarkably high affinity is at least partially linked to
the evolution of the residues T102, S105 and S305 (Figs 4, 7).

Discussion

P450s constitute an old enzyme superfamily that can be found in
nearly all organisms. They typically catalyze monooxygenation/
oxidation reactions, which makes them valuable tools to build
complex molecules (Nelson & Werck-Reichhart, 2011; Nelson,
2018). They are involved in many complex metabolic networks,
and might be considered as one of the dominant driving forces
for phytochemical diversification and therefore in adaptation to
fluctuating environmental constraints (Mizutani & Ohta, 2010;
Nelson & Werck-Reichhart, 2011).

The identification of CYP76F112, a F. carica MS involved in
the production of furanocoumarins, completes the set of four
enzymes that allows the production of toxic psoralen from the
plant wide spread p-coumaroyl coenzyme A (Fig. 1b). This opens
many new prospects related to the study and use of the fura-
nocoumarin biosynthesis pathway, since these bioactive metabo-
lites can be seen as a two-face Janus provoking health issues
(Pathak er al, 1962; Bailey er al, 2013; Villard er al., 2019)
because of the crop plants that produce them, and considered as
promising drug candidates against diseases such as cancer and
vitiligo (Chauthe ez al., 2015; Zabolinejad ez al., 2020). As fura-
nocoumarins are natural defensive compounds, the identification
of CYP76F112 may also be of particular interest for biocontrol
and sustainable crop protection.

More broadly, CYP76F112 also provides new data and per-
spective about P450s. For instance, the reaction mediated by
CYP76F112 is not a common hydroxylation but an atypical oxi-
dation followed by a cyclization (Mizutani & Sato, 2011), which
could be a subject for deeper enzymatic studies. Also, it is note-
worthy that CYP76F112 was remarkably easy to produce,
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resistant to freezing (> 1 yr of storage at —20 °C) and highly effi-
cient. Therefore, deeper structural analyses of CYP76F112 might
help understanding P450 stability, which could then help engi-
neering improved P450s involved in the production of molecules
of interest.

But above all, the identification and evolutionary history of
CYP76F112 provides an exciting example of how a particular
P450 family can expand, diversify and evolve new functions,
leading to its recruitment in a new lineage-specific specialized
metabolic pathway.

Thus far, all P450s described to be involved in fura-
nocoumarin biosynthesis belong to the CYP71 and CYP82 fami-
lies (Larbat er al, 2007, 2009; Krieger et al, 2018; Limones-
Mendez et al., 2020) (Fig. 1b). Interestingly, most CYP76s and
all the CYP76Fs described to date have been associated with ter-
penoid metabolism (Diaz-Chavez ez al., 2013; Hofer ez al., 2014;
Sintupachee ez al., 2015; Ilc er al., 2017; Bathe & Tissier, 2019)
(Fig. S15). CYP76F112 is therefore the first known CYP76F to
metabolize a phenolic substrate. However, like other CYP76F
substrates, DMS is a prenylated compound that is oxidized on its
prenyl group (Diaz-Chavez et al., 2013; Sintupachee et al., 2015;
llc er al, 2017). DMS is also structurally similar to 7-
ethoxycoumarin, a xenobiotic metabolized by CYP76B1 (Batard
et al., 1998) (Fig. S15). The MS activity may thus have emerged
from the CYP76F subfamily thanks to its ability to metabolize
prenylated compounds, but additional experiments are required
to support this hypothesis.

In previous works, CYP76s were described as an old and exten-
sively diversified family (Nelson & Werck-Reichhart, 2011;
Bathe & Tissier, 2019). Several reports highlighted that lineage-
specific gene duplications and diversifications frequently occurred
in the CYP76 family and subfamilies. Such expansions are com-
monly assumed to be associated with new lineage-specific adapta-
tive functions (Wang et al,, 2012; Hofer et al., 2014; Bathe &
Tissier, 2019). Our results are in complete accordance with these
previous studies since we showed that a Moraceae-specific expan-
sion of the CYP76F subfamily occurred through multiple
tandem-duplications, giving rise to the MS activity and therefore
to the biosynthesis of defensive furanocoumarins in the Ficus lin-
eage.

The genomic information we collected may also provide new
leads regarding furanocoumarin biosynthesis. It is quite common
for P450s belonging to the same subfamily to metabolize similar
compounds or to catalyze successive reactional steps of a given
pathway (Nelson & Werck-Reichhart, 2011). The physical clus-
tering of homologous P450s, which seems to be a characteristic
feature of recently tandem-duplicated P450s, often suggests
active evolution dynamics in favor of the acquisition of new activ-
ities and/or that some of the clustered genes function in the same
pathway (Mizutani & Ohta, 2010; Nelson & Werck-Reichhart,
2011). Such clustering has already been described for fura-
nocoumarin biosynthesis genes, for instance with CYP71A4/3 and
CYP71AJ4 from Pastinaca sativa (Roselli ez al., 2017). It is possi-
ble that some of the CYP76Fs clustered with CYP76F112 catalyze
other steps of the furanocoumarin pathway such as the formation
of psoralen and/or bergaptol. However, in the F. carica genome
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(Usai et al., 2020), CYP76FI112 is localized on chromosome 11
while FcPT1 is on chromosome 12, and no dioxygenase, prenyl-
transferase or methyltransferase was found in the genomic region
of the CYP/6F cluster. Therefore, it seems that in F. carica, the
furanocoumarin biosynthesis genes are not gathered in a single
metabolic cluster. It is thus possible that other steps of the path-
way are catalyzed by P450s that are not part of the CYP76 family
and are located in different genomic regions.

CYP76F112 was shown to be a selective and efficient enzyme
that interacts with high specificity and affinity with DMS. More-
over, CYP76F112 is preferentially expressed in petiole latex
(Table S6), which is consistent with both the repartition of linear
furanocoumarins in F carica (Kitajima et al, 2018) and the
expression patterns of FeP71 (Munakata er al, 2020). Taken
together, these results led us to conclude that the conversion of
DMS into marmesin described here might be the primary physi-
ological function of CYP76F112. Additional observations are
consistent with this conclusion. For instance, DMS is necessary
for the biosynthesis of downstream furanocoumarins (Fig. 1b)
and its biosynthesis is supported by FPT1 activity (Munakata
et al., 2020). However, it has never been described in Ficus phy-
tochemical analyses. The high affinity and efficiency of
CYP76F112 for DMS (apparent K,=32.2+3.9nM, k,/
K, =687 uM ™" min~") might therefore reflect an adaptation to
DMS being present iz planta at low concentrations, allowing the
conversion of DMS into marmesin as soon as it is synthesized,
making it a fleeting intermediate of furanocoumarin biosynthesis.
For comparison, CYP76F112 affinity is 10 to > 100 times higher
than that of the P450s previously described in the fura-
nocoumarin pathway (Larbat ez al, 2007, 2009; Krieger ez al.,
2018; Limones-Mendez et al., 2020) and ~1000 times higher
than FPT1 affinity (Munakata ez al., 2020). But interestingly,
CYP76F112 is not the unique CYP7G6F with a very high affinity
since CYP76F45 apparent K, value is of 66 nM for geraniol
(Sintupachee et al., 2015).

In this study, we identified four residues that impact
CYP76F112 specificity and affinity. These residues are included
into the substrate recognition sites (SRSs) (Gotoh, 1992) of the
enzyme. In particular, T102, S105 and M117 are located into
SRS1 while S305 belongs to SRS4. The results we obtained thus
confirmed the essential influence of SRS1,4 onto P450s catalytic
properties. Interestingly, the residue in position M117, which is
critical for the MS activity, seems to correspond to a hotspot
position that was described for other P450s from bacteria, fungi
and animals (Seifert ez al., 2009; Sirim et al., 2010), but not yet
in plant P450s. In CYP102A1 (Bacillus megaterium), this hotspot
position corresponds to the amino acid F87, which is located
close to the heme and is assumed to shape the substrate-binding
pocket, thus playing a key role for substrate specificity and selec-
tivity (Seifert ez al., 2009; Sirim ez al., 2010) (Fig. S16).

Until now, we described the CYP76F expansion and the emer-
gence of the MS activity as specific of a restricted taxon of the
Moraceae family. The only moraceous species for which genetic
data are publicly available so far were from the Ficus genus (tribe
Ficeae), which produces furanocoumarins, and the Morus genus
(tribe Moreae), which does not. Yet, other moraceous species
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such as Dorstenia (Dorstenieae) and Maguira (Castilleae) produce
furanocoumarins (Fig. 2b) (Rovinski & Sneden, 1984; Vieira
et al., 1999; Abegaz et al., 2004). According to phylogenetic-
bases articles, tribes Ficeae, Dorsteniae, and Castilleae comprise a
clade (Clement & Weiblen, 2009; Zerega & Gardner, 2019).
This suggests that the acquisition of the MS activity by the
CYP76Fs
furanocoumarin-producing clade. Genomic data from additional
tribes within the Moraceae would thus help to date the emer-
gence of CYP76F MSs more precisely.

As the MS activity emerged recently within Moraceae,
CYP76F112 necessarily emerged independently from the still
unknown MS genes of distant Fabaceae, Apiaceae and Rutaceae

may have occurred in an ancestor of this

species, through convergent evolution. It was previously sug-
gested that the UDTs from Moraceae (FePT1) and Apiaceae
(PPT1, PPT1,2) evolved from a different ancestral sequence
(Munakata ez al., 2020). As FePT1 and CYP76F112 catalyze two
of the first enzymatic steps of the furanocoumarin pathway, they
should have been among the first enzymes recruited in the path-
way. Consequently, we can now conclude that the fura-
nocoumarin pathway emerged recently within the Moraceae
family, and this acquisition was independent from that of the
Apiaceae, Rutaceae, and Fabaceae families. In other words, the
furanocoumarin pathway constitutes a compelling case of conver-
gent evolution in higher plants.

The independent emergence of furanocoumarins in the
Moraceae, Fabaceae, Apiaceae and Rutaceae implies that different
enzymes families and/or fold families may have been recruited in
the different plant families to catalyze the same reactional steps.
For instance, it is likely that the pathway of the Fabaceae does
not include any CYP71A], CYP71AZ, CYP76F, CYP82C or
CYP82D, but rather involves other P450 (sub)families that may
be unique to this plant taxa. Consequently, to pursue the elucida-
tion of the pathway, we would advise not to rely exclusively on
similarity searches, but to favor complementary strategies such as
the transcriptomic approach used to identify both FPT1
(Munakata et al., 2020) and CYP76F112.

Finally, despite this independent emergence, all currently
known enzymes of the pathway belong to the same fold families
(i.e. dioxygenases, UbiA prenyltransferases, P450s and methyl-
transferases, Fig. 1b), and the apiaceous MS is assumed to be a
P450 (Hamerski & Matern, 1988). The entire furanocoumarin
pathway might thus be a case of parallel evolution, confirming its
relevance for studying the evolutionary history of plant defense
mechanisms.
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