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A B S T R A C T

Biosynthesis of Amaryllidaceae alkaloids (AA) starts with the condensation of tyramine with 3,4-dihydroxyben
zaldehyde. The latter derives from the phenylpropanoid pathway that involves modifications of trans-cinnamic 
acid, p-coumaric acid, caffeic acid, and possibly 4-hydroxybenzaldehyde, all potentially catalyzed by hydroxylase 
enzymes. Leveraging bioinformatics, molecular biology techniques, and cell biology tools, this research identifies 
and characterizes key enzymes from the phenylpropanoid pathway in Leucojum aestivum. Notably, we focused 
our work on trans-cinnamate 4-hydroxylase (LaeC4H) and p-coumaroyl shikimate/quinate 3ʹ-hydroxylase 
(LaeC3′H), two key cytochrome P450 enzymes, and on the ascorbate peroxidase/4-coumarate 3-hydroxylase 
(LaeAPX/C3H). Although LaeAPX/C3H consumed p-coumaric acid, it did not result in the production of caf
feic acid. Yeasts expressing LaeC4H converted trans-cinnamate to p-coumaric acid, whereas LaeC3′H catalyzed 
specifically the 3-hydroxylation of p-coumaroyl shikimate, rather than of free p-coumaric acid or 4-hydroxyben
zaldehyde. In vivo assays conducted in planta in this study provided further evidence for the contribution of these 
enzymes to the phenylpropanoid pathway. Both enzymes demonstrated typical endoplasmic reticulum mem
brane localization in Nicotiana benthamiana adding spatial context to their functions. Tissue-specific gene 
expression analysis revealed roots as hotspots for phenylpropanoid-related transcripts and bulbs as hubs for AA 
biosynthetic genes, aligning with the highest AAs concentration. This investigation adds valuable insights into 
the phenylpropanoid pathway within Amaryllidaceae, laying the foundation for the development of sustainable 
production platforms for AAs and other bioactive compounds with diverse applications.   

1. Introduction

The Amaryllidaceae are pharmacologically potent plant species
owing to the production of phyla-restricted specialized metabolites, 
namely the Amaryllidaceae alkaloids (AAs) (Hotchandani and 
Desgagne-Penix, 2017; Tallini et al., 2017; Jayawardena et al., 2024; Ka 
et al., 2020). The structurally diverse alkaloids derived from this family 
are associated with a multitude of pharmacological applications. Leu
cojum aestivum L. (Summer snowflake) of the Amaryllidaceae family is a 

reported source of galanthamine, an AA approved as a treatment for 
mild symptoms of Alzheimer’s disease (Berkov et al., 2009). The plant 
additionally accumulates anticancer and antiviral lycorine- and 
haemanthamine-type AAs (Liu et al., 2004; Havelek et al., 2014; Girard 
et al., 2022). However, due to their variable and low abundance in na
ture, extraction from plants would pose a threat to their habitats and to 
the growth of native plants (Berkov et al., 2009). Microbial platforms, 
such as bacteria or yeast, offer promising alternatives for producing 
valuable plant-derived compounds through synthetic biology 
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approaches (Koirala et al., 2022; Diamond and Desgagne-Penix, 2016). 
For example, vinblastine, an important anti-cancer drug, was success
fully reconstituted in Saccharomyces cerevisiae (Zhang et al., 2022). Such 
an approach requires complete resolution of pathways prior to reas
sembly in heterologous hosts. 

The biosynthesis of AAs starts with the condensation of 3,4-dihy
droxybenzaldehyde (DHBA), resulting from the phenylpropanoid 
pathway, and tyramine that is formed through the decarboxylation of 
tyrosine (Desgagné-Penix, 2021). The phenylpropanoid core pathway 
starts with the synthesis of trans-cinnamic acid from phenylalanine by 
the well-characterized cytosolic enzyme phenylalanine ammonia-lyase 
(PAL) (Fig. 1). The hydroxylation of trans-cinnamic acid to p-coumaric 
acid in the early phenylpropanoid pathway is a key step, catalyzed by a 
cytochrome P450 (CYP450) enzyme, trans-cinnamate 4-hydroxylase 
(C4H), that belongs to the CYP73A subfamily (Khatri et al., 2023). 
Considering the pivotal role of p-coumaric acid derivatives in plant 
metabolism, structure, development, and defense (Zhang et al., 2020), 
the catalytic role of C4H is of a great importance. The hydroxylation of 
trans-cinnamic acid into p-coumaric acid is expected to be catalyzed by a 
C4H enzyme in L. aestivum as evidenced by similar enzymatic charac
terizations in various plant species such as liverworts (Liu et al., 2017), 
Madagascar periwinkles (Hotze et al., 1995), poplars (Ro et al., 2001), 
and other plants (Chen et al., 2011; Schilmiller et al., 2009). To date, two 
studies have isolated and partially characterized C4H from Amar
yllidaceae species, reporting that the overexpression in bacteria of 
truncated C4H from Lycoris radiata and L. aurea yielded p-coumaric acid 
(Li et al., 2018a, 2018b). 

From p-coumaric acid to caffeic acid, two routes have been suggested 
(Fig. 1). It was first proposed that direct hydroxylation at the acid level 
could be catalyzed by a CYP98A family enzyme, as described following 
heterologous expression of Arabidopsis thaliana AtCYP98A (referred to as 
C3H in the presence of p-coumaric acid) in the cyanobacterium 

Synechocystis spp. (Xue et al., 2014). A later report suggested that hy
droxylation by AtCYP98A rather occurred via p-coumarate esters, 
including p-coumaroyl shikimate and p-coumaroyl quinate (referred to 
as C3′H in the presence of coumarate esters) (Schoch et al., 2001). 
Recent research indicates that substrate specificity of angiosperm C3′H 
varies between species and between isoforms of the same species, some 
displaying promiscuity and favoring p-coumaroyl shikimate and p-cou
maroyl quinate as substrates over various natural and non-natural 
compounds, including prenyl-, isoprenyl-, benzyl-, and 
threonyl-coumarates (Alber et al., 2019). On the other hand a bifunc
tional ascorbate peroxidase/4-coumarate 3-hydroxylase (APX/C3H), a 
soluble enzyme purified from multiple plant species including 
A. thaliana, maize, and Brachypodium, was reported to catalyze the direct 
hydroxylation of free p-coumaric acid to caffeic acid (Barros et al., 
2019). A recent study challenged this hypothesis when testing the ac
tivity of APX/C3H from Sorghum bicolor on p-coumaric acid (Zhang 
et al., 2023a). Caffeic acid can potentially yield DHBA to be incorpo
rated into Amaryllidaceae alkaloids, but the enzyme catalyzing the re
action has not yet been identified. 

Here, we report the isolation and functional characterization of C4H, 
APX/C3H, and C3′H from the AA-producing L. aestivum (Lae). Heterol
ogous expression of soluble LaeAPX/C3H was conducted in Escherichia 
coli. Recombinant LaeC4H and LaeC3′H were expressed in a yeast 
expression system. The subcellular localization of LaeC4H and LaeC3′H 
fusion proteins, and their enzymatic activities were investigated in 
Agrobacterium-infiltrated Nicotiana benthamiana plants. L. aestivum 
tissue-specific expression patterns of LaeC4H and LaeC3′H, and other 
transcripts involved in the phenylpropanoid, and AA pathways were 
investigated, and compared with targeted metabolite profiles. This study 
reports on C4H (CYP73A), APX/C3H and C3′H (CYP98A) from the 
Amaryllidaceae family to clarify their role in the phenylpropanoid 
pathway upstream of the AA biosynthetic pathway. 

Fig. 1. The proposed pathway leading to 4′-O-methylnorbelladine, a common intermediate of Amaryllidaceae alkaloids. Enzymes shown in red were the primary 
enzymes studied in this work. Enzymes shown in black have been characterized in Amaryllidaceae, whereas enzymes in grey have not been characterized in 
Amaryllidaceae to date. Highlighted in yellow are the reactions investigated in this study. Abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hy
droxylase (CYP73A); 4CL, 4-coumarate:CoA ligase; HCT, hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl transferase; C3′H, p-coumaroyl shikimate/quinate 
hydroxylase (CYP98A); C3H, p-coumarate 3-hydroxylase (CYP98A); CSE, caffeoyl shikimate esterase; APX/C3H, ascorbate peroxidase/coumarate 3-hydroxylase; 
HBS, hydroxybenzaldehyde synthase; TYDC, tyrosine decarboxylase; NBS, norbelladine synthase; NR, noroxomaritidine/norcraugsodine reductase; N4′OMT, nor
belladine 4′-O-methyltransferase. 
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2. Materials and methods 

2.1. Plant materials and growth condition 

The bulbs of L. aestivum, commonly known as summer snowflake, 
were bought from Vesey’s (York, PE, Canada). The bulbs were grown 
outdoor in Trois-Rivières (Québec, Canada) until flowering. 
N. benthamiana seeds were germinated and grown indoors, in autoclaved 
AGRO MIX G6 potting soil (Fafard, Saint-Bonaventure, QC, Canada) 
with a long photoperiod (16 h light/8 h dark) at 22 ◦C. 

2.2. Bioinformatic analysis, molecular homology modeling and docking 

The open reading frames (ORF) and accession numbers were ob
tained from NCBI (ncbi.nlm.nih.gov). Molecular weight (MW) and iso
electric point (IP) were determined using Expasy (Duvaud et al., 2021). 
Sequence alignment utilized MegAlign Pro (DNASTAR, MegAlign Pro, 
version 17.4.1.17, Madison, WI: DNASTAR, Inc) and the Clustal Omega 
algorithm. MEGA11 was employed for Phylogenetic analysis with 1000 
bootstrap replicates (Tamura et al., 2021). To visualize data, GraphPad 
Prism 8.0.1 (GraphPad Software, San Diego, California, USA) was uti
lized. Amino acid sequences corresponding to LaeC3′H and LaeC4H were 
uploaded onto the Protein Homology/analogY Recognition Engine V 2.0 
(Phyre2) (Kelley et al., 2015) website, RosettaFold (Baek et al., 2021), 
and MOE 2020.09 software (Chemical Computing Group) for modeling 
the proteins. By comparing with crystalized orthologs (1PQ2 for human 
drug-metabolizing CYP450 2C8, 6VBY for cinnamate 4-hydroxylase 
(C4H) from Sorghum. bicolor) and Alphafold-predicted C4H from 
Petunia hybrida (AF-F1B282–F1-model_v4), the most consistent models 
were selected from Phyre predictions. 

MOE was used to analyze the resulting homology model conforma
tions, and to prepare receptors for docking, as described previously 
(Majhi et al., 2023). The structure preparation consisted of correcting 
issues, capping, charging termini, selecting appropriate alternate, and 
calculating optimal hydrogen position and charges using Protonate 3D. 
Energy minimization was performed for each fixed receptor with teth
ered active site that included positioned template substrates inside. 
Ready-to-dock substrates were uploaded from ZINC15 (Sterling and 
Irwin, 2015), or built from smiles codes with MOE builder. All protomers 
predicted at the enzymatic reaction pH were included as possible sub
strates. The MMFF94 × force field was used. Each receptor’s active site 
was predicted using MOE Site Finder and used as docking site to place 
substrate using Triangle Matcher as placement method for 200 poses and 
tethered induced fit as refinement to perform flexible docking. Then, 
resulting poses were analyzed, and the best pose, according to com
parison with a template’s active site and to docking scores, was pre
sented for each substrate. The protein-ligand interaction profiler (PLIP) 
was used to analyze the interactions between substrates and receptors’ 
residues (Adasme et al., 2021), and the images were further processed 
using PyMOL (Shrödinger). 

2.3. Yeast and bacteria growth conditions 

E. coli DH5α (Invitrogen, Carlsbad, CA, USA) was cultured in Luria- 
Bertani (LB) medium with 50 μg.mL−1 ampicillin at 180 rpm for 16 h 
at 37 ◦C. Agrobacterium tumefaciens GV3101 (Holsters et al., 1980) was 
grown in LB medium with kanamycin, rifampicin, and gentamicin 
(Fisher Scientific, ON, Canada) at 50, 50, and 30 μg mL−1 final con
centrations, respectively, with overnight incubation at 28 ◦C and 200 
rpm stirring. Saccharomyces cerevisiae-derived yeast strain INVSc-1 
(Invitrogen, Fisher Scientific) was grown in YPD complete media over
night at 30 ◦C with agitation at 200 rpm. 

2.4. Chemicals 

Caffeic acid (98%), ferulic acid (99%), and papaverine (98%) 

reference standards were purchased from Millipore Sigma (Massachu
setts, USA). p-coumaric acid (98%), trans-cinnamic acid (98%), 4- 
hydroxybenzaldehyde, and 3,4-dihydroxybenzaldehyde (DHBA) refer
ence standards were bought from Fisher Scientific (Ontario, Canada). p- 
coumaroyl shikimate and caffeoyl shikimate were chemically synthe
sized (Padmakshan et al., 2022). Analytical LC-MS grade methanol 
(99.9%) and formic acid (99%) were purchased from Fisher Scientific. 
Standard stock solutions of each reference standard were prepared at 
100 mg. L−1 in methanol and stored in the dark at −20 ◦C. 

2.5. RNA extraction, cDNA synthesis, and differential expression analysis 

One hundred and fifty mg of plant tissues, including bulb, root, stem, 
leaf, and flower of L. aestivum was ground in liquid nitrogen using a 
mortar and pestle and immediately transferred to a 1.5 mL Eppendorf 
tubes. Total RNA was extracted using TRIzol reagent (Invitrogen, Fisher 
scientific) according to the manufacture’s instructions. After treatment 
with DNAse, quantification was done using Nanophotometer (Implen, 
Munich, Germany), and 1 μg of total RNA was used for cDNA synthesis 
using SensiFAST’s cDNA synthesis kit (Bioline, London, England, United 
Kingdom) according to company’s instructions, using both oligo(d)T 
and random hexamers. 

Real-time quantitative PCR (RT-qPCR) was performed to investigate 
the expression pattern of the genes involved in Amaryllidaceae alkaloid 
and precursor pathway (Fig. 1 and Table A1) with Luna Universal qPCR 
Master Mix (New England Biolabs). The cycle program was set as: 95 ◦C 
for 2 min (1 cycle), [95 ◦C for 15 s, 60 ◦C for 30 s] (45 cycles)] followed 
by dissociation step 95 ◦C for 10 s, 50 ◦C for 5 s and 95 ◦C for 5 s Histone 3 
from L. aestivum was used as internal control. The threshold cycle (Ct) 
value of each gene was normalized against the Ct value of the reference 
gene. The relative gene expression levels were determined using the 
comparative ΔΔCt method (Pfaffl, 2001) by utilizing the average Ct 
values obtained from the technical triplicates. The obtained results were 
analyzed and visualized via CFX Maestro software (Bio-Rad). 

2.6. Cloning, transformation procedure, and protein expression 

Gene-specific forward and reverse primers (Table A1) were designed 
to isolate the coding sequences of C4H, C3′H, and APX/C3H from cDNA 
of L. aestivum. The open reading frames (ORFs) of LaeC4H and LaeC3′H, 
each in-frame with a Myc tag, were sequenced (Table A2) and cloned 
into the yeast expression vector pESC-LEU-CroCPR. Specifically, LaeC4H 
was inserted between ApaI and SalI restriction sites, whereas LaeC3′H 
was inserted between BamHI and SalI restriction sites. This vector 
already harbors the coding sequence of CYP450 reductase (CPR) from 
Catharanthus roseus (provided by Prof. Yang Qu at the University of New 
Brunswick). The ORF of LaeAPX/C3H was cloned in the bacterial 
expression vector pMAL-c2X (New England Biolabs) using BamHI and 
SalI restriction enzymes in frame with maltose-binding protein (MBP). 
Restriction enzymes were purchased from New England Biolabs. Using a 
heat-shock transformation method, all the constructs were delivered to 
chemically competent E. coli DH5α and selection was carried out on LB 
agar medium with ampicillin (50 μg .mL−1). To isolate positive colonies, 
a colony PCR was performed using gene-specific primers and Taq DNA 
polymerase. The resulting plasmids were subjected to DNA sequencing 
to confirm the integrity of the target sequences. 

The S. cerevisiae strain INVSc-1 was used for expressing recombinant 
LaeC4H and LaeC3′H proteins. Transformation with constructed vectors 
was performed using the Yeastmaker™ Yeast Transformation System 2 
kit (Takara Bio). Positive yeast transformants were selected on yeast 
minimal leucine drop-out media. A single colony was precultured in 2 
mL minimal leucine drop-out medium overnight at 30 ◦C, 200 rpm. This 
preculture was then inoculated into a 500 mL synthetic nitrogen base 
minimal medium lacking leucine with 5% glucose or dextrose (w/v) and 
incubated in the same condition. Yeast cells were collected, washed, and 
transferred to an induction medium (synthetic nitrogen base leucine 
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drop-out) with 10% galactose for 24 h in the same condition. Microsome 
preparation, adapted from (Pompon et al., 1996), involved resuspending 
cells in TES buffer (20 mM Tris-HCl [pH 7.5], 1 mM EDTA, 0.6 M sor
bitol) and dividing into pre-chilled 1.5 mL tubes. The TES-yeast solution, 
containing 1 mm glass beads, was chilled, and cells were mechanically 
lysed using a TissueLyser (Qiagen, ON, Canada) at 30 Hz for 5 min (3 
repetitions with cooling intervals). Lysed cells were centrifuged at 5000 
rpm for 20 min at 4 ◦C, and the supernatant was subjected to ultra
centrifugation (Optima l-90 k, Beckman Coulter, ON, Canada) at 24,000 
rpm for 60 min at 4 ◦C. The microsome pellet was resuspended in TEG 
buffer (50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 20% v/v glycerol) and 
stored at −80 ◦C. The expression of recombinant proteins was verified 
using Western blot analysis. 

To produce recombinant LaeAPX/C3H, purified plasmids were 
transformed using heat shock transformation to chemically competent 
E. coli Rosetta (DE3) pLysS (Novagen) strain. Colony PCR was conducted 
to screen for positive transformants. Expression and purification steps of 
LaeAPX/C3H followed as described in (Barros et al., 2019; Majhi et al., 
2023). SDS-PAGE was performed to validate protein expression and 
purification. 

2.7. In vitro enzymatic assay for LaeC4H, LaeC3′H and LaeAPX/C3H 

The in vitro enzymatic assay for LaeC4H was performed according to 
(Ro et al., 2001), with a minor change in terms of incubation. Briefly, the 
reaction was adjusted to 600 μL total volume containing 50 μg micro
somal fractions, NADPH (0.5 mM), sodium phosphate buffer (100 mM, 
[pH 7.4]), trans-cinnamic acid (0.1 mM), and incubated at 30 ◦C for 10, 
30, 60, and 120 min, and overnight. The negative controls for the assays 
were: the reaction mixture with no NADPH, no substrate, no microsomal 
fractions, and microsomal fractions extracted from yeast harboring an 
empty vector. At the end of each time point, the reaction was terminated 
by adding 40 μL 6 M HCl. All reactions were performed in triplicate and 
each determination was repeated at least twice. 

The activity of LaeC3′H was investigated as described previously 
(Schoch et al., 2001), with minor modification. Three different sub
strates, p-coumaroyl shikimate, free p-coumaric acid, and 4-hydroxyben
zaldehyde (all at 0.1 mM final concentration) were tested in a 200 μL 
reaction containing 50 μg microsomal fractions, NADPH (0.6 mM), and 
sodium phosphate buffer (100 mM, [pH 7.4]). The samples were incu
bated at 28 ◦C for 30, 60, and 120 min, and overnight. The negative 
controls were the same as those described above. The reaction was 
terminated by adding 20 μL of acetic acid. All reactions were performed 
in triplicate and each determination was repeated at least twice. 

The in vitro hydroxylase activity of LaeAPX/C3H toward p-coumaric 
acid and 4-HBA was tested using the purified recombinant protein as 
previously described (Barros et al., 2019). 

Following the reaction termination, papaverine (10 mg. L−1 final 
concentration) was added to all the reactions, serving as an internal 
standard for the relative quantification of detected compounds. The 
reaction samples were mixed using a vortex, centrifuged 10 min at 
12,000 rpm, and diluted 10-fold in mobile phase (formic acid 0.1% v/v 
in Milli-Q water and formic acid 0.1% v/v in methanol (90:10)). Ana
lyses were conducted using HPLC-MS/MS as described below. 

To determine the kinetic parameters of LaeC4H and LaeC3′H, enzy
matic assays, as described in subsection 2.8, using a constant concen
tration of microsomal fractions while varying the concentration of 
respective substrates (in the case of LaeC3′H, only p-coumaroyl shiki
mate was used) ranging from 100 nM to 30 μM were carried out under 
the same conditions described above. The initial rate of reaction was 
measured for each substrate concentration. The maximum rate of re
action (Vmax) and Km of the enzymes were determined using the 
Michaelis-Menten equation and non-linear regression analysis in 
GraphPad Prism 8.0.1. 

2.8. Instrumentation and chromatographic conditions for enzymatic 
assays 

A high-performance liquid chromatography (HPLC) system coupled 
with a tandem mass spectrometer (MS/MS) (Agilent Technologies, Santa 
Clara, California, USA) equipped with an Agilent Jet Stream ionization 
source, a binary pump, an autosampler and a column compartment were 
used for the analysis. Compounds separation was achieved using a 
Kinetex EVO C18 column (150 × 4.6 mm, 5 μm, 100 Å; Phenomenex, 
Torrance, USA). Five microliters of each sample were injected onto the 
column that was set at 30 ◦C. A gradient method made of (A) formic acid 
0.1% v/v in Milli-Q water and (B) formic acid 0.1% v/v in methanol 
with a flow rate of 0.4 mL/min was used to achieve chromatographic 
separation. The HPLC elution program is described as follows: 0 min, 
35% B; 10.0 min, 50% B; 16.0 min, 60% B; 16.2 min, 35% B. The total 
run time was 20 min per sample to allow the reconditioning of the 
column prior to the next injection. The parameters used in the MS/MS 
source were set as follows: gas flow rate 10 L. min−1, gas temperature 
300 ◦C, nebulizer 45 psi, sheath gas flow 11 L. min−1, sheath gas tem
perature 300 ◦C, capillary voltage 4000 V in ESI+ and 3500 V in ESI−

and nozzle voltage 500 V. Agilent MassHunter Data Acquisition (version 
1.2) was used to control the HPLC-MS/MS, and MassHunter Qualitative 
Analysis (version 10.0) was used for data processing. 

2.9. Fusion fluorescent protein constructions, transient protein expression 
in N. benthamiana, and confocal microscopy 

The open reading frame of LaeC4H and LaeC3′H genes were cloned 
into the KpnI and XbaI sites of pBTEX binary vector in frame with yellow 
fluorescent protein (YFP) under the CaMV 35S promoter (Frederick 
et al., 1998). The resulted vectors, pBTEX-LaeC4H-YFP and pBTEX-
LaeC3′H-YFP, were transformed to the E. coli DH5α chemical competent 
cells by the heat-shock method. The transformation mixtures were 
grown on LB agar medium with 50 μg mL−1 kanamycin, and colony PCR 
was done to isolate positive colonies as described above. Each of the 
constructed vectors was transferred separately to A. tumefaciens strain 
GV3101 by electroporation and grown on LB agar containing kana
mycin, rifampicin, and gentamicin, at the final concentration of 50, 50, 
and 30 μg mL−1 respectively, and colony PCR was performed to select 
the positive transformants. 

The transient expression in N. benthamiana, using A. tumefaciens 
bacteria was conducted as described previously (Majhi et al., 2023). To 
explore sub-cellular location of the LaeC4H and LaeC3′H, the leaves of 
4-week-old N. benthamiana plants were co-infiltrated with A. tumefaciens 
harboring pBTEX-LaeC4H-YFP and A. tumefaciens containing either an 
ER marker (ER-mCherry) or a nuclear marker (Nls-CFP) in a 1:1 mixture. 
Forty-eight hours after co-infiltration, the fluorescent signals were 
visualized using Leica TCS SP8 confocal laser scanning microscope 
(Leica, Wetzlar, Hesse, Germany). The excitation and emission wave
length for YFP visualization were 488 and 500–525 nm, 405 and 
420–490 nm for CFP, 587 and 610 nm for mCherry, whereas excitation 
and emission wavelengths to detect chlorophyll were set on 550 and 
630–670 nm, respectively. The images were merged in Las X software 
(Leica 720 Microsystems). 

2.10. Metabolite extraction and analysis 

One gram of L. aestivum sample corresponding to the different plant 
part such as flower, stem, leaf, bulb, and root were ground under the 
liquid nitrogen by using a mortar and pestle. Crude metabolites 
extraction was performed by using 1 mL of methanol for 150 mg of plant 
tissue fresh weight. Extraction was carried out for 24 h at room tem
perature, followed by centrifuging at 10,000×g to remove plant debris. 
Samples were dried using speed vac concentrator and crude metabolite 
extract was reconstituted in methanol to have a final concentration of 
1000 mg/mL and was filtered (0.2 μm Acrodisc® syringe filter, Pall 
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Corporation, NY). Target metabolite analysis was performed for phe
nylpropanoids and AAs. The LC-MS/MS method used is described in 
subsection 2.8 with some modification in the HPLC elution program 
which was set as follows: 0–10 min, 10% B; 20–25 min, 100% B; 26 min, 
10% B. The total run time was 30 min per sample to allow the recon
ditioning of the column prior the next injection. Agilent MassHunter 
Data Acquisition (version 1.2) was used to control the HPLC-MS/MS, 
MassHunter Qualitative Analysis (version 10.0) and MassHunter 

Quantitative QQQ Analysis (version 10.0) were used for data processing. 
During extraction and metabolites analysis papaverine was used as in
ternal standard. All the relative quantities of different metabolite were 
normalized with highest quantity in each tissue type and visualized by 
using Graph pad Prism 8.0.1. 

Fig. 2. Phylogenetic tree of L. aestivum enzymes indicated with circles (●). The analysis was performed using the Maximum Likelihood method with 1000 bootstrap 
replicates with the Mega11 software for A. LaeC4H of species L. radiata (AWW24970), N. papyraceus (AXU39895), L. aestivum (UIP35210), Allium sativum 
(ADO24190), S. bicolor (AAK54447), Glycine max (ACR44227), C. roseus (CAA83552), Salvia miltiorrhiza (ABC75596), A. thaliana (AAC99993), Papaver somniferum 
(XP_026,426,522), G. biloba (AAW70021), Pinus taeda (AAD23378), S. moellendorffii (EFJ22128), P. patens (ADF28535), M. paleacea (ASA39648). The CYP98A 
(UIP35212) from L. aestivum was used as an outgroup; B. LaeC3′H with species Ruta graveolens (AEG19446), Populus alba × Populus grandidentata (ABY85195), Coffea 
canephora (ABB83676, ABB83677), Coptis japonica var. Dissecta (BAF98473), Lonicera japonica (AGQ48118), Nicotiana tabacum (ABC69384), A. thaliana (NP 
850337), L. aestivum (UIP35212), N. papyraceus (AXU39897), Triticum aestivum (CAE47491, CAE47489, CAE47490), Zea mays (PWZ32976), Oryza sativa 
(AAU44038), S. bicolor (XP_002,440,001), P. taeda (AAL47685), P. patens (XP_024,360,823), Anthocero agrestis (QPI70542), and CYP73A (UIP35210) from L. aestivum 
was used as an outgroup. The bootstrap values are indicated at the branch-points. 
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2.11. In vivo enzymatic assay of LaeC4H and LaeC3′H 

LaeC4H and LaeC3′H were transiently expressed in N. benthamiana 
leaves, as described in subsection 2.8, to evaluate the impact of the 
overexpressed enzymes on phenolic compound levels in planta. A vector 
expressing yellow fluorescent protein (YFP) was used as negative con
trol. Subsequently, 2 days post-agroinfiltration, leaves were treated with 
100 μM of substrates and then incubated under the same conditions. 
After 24 h, four leaves from each plant were harvested, pooled, and 
ground with liquid nitrogen for storage at −80 ◦C until analysis. 
Metabolite extraction and analysis were conducted using 100 mg of each 
sample as describe in subsection 2.10 with a minor modification. A 
second analysis was performed in duplicate following a 10-fold con
centration of metabolite before injecting in HPLC-MS/MS. 

3. Results 

3.1. Identification and sequence analysis of LaeC4H and LaeC3′H from 
L. aestivum 

The full-length open reading frame (ORF) sequences of predicted 
LaeC4H (505 amino acids (aa)) and LaeC3′H (509 aa), and LaeAPX/C3H 
(248 aa) were extracted from L. aestivum transcriptome (Tousignant 
et al., 2022). The NCBI accession numbers are as follows: UIP35210 
(LaeC4H), UIP35212 (LaeC3′H), and MW971972.1 (LaeAPX/C3H) 
(Table A2). Predicted hypothetical molecular weights (MW) and iso
electric points (IP) for these proteins are as follows: LaeC4H (57.97 kDa, 
9.12), LaeC3′H (57.8 kDa, 8.6), and LaeAPX/C3H (5.84 kDa, 27.2). 
Multiple sequence alignments were performed for LaeC4H and LaeC3′H, 
separately, with homologous sequences selected from monocot, dicot, 
gymnosperm, pteridophyte, and bryophyte species. LaeC4H shared a 
high amino acid sequence identity of 94.5% with Amaryllidaceae Lycoris 
radiata. Substantial identity was also observed with counterparts from 
various plant groups, including monocots (78% to S. bicolor), dicots 
(84% to A. thaliana and 85% to C. roseus), gymnosperms (80% to Ginkgo 
biloba), and a fern, Selaginella moellendorffii, with 80% identity (Fig. 2A 
and Fig. A1). Lower but still high levels of identity were noted between 
LaeC4H and Marchantia paleacea (65%) and Physcomitrella patens (70%), 
as representatives of bryophytes. LaeC3′H shared a high level of identity 
(95%) with the predicted homologue in Narcissus papyraceus. Compared 
to LaeC4H, LaeC3′H was more distantly related to other homologues, 
such as monocot SbiC3′H (71%), dicot AthC3′H (73%), gymnosperm 
PtaC3′H (73%), and bryophyte PpaC3′H (64%) sequences (Fig. 2B and 
A2). LaeC4H and LaeC3′H and their Amaryllidaceae paralogs formed a 
clade with monocot species, adjacent to the dicot clade, but further from 
gymnosperm, pteridophyte, and bryophyte homologues (Fig. 2B). 

LaeC4H and LaeC3′H belong to the CYP73A and CYP98A enzyme 
families, respectively. As CYP450, they share multiple domains, such as 
a common N-terminal membrane-anchoring domain that enables bind
ing to the cytoplasmic surface of the endoplasmic reticulum membrane 
(Nelson and Strobel, 1988; Li et al., 2016). Using multiple sequence 
alignment, we identified the characteristic membrane-anchoring 
domain in LaeC4H (Fig. A1), which appeared to be highly conserved 
among the C4Hs from monocot and dicot plants, but less so within other 
plant groups such as bryophytes. By contrast, for LaeC3′H, no conserved 
pattern was observed in the membrane binding domain region of C3′H 
homologues (Fig. A2). The proline-rich motif (PPGPLPV) is another 
conserved signature of CYP450 that is hypothesized to be involved in the 
folding and proper integration of heme and the stability of microsomal 
proteins that was observed in both enzymes (Figs. A1 and A2) (Li et al., 
2016; Szczesnaskorupa et al., 1993; Teutsch et al., 1993). The helix I 
motif (AAIET including conserved Ala306 and Ala 307) speculated to 
play a role in proton transfer and oxygen activation, was conserved in all 
aligned C4H sequences, including LaeC4H (Fig. A1) (Sen and Thiel, 
2014). Similarly, a proposed oxygen binding motif (AGMDT) (Krieg
shauser et al., 2021) was found to be conserved among C3′H 

homologues. The heme-binding domain (FGVGRRSCPG in C4H and 
FGAGRRVCPG in C3′H) is a key feature of CYP450 superfamily, which 
was indeed preserved in both LaeC4H and LaeC3′H along with other 
plant species (Figs. A1 and A2). This segment encompasses the cysteine 
pocket enclosing the heme and interaction with Cys 447-S in a hydro
phobic environment. 

3.2. Prediction of substrate interaction for LaeC4H and LaeC3′H 

LaeC4H and LaeC3′H structures and active sites were modelled to 
gain further understanding of their activity. LaeC4H and LaeC3′H were 
structurally similar, visible as an α-helix-rich triangular shape, like other 
CYP450s (Fig. 3A and B, and Fig. A3, Table A4). The active site in both 
enzymes formed a large canal crossing the enzyme. The heme pocket 
was deeply buried within the protein large cavity, and two lobes 
extended from this stem on both sides (Fig. 3A and B, Table A3). The left 
side lobe lined by the F and G α-helices is speculated to be the substrate 
entry port (Fig. A3) (Zhang et al., 2020). The disparity between LaeC3′H 
and LaeC4H in the sequences of the A, F and G helices and the con
necting loop with B′ α-helix likely may confer unique specificity onto 
each CYP450 enzyme towards various substrates. The right extension 
was longer in the LaeC3′H predicted structure, possibly allowing binding 
of larger substrates. Molecular docking was used to study the orienta
tion, affinity, and interaction of putative phenylpropanoid substrates 
with LaeC4H and LaeC3′H. The interactions between trans-cinnamic acid 
and LaeC4H were mapped based on a comparison with similar enzymes 
in other plant species (Fig. 3C and Table A4). HEPES was first docked 
into LaeC4H to validate our model by comparison with previously 
crystalized structures. It docked in an axial position on the LaeC4H 
active site with a score of −7.32 kcal mol−1 in a position analogous to 
HEPES in the crystalized structure of SbC4H (PDB: 6VQY), reflecting the 
affinity of the enzyme for this substrate (Zhang et al., 2020) (Fig. A4). 
Trans-cinnamic acid docked with a score of −5.12 kcal mol−1 (Fig. 3C). 
The smaller atomic size of this ligand compared to HEPES could be re
flected in a smaller score (Plewczynski et al., 2011). Nonetheless, it 
positioned itself similarly at the stem, on the distal side of the heme, 
opposite to the axial thiolate, stabilized by hydrophobic interactions 
with Val 118, Phe 119, Val 305, Ala306, Val 375, and Phe 488 with its 
phenylpropene portion, as well as an H-bond between Gln 218 located in 
the F helix and the O at the carboxyl group of the substrate (Fig. 3C). 
Positioning and detected interactions were similar to those in a previous 
study on SbiC4H (Zhang et al., 2020). The substrate phenol ring C4 was 
at 4.2 Å of the heme, a positioning that is consistent with the ferrous ion 
being ligated to the molecular oxygen yielding hydroxylation of this 
atom to obtain p-coumaric acid. 

The interactions between p-coumaric acid, 4-HBA, or p-coumaroyl 
shikimate substrates and the active site of LaeC3′H was also studied 
(Fig. 3D, E and F). These bulkier ligands were included as possible 
substrates to clarify the controversy surrounding the catalytic activity of 
LaeC3′H, probing the compatibility with its active site. p-Coumaric acid, 
4-HBA, and p-coumaroyl shikimate docked with a score of −5.52, −4.67 
and −7.04 kcal/mol, respectively (Table A4). Upon docking, substrates 
oriented analogously to that of p-coumaroyl shikimate with wheat 
CYP98A10 and CYP98A11 (Morant et al., 2007), i.e., their phenyl
propanoid moiety close to the heme center in a bent conformation, ar
omatic carbon C3 oriented toward the heme at a distance of 3.7 
(p-coumaroyl shikimate), 3.9 (p-coumaric acid) and 4.1 Å (4-HBA) 
(Fig. 3D, E, and F). For all substrates, the propylbenzene group was 
stabilized by: 1) hydrophobic interactions with Ala300, and Leu369, and 
2) hydrogen bonds with Thr304 and Thr365. Trp 114 formed a hydrogen 
bond with the carbonyl group of all three substrates. p-Coumaric acid 
interacted with the active site through additional hydrophobic bonds 
with Ile 113 and Thr365; Ala300, Thr304 and Leu369 participated in 
both substrate interaction stabilization through hydrophobic bonding, 
and stabilization of the heme. A hydrogen bond with Leu 215 and a salt 
bridge with Lys216 stabilized the shikimate portion of p-coumaroyl 
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shikimate (Fig. 3F). Potential electron donors and acceptors were pre
sent in the site interacting with all substrates and orientation of each 
docked substrate appeared to be favorable for its m-hydroxylation. 
p-Coumaric acid and 4-HBA docking scores were lower, with fewer 
H-bonds and no salt-bridge between the active site residues and the 
substrates (Table A4), and a higher distance to the heme, compared to 
p-coumaroyl shikimate. Altogether, these results suggest that p-cou
maroyl shikimate is the most suitable substrate for LaeC3′H. 

3.3. Recombinant protein expression in yeast and bacterial host, and in 
vitro enzymatic assays 

CYP450 enzymes are commonly known to be localized to the ER 
membrane by an N-terminal hydrophobic anchor, which is necessary for 
their optimal functionality. A eukaryotic, yeast expression system was 
therefore selected to provide canonical localization. CYP450s were 
cloned into vectors containing the requisite redox partner, a CYP450 
reductase from C. roseus (CroCPR). Microsomal fractions were isolated 
from strains expressing either LaeC4H-Myc or LaeC3′H-Myc recombi
nant proteins. Expression was confirmed by SDS-PAGE and Western blot 
analysis, which revealed the expected bands (Fig. A5). 

The microsomal fractions were subjected to in vitro enzymatic assay. 
LaeC4H microsomal fractions were supplemented with trans-cinnamic 
acid, and the reaction mixture was incubated for 10 and 30 min, 1 and 2 
h, and overnight at 30 ◦C. Representative results corresponding to 30 
min incubation time are shown (Fig. 4A). The reaction product, p-cou
maric acid, was detected at all incubation periods above 10 min 
(Fig. A6). Thus, the results showed that C4H from L. aestivum can effi
ciently hydroxylate trans-cinnamic acid to produce p-coumaric acid. 

Similarly, recombinant LaeC3′H-Myc was tested with various sub
strates, including p-coumaroyl shikimate, identified as the most prob
able substrate, free p-coumaric acid, and 4-HBA. The reaction mixtures 
were subjected to HPLC-MS/MS analysis. A signal corresponding to 
caffeoyl shikimate in the test tube supplemented with p-coumaroyl 
shikimate was detected at all time points (Fig. 4B and Fig. A7). In 

contrast, no reaction product, including no signal for caffeic acid or 
DHBA, were detected when p-coumaric acid or 4-hydroxybenzaldehyde 
were used as substrates. 

The kinetic parameters of LaeC4H and LaeC3′H were determined 
using enzymatic assays. Microsome fractions were maintained at a 
constant concentration, while the concentration of the respective sub
strates varied from 100 nM to 30 μM (Fig. A8). The maximum rate of 
reaction (Vmax) and Km of the enzymes were determined using 
Michaelis-Menten equation and non-linear regression analysis (Table 1). 
LaeC4H (Km 3.32 μM; Vmax 0.17 μM/min) show higher affinity and speed 
of catalysis toward its substrate, than LaeC3′H (Km 22.16 μM; Vmax 5.89 
μM min−1). 

LaeAPX/C3H was expressed in bacterial system and validated using 
SDS-PAGE (Fig. A9). Enzymatic activity of LaeAPX/C3H was performed 
using p-coumaric acid and 4-HBA to assess 3-hydroxylation. A reaction 
mixture without LaeAPX/C3H was used as negative control. Caffeic acid 
was detected in the enzymatic reaction supplemented with p-coumaric 
acid; however, the amount of caffeic acid was higher in the negative 
control (Figs. A10 and A11). Using increasing amount of enzyme in the 
reaction, p-coumaric acid progressively disappeared, but caffeic acid 
level did not rise above the level of the negative control (Fig. A11). This 
suggested that the enzyme consumed p-coumaric acid, but caffeic acid 
was not the corresponding product. This result is consistent with the 
study of (Zhang et al., 2023b) reporting that the caffeic acid level in the 
reaction without and with a homologous APX/C3H from monocot S. 
bicolor was not significantly different. DHBA was detected in both 
enzymatic reaction and in the negative control with 4-HBA as a sub
strate. No significant changes were observed in 4-HBA consumption by 
increasing the enzyme concentration, suggesting that the enzyme did 
not accept 4-HBA as a substrate (Fig. A11). 

3.4. Subcellular localization of LaeC4H and LaeC3′H in N. benthamiana 

C-terminal YFP-fusion LaeC4H and LaeC3′H were co-expressed with 
an endoplasmic reticulum marker (ER-mCherry) and a nucleus marker 

Fig. 3. Representation of LaeC4H and LaeC3′H structures. A. Cartoon representation of LaeC4H with grey transparent surface-active site, top of the heme view (left) 
and perpendicular side of the heme plan (right). B. Cartoon representation of LaeC3′H with grey transparent surface-active site, top of the heme (left) and 
perpendicular side of the heme plan (right). Heme group is shown as red sticks. Conserved α-helix (blue) and β-strands (orange) secondary structures are shown. 
Conserved CYP98A substrate recognition is displayed in red. C. trans-Cinnamic acid (green) interactions with LaeC4H residues at its active site; D, E, and F. In
teractions of p-coumaric acid (green), 4-hydroxybenzaldehyde (green), and p-coumaroyl shikimate (green) with LaeC3′H at its active site. Residues are shown as 
sticks. The heme group is orange, grey residues interact with substrates only, purple/violet residues interact with both heme and substrate. H-bonds are shown as blue 
lines, hydrophobic interactions as dashed green lines, and salt bridges as dashed yellow lines. 
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Fig. 4. HPLC-MS/MS analysis of representative enzymatic assay for LaeC4H (A) and LaeC3′H (B), and their subcellular localization in N. benthamiana (C). A. trans- 
Cinnamic acid was tested on microsome fractions extracted from yeast harboring the LaeC4H-Myc construct, and p-coumaric acid (red) formation was detected; B. 
Assays with microsomes containing LaeC3′H-Myc using p-coumaroyl shikimate, and the samples were subjected to the detection of caffeoyl shikimate. Red, peaks 
resulting from the sample containing microsomal recombinant proteins (LaeC4H-Myc and LaeC3′H-Myc); Purple, peaks from the sample without NADPH; Blue, peaks 
from the sample containing empty vector microsomal fractions; Green, peaks from the sample without recombinant protein; and black represents the peak from the 
sample without substrate. Papaverine (PAP) was used as a standard control; C. Subcellular localization of LaeC4H and LaeC3′H in N. benthamiana epidermal leaf. 
Fusion fluorescent proteins were co-expressed with ER marker (ER-mCherry) (upper panel), and nucleus marker (Nls-CFP) (bottom panel) in N. benthamiana leaves by 
the Agrobacterium-mediated transient expression method, and subsequently the fluorescent signals were detected by confocal microscopy 48 h after co-infiltration. 
The scale bars in the pictures indicate 50 μm. 
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(Nls-CFP) in N. benthamina leaf using agroinfiltration to explore their 
subcellular localization. As expected, LaeC4H and LaeC3′H colocalized 
to the ER (Fig. 4C, upper panel), which is consistent with previously 
reported cellular localizations for both enzymes from other species. Co- 
expression with a nucleus marker indicated that the target proteins are 
not localized inside the nucleus. Yellow fluorescence was observed in 
the vicinity of the nuclear membrane that would suggest localization of 
both enzymes in the membrane region closely associated with the nu
clear envelope (Fig. 4C, bottom panel). The integrity of the expressed 
fusion proteins was validated by Western blot analysis using an anti-YFP 
primary antibody (Fig. A12). 

3.5. In vivo enxymatic assay of LaeC4H and LaeC3’H 

LaeC4H and LaeC3′H were transiently expressed, and their respective 
substrates were fed to N. benthamiana leaves to confirm their function
ality in planta. Unexpectedly, upon expression of LaeC4H and feeding 
with trans-cinnamic acid, p-coumaric acid was not detected, but p-cou
maroyl shikimate was observed (Fig. 5 and Table A5). This suggested 
that LaeC4H expression yielded p-coumaric acid from trans-cinnamic 
acid, but the latter was rapidly converted to p-coumaroyl shikimate by 
endogenous enzymes (Fig. 1). Interestingly, caffeoyl shikimate, pro
duced by the endogenous C3′H, was also detectable in these plants. To 
gain further precision, samples were concentrated 10 times, revealing 
that plants infiltrated with LaeC4H and trans-cinnamic acid had 
increased production of three downstream products, i.e. p-coumaroyl 
shikimate, caffeoyl shikimate, and caffeic acid. In corresponding con
trols, these compounds were not detected. In plants overexpressing 
LaeC3′H and fed with p-coumaroyl shikimate, caffeoyl shikimate, the 
direct product of this enzyme, was detectable as well, whereas plants fed 
with p-coumaroyl shikimate without LaeC3′H demonstrated no detect
able level of caffeoyl shikimate. Additionally, caffeic acid, a downstream 
product of these enzymes, also accumulated to detectable levels in 
plants overexpressing the enzymes, providing indirect evidence for the 

activity of LaeC4H and LaeC3′H in planta (Fig. 5 and Table A5). 

3.6. Metabolite profiling of L. aestivum plant organs 

Targeted LC-MS/MS analyses of metabolite extracts from different 
parts of L. aestivum were performed to identify and measure relative 
metabolite levels for intermediates of AA biosynthesis (Fig. 6A). 

Tyrosine, and phenylalanine were detected at higher levels in bulb 
and flower tissues (Fig. 6A). Tyramine was detected in bulb and flower 
tissues, but mostly accumulated in the roots (2-fold increase compared 
to bulb). p-Coumaric acid, caffeic acid, and ferulic acid were detected 
only in the flowers. In general, AAs were detected in several tissues, and 
in higher quantities in the bulbs and flowers compared to other tissues. 
Specifically, lycorine accumulated almost 4- and 2-fold more in bulbs 
and flowers as compared to leaves and roots respectively. Norgalanth
amine, vittatine and 11-hydoxyvittatine were more abundant in the 
flower as compared to other parts of L. aestivum. Interestingly, flowers 
were the only tissues to concurrently accumulate all the tested precursor 
metabolites and intermediates of AA biosynthesis. 

3.7. Differential expression analysis 

Both C3′H and C4H are key enzymes of the phenylpropanoid 
pathway. Their differential expression together with transcript levels of 
genes encoding enzymes involved in the biosynthesis of AA precursors 
and end-products was explored in different plant tissues of L. aestivum 
(Fig. 6B). RT-qPCR analysis showed that transcripts involved in the 
phenylpropanoid pathway were expressed higher in roots as compared 
to other parts of the plant. PAL, C4H, C3′H, and TYDC1 were all 
expressed at significantly higher levels in roots (Fig. 1). Relatively 
higher expression of TYDC2 and C3′H along with other AA-specific genes 
including NBS, NR, and N4′OMT (Fig. 6B) in alkaloid containing tissues 
could highlight their potential role in providing the intermediates to AA 
biosynthesis. The high abundance of tyramine in roots was consistent 
with increased transcript levels of TYDC1 compared to other tissues. 
Unlike TYDC1, TYDC2 was mostly expressed in leaves and stem unre
lated to the tyramine content of those tissues. 

4. Discussion 

Amaryllidaceae plants accumulate specialized metabolites such as 
specific alkaloids known for their therapeutic potential. Their produc
tion is controlled by the enzymes involved in their biosynthesis and in 
the phenylpropanoids formation, through a complex process. The phe
nylpropanoid pathway also catalyzes the formation of the precursors of 
lignin, lignans, flavonoids. The biosynthesis of the AA precursor DHBA 
starts with phenylalanine and requires two hydroxylation reactions 
(Desgagné-Penix, 2021). C4H was shown to introduce the first hydroxyl 
group at the 4-position of the aromatic ring of trans-cinnamic acid in 
several plant species (Li et al., 2018c) (Fig. 1). The enzyme responsible 
for the 3-hydroxylation remained uncharacterized for a long time, but in 
recent years, C3′H (CYP98) was proposed as the major 3-hydroxylase in 
the phenylpropanoid pathway in A. thaliana (Schoch et al., 2001). Other 
studies suggested that it was rather catalyzed by APX/C3H in Brachy
podium distachyon (Barros et al., 2019) but not in Sorghum bicolor (Zhang 
et al., 2023a). In the current study, a survey of the transcriptome data of 
L. aestivum (Tousignant et al., 2022) allowed the identification of pu
tative LaeC4H, LaeAPX/C3H and LaeC3′H genes. 

The LaeC4H sequence was highly similar to those of other monocot 
C4Hs with distinctive conserved domains and active residues. This 
suggests a very low level of evolutionary pressure during the diversifi
cation of the land plants. In the predicted model of LaeC4H, trans-cin
namic acid was docked in a position consistent with its 4-hydroxylation, 
yielding p-coumaric acid, as observed in previous reports (Chen et al., 
2011; Li et al., 2018a, 2018b, 2020). We further confirmed that mi
crosomes extracted from LaeC4H-transformed yeast catalyze the 

Table 1 
Kinetic parameters for LaeC4H and LaeC3′H.  

Enzyme Vmax (μM.min−1) Km (μM) 

LaeC4H 0.12 1.21 
LaeC3′H 5.89 22.16  

Fig. 5. In vivo enzymatic activity of LaeC4H and LaeC3′H. Metabolite ex
tracts from samples listed in Table A5 were concentrated and analyzed using 
HPLC-MS/MS. Control samples included: 1) plants without infiltration and 
feeding to distinguish the level of endogenous phenolic compounds from those 
altered by experimental conditions, 2) plants expressing the YFP, and 3) YFP- 
expressing plants fed with the substrates to assess the non-specific effect of 
Agrobacterium infection on phenolic compounds. NA: not applicable. This 
experiment was performed in biological duplicates of 5 leaves-pooled samples. 

V. Karimzadegan et al.                                                                                                                                                                                                                        



Plant Physiology and Biochemistry 210 (2024) 108612

10

4-hydroxylation of trans-cinnamic acid in vitro. The Km value for LaeC4H 
towards cinnamic acid was consistent with values reported elsewhere 
(Liu et al., 2017), supporting trans-cinnamic acid as the C4H substrate. 
Previous work on the heterologous expression of truncated Amar
yllidaceae C4H from L. aurea and L. radiata in bacteria showed that the 
enzyme was functional without its N-terminal membrane domain (Li 
et al., 2018a, 2018b). However, the latter mediates the anchoring to the 
exterior surface of the ER (Werck-Reichhart and Feyereisen, 2000) and 
ensures the correct sub-cellular localization. This localization facilitates 
interactions with the electron donor reductase partner and other 
pathway enzymes (Hansen et al., 2021), potentially promoting the for
mation of a metabolon for efficient metabolite channeling (Achnine 
et al., 2004). 

The LaeC3′H sequence was also similar to those of monocot, although 
a little more distant compared to LaeC4H. Evolutionary analysis of the 
C3′H family has been discussed by Alber et al. (2019), reporting that 
they had a single origin in a common ancestor of all land plants. The 
study highlighted multiple gene duplications within angiosperms, 
leading to small clusters of gene families in most species. Previous 
studies revealed a wide range of possible substrates for C3′H. In dicot 
and monocot angiosperms, p-coumaroyl shikimate has been reported to 
be the preferred substrate for CYP98A enzyme family (Alber et al., 
2019). In A. thaliana, C3′H (CYP98A3) also catalyzed 3′-hydroxylation of 
p-coumaroyl quinate (Schoch et al., 2001), whereas C3′H (CYP98A8 and 
CYP98A9) showed 3′-hydroxylase activity toward 
spermidine-conjugated phenolics (Matsuno et al., 2009), and naringenin 
(in the case of CYP98A9) (Liu et al., 2016). In wheat, a CYP98A12 iso
form could hydroxylate p-coumaroyl tyramine to caffeoyl tyramine that 
was subsequently methylated to feruloyl tyramine as part of a 
pathogen-induced defense response (Morant et al., 2007). Considering 
the substrate promiscuity of C3′H in different plant groups, we hy
pothesized that L. aestivum C3′H was capable of hydroxylating 4-HBA 
along with previously reported substrates like p-coumaroyl shikimate 

and, free p-coumaric acid. Modelled structure and docking analysis 
suggested that LaeC3′H pocket was more consistent with 3-hydroxyl
ation of large substrate such as p-coumaroyl shikimate stabilized by 
key additional hydrophobic interactions, H-bonds and a salt bridge with 
Lys216 with the shikimate portion, compared to HBA or p-coumaric 
acid. This was confirmed by in vitro enzymatic assay yielding caffeoyl 
shikimate from p-coumaroyl shikimate, whereas other substrates were 
not hydroxylated by C3′H. Thus, LaeC3′H does not catalyze the synthesis 
of caffeic acid or DHBA. 

Recently, it has been proposed that direct hydroxylation of free p- 
coumaric acid is rather catalyzed by a bifunctional ascorbate 
peroxidase/4-coumarate 3-hydroxylase, a non-membrane enzyme pu
rified from different plant species (Barros et al., 2019). We identified and 
cloned a homologous LaeAPX/C3H and successfully expressed it in a 
prokaryotic system. LaeAPX/C3H did not catalyze the 3-hydroxylation 
of HBA or p-coumaric acid. Although caffeic acid was detected when 
p-coumaric acid was used as a substrate, it was more abundant in the 
reaction mixture lacking LaeAPX/C3H, showing that its production was 
not enzyme dependent. A progressive consumption of p-coumaric acid 
was detected with increased concentration of enzymes, implying that 
this enzyme consumes p-coumaric acid, possibly for polymerization, as 
evidenced in S. bicolor (Zhang et al., 2023b). 

To confirm the activity of LaeC4H and LaeC3′H in planta, the enzymes 
were expressed, and their substrates were fed in N. benthamiana leaves. 
Infiltration with LaeC4H and feeding with trans-cinnamic acid led to the 
specific detection of p-coumaroyl shikimate, caffeoyl shikimate, and 
caffeic acid, while LaeC3′H combined to p-coumaroyl yielded caffeoyl 
shikimate and caffeic acid. Unexpectedly, p-coumaric acid, the direct 
product of LaeC4H was not detected. We hypothesized that p-coumaric 
acid was converted to the detected downstream products by endogenous 
enzymes such as 4CL and HCT (Fig. 1). In various plant species, p-cou
maric acid can rapidly be metabolized to p-coumaroyl CoA, serving as a 
pivotal entry point for various metabolic pathways, including the 

Fig. 6. Metabolic profile and expression analyses. A. Targeted metabolite profiling from different tissues of L. aestivum. Heat Map showing the relative abundance of 
Amaryllidaceae alkaloids (precursors, intermediates, and end products) from different part of L. aestivum. Relative abundance corresponds to the mean value of three 
independent replicates. Values were normalized to the sample with the highest level for each compound in different tissues; B. qRT-PCR analyses of precursor and 
AAs specific genes from different plant tissues of L. aestivum including bulb, flower, leaf, root, and stem. The genes include phenylalanine ammonia lyase (PAL), tyrosine 
decarboxylase (TYDC1, TYDC2), C4H, C3′H, and several AA-specific genes such as norbelladine synthase (NBS), noroxomaritidine/norcraugsodine reductase (NR) and 
norbelladine 4-O-methyltransferase (N4′OMT). Three biological and two technical replicates were performed for each gene. 
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biosynthesis of flavonoids, stilbenes, coumarins, monolignols of lignin, 
among others. Many of these compounds trigger defense mechanisms 
against wounds and external infections (Uhlmann and Ebel, 1993; Hu 
et al., 2010). Overall, these results provide in planta evidence of the 
functionality of LaeC4H and LaeC3′H. 

In summary, we showed that C4H catalyzes the production of p- 
coumaric acid, which can be converted to p-coumaroyl-CoA and p- 
coumaroyl shikimate by 4CL and HCT, respectively. Then, C3′H cata
lyzes the production of caffeoyl shikimate, which can be used to produce 
caffeic acid by caffeoyl shikimate esterase (CSE) (Vanholme et al., 
2013). The enzymes were detected in the ER. A. thaliana C3′H 
(CYP98A3) and C4H (CYP73A5) were shown to colocalize and dimerize 
in the ER of the transfected N. benthamiana leaf, and to associate with 
HCT and 4CL1 as soluble partners to form an enzyme complex of the 
phenylpropanoid pathway (Bassard et al., 2012). This suggests that their 
ER localization is pivotal to efficiently channel metabolites between the 
branches. Future studies are required to show whether these enzymes 
are part of a metabolon in Amaryllidaceae plants. 

At expression levels, transcripts also shared similar tissue repartition. 
PAL, C4H, C3′H, and TYDC1 from L. aestivum showed highest relative 
expression levels in roots, in which the precursors L-tyrosine, tyramine, 
and L-phenylalanine were detected. Their co-expression pattern is 
consistent with the hypothesis that they could complex together to form 
a metabolon. In L. radiata, gene expression analysis revealed higher PAL 
and C4H expression in root tissues compared to bulb and leaf (Li et al., 
2018c). Interestingly, the products of phenylpropanoid enzymes, such as 
p-coumaric acid, caffeic acid, and ferulic acid, were predominantly 
detected in flowers. AA biosynthetic genes (NBS, NR and N4′OMT) were 
expressed in all tissues, but particularly abundant in bulbs and flowers. 
In this latter tissue, in addition to the phenylpropanoid precursors 
necessary for AA synthesis, 4′-O-methylnorbelladine, lycorine, hae
manthamine, narciclasine, norgalanthamine, vittatine, and 11-hydroxy
vittatine were all detected. Our finding supports an inverse correlation 
of the upstream phenylpropanoid genes expression pattern with the 
phenylpropanoid and alkaloid metabolites content in the same tissue (Li 
et al., 2018a). Inter- and intra-cellular transport of phenylpropanoid 
compounds between cell compartments and also different cell types 
could occur between different tissues of the Amaryllidaceae plant (Biała 
and Jasiński, 2018). To our knowledge, nothing has been reported on 
the transport or single-cell multi-omics in Amaryllidaceae which could 
help elucidate further alkaloid metabolism in this plant family. 

The phenylpropanoid pathway also catalyzes the formation of the 
precursors of lignin, lignans, flavonoids, and alkaloids in Amar
yllidaceae. Screening for and identifying the LaeC4H and LaeC3′H genes 
are of great importance for elucidating AA metabolism in L. aestivum. 

5. Conclusion 

In the present study, we identified C4H, APX/C3H and C3′H in the 
L. aestivum transcriptome. The sequences of LaeC4H and LaeC3′H shared 
high identity with bona fide C4Hs and C3′H enzymes from several species 
and harbored typical CYP450 domains. The recombinant LaeC4H and 
LaeC3′H proteins were successfully expressed in yeast. LaeC4H catalyzed 
the expected 4-hydroxylation of trans-cinnamic to p-coumaric acid, 
whereas LaeC3′H catalyzed the 3-hydroxylation of p-coumaroyl shiki
mate to caffeoyl shikimate. LaeAPX/C3H used p-coumaric acid as sub
strate but did not form caffeic acid. This work unravels the reactions 
involved in the first key steps of the biosynthesis of AAs. Deciphering AA 
precursor biosynthesis will facilitate the development of the biosyn
thetic tools required to produce AAs in vitro and help produce important 
pharmaceuticals, such as galanthamine, heterologous hosts to treat the 
symptoms of Alzheimer’s disease. 
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