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RÉSUMÉ EN FRANÇAIS 
Les thérapeutiques à base de plantes sont de plus en plus intégrées dans les traitements médicaux 

modernes, avec de nombreux médicaments anti-cancéreux actuels ayant des origines végétales. 

Des exemples notables incluent le Taxol, la vincristine et la vinblastine, pour n'en nommer que 

quelques-uns. De plus, de nombreux autres thérapeutiques dérivés des plantes présentent une large 

gamme d'activités biologiques. La famille des Amaryllidaceae synthétise un type unique 

d'alcaloïdes structurellement diversifiés avec diverses activités biologiques, notamment anti-

Alzheimer, antivirales et anti-cancéreuses. Plus de 650 alcaloïdes structurellement différents ont 

été identifiés dans cette famille, et leurs applications médicinales ont été largement explorées, 

fournissant des informations précieuses sur leurs utilisations potentielles. Avec la galantamine 

étant un représentant approuvé par la FDA des alcaloïdes d'Amaryllidaceae (AAs), comprendre 

leurs voies biosynthétiques est un domaine crucial de la recherche actuelle en métabolisme 

spécialisé des plantes pour établir une plateforme plus durable afin de fournir des AAs. 

Malgré leurs structures chimiques diverses, tous les AAs partagent un intermédiaire 

biosynthétique commun, la norbelladine. On pense que deux molécules précurseurs, la tyramine 

et le 3,4-dihydroxybenzaldéhyde (DHBA), subissent des réactions de condensation et de réduction 

pour produire la norbelladine. On suppose que le DHBA est dérivé de la phénylalanine par la voie 

des phénylpropanoïdes. La biosynthèse du DHBA nécessite deux étapes d'hydroxylation 

catalysées par les enzymes de la famille des cytochrome P450 monooxygénases dont CYP73A et 

CYP98A. Le CYP73A convertit l'acide trans-cinnamique en acide p-coumarique, tandis que le 

CYP98A hydroxyle les esters shikimate ou quinate du coumaroyl pour donner du shikimate ou du 

quinate de caféoyl. Le CYP98A peut potentiellement accepter l'acide p-coumarique comme 

substrat pour produire de l'acide caféique, bien que pour cette activité, il y a très peu d’études. 

L'acide caféique peut alors être converti en DHBA, bien que l'enzyme spécifique responsable de 

cette réaction soit encore inconnue. Alternativement, le DHBA pourrait être dérivé du 4-

hydroxybenzaldéhyde (4-HBA), un dérivé proposé de l'acide p-coumarique. Des rapports récents 

suggèrent qu'une peroxydase bifonctionnelle de l'ascorbate peut catalyser l'hydroxylation en 3' de 

l'acide p-coumarique en acide caféique. Cependant, sa capacité à hydroxyler le 4-HBA pour 

produire du DHBA n'a pas été investiguée. 

Nous avons utilisé une analyse bioinformatique pour identifier les enzymes candidates pour 

CYP73A, CYP98A et la peroxydase de l'ascorbate (APX) dans la plante Amaryllidaceae, 
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Leucojum aestivum. Des approches biochimiques ont révélé que CYP73A et CYP98A effectuent 

spécifiquement des hydroxylations en 4' et 3' sur l'acide trans-cinnamique et le p-coumaroyl 

shikimate, respectivement. Cependant, le CYP98A de L. aestivum n'a pas accepté l'acide p-

coumarique ni le 4-HBA pour l'activité d'hydroxylation en 3'. L'activité in vivo de ces enzymes a 

été explorée en utilisant l'expression hétérologue dans Nicotiana benthamiana, démontrant que 

leur surexpression peut augmenter les niveaux des intermédiaires phénylpropanoïdes. Les essais 

enzymatiques in vitro de l'homologue d’APX de L. aestivum n'ont montré aucune activité 

d'hydroxylation sur l'acide p-coumarique ni le 4-HBA, ce qui soulève une controverse sur les 

études précédentes. 

Lorsqu'ils sont exprimés dans N. benthamiana, le CYP73A et le CYP98A ont exhibé une 

localisation à la membrane du réticulum endoplasmique. Leurs profils d'expression génique n'ont 

pas montré de corrélation positive avec la teneur en alcaloïdes des Amaryllidaceae dans les tissus 

végétaux. Au lieu de cela, la teneur en alcaloïdes était plus positivement corrélée avec l'expression 

des enzymes de la voie en aval, y compris la norbelladine synthase (NBS), la 

noroxomaritidine/norcraugsodine réductase (NR) et la norbelladine 4'-O-methyltransferase 

(N4'OMT). Cette étude fournit une base pour une exploration plus approfondie des voies 

biosynthétiques des phénylpropanoïdes des Amaryllidaceae. 

Dans la deuxième partie de cette thèse, la construction de la voie principale des AAs a été tentée 

en utilisant une plateforme CRISPR-Cas9 multiplex et un système d'expression plasmidique. La 

tyrosine décarboxylase (TYDC), NBS, NR et N4'OMT ont été intégrées de manière stable dans S. 

cerevisiae à 4 loci différents. Dans la plateforme d'expression plasmidique, ces gènes ont été 

exprimés à partir des plasmides pESC-LEU et pESC-URA. L'objectif était idéalement d'évaluer la 

production de la 4'-O-méthylnorbelladine en tant qu'intermédiaire central de la voie des AAs dans 

des levures supplémentées en DHBA. Les extraits métaboliques des levures ont été analysés par 

LC-MS après leur alimentation avec les substrats correspondants. Les souches de levures 

génétiquement modifiées ont pu produire de la norbelladine à une concentration de 0,2 mM après 

supplémentation avec de la tyramine et du DHBA. La tyramine produite de manière endogène par 

la TYDC surexprimée était probablement en dessous du seuil suffisant pour permettre la 

condensation. Bien que la 4'-O-méthylnorbelladine ait été détectable à des concentrations plus 

élevées de substrats, un signal de fond dans le contrôle négatif a été observé, ce qui reste à clarifier. 

Globalement, le test d'alimentation et l'analyse des métabolites nécessitent une optimisation 
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supplémentaire pour parvenir à une conclusion plus solide. Cette étude constitue une base pour 

une exploration plus approfondie des voies biosynthétiques des AAs et de leurs applications 

pharmaceutiques potentielles  
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Abstract 
Plant-based therapeutics are increasingly integrated into modern medical treatments, with many 

current anti-cancer medicines having plant origins. Notable examples include Taxol, vincristine, 

and vinblastine, to name but a few. Additionally, numerous other plant-derived therapeutics exhibit 

a broad range of biological activities. The Amaryllidaceae family synthesizes a unique type of 

structurally diverse alkaloids with various biological activities, including anti-Alzheimer's, 

antiviral, and anti-cancer properties. Over 650 structurally different alkaloids have been identified 

in this family, and their medicinal applications have been extensively explored, providing valuable 

insights into their potential uses. With galanthamine being an FDA-approved representative of 

Amaryllidaceae alkaloids (AAs), understanding their biosynthetic pathways is a crucial area of 

current research in plant specialized metabolism to establish a more sustainable platform to supply 

AAs. 

Despite their diverse chemical structures, all Amaryllidaceae alkaloids (AAs) share a common 

intermediate, norbelladine, in their biosynthesis. Two precursor molecules, tyramine and 3,4-

dihydroxybenzaldehyde (DHBA), are believed to undergo condensation and reduction reactions 

to produce norbelladine. DHBA is hypothesized to be derived from phenylalanine through the 

phenylpropanoid pathway. This pathway converts the amino acid phenylalanine into various 

phenylpropanoids, including flavonoids, lignin, coumarins, etc. contributing to plants' structural 

integrity and environmental interaction. The biosynthesis of DHBA through the phenylpropanoid 

pathway requires two hydroxylation steps catalyzed by the Cytochrome P450 monooxygenase 

(CYP) enzymes CYP73A and CYP98A. CYP73A converts trans-cinnamic acid to p-coumaric 

acid, while CYP98A further hydroxylates shikimate or quinate esters of coumaroyl to yield 

caffeoyl shikimate or quinate. CYP98A can potentially accept p-coumaric acid as a substrate to 

produce caffeic acid, although there are limited reports of this activity.  Caffeic acid may then be 

converted to DHBA, even though the specific enzyme responsible for this reaction is still 

unknown. Alternatively, DHBA could be derived from 4-hydroxybenzaldehyde (4-HBA), a 

proposed derivative of p-coumaric acid. Recent reports suggest that a bifunctional ascorbate 

peroxidase can catalyze the 3' hydroxylation of p-coumaric acid to caffeic acid. Still, its ability to 

hydroxylate 4-HBA to produce DHBA has not been investigated. 

This study utilized bioinformatic analysis to identify candidate enzymes for CYP73A, CYP98A, 

and ascorbate peroxidase (APX) in the Amaryllidaceae plant Leucojum aestivum. Biochemical 
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approaches revealed that CYP73A and CYP98A specifically perform 4' and 3' hydroxylation on 

trans-cinnamic acid and p-coumaroyl shikimate, respectively. However, CYP98A from L. 

aestivum did not accept p-coumaric acid or 4-HBA for 3' hydroxylation activity. In vivo activity 

of these enzymes was explored using heterologous expression in Nicotiana benthamiana, 

demonstrating that overexpression of these enzymes can increase the levels of phenylpropanoid 

intermediates downstream of these enzymes. The in vitro enzymatic assays of the APX homolog 

from L. aestivum showed no hydroxylation activity on p-coumaric acid or 4-HBA, raising 

controversy for the previous report. 

When expressed in N. benthamiana, CYP73A and CYP98A exhibited endoplasmic localization 

patterns with overlapping localization patterns to an endoplasmic fluorescent protein. Their gene 

expression patterns did not positively correlate with the Amaryllidaceae alkaloid content in plant 

tissues. Instead, the alkaloid content was more positively correlated with the expression of 

downstream pathway enzymes, including norbelladine synthase (NBS), 

noroxomaritidine/norcraugsodine reductase (NR), and norbelladine 4'-O-methyltransferase 

(N4'OMT). 

In the second part of this project, the construction of AAs core pathway was attempted using a 

Multiplex CRISPR-Cas9 platform and a plasmid expression system. Tyrosine decarboxylase 

(TYDC), NBS, NR, and N4'OMT were stably integrated in S. cerevisiae in 4 different loci. In the 

plasmid expression platform, these genes were expressed from pESC-LEU and pESC-URA 

plasmids. The goal ideally was to evaluate the production of 4'-O-methylnorbelladine as a central 

intermediate for the AAs pathway in yeasts supplemented with DHBA. Yeast metabolite extracts 

were analyzed by LC-MS after feeding them to the corresponding substrates. Genetically modified 

yeast strains could produce norbelladine at 0.2mM supplementation with tyramine and DHBA. 

Endogenously produced tyramine by the overexpressed TYDC probably was below the threshold 

sufficient for the condensation. Although 4'-O-methylnorbelladine was detectable at higher 

substrate concentrations, a background signal in negative control was observed that remains to be 

clarified.  Overall, feeding assay and metabolite analysis need to be further optimized for a better 

conclusion. This study provides a foundation for further exploration of the biosynthetic pathways 

of AAs and their potential pharmaceutical applications.
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Chapter Ⅰ 

1. Introduction 

1.1 Plant specialized metabolites  
 

Plants are sessile organisms, anchored in one place and cannot move. As a result, they have 

evolved various adaptations to respond to environmental changes and threats, such as producing 

specialized metabolites (SMs). Unlike primary metabolites, SMs or natural products fulfill diverse 

ecological functions rather than directly being involved in plant growth and reproduction. Plant 

SMs are multifaceted tools that facilitate environmental interactions, including defense against 

herbivores, communication with other organisms, and adaptation to various stresses. While 

primary metabolites are essential for basic cellular functions and are universally present in all 

organisms, SMs exhibit a remarkable degree of specialization tailored to specific ecological niches 

and environmental challenges [1, 11]. However, the differentiation between SMs and primary 

metabolites in function may not be easily distinguished. For instance, Phenylpropanoid-derived 

flavonoids, usually classified as SMs, play multiple roles involving the development of plant 

reproductive organs such as pollen tubes and seeds, seed dormancy, and maturation, essential for 

plant survival [12, 13]. These compounds have been reported to facilitate plant-microorganism 

communication to establish symbiosis in legume rhizobium during nodulation [13]. During water 

and oxidative stress, the upregulation of antioxidant phenylpropanoids prevents cellular damage 

by scavenging reactive oxygen species (ROS) [14]. A strong correlation between caffeic acid 

derivatives and flavonoid glycoside accumulation and salt and UV stress has been demonstrated, 

highlighting the role of SMs in abiotic stresses [15]. Pseudomonas syringae bacterial infection of 

tobacco (Nicotiana tabacum L.) was reported to significantly trigger the accumulation of 

phenylpropanoid derivatives, especially p-coumaric acid [16]. Phenylpropanoid derivatives were 

also shown to be involved in fungi resistance. For instance, a study showed a high feruloyl quinic 

acid content in resistant carrot genotypes (Daucus carota L.) compared to the susceptible 

genotypes when infected by Alternaria dauci [17]. In palm trees (Phoenix dactylifera L.), 

temporary upregulation of caffeoyl shikimic acid in certain physiological stages possibly 

contributes to resistance to Fusarium oxysporum [18]. The strong anti-fungal activity of 
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phenylpropanoid derivatives from the needles of Picea neoveitchii, as efficient as synthetic 

fungicide carbendazim, proposes a promising eco-friendly alternative [19]. As an anti-herbivory 

function, in chrysanthemums, chlorogenic acid and feruloylquinic acid are present in higher 

concentrations in thrips-resistant genotypes compared to susceptible ones, effectively 

differentiating their resistance to thrips [20].  

In addition to their diverse role in native hosts, SMs possess a broad range of industrial 

applications, such as flavoring, cosmetics, dye, pharmaceuticals, nutritional supplements, natural 

preservatives, etc. [21]. It was reported that 40% of approved drugs between 1981 and 2014 were 

natural products [22] with plants as a leading source. Plant-based therapeutics are often expensive 

because of the challenges in chemical synthesis, low production rate in native hosts, purification 

from complex extracts, etc. [23]. A limited number of them have succeeded in commercial 

production using biotechnological approaches. Notable examples include Taxol, a potent anti-

cancer agent; berberine, used for its anti-diabetic properties; shikonin, known for its anti-

inflammatory benefits and applications in the cosmetic industry; and artemisinin, a key treatment 

for malaria [23].  

  

 The precursors of specialized metabolic pathways branch off from the basic metabolic 

processes found in all plants (Figure 1-1). Despite having structurally conserved precursors, SMs 

are unique to specific plant lineages. Their structural diversity in different plant lineages is a 

testament to the complexity and diversity of plant biology and contributes significantly to plant 

adaptation and survival in fluctuating habitats. [24, 25].  

1.2 Biogenesis and evolution of SMs pathways 
From a genetic perspective, despite the vast range of diversification and biological functions, 

specialized metabolite pathways utilize similar enzymes that catalyze oxidation, reduction, and 

conjugation processes, including glycosylation, methylation, and acylation. Through gene 

duplication, either by whole-genome duplication or tandem local duplication, and 

neofunctionalization of this common enzyme set throughout evolution, the diversification and 

species-specific repertoire of SMs likely emerged, which is considered divergent evolution of plant 

SMs [26-28]. As an example of divergent evolution, the specialized metabolic pathways 

responsible for glycoalkaloid production in tomatoes and potatoes belonging to the Solanaceae 

family have evolved divergently from a common triterpene pathway through the recruitment of 
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distinct enzymes. This exemplifies lineage-specific enzyme evolution, or divergent evolution, 

wherein unique biochemical pathways arise within related taxa [29].  

In contrast to divergent evolution, convergent evolution is proposed as a possible explanation 

for the presence of structurally identical SMs in phylogenetically distant plant lineages [24]. For 

instance, sesamin, a specialized lignan that accumulates highly in dietary sesame seeds (Sesamum 

spp.), is observed not only in phylogenetically related species of Lamiales, such as Paulownia spp., 

but also in phylogenetically unrelated species of angiosperms and gymnosperms [30], highlighting 

the convergent evolution of this pathway in different lineages. Interestingly, CYP81Q1 from 

Sesamum spp. catalyzing two sequential methylenedioxy bridge formations is absent in 

phylogenetically distant sesamin-producing species. The other well-known example of SMs 

distributed in both related and distant species (Theobroma cacao, Camellia sinensis, Citrus 

sinensis) is caffeine from coffee trees belonging to purine alkaloids [31, 32]. Although the 

occurrence of specific SMs, like sesamin or caffeine, through convergent evolution is more 

reasonable due to their relatively simple biosynthetic pathways from core compounds like 

coniferyl alcohol, the presence of (deoxy)podophyllotoxin presents a more intricate case. This 

antitumor lignan is found in a variety of plant species across different phylogenetic lineages, 

suggesting a convergent evolution of a much more complex biosynthetic pathway [24]. 

 

1.3 Classification of plant SMs 
SMs can be classified in various ways, including categorization based on their structural 

features, composition, the origin of their biosynthetic pathways, and solubility properties [1]. The 

major classification of SMs primarily relies on their chemical structure and biosynthetic pathways, 

which categorize them into three main classes: terpenoids, phenolics, and alkaloids belonging to 

the nitrogen-containing specialized metabolites (Figure 1-2). 

 

1.3.1 Phenolics 

As the most abundant SMs, phenolic compounds constitute approximately 40% of total organic 

carbon in plants [33] [34]. The structure of phenolic compounds consists of one or more phenolic 

rings containing one or more hydroxyl groups [34]. Phenolics are generally synthesized through 

the phenylpropanoid pathway and divided into subgroups, each with a distinct physiological 

function. There are some exceptions of phenolics that are synthesized directly through the shikimic 
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acid pathway (e.g., hydrolyzable tannins) [33]. The pathway and representative structures of 

phenolics and their physiological roles in plants are discussed in more detail in subsection 1.4.2.  

1.3.2 Terpenoids 

Terpenoids, the largest group (in terms of diversity) of SMs in the plant kingdom (in terms of 

diversity), encompass over 40,000 compounds with diverse physiological and ecological roles. 

They are crucial for plant growth and development, acting as essential components in various plant 

hormones (e.g., gibberellin phytohormones) and photosynthetic pigments (chlorophylls and 

Fig 1-1. Interconnection of plant specialized metabolism to the primary metabolism. TCA, 

tricarboxylic acid; MEP, methyl erythritol phosphate. Source [1]. 
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carotenoids) [35, 36]. This might contradict the early definition of SMs as non-essential 

components of plant growth and development components. Terpenoids are synthesized via the 

mevalonic acid (MVA) pathway in the cytosol and the methylerythritol phosphate (MEP) pathway 

in plastids, which both derive the product of primary metabolism into SMs. These pathways 

produce the 5-carbon isoprene units, isopentenyl diphosphate (IPP), and dimethylallyl diphosphate 

(DMAPP) (Figure 1-2). IPP and DMAPP combine to form geranyl diphosphate (GDP, C10), 

farnesyl diphosphate (FDP, C15), or geranylgeranyl diphosphate (GGDP, C20), catalyzed by 

enzymes like geranyl diphosphate synthase (GDPS), geranylgeranyl diphosphate synthases 

(GGDPS), or farnesyl diphosphate synthase (FDPS). These diphosphates undergo rearrangement 

and cyclization, catalyzed by terpene synthases (TPS), to generate the basic carbon skeletons for 

terpenoids, including monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20), etc. 

Fig 1-2. The MVA and MEP pathways in plants. AACT, acetoacetyl-CoA thiolase; CMK, 4-(cytidine 5′ -diphospho)-
2-C-methyl-d-erythritol kinase; DMAPP, dimethylallyl diphosphate; DXR, 1-deoxy-d-xylulose 5-phosphate 
reductoisomerase; DXS, 1-deoxy- xylulose 5-phosphate synthase; FDP, farnesyl diphosphate; FPPS, farnesyl diphosphate 
synthase; G3P, d-glyceraldehyde 3-phosphate; GDPS, geranyl diphosphate synthase; GDP, geranyl diphosphate; HDR, (E)-
4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; 
HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy-3-methylglutaryl- CoA synthase; IDI, isopentenyl 
diphosphate isomerase; IPP, isopentenyl diphosphate; MCT, 2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase; 
MDD, mevalonate diphosphate decarboxylase; MDS, 2-C-methyld-erythritol 2,4-cyclodiphosphate synthase; MVK, 
mevalonate kinase; MVAP, mevalonate 5-phosphate; MVAPP, mevalonate diphosphate; PMK, phosphomevalonate kinase; 
TPS, terpene synthase. Source [9]. 
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Further modifications such as oxidation, reduction, and conjugation lead to the diverse structures 

and functions of terpenoids [35, 37].  

 
1.3.3 Alkaloids 

Alkaloids are naturally occurring SMs distinguished by the presence of nitrogen in their 

chemical structures. Alkaloids, which constitute about 20% of plant-based SMs, are characterized 

by their low-molecular-weight structures. Around 12,000 alkaloids have been isolated from 

various genera across the plant kingdom [38]. Alkaloids, mainly occurring as solids, are commonly 

found in higher plants. These compounds are notably abundant in a variety of botanical families, 

including Apocynaceae, Annonaceae, Amaryllidaceae, Berberidaceae, Boraginaceae, Gnetaceae, 

Liliaceae, Leguminosae, Lauraceae, Loganiaceae, Magnoliaceae, Menispermaceae, Papaveraceae, 

Piperaceae, Rutaceae, Rubiaceae, Ranunculaceae, Solanaceae, and many others [39]. Alkaloids 

are synthesized in various plant tissues, including leaves, roots, bark, and seeds, and are 

subsequently transported to specific tissues where they serve a defensive role. These compounds 

protect plants by deterring and combating abiotic and biotic stresses such as pests, fungi, bacteria, 

and insect larvae. Additionally, alkaloids exhibit allelopathic properties, inhibiting the growth of 

nearby competing plants. Through these mechanisms, alkaloids play a crucial role in plant survival 

and defense, contributing to the plant's ability to thrive in its environment [40, 41].  

The diverse biological activities of alkaloids originate from the unique arrangements of atoms 

within their molecular frameworks. The structural variations in alkaloids lead to various 

pharmacological effects, making alkaloids valuable for medicinal and therapeutic applications. 

The intricate molecular architecture of alkaloids allows them to interact with multiple biological 

targets, resulting in properties such as analgesic, antimalarial, anticancer, and antibacterial 

activities [42]. The study of alkaloid structures and their bioactive potential continues to be a 

significant area of research in natural product chemistry and drug discovery. 

 

1.3.3.1 Classification of alkaloids 

Alkaloids are classified into three categories based on their biosynthetic origins: true alkaloids, 

protoalkaloids, and pseudoalkaloids. True alkaloids and protoalkaloids originate from amino acids 

such as tyrosine, tryptophan, lysine, and L-aspartate, but they differ in their chemical structures. 

True alkaloids incorporate a nitrogen atom within their heterocyclic ring (e.g., nicotine), while 
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proto alkaloids do not (e.g., colchicine). In contrast, pseudoalkaloids have a basic carbon skeleton 

not derived from amino acids [43]. For example, caffeine is a xanthine alkaloid originating from a 

nucleoside, adenosine [41]. 

In addition to their biosynthetic origin and chemical structure, alkaloids can be grouped based 

on their distribution in the same plant genera. For example, opium alkaloids generally refer to 

morphine, codeine, noscapine, thebaine, and papaverine alkaloids produced in Papaver 

somniferum L. [41]. Vinca alkaloids, including leurosine, vinblastine, and vincristine, are 

synthesized in Catharanthus roseus. Notably, vinblastine and vincristine are two prominent 

commercial anti-cancer chemotherapeutics [44].  

 

1.4 Amaryllidaceae alkaloids (AAs) 
 AAs represent a diverse group of over 650 naturally occurring SMs found exclusively within 

the subfamily of Amaryllidoideae in the Amaryllidaceae plant family. Amaryllidaceae are 

characterized as perennial herbaceous species, predominantly thriving in tropical and subtropical 

regions worldwide [45]. Renowned for their ornamental beauty and medicinal properties, 

Amaryllidaceae plants have captured scientific interest due to their broad range of biological 

activities. These alkaloids exhibit significant therapeutic potential, making them subjects of active 

research in pharmacology and drug discovery. Their biological activities range from antitumor and 

antimicrobial effects to neurological and anti-viral properties, to name but a few [46, 47]. So far, 

galanthamine is the only FDA-approved AA that is prescribed for the treatment of mild symptoms 

of Alzheimer's disease due to its strong acetylcholinesterase inhibitory effect [48, 49]. 

Galanthamine is produced by many Narcissus, Galanthus, and Leucojum species, all belonging to 

the Amaryllidaceae family. AAs have been thoroughly explored from multiple angles, focusing on 

their biosynthetic origins, the discovery of associated enzymes, and their chemical structures [8, 

45, 50]. The classification of AAs has changed frequently due to discoveries, group similarities, 

and varying scientific criteria, making a universal system challenging to establish (Figure 1-3) 

[50]. 

 
1.4.1 Biosynthesis of AAs 

Amaryllidaceae alkaloids are isoquinoline alkaloids originating from the aromatic amino acid 

tyrosine [8, 50]. Despite structural diversity, the AA pathway shares a common precursor, 
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norbelladine (Figure 1-3). It has been proposed that DHBA and tyramine, derivatives of 

phenylalanine and tyrosine, undergo condensation and subsequent reduction to generate 

norbelladine [51, 52]. It was reported that norbelladine synthase (NBS) and norcraugsodine 

reductase (NR) could more effectively perform these two consecutive reactions together compared 

to individually [51]. Further protein-protein interaction assays confirmed the formation of a protein 

complex between these two enzymes, possibly allowing the intermediate to be channeled more 

effectively [51]. Norbelladine undergoes methylation to generate scaffold intermediate 4′-O-

methylnorbelladine by the enzyme norbelladine 4′-O-methyltransferase (N4′OMT) [53]. 

Subsequently, 4′-O-methylnorbelladine can undergo different oxidative coupling reactions by 

CYP96T enzymes to initiate different branches of AAs [54, 55] (Figure 1-3).  

In the Amaryllidaceae alkaloid pathway, tyramine and DHBA serve as precursor molecules, 

originating from the decarboxylation of tyrosine and the phenylpropanoid pathway, respectively 

(Figure 2-1). Tyrosine decarboxylase is a well-established enzyme that directly decarboxylates 

tyrosine to tyramine. This enzyme has been proposed to be a rate-limiting enzyme in the 

benzylisoquinoline alkaloids (BIA) biosynthetic pathway. Recombinant TYDC from opium poppy 

was able to decarboxylate L-dopa and L-tyrosine-tyrosine with comparative affinity to yield 

dopamine and tyramine, respectively [56]. Dopamine can be condensed with 4-hydroxyphenyl 

acetaldehyde (4-HPAA) to produce (S)-norcoclaurine, the first committed BIA molecule, which 

can be derivatized to several BIA such as berberine, sanguinarine, noscapine, papaverine, codeine, 

morphine, etc. [57]. A TYDC isoform from A. thaliana demonstrated a high level of specificity to 
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Fig 1-3. Proposed biosynthetic pathway of Amaryllidaceae alkaloids. Each class of AAs and 
corresponding branch are depicted in different colors: norbelladine (purple), cherylline (green), 
galanthamine (red), lycorenine (yellow), lycorine (brown), crinine/haemanthamie (pink), pancrastatin 
(dark gray), montanine (blue), and tazettine (light gray). Enzymes identified biochemically from 
Amaryllidaceae plants are shown in blue text. A solid arrow represents one enzymatic reaction, whereas 
a dashed arrow with an asterisk mark represents multiple enzymatic steps. Abbreviations are PAL, 
phenylalanine ammonia lyase; TYDC, tyrosine decarboxylase; NBS, norbelladine synthase; N4OMT, 
norbelladine 4’-O-methyltransferase; CYP96T1, cytochrome P450 monooxygenase 96T1; and NR, 
noroxomaritidine reductase. (Color figure online). Source [8]. 
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tyrosine rather than other candidate substrates. Expression of this gene was positively correlated 

with wounding, implying that tyramine might be exclusively involved in defense mechanisms in 

A. thaliana [58]. The TYDC form Amaryllidaceae plants has been reported from Lycoris aurea to 

catalyze the conversion of L-tyrosine more efficiently than L-dopa to corresponding products [59]. 

This enzyme was characterized from another Amaryllidaceae plant, Lycoris radiata, with the 

ability to catalyze the decarboxylation of L-tyrosine, and its transcriptional pattern was positively 

correlated with the galanthamine content of the plant tissues [60]. 

Figure 1-4. Simplified phenylpropanoid pathway and diversification to different branches of phenolics. 
Representatives of each subgroup are shown in the boxes. Source [2]. 
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In contrast, the biosynthesis of DHBA, the other precursor of AAs via the phenylpropanoid 

pathway, is a multi-step process that has not been fully explored in Amaryllidaceae plants (Figure 

2-1). DHBA indeed shares a common biosynthetic route with other major classes of SMs known 

as phenolics and phenylpropanoids. However, each of them may utilize a different intermediate as 

a branchpoint, leading to a distinct class of metabolites.  

 

1.4.2 Phenylpropanoid pathway, contribution to AAs pathway 

The phenylpropanoid pathway represents a crucial metabolic cascade involved in the 

biosynthesis of a wide variety of SMs utilizing the phenylalanine pathway or, in some cases, 

tyrosine as starting precursors. The pathway, dating back to early plant evolution, plays a 

fundamental role in carbon assimilation and the synthesis of diverse phenolic compounds essential 

for various facets of plant biology, including growth, defense, and adaptation to environmental 

stimuli (Figure 1-4) [2, 11, 61]. 

The phenylpropanoid pathway branches into multiple downstream pathways, producing a distinct 

class of phenolic compounds. Notable among these are flavonoids, lignin, coumarins, and phenolic 

acids (Figure 1-4). Flavonoids, known for their vivid colors, serve versatile roles such as UV 

protection, pigmentation, and attraction of pollinators [62]. Lignin, a complex polyphenolic 

polymer, gives structural integrity to plant cell walls, thereby contributing to mechanical support 

and water transport [63]. Coumarins, aromatic compounds widespread in various plant species, 

exhibit diverse pharmacological properties and are linked to defense mechanisms against biotic 

stresses [64]. Phenolic acids exhibit antioxidant and antimicrobial properties and play significant 

roles in plant defense responses against pathogens and herbivores. 
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Phenolics subgroups Function & Application Reference 

Flavonoids 

Flavones 

Flavanols 

Flavanonols 

Flavanones 

Aurones 

Auronols 

Anthocyanidins 

plant growth & development, pigmentation, 

fertility, UV protection, scavenging reactive 

oxygen species (ROS) 

[65], [66], 

[67], [68], 

[69] 

Isoflavonoids 

Isoflavones 

Isoflavones 

Isoflavones 

chemoattractant, inducers of nitrogen-fixing 

root nodule formation 
[70] 

Stilbenes & stilbenoids - 

UV protection, defense against external stresses 

or infections, anti-aging properties, application 

in pharmaceutical, food, and cosmetic 

industries 

[71], [72], 

[73] 

Coumarins 

Simple coumarins 

Furanocoumarins 

Pyranocoumarins 

Phenylcoumarins 

Dihydrofurocoumarins 

Biscoumarins 

chemical defense, phytoalexins, iron 

mobilization, plant-microbe interactions, root-

shoot communication, scavenging reactive 

oxygen species (ROS), application in the 

perfume industry 

[2], [65], 

[74], [75], 

[76] 

Monolignols 

p- coniferyl alcohol 

sinapyl alcohol 

coumaroyl alcohol 

building blocks of lignin and lignan, providing 

a mechanical barrier to pathogens, structural 

support, durability, longevity, and resistance of 

heartwood in tree species against pathogenic 

fungi (tree species), cytostatic, anti-

inflammatory, antioxidant, antimicrobial, anti-

obesity, and anti-cancerous effects 

[2], [77], 

[65], 

Phenolic acids 

Hydroxycinnamic acid 

group 

Hydroxybenzoic acid 

group 

plant growth and development, defense against 

pathogens, signaling molecules in plant-

microbe interaction, antioxidant properties for 

humans, prevention of diabetes, cardiovascular 

diseases, and cancers 

[78], [79], 

[80] 

Phenylpropanoid polymers 

Cutin 

suberin 

sporopollenin 

Water Barrier (suberin, cutin), 

resistance to chemical and enzymatic 

degradation (sporopollenin) 

[2], [81] 

Table1.1. Phenolics, their subgroups, and functions in plants. The information was mainly 
extracted from [2]. 
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(Table 1-1). Furthermore, beyond their structural and defensive roles, these phenylpropanoid-

derived metabolites serve as signaling molecules, mediating intercellular communication, and 

modulating physiological processes. Their involvement in signal transduction pathways 

underscores their importance in orchestrating adaptive responses to fluctuating environmental cues 

[2, 82].  
The phenylpropanoid pathway in Amaryllidaceae plants is proposed to be linked to the AAs 

pathway via DHBA. The pathway is initiated by phenylalanine ammonia-lyase (PAL), or 

bifunctional phenylalanine/tyrosine ammonia-lyase (PTAL), and is interconnected with the 

shikimate pathway, channeling carbon into aromatic amino acids. PAL or PTAL activity is 

widespread in plants and some microorganisms but absent in animals [83]. The following sections 

discuss the candidate enzymes involved in the pathway potentially leading to DHBA.  

 

1.4.2.1 PAL 

PAL is a pivotal enzyme as the gateway enzyme in the general phenylpropanoid pathway. It is 

responsible for carbon flux from primary to specialized metabolism by catalyzing the conversion 

of the aromatic amino acid phenylalanine into trans-cinnamic acid by eliminating ammonia. PAL 

initiates the cascade of reactions that lead to synthesizing diverse phenolic compounds essential 

for various physiological functions in plants (Figure 1-5). This enzyme is part of a large 

superfamily of histidine ammonia-lyases (HALs) and PTALs found in bacteria. While PAL 

primarily acts on L-phenylalanine in dicotyledonous plants, PAL from certain monocots like maize 

can also catalyze the conversion of L-tyrosine to p-coumaric acid [84-86]. PAL arises from a multi-

gene family in plants, resulting in various isoforms. These isoforms form tetrameric enzymes in 

vivo, with size and substrate affinity differences [61].  

PAL expression is regulated transcriptionally in response to environmental and developmental 

cues. Different PAL genes exhibit unique spatial and temporal expression patterns, suggesting 

distinct functions in plant growth and ecological response. In Populus species, PAL1 is 

predominantly expressed in non-lignifying tissues involved in condensed tannin synthesis, while 

PAL2 isoform shows expression in both heavily lignified and non-lignified tissues, indicating its 

unique temporal and spatial expression pattern [87]. In Arabidopsis thaliana, PAL1, PAL2, and 

PAL4 are closely linked to lignin biosynthesis, while only PAL1 and PAL2 are associated with 
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flavonoid biosynthesis [88]. PAL activity undergoes intricate regulation, spanning transcriptional 

and post-translational levels, encompassing processes such as ubiquitination, proteolysis, and 

Figure 1-5. The biosynthesis of lignin units. The shaded areas represent major discoveries in the evolving 
understanding of lignin biosynthesis in plants. The gray shading illustrates the model of lignin biosynthesis as it was 
understood in the 1980s. The brown shading highlights the shikimate shunt and the substrate preferences of P450 enzymes, 
discoveries made in the 1990s. The blue shading indicates the identification of 5H- and C-lignin monomers that were 
subsequently discovered. The green shading marks the most recent steps identified in the lignin biosynthesis pathway. 
PAL, l-phenylalanine ammonia-lyase; PTAL bifunctional l-phenylalanine/l-tyrosine ammonia-lyase; C4H, cinnamate 4-
hydroxylase; APX/C3H (in the original paper, it is labeled C3H), 4-coumarate 3-hydroxylase (bifunctional Ascorbate 
peroxidase/Coumarate 3-hydroxylase (APX/C3H) is proposed as a new candidate for 3' position hydroxylation of p- 
coumaric acid); COMT, caffeate/5-hydroxyferulate 3-O-methyltransferase; F5H, ferulate 5-hydroxylase/coniferaldehyde 
5-hydroxylase; 4CL, 4-hydroxycinnamate:CoA ligase; HCT, 4-hydroxycinnamoyl CoA: shikimate/quinate 
hydroxycinnamoyl transferase; C3’H, 4-coumaroyl shikimate/quinate 3’-hydroxylase; CSE, caffeoyl shikimate esterase; 
CCoAOMT, caffeoyl CoA 3-O-methyltransferase; CCR, cinnamoyl CoA reductase, CAD, cinnamyl alcohol 
dehydrogenase. Source [10]. 

 

APX/ 
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perhaps phosphorylation. Additionally, metabolic feedback mechanisms play a significant role in 

modulating its expression [61]. PAL's transcription and function are hindered by its product, trans-

cinnamic acid [89], and other related intermediates like p-coumarate, caffeic acid [90], and 

flavonol aglycones [91]. Structural analyses indicate a tight binding of trans-cinnamic acid to the 

active site, leading to inhibition [92].  

1.4.2.2 Cinnamate 4-hydroxylase (CYP73A, C4H) 

Hydroxylation of the aromatic ring in cinnamates, catalyzed by cinnamate 4-hydroxylase (C4H), 

is a central process in the phenylpropanoid pathway (Figure 1-5), yielding a wide range of phenolic 

compounds crucial for plant structure, UV protection, antioxidant activity, antimicrobial defense, 

and flavor development [93]. C4H is a member of the extensive CYP450 enzyme family, which 

spans all life domains. Within the CYP450 enzymes, C4H is categorized under the CYP450 

subfamily 73 (CYP73), which falls within the CYP71 clan. While C4H is traditionally considered 

exclusive to land plants, its product, p-coumarate, has been detected in diverse algae species [94]. 

This finding suggests the existence of an alternative pathway, which could involve either the direct 

hydroxylation of tyrosine by TAL enzymes or the activity of highly divergent C4H homologs. 

Notably, TALs have primarily been observed in monocots, indicating the potential involvement of 

a different CYP73 subfamily enzyme in algae [94, 95]. A phylogenetic analysis of C4H sequences 

from seven land plants, using a well-characterized A. thaliana C4H as a query, along with seven 

streptophyte algal sequences, revealed that all seven land plants grouped in a single clade, 

indicating their evolutionary relationship with C4H homologs from other plants. Interestingly, no 

algal sequences clustered with this group. Instead, four distinct clades of streptophyte algal 

CYP450 enzymes were identified. Some algal sequences showed closer genetic distances to the 

C4H-like clade than to sequences from land plants, suggesting potential candidates for para-

hydroxylation activity that needs further investigation [25]. 

C4H belongs to the subfamily of class II monooxygenases within the CYP450 superfamily, 

which utilize molecular oxygen to hydroxylate substrates. This class of CYP450 enzymes uses 

NADPH as an electron donor, with CYP450 reductase, a flavoprotein, mediating the transfer of 

electrons between NADPH and the main CYP450 enzyme (Figure 1-6). These two enzymes are 

believed to function as a protein complex and colocalize on the exterior surface of the endoplasmic 

reticulum [96]. Most cytochrome P450 enzymes in eukaryotes, anchored to the endoplasmic 
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reticulum (ER) membrane, serve as nucleation sites for metabolon formation, increasing metabolic 

efficiency. For instance, PAL activity is associated with the ER membrane within the 

phenylpropanoid pathway, potentially interacting with cytochrome P450 enzyme C4H for 

metabolite channeling. Studies support this concept, showing co-localization of PAL and C4H, 

with PAL isoforms binding more strongly to C4H when co-overexpressed. These findings suggest 

a spatial organization of enzyme complexes influencing metabolic efficiency [97, 98]. In 

Arabidopsis, only one copy of the gene encodes C4H (AtC4H), expressed in all tissues and 

responds to various stimuli, indicating its diverse roles in phenylpropanoid metabolism. In 

contrast, other plants, like alfalfa, maize, orange, etc. have multiple C4H genes, resulting in 

multiple isoforms, each potentially playing distinct physiological roles in plants. However, the 

specific roles of individual C4H isoforms in SMs production are poorly understood [99]. 

 

 

1.4.2.3 4-coumarate Coenzyme A Ligase (4CL), main branch point of the phenylpropanoid 
pathway 

Figure 1-6. The schematic of the hydroxylation mechanism of plant CYP450 
monooxygenases. Source [3]. 
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p-coumaric acid, the product of C4H, is subsequently converted to p-coumaroyl-CoA by the 4-

coumarate coenzyme A ligase (4CL) [100, 101]. p-coumaroyl-CoA is a key branch point 

metabolite that serves as a precursor for directing carbon flow toward the synthesis of a diverse 

array of metabolites, including (iso)flavonoids, monolignols, lignans, and sinapate esters [102]. 

4CL often exists as multiple isoenzymes, each with distinct substrate affinities that align with 

specific metabolic functions (Figure 1-5) [101]. In A. thaliana, 4CL1 could activate p-coumaric 

acid and ferulic acid, but 4CL2 only accepts p-coumaric acid [103]. 4CL4 was later identified with 

a significantly higher affinity to sinapate [101]. 

 

1.4.2.4 Hydroxycinnamoyl CoA: shikimate/quinate Hydroxycinnamoyltransferase (HCT) 

HCT catalyzes the transfer of hydroxycinnamoyl groups from p-coumaroyl-CoA to 

shikimate or quinate, forming hydroxycinnamoyl shikimate or quinate esters. This reaction is 

essential for producing intermediates, leading to the biosynthesis of monolignols, the building 

blocks of lignin. The activity of HCT helps regulate the flow of carbon through the 

phenylpropanoid pathway, influencing the composition and structure of lignin and other phenolic 

compounds (Figure 1-5) [82]. The dual function of this enzyme, transferring the caffeoyl from 

caffeoyl shikimate back to CoA moiety, generates caffeoyl-CoA that derives metabolic flux to 

other soluble phenolics and other subunits of lignin polymer [104]. Caffeoyl shikimate is generated 

by the second hydroxylation on p-coumaroyl shikimate catalyzed by the CYP98A enzyme, which 

is discussed in the following section. 

 

1.4.2.5 The CYP98A enzyme family, 3′ hydroxylase of phenylpropanoids 

 The second hydroxylation in the phenylpropanoid pathway is catalyzed in the 3′ positions of 

coumaroyl esters by the CYP98A enzyme family. The substrate specificity of CYP98 enzymes 

varies across different plant families, a topic extensively explored by Alber et al. [4]. In 

angiosperms, the evolution of CYP98 enzymes involved a series of gene duplications and losses, 

resulting in multiple copies with diverse substrate preferences. Some CYP98 isoforms in 

angiosperms exhibit a narrow substrate preference, favoring p-coumaroyl-shikimate, an 

intermediate in lignin biosynthesis (Figure 1-5). This function directs upstream phenolic 

intermediates towards two monolignols: conifer alcohol, which is hydroxylated at the 4′ and 3′ 
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positions of the phenolic ring, and sinapyl alcohol, which is hydroxylated at the 4′, 3′, and 5′ 

positions of the phenolic ring. These monolignols form guaiacyl (G) and syringyl (S) units in lignin 

(Figure 1-5). In angiosperms, G and S units are more abundant in the lignin structure [105].  

Some CYP98A isoforms in angiosperms show distinct substrate acceptance, accommodating 

numerous p-coumaroyl-esters and -amines, producing a wide range of hydroxycinnamoyl 

conjugates with different functions. For instance, a CYP98 isoform in A. thaliana appears to accept 

tri-hydroxycinnamoyl-spermidines, playing a role in pollen coat biosynthesis rather than the lignin 

pathway [106]. In Coleus blumei, CYP98A14 is responsible for the 3′ hydroxylation in 4-

coumaroyl-3′,4′-dihydroxyphenylactate and caffeoyl-4′-dihydroxyphenylactate, which serve as 

precursors for rosmarinic acid biosynthesis in this plant [107]. Similarly, CYP98A35 from the 

coffee tree can efficiently act on p-coumaroyl quinate, as on p-coumaroyl shikimate [108]. Two 

distinct isoforms of CYP98A from Populus trichocarpa, namely CYP98A23 and CYP98A27, 

exhibit contrasting substrate preferences. CYP98A27 demonstrates a more specific preference for 

p-coumaroyl shikimate/quinate, whereas CYP98A23 displays a broader range of substrate 

acceptance (Figure 1-7). CYP98A85 isoform of Amborella trichopoda showed a similar substrate 

range with P. trichocarpa CYP98A23, efficiently metabolizing 4-coumaroyltyramine, 4-

coumaroyl-octopamine, and tri-coumaroylspermidine. Interestingly, CYP 98A85 preferred these 

substrates more than p-coumaroyl shikimate/quinate. In contrast, the CYP98A84 isoform of 

Figure 1-7. Distinct substrate preference of CYP98A P450s from different plant species. Source [4]. 

https://en.wikipedia.org/wiki/Amborella_trichopoda
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Amborella trichopoda was more like CYP98A27 P. trichocarpa in terms of substrate range, with 

the highest preference for p-coumaroyl shikimate/quinate (Figure 1-7).  

The pine (Pinus taeda, gymnosperm) enzyme CYP98A19 demonstrates versatility in substrate 

utilization. While it exhibits a preference for 4-coumaroyl-shikimate as its primary substrate, it 

also efficiently converts 4-coumaroyl-quinate and various other substrates, such as prenyl-4-

coumarate, benzyl-4-coumarate, and 4-coumaroyl-anthranilate. Its substrate utilization profile 

aligns more closely with 4-coumaroyl-shikimate/quinate-specific angiosperm CYP98s than with 

angiosperm CYP98s with a broader substrate range (Figure 1-7) [109]. 

In the fern lineage, an early vascular plant, CYP98A104, showed the highest activity with 4-

coumaroyl anthranilate and tri-4-coumaroyl-spermidine, with no activity observed for 4-

coumaroyl shikimate/quinate [109]. CYP98A38 exhibited poor conversion rates for 4-coumaroyl 

anthranilate and no activity with 4-coumaroyl shikimate in lycopod plants, also an early vascular 

plant. In contrast, in moss plants (bryophytes), as representative of early non-vascular plants, 

CYP98A34 displayed the highest activity with 4-coumaroyl anthranilate and noticeable activity 

with 4-coumaroyl shikimate, isoprenyl 4-coumarate, and 4-coumaroyl tyramine (Figure 1-7) [4]. 

Overall, the substrate specificity of CYP98 enzymes varies across different plant families, 

reflecting the evolutionary diversification of phenylpropanoid metabolism in land plants. While 

CYP98A enzymes across various plant lineages exhibit promiscuity, a notable characteristic of this 

enzyme family is its distinct preference for p-coumaroyl shikimate and quinate esters in 

angiosperms, including both monocots and dicots, as well as gymnosperms [109]The 

hydroxylation activity of this enzyme on p-coumaroyl shikimate forms caffeoyl shikimate, which 

can subsequently be converted to caffeic acid by caffeoyl shikimate esterase (CSE) (Figure 1-5).  

1.4.2.6 Caffeoyl shikimate esterase (CSE) 

 CSE in the phenylpropanoid pathway was identified first from A. thaliana through coexpression 

analysis and functional studies [110]. Genes coexpressed with known lignin biosynthetic pathway 

components were analyzed, and CSE was found to be consistently coexpressed with lignin 

pathway genes despite having no previously known role in lignin biosynthesis. CSE-reporter 

fusion proteins were created and detected in lignifying vascular tissues to validate their role, 

suggesting involvement in lignification. Two mutants of CSE (cse-1 and cse-2) were studied, 

revealing reduced lignin content, altered lignin composition, and accumulation of the lignin 
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pathway intermediate caffeoyl shikimate, indicating that CSE converts caffeoyl shikimate into 

caffeic acid (Figure 1-5). Functional validation was further achieved as recombinant CSE 

hydrolyzed caffeoyl shikimate into caffeate, confirming CSE's critical role in the lignin 

biosynthetic pathway [110].  

A chain-shortening enzymatic reaction can potentially yield DHBA directly from caffeic acid 

(Figure 2-1). While the enzyme responsible for DHBA synthesis remains uncharacterized in plant 

sources, p-hydroxycinnamoyl CoA hydratase/lyase (4-HCHL) from Pseudomonas fluorescens, 

and its close homolog in Pseudomonas putida, has been documented for catalyzing chain 

shortening of similar substrates, p-coumaroyl-CoA, caffeoyl-CoA, and feruloyl-CoA to yield 

respective aldehydes: 4-HBA, DHBA, and vanillin [111, 112]. 

 

1.4.2.7 Biosynthesis of 4-HBA from p-coumaric acid, a route to DHBA 

The synthesis of 4-HBA, a precursor to SMs like vanillin (4-hydroxy-3-methoxybenzaldehyde) 

and AAs, involves multiple potential pathways, as evidenced by the diverse enzymatic activities 

in various plant systems. In Vanilla planifolia cell cultures, identifying 4-hydroxybenzaldehyde 

synthases (4-HBS) highlights one pathway [113]. This enzyme catalyzes the production of 4-HBA 

from p-coumaric acid in the presence of a thiol reagent without requiring a cofactor. The reaction 

proceeds non-oxidatively, as evidenced by the production of acetic acid and the absence of 4-

hydroxybenzoic acid, a product of oxidative chain shortening. This process hydrates the 2,3 double 

bond of p-coumaric acid and cleaves the side chain, producing acetate and 4-HBA. Additionally, 

the specificity of the enzyme for p-coumaric acid suggests that this compound may be a major 

precursor in vanillin biosynthesis in V. planifolia. Other proposed pathways include converting p-

coumaric acid to their Coenzyme A esters, chain-shortening analogous to fatty acid oxidation, or 

non-oxidative pathways directly converting p-coumaric acid to 4-HBA. These findings underscore 

the complexity of vanillin biosynthesis and suggest multiple routes by which plants may produce 

aromatic compounds like vanillin, contributing to the diversity of flavors and fragrances observed 

in nature [113]. 
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For decades, the biosynthesis of benzaldehyde in plants has been a mystery. A recent study 

provides biochemical and genetic evidence showing that a heterodimeric enzyme consisting of two 

distinct subunits from the NAD(P)-binding Rossmann-fold superfamily, are responsible for plants' 

benzaldehyde formation. This enzyme converts benzoyl-CoA to benzaldehyde via the β-oxidative 

pathway using NADPH (Figure 1-8). It shows strict specificity for benzoyl-CoA and does not 

accept hydroxycinnamoyl-CoA thioesters. Benzaldehyde biosynthesis occurs in peroxisomes, 

where both the enzyme and its substrate, benzoyl-CoA, are found [7]. Hydroxylation of 4-HBA in 

the 3′ position can yield DHBA proposing a new route via phenylpropanoid pathway in 

Amaryllidaceae plants (Figure 2-1).  

 

Figure 1-8. Proposed pathways for benzaldehyde biosynthesis in plants. Enzymes responsible for each 
biochemical reaction are shown in bold black. Solid black arrows show biochemical steps with their encoding 
genes discovered, dashed black arrows show steps established only at the enzyme level, and dashed gray arrows 
present putative steps. Transporters involved in metabolite transport between different subcellular locations are 
in bold magenta, with the flow of metabolites indicated by cyan arrows. CHD cinnamoyl-CoA 
hydratase/dehydrogenase, CNL cinnamate-CoA ligase, CTS peroxisomal cinnamic acid/cinnamoyl-CoA 
transporter COMATOSE. The substrate specificity of CTS is unclear, as indicated by a cyan question mark; 
KAT 3-ketoacyl thiolase, PAL phenylalanine ammonia lyase, pCAT plastidial cationic amino acid transporter, 
Phe phenylalanine, 3O3PP-CoA 3-oxo-3-phenylpropanoyl-CoA. Source [7]. 
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1.4.2.8 A cytosolic Ascorbate peroxidase, a novel candidate with 3′-hydroxylase activity in 
the phenylpropanoid pathway 

It is well accepted that the three lignin polymer subunits, p-hydroxyphenyl (H), guaiacyl (G), 

and syringyl (S), are derived from the phenylpropanoid pathway. Figure 1-5 illustrates the 3' 

position hydroxylation required for guaiacyl and syringyl subunits, which CYP98A facilitates 

through the ester route, involving enzymes such as CSE [10]. Notably, grasses lack CSE 

orthologues, and studies have shown that downregulating other enzymes in the ester route does 

not cause significant phenotypic changes [114]. This has led to speculation about an alternative 3' 

position hydroxylation pathway in these plants that could redirect flux to G and S units [10]. 

Barros' study reported hydroxylation activity of the bifunctional ascorbate 

peroxidase/Coumarate 3'-hydroxylase (APX/C3H) in plants such as Brachypodium distachyon and 

Arabidopsis (Figure 1-5) [10]. However, the orthologue enzyme from Sorghum bicolor did not 

exhibit significant coumarate hydroxylation activity compared to the negative control [115]. The 

phenotypic impairments observed in APX/C3H downregulated lines may not result from the lack 

of hydroxylation activity of this enzyme but could be an indirect effect, as APX has a broad range 

of physiological functions in plants [115]. Furthermore, The APX/C3H enzyme identified in B. 

distachyon in Barros' study was utilized for constructing the curcumin pathway in yeast, which 

requires the hydroxylation of p-coumaric acid to caffeic acid as an intermediate. The yeast 

expressing APX/C3H did not produce any detectable amounts of caffeic acid, unlike the yeast 

expressing CYP98A [6]. Overall, the reaction catalyzed by APX/C3H remains controversial and 

requires further investigation. 

1.4.3 Leucojum aestivum, a source for AAs 

Leucojum aestivum, or summer snowflake, is a Euro-Mediterranean plant belonging to the 

Amaryllidaceae family [116]. This plant is commercially grown for the extraction of galanthamine. 

Lycorine is another prominent alkaloid of this species with strong anti-viral [117] and antimitotic 

activities [118]. It was demonstrated that the quantitative and qualitative composition of alkaloids 

and phenolics of L. aestivum are influenced by different parameters such as genotype, temperature, 

light, soil type, growing season, harvesting time, etc. [119].  

Despite significant advancements in the biochemical analysis of metabolites and their biological 

properties, pathway elucidation in this medically noteworthy species has been neglected. No 

enzymes from the upstream AA pathway leading to precursor molecules have been identified from 
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this plant. This study elucidates the crucial hydroxylation steps of the phenylpropanoid pathway 

in L. aestivum to explore routes toward DHBA (Figure 2-1). Although no unusual C4H activity 

was expected, CYP98A and the newly discovered 3' hydroxylase candidate APX/C3H suggest 

potentially different routes by acting on various substrates (Figure 2-1). 

Understanding these pathways is crucial for future synthetic biology efforts to produce these 

valuable metabolites from simple carbon sources. This sustainable approach could reduce reliance 

on native plants and complex chemical synthesis, providing a stable supply of AAs for 

pharmaceutical and industrial applications. 

1.5 Synthetic biology, a promising sustainable alternative 
While the chemical synthesis of structurally complex alkaloids has been achieved, it often 

results in low final production yields due to their complexity. Synthetic biology offers a promising 

alternative to the challenges of the limited availability of natural products derived from native 

plants. This approach involves leveraging simple organisms like bacteria or yeast, which can be 

metabolically engineered to efficiently produce a wide array of desired natural compounds, 

offering a cost- and time-efficient method. Synthetic biology introduces genes for synthesizing 

specific metabolic pathways into microorganisms such as bacteria and yeast. This transformation 

effectively turns them into cell factories capable of producing plant-based therapeutics. The 

successful production of valuable compounds such as artemisinin, opioids, and vinblastine using 

microbial hosts is a testament to the impressive advancements in synthetic biology. For instance, 

artemisinin, a highly effective anti-malaria drug extracted primarily from Artemisia annua L., has 

been made via de novo semi-synthetic production of its precursor molecule, artemisinic acid, using 

yeast as a heterologous host system. This approach has led to more efficient and environmentally 

friendly production of this valuable compound [120]. Approximately one-third of the world's 

artemisinin supply now relies on microbial production. Additionally, overexpressing 21 and 23 

enzymes from various sources in a yeast system successfully produced representative opioids, 

namely thebaine and hydrocodone, respectively [121]. More recently, the heterologous production 

of vinblastine and vincristine precursor molecules was accomplished by introducing 34 plant 
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enzymes, coupled with more than 22 genetic modifications in the yeast Saccharomyces cerevisiae 

genome [122].  

1.5.1 Multiplex CRISPR-Cas9 for rapid metabolic engineering of plant SMs 

Traditionally, modifying the yeast genome relies on the homology recombination approach, 

which necessitates selection markers and proves time-consuming, mainly when engineering multi-

step pathways [5]. Subsequently, efforts were made to eliminate selection markers using alternative 

recombination methods like Cre-LoxP and Flp-FRT. However, a more time-efficient technique 

became imperative to enhance the metabolic engineering of intricate pathways [5].The Clustered 

Regularly Interspaced Palindromic Repeats (CRISPR) system, coupled with the Cas9 protein, is 

an efficient approach for rapid and precise genetic modification. Utilizing a single-strand guide 

RNA (gRNA), CRISPR-Cas9 creates double-strand breaks (DSBs) in specific regions, directing 

the Cas9-gRNA complex to sequences with complementary sequences to the gRNA [5, 6]. DSBs 

can be repaired through the non-homologous end-joining (NHEJ) mechanism or the homology-

directed repair (HDR) system. However, it has been observed that the NHEJ mechanism is not an 

effective means in yeast for repairing DSBs, often leading to severe toxicity [123]. This presents 

Figure 1-9. Schematic of CRISPR-Cas9 mediated gene integration in the yeast genome. A short guide 
RNA and Cas9 protein are two primary components of the system. Once complementation happens between 
gRNA and the target sequence in the genome, Cas 9 will make a DSB upstream of the PAM site. Yeast can repair 
DBS using donor DNA with 5’ and 3’ homology arms to the cut sites. Source [5]. 
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the opportunity for genome editing in yeast by employing donor DNA that shares homology with 

regions upstream and downstream of the DSBs (Figure 1-9). In the presence of a donor DNA that 

could contain the gene of interest, yeast exhibits efficient repair of the DSBs. However, any 

unrepaired break results in severe toxicity for yeast survival, essentially serving as a robust 

selection marker for genome editing facilitated by the CRISPR-Cas9 system [5]. 

The biosynthetic pathway of plant SMs often involves multiple enzymatic reactions that must 

be reconstituted in a heterologous host for synthetic biology applications. Integrating each enzyme 

using a single gRNA can be time-consuming, especially when several integrations are required for 

a given pathway. Although targeting multiple sites with multiple gRNAs has been achieved, the 

efficiency is often limited by the least effective gRNA [124]. The multiplexed CRISPR-Cas9 

system offers a more time-efficient solution by simultaneously targeting multiple integration sites 

using a single gRNA, facilitating the construction of complex pathways more efficiently. Targeting 

multiple loci in the genome using a single gRNA requires multiple identical sites in the genome. 

Several strategies have been successfully implemented for simultaneously targeting multiple loci, 

which have been extensively discussed by Utomo et al. [124]. Some approaches have utilized pre-

defined identical sequences scattered in the yeast genome, such as the delta (δ) site of Ty 

(transposons of yeast) elements [125] or ribosomal DNA (rDNA) repeats located on chromosome 

XII of yeast [126]. As reported, these approaches, despite having significant outcomes, have 

demonstrated unintended off-target results or severe toxicity caused by multiple cleavages in one 

chromosome, leading to genome instability [124, 127, 128]. Alternatively, some approaches 

utilizing synthetic gRNA target sites were developed for a more controlled multi-copy gene 

integration in the yeast genome. For example, Hou et al. created a wicket system that integrated a 

single target site in multiple intergenic regions with universal homology arms to construct the β-

carotene biosynthetic pathway [129]. Bourgeois et al. developed a concept called landing pad, 

which consists of utilizing multiple pre-tested synthetic gRNA target sites in different copy 

numbers across different genomic loci to better control the copy number of a gene of interest. In 

this system, each synthetic target is targeted by a separate gRNA [130]. In the study done by Baek 

et al., a single gRNA landing pad was installed in up to 6 intergenic loci, each on different 

chromosomes, with unique homology arms allowing integration of each gene in a defined 

integration site. This system created multiple yeast strains capable of integrating 1 to 6 genes in a 

single transformation [5]. Shahsavarani et al. utilized this platform to engineer catharanthine and 
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vindoline, the intermediate molecules of vinblastine and vincristine [131]. This approach was later 

developed by Utomo et al. by employing additional synthetic gRNA target sites on another four 

chromosomes, allowing the integration of up to 8 genes in two sequential transformations [132]. 

Problematic, hypothesis, objectives  
So far, direct extraction from native plants has been the primary source for supplying AAs, 

notably galanthamine. However, this approach often presents significant challenges. The 

production rate of AAs in native plants is usually low. Meeting the pharmacological demand would 

lead to the over-exploitation of native plants in their natural habitats, endangering their existence. 

Furthermore, seasonal and environmental factors affect the production rate in natural habitats. 

Although it is possible to grow these plants commercially for medicinal and ornamental purposes, 

the expected demand for these valuable therapeutics in the future necessitates establishing more 

sustainable approaches to produce them cheaper and faster. Additionally, dedicating thousands of 

acres to cultivate these plants poses challenges such as land usage. 

The key is to characterize the enzymes involved in precursor molecule production and those 

catalyzing downstream reactions and apply this knowledge to AAs pathway construction for 

synthetic biology. In recent years, biosynthetic enzymes involved in the AAs have been discovered 

continuously, including NBS, NR [85], N4’OMT [53], CYP96T [55], and many other novel 

enzymes [133]. However, more efforts are needed to elucidate the enzymes involved in precursor 

biosynthesis to produce these compounds from simple carbon sources via synthetic biology.  

The phenylpropanoid pathway in L. aestivum remains largely unexplored, particularly in its 

enzymatic components. While partial characterization of enzymes such as phenylalanine PAL and 

truncated C4H has been reported in other Amaryllidaceae species [126, 134], the roles of CYP98A 

and a novel hydroxylase candidate APX/C3H have not been investigated in this plant family. 

Exploring the activities of CYP98A and APX/C3H and their potential substrates could provide 

essential biochemical insights and potentially reveal a shorter route toward DHBA, a precursor for 

the heterologous construction of the AAs pathway in suitable host systems. Such insights are 

pivotal for advancing synthetic biology approaches aimed at the sustainable production of these 

valuable metabolites, thereby reducing reliance on native plant sources and complex chemical 

synthesis. 
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1.5.2 Objective 1: Characterization of candidate hydroxylases in the phenylpropanoid 

pathway of the Amaryllidaceae plant, L. aestivum 

The main objective of this study is to characterize candidate hydroxylases and their substrate 

preferences in the phenylpropanoid pathway (Figure 2-1) of L. aestivum, discussed in Chapter Ⅱ. 

This involves several specific aims: (i) conducting an in silico analysis of the L. aestivum 

transcriptome [52] to identify candidate sequences for cinnamate 4-hydroxylase (CYP73A), 

CYP98A, and APX/C3H using homologs from other plant families; (ii) biochemically 

characterizing these enzymes using appropriate heterologous systems, such as yeast for CYP450 

enzymes, N. benthamiana for in vivo evidence, and E. coli for in vitro enzymatic tests of 

APX/C3H; (iii) performing subcellular localization studies of candidate enzymes in N. 

benthamiana using a fluorescent protein tagging system to provide initial evidence for potential 

protein-protein interactions and the existence of a metabolon in the phenylpropanoid pathway; and 

(iv) conducting differential expression analysis of genes in the phenylpropanoid and core 

Amaryllidaceae pathways, correlating these data with metabolite profiling of phenolics and 

alkaloids in various tissues. This approach aims to identify the most relevant steps associated with 

AA content. 

1.5.3 Objective 2: Establishment of AAs core pathway in baker’s yeast 

The AAs core pathway has not yet been reconstructed in microbial systems, except for some 

studies that individually reported the in vivo activity of a few AAs pathway enzymes in yeast and 

bacterial systems [51, 135]. Establishing a platform containing the necessary phenylpropanoid 

pathway genes and early genes for Amaryllidaceae alkaloids is essential. This platform could serve 

as a chassis to further produce any desired Amaryllidaceae alkaloid. This will allow us to link the 

primary metabolism of microbial systems to the specialized metabolic pathways of plant natural 

metabolites, opening new possibilities for sustainable and efficient production. Therefore, it was 

first attempted to reconstitute the AAs central pathway consisting of enzymes TYDC, NBS, NR, 

and N4’OMT, sourced from Amaryllidaceae species, in yeast using multiplex CRISPR-Cas9 

system as previously described [5, 132]. Future studies would further engineer the strain producing 

4-O-methylnorbelladine for the upstream phenylpropanoid pathway to de novo produce this 

compound. As 4-O-methylnorbelladine is a core intermediate for the most biologically important 

AAs, including galanthamine, this objective would provide the initial perception of the pathway 
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bottlenecks for future research. The preliminary outcome of this attempt is discussed in Chapter 

Ⅲ.
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Chapter Ⅱ 
This chapter explores the characterization of potential hydroxylase enzymes within the 

phenylpropanoid pathway of Amaryllidaceae plants. This pathway is believed to synthesize 

DHBA, a precursor molecule for AAs, which requires two hydroxylation steps. The chapter was 

written in article format and published in the Plant Physiology and Biochemistry journal 

(doi.org/10.1016/j.plaphy.2024.108612), and the content unavoidably overlaps with other 

chapters. 

Contribution: Vahid Karimzadegan performed bioinformatic analysis, yeast heterologous 

expression, subcellular localization, metabolite, and differential expression experiments. Manoj 

Koirala contributed to metabolite and gene expression analysis and data visualization. Natacha 

Merindol mainly did protein modeling and molecular docking and contributed to writing the draft 

and revision. Sajjad Sobhanverdi helped with the in vivo enzymatic assay. Bharat Bhusan Majhi 

provided technical mentorship during the project. Sarah-Eve Gélinas performed LC-MS analysis. 

Vitaliy I. Timokhin and John Ralph provided the substrate for the CYP98A enzyme assay and 

assisted with the paper's revision. Mehran Dastmalchi co-supervised the project and assisted with 

the revision of the paper. Isabel Desgagné-Penix supervised the project, provided funding and 

material for the project, and assisted with the writing and revising the paper.  
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2.1 Abstract  
The biosynthesis of AAs starts with the condensation of tyramine with DHBA. The latter derives 

from the phenylpropanoid pathway that involves modifications of trans-cinnamic acid, p-coumaric 

acid, caffeic acid, and possibly 4-HBA, 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 

identified and characterized trans-cinnamate 4-hydroxylase (LaeC4H) and 3ʹ-hydroxylase 

(LaeC3′H), two essential cytochrome P450 enzymes, and the ascorbate peroxidase/4-coumarate 3-

hydroxylase (LaeAPX/C3H). Although LaeAPX/C3H consumed p-coumaric acid, it did not result 

in the production of caffeic acid. Yeasts expressing LaeC4H converted trans-cinnamate to p-

coumaric acid, whereas LaeC3′H catalyzed a 3-hydroxylation specifically of p-coumaroyl 

shikimate rather than of free p-coumaric acid or 4-HBA. 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 membrane localization in 

Nicotiana benthamiana, adding spatial context to their functions. Tissue-specific gene expression 

analysis reveals roots as hotspots for phenylpropanoid-related transcripts and bulbs as hubs for AA 

biosynthetic genes, aligning with the highest AA concentration. This investigation contributes to 

adding valuable insights into the phenylpropanoid pathway within Amaryllidaceae, laying the 

foundation for the development of sustainable production platforms for AA and other bioactive 

compounds with diverse applications.  

mailto:Isabel.Desgagne-Penix@uqtr.ca
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2.2 Introduction 
 

The Amaryllidaceae are pharmacologically potent plant species owing to the production of phyla-

restricted SMs, namely the Amaryllidaceae alkaloids [136-139]. The structurally diverse alkaloids 

from this family are associated with many pharmacological applications. Leucojum 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 [140]. The plant additionally 

accumulates anticancer and antiviral lycorine- and haemanthamine-type AA [141-143]. However, 

due to their variable-to-low abundance in nature, extraction from plants would pose a threat to 

their habitats and the growth of native plants [140]. Microbial platforms, such as bacteria or yeast, 

offer promising alternatives for producing valuable plant-derived compounds through a synthetic 

biology approach [144, 145]. For example, the reconstitution of vinblastine biosynthesis, an 

essential anti-cancer drug, was successfully achieved in Saccharomyces cerevisiae [146]. Such an 

approach requires complete resolution of pathways before reassembly in heterologous hosts.  

The biosynthesis of AA starts with the condensation of DHBA, resulting from the phenylpropanoid 

pathway, and tyramine that is formed through the decarboxylation of tyrosine [8]. The 

phenylpropanoid core pathway starts with synthesizing trans-cinnamic acid from phenylalanine 

by the well-characterized cytosolic enzyme phenylalanine ammonia-lyase (PAL) (Figure 2-1). 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 [102]. Considering the pivotal role of p-coumaric 

acid derivatives in plant metabolism, structure, development, and defense [147], the catalytic role 

of C4H is of 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 characterizations in various plant 

species such as liverworts [148], Madagascar periwinkles [149], poplars [150], and other plants 

[151, 152]. To date, two studies have isolated and partially characterized C4H from 

Amaryllidaceae species, reporting that the overexpression in bacteria of truncated C4H from 

Lycoris radiata and L. aurea yielded p-coumaric acid [134, 153]. 
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Two routes have been suggested, from p-coumaric acid to caffeic acid (Figure 2-1). It was first 

proposed that direct hydroxylation at the acid level could be catalyzed by a CYP98A family 

enzyme, as described following the heterologous expression of Arabidopsis thaliana AtCYP98A 

(referred to as C3H in the presence of p-coumaric acid) in the cyanobacterium Synechocystis spp. 

[154]. A later report suggested that hydroxylation by AtCYP98A instead occurred via p-coumarate 

esters, including p-coumaroyl shikimate and p-coumaroyl quinate (referred to as C3′H in the 

presence of coumarate esters) [155]. 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-coumaroyl quinate as substrates 

over various natural and non-natural compounds, including prenyl-, isoprenyl-, benzyl-, and 

threonyl-coumarates [109]. On the other hand, a bifunctional 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 [10]. However, a recent study challenged this hypothesis when testing 

the activity of APX/C3H from Sorghum bicolor on p-coumaric acid [156]. Caffeic acid can 

potentially yield DHBA to be incorporated into AAs, but the enzyme catalyzing the reaction 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). Heterologous 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 in 

planta enzymatic activity was investigated in Agrobacterium-infiltrated Nicotiana benthamiana. 

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. 
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Figure 2-1. Proposed pathway leading to 4′-O-methylnorbelladine, a common intermediate of AAs. 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. Highlighted in yellow are 
the reactions investigated in this study. Abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-
hydroxylase (CYP73A); 4CL, 4-coumarate:CoA ligase; HCT, hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl 
transferase; C3′H, p-coumaroyl shikimate hydroxylase (CYP98A); C3H, 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 , norbelladine 4′-O-methyltransferase.  

 
 

 
2.3 Materials and Methods 

2.3.1 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 outdoors 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. 
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2.3.2 Bioinformatic analysis, molecular homology modeling and docking 

 The open reading frames (ORF) and the accession numbers were obtained from NCBI 

(ncbi.nlm.nih.gov). Molecular weight (MW) and isoelectric point (IP) were determined using 

Expasy [157]. 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 [158]. GraphPad Prism 8.0.1 

(GraphPad Software, San Diego, California, USA) was used to visualize data. Amino acid 

sequences corresponding to LaeC3′H and LaeC4H were uploaded onto the 

Protein Homology/analogY Recognition Engine V 2.0 (Phyre2) [159] website, RosettaFold [160], 

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 conformations and to prepare receptors 

for docking, as described previously [161]. The structure preparation consisted of correcting 

issues, capping, charging termini, selecting appropriate alternatives, and calculating optimal 

hydrogen position and charges using Protonate 3D. Energy minimization was performed for each 

fixed receptor with a tethered active site that included positioned template substrates inside. 

Ready-to-dock substrates were uploaded from ZINC15 [162], or built from smiles codes with 

MOE builder. All protomers predicted at the enzymatic reaction pH were included as possible 

substrates. The MMFF94× force field was used. Each receptor’s active site was predicted using 

MOE Site Finder and used as a docking site to place substrate using Triangle Matcher as placement 

method for 200 poses and tethered induced fit as a refinement to perform flexible docking. Then, 

the resulting poses were analyzed, and the best pose was presented for each substrate according to 

a comparison with a template’s active site and docking scores. The protein-ligand interaction 

profiler (PLIP) was used to analyze the interactions between substrates and receptors’ residues 

[163], and the images were further processed using PyMOL (Shrödinger). 
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2.3.3 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 [164] 

was grown in LB medium with kanamycin, rifampicin, and gentamicin (Fisher Scientific, ON, 

Canada) at 50, 50, and 30 μg.mL-1 final concentrations, 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.  

2.3.4 Chemicals  

Caffeic acid (98%), ferulic acid (99%), and papaverine (98%) reference standards were purchased 

from Millipore Sigma (Massachusetts, USA).  

p-coumaric acid (98%), trans-cinnamic acid (98%), 4-HBA, and DHBA reference standards were 

bought from Fisher Scientific (Ontario, Canada). p-coumaroyl shikimate and caffeoyl shikimate 

were chemically synthesized [165]. 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. mL-1 in methanol and stored in the dark at -20 °C. 

2.3.5 RNA extraction, cDNA synthesis, and differential expression analysis 

 One hundred 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 1.5 mL 

Eppendorf tubes. Total RNA was extracted using TRIzol reagent (Invitrogen, Fisher Scientific) 

according to the manufacturer’s instructions. After treatment with DNAse, quantification was done 

using a 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 the 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 (Figure 2-1 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. Histone3 from L. aestivum was used as the internal 

control. The threshold cycle (Ct) value of each gene was normalized against the Ct value of the 
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reference gene. The relative gene expression levels were determined using the comparative ∆∆Ct 

method [166] by utilizing the average Ct values obtained from the technical triplicates. The 

obtained results were analyzed and visualized via CFX Maestro software (Bio-Rad). 

2.3.6 Cloning, transformation procedure, and protein expression 

Gene-specific forward and reverse primers (Table A1-1) were designed to isolate the coding 

sequences of C4H, C3′H, and APX/C3H from the cDNA of L. aestivum. The open reading frames 

(ORFs) of LaeC4H and LaeC3′H, each in-frame with a Myc tag, were sequenced (Table A1-2) 

and cloned into the yeast expression vector pESC-LEU-CroCPR. Specifically, LaeC4H was 

inserted between ApaI and SalI restriction sites, while 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). A colony PCR 

was performed to isolate positive colonies 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 to express 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 drop-out) with 10% galactose for 24 hours in 

the same condition. Microsome preparation, adapted from [27], involved resuspending cells in 

TES buffer (20 mM Tris-HCl [pH 7.5], 1 mM EDTA, 0.6 M sorbitol) and dividing into pre-chilled 

1.5 ml tubes. The TES-yeast solution, containing 1mm glass beads, was chilled, and cells were 
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mechanically lysed using a TissueLyser (Qiagen, ON, Canada) at 30 Hz for 5 min (3 repetitions 

with cooling intervals). Lysed cells were centrifuged at 5,000 rpm for 20 min at 4 °C, and the 

supernatant was subjected to ultracentrifugation (Optima l-90k, 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 (Novage) strain. Colony PCR 

was conducted to screen for positive transformants. Expression and purification steps of 

LaeAPX/C3H followed as described in [10, 161]. SDS-PAGE was performed to validate protein 

expression and purification. 

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

The in vitro enzymatic assay for LaeC4H was performed according to [167], with a minor change 

in terms of incubation. Briefly, the reaction was adjusted to 600 μL total volume containing 50 μg 

microsomal 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 [155], with minor modifications. 

Three different substrates, p-coumaroyl shikimate, free p-coumaric acid, and 4-HBA (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 incubated 

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 [10]. 
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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 for 10 min at 12,000 rpm, and diluted 

10-fold in the mobile phase (formic acid 0.1% v/v in milli-Q water and formic acid 0.1% v/v in 

methanol (90:10)). Analyses were conducted using HPLC-MS/MS as described below. 

To determine the kinetic parameters of LaeC4H and LaeC3′H, enzymatic assays using a constant 

concentration of microsomal fractions while varying the concentration of respective substrates (in 

the case of LaeC3′H, only p-coumaroyl shikimate 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 enzymes' maximum reaction rate (Vmax) and Km were 

determined using the Michaelis-Menten equation and non-linear regression analysis in GraphPad 

Prism 8.0.1. 

2.3.8 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. Compound 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 column reconditioning before 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 temperature 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. 
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2.3.9 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 the pBTEX binary vector in a frame with a yellow fluorescent protein (YFP) under the CaMV 

35S promoter [168]. The resulting vectors, pBTEX-LaeC4H-YFP and pBTEX-LaeC3′H-YFP, 

were transformed into the E. coli DH5α chemical competent cells using heat-shock. 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 kanamycin, rifampicin, and gentamicin, at the final concentration of 50, 50, and 30 

μg.mL-1 respectively. Colony PCR was performed to select the positive transformants.  

The transient expression in N. benthamiana, using A. tumefaciens bacteria, was conducted as 

described previously [161]. To explore the subcellular 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 a Leica TCS SP8 confocal laser scanning microscope (Leica, 

Wetzlar, Hesse, Germany). The excitation and emission wavelengths for YFP visualization were 

488 and 500-525 nm, 405 and 420-490 nm for CFP, and 587 and 610 nm for mCherry, while 

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).  

2.3.10  Metabolite extraction and analysis 

One gram of L. aestivum sample corresponding to the different plant parts, such as flower, stem, 

leaf, bulb, and root, was ground under the liquid nitrogen using a mortar and pestle. A portion of 

the homogenized powder was kept for RNA extraction. 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 temperature, followed by centrifuging at 10,000 x g to remove plant 

debris. Samples were dried using a 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 Corporation, NY). Target metabolite analysis was performed for 
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phenylpropanoids and AA. The LC-MS/MS method used is described in subsection 2.11 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 

reconditioning of the column before 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 an internal standard. All the 

relative quantities of different metabolites were normalized with the highest amount in each tissue 

type and visualized by using Graph pad Prism 8.0.1 

2.3.11  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 a negative control. 

Additional appropriate controls are listed in Table A1-3. Subsequently, 2 days post-

agroinfiltration, leaves were treated with 100 μM of substrates and then incubated under the same 

conditions. After 24 hours, 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 described in subsection 2.9 with a minor modification. 

A second analysis was performed in duplicate following a 10-fold metabolite concentration before 

injecting in HPLC-MS/MS. 

2.4 Results 

2.4.1 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 

[52]. The NCBI accession numbers are as follows: UIP35210 (LaeC4H), UIP35212 (LaeC3′H), 

and MW971972.1 (LaeAPX/C3H) (Table A1-2). Predicted hypothetical molecular weights (MW) 

and isoelectric 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, with homologous sequences selected from monocot, dicot, 

gymnosperm, pteridophyte, and bryophyte species. LaeC4H shared a high amino acid sequence 
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identity of 94.5% with Amaryllidaceae Lycoris radiata. Substantial identity is 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 (Figure 2-2 A and Figure A1-1). 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 homolog in Narcissus papyraceus. Compared to LaeC4H, LaeC3′H was more distantly 

related to other homologs, such as monocot SbiC3′H (71%), dicot AthC3′H (73%), gymnosperm 

PtaC3′H (73%), and bryophyte PpaC3′H (64%) sequences (Figure 2-2 B and A1-2). LaeC4H and 

LaeC3′H and their Amaryllidaceae paralogs formed a clade with monocot species adjacent to the 

dicot clade but further from a gymnosperm, pteridophyte, and bryophyte homologs (Figure 2-2). 
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Fig 2-2. The phylogenetic tree of L. aestivum enzymes, LaeC4H and LaeC3′H, indicated with circles (●). The analysis 
was performed using the Maximum Likelihood method with 1,000 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_026426522), 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_002440001), P. taeda (AAL47685), P. patens (XP_024360823), Anthocero agrestis (QPI70542), CYP73A 
(UIP35210) from L. aestivum was used as an outgroup. The bootstrap values are indicated at the branch points. 
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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 binding to the cytoplasmic surface of the endoplasmic reticulum membrane 

[169, 170]. Using multiple sequence alignment, we identified the characteristic membrane-

anchoring domain in LaeC4H (Figure A1-1), 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 homologs (Figure A1-2). 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 (Figure A1-1 

and A1-2) [170-172]. The helix I motif (AAIET including conserved Ala306 and Ala307), 

speculated to play a role in proton transfer and oxygen activation, was conserved in all aligned 

C4H sequences, including LaeC4H (Figure A1-1) [173]. Similarly, a proposed oxygen binding 

motif (AGMDT) [174] was found to be conserved among C3′H homologs. The heme-binding 

domain (FGVGRRSCPG in C4H and FGAGRRVCPG in C3′H) is a key feature of the CYP450 

superfamily, which was indeed preserved in both LaeC4H and LaeC3′H along with other plant 

species (Figure A1-1 and A1-2). This segment encompasses the cysteine pocket enclosing the 

heme and interaction with Cys447-S in a hydrophobic environment.  

2.4.2 Prediction of substrate interaction for LaeC4H and LaeC3′H 

LaeC4H and LaeC3′H structures and active sites were modeled to gain further understanding of 

their activity. LaeC4H and LaeC3′H were structurally similar, visible as a α-helix-rich triangular 

shape, like other CYP450s (Figure 3A and B, Figure A1-3, Table A1-4). The active site in both 

enzymes forms a large canal crossing the enzyme. The heme pocket is deeply buried within the 

protein large cavity, and two lobes extend from this stem on both sides (Figure 2-3A and B, Table 

A5). The left side lobe lined by the F and G α-helices is speculated to be the substrate entry port 

(Figure A1-3) [147]. The disparity between LaeC3′H and LaeC4H in the sequences of the A, F, 

and G helices and the connecting loop with B′ α-helix likely confers unique specificity onto each 

CYP450 enzyme towards various substrates. The right extension is longer in the LaeC3′H 

predicted structure, possibly allowing the binding of larger substrates. Molecular docking was used 

to study substrates' orientation, affinity, and interaction with LaeC4H and LaeC3′H. The 
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interactions between trans-cinnamic acid and LaeC4H were mapped based on comparing similar 

enzymes in other plant species (Figure 2-3C, Table A1-5). HEPES was first docked into LaeC4H 

to validate our model by comparison with previously crystallized 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 [147] (Figure A1-4). trans-cinnamic acid docked with a score of –5.12 kcal.mol-

1 (Figure 2-3C). The smaller atomic size of this ligand compared to HEPES could be reflected in 

a smaller score [175]. 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 Val118, 

Phe119, Val305, Ala306, Val375, and Phe488 with its phenylpropene portion, as well as an H-

bond between Gln218 located in the F helix and the O at the carboxyl group of the substrate (Figure 

2.3C). Positioning and detected interactions were similar to those in a previous study on SbiC4H 

Fig 2-3. 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. interactions of 
p-coumaric acid (green), 4-HBA (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 
residues interact with both heme and substrate. H-bonds are shown as blue lines, hydrophobic interactions are 
shown as dashed green lines, and salt bridges are shown as dashed yellow lines. 
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[147]. The substrate phenol ring C4 is at 4.2 Å of the heme, a positioning 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 were also studied (Figure 2.3D, 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 A1-5). Upon 

docking, substrates oriented analogously to that of p-coumaroyl shikimate with wheat CYP98A10 

and CYP98A11 [176], i.e., their phenylpropanoid moiety close to the heme center in a bent 

conformation, aromatic 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) (Figure 2.3D, 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. Trp114 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 Ile113 and Thr365, Ala300, Thr304, and Leu369 participated 

in both substrate interaction stabilization through hydrophobic bonding and stabilization of the 

heme. A hydrogen bond with Leu215 and a salt bridge with Lys216 stabilized the shikimate portion 

of p-coumaroyl shikimate (Figure 2-3F). Potential electron donors and acceptors were present in 

the site interacting with all substrates, and the 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 A1-5), 

and a higher distance to the heme, compared to p-coumaroyl shikimate. These results suggest that 

p-coumaroyl shikimate is the most suitable substrate for LaeC3′H. 

2.4.3 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 optimal functionality. We, therefore, chose a 

eukaryotic yeast expression system to provide canonical localization. CYP450s were cloned into 

vectors containing the requisite redox partner, a CYP450 reductase from C. roseus (CroCPR). 
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Microsomal fractions were isolated from strains expressing either LaeC4H-Myc or LaeC3′H-Myc 

recombinant proteins. Expression was confirmed by SDS-PAGE and Western blot analysis, which 

revealed the expected bands. (Figure A1-5).  

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 (Figure 2-4A). The reaction product, p-coumaric acid, was detected at 

all incubation periods above 10 min (Figure A1-6). Thus, the results showed that C4H from L. 

aestivum can efficiently hydroxylate trans-cinnamic acid to produce p-coumaric acid. 

Similarly, recombinant LaeC3′H-Myc was tested with various substrates, including p-coumaroyl 

shikimate, identified as the most probable 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 

(Figure 2-4B and Figure A1-7). In contrast, no reaction product, including no signal for caffeic 

acid or DHBA, was detected when p-coumaric acid or 4-HBA was 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 substrates varied from 100 nM to 30 μM (Figure A1-8). The maximum rate of reaction 

(Vmax) and Km of the enzymes were determined using the Michaelis-Menten equation and non-

linear regression analysis (Table 2-1). LaeC4H (Km 3.32 µM; Vmax 0.17 µM/min) shows higher 

affinity and speed of catalysis toward its substrate than LaeC3′H (Km 22.16 µM; Vmax 5.89 

µM.min-1). 
Table 2.1. 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 
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Figure 2-4. 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 
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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. 
 
LaeAPX/C3H was expressed in a bacterial system and validated using SDS-PAGE (Figure A1-9). 

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 a negative control. Caffeic 

acid was detected in the enzymatic reaction supplemented with p-coumaric acid; however, caffeic 

acid was higher in the negative control (Figure A1-10 and A1-11). Using an increasing amount of 

enzyme in the reaction, p-coumaric acid progressively disappeared, but the caffeic acid level did 

not rise above the level of the negative control (Figure A1-11). This suggests that the enzyme 

consumed p-coumaric acid, but caffeic acid was not the corresponding product. This result is 

consistent with the study of [115] 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 reactions and in the negative control with 4-HBA as a substrate. 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 (Figure A1-11).  

2.4.4 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 (Nls-CFP) in N. benthamina leaf using agroinfiltration 

to explore their subcellular localization. As expected, LaeC4H and LaeC3′H colocalized to the ER 

(Figure 2-4C, 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, which would suggest the localization of both enzymes in the membrane 

region closely associated with the nuclear envelope (Figure 2-4C, bottom panel). The integrity of 

the expressed fusion proteins was validated by western blot analysis using an anti-YFP primary 

antibody (Figure A1-12).  

LaeC4H and LaeC3′H were transiently expressed, and their respective substrates were fed to N. 

benthamiana leaves to confirm their functionality in planta. Unexpectedly, upon expressing 
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LaeC4H and feeding with trans-cinnamic acid, p-coumaric acid was not detected, but p-coumaroyl 

shikimate was observed (Figure 2-5 and Table A1-3). 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 (Figure 2-1). Interestingly, caffeoyl shikimate, 

produced 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 controls, 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 detectable 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 (Figure 2-5 and Table A1-3) in planta. 

 

Figure 2-5. In vivo enzymatic activity of LaeC4H and LaeC3′H. Metabolite extracts from samples listed in Table 
A1-3 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-expressed plants fed with the substrates to assess the effect of target genes 
versus potential effects of agrobacterium infection on phenolic compounds. NA: not applicable. This experiment was 
performed in biological duplicates of 5 leaf pooled samples. 
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2.4.5 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 

(Figure 2-6). Tyrosine and phenylalanine were detected at higher levels in the bulb and flower 

tissues (Figure 2-6A). Tyramine was detected in the bulb and flower tissues but primarily 

accumulated in the roots (a 2-fold increase compared to the bulb). p-coumaric acid, caffeic acid, 

and ferulic acid were detected only in the flowers. In general, AA was detected in several tissues 

and 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. Norgalanthamine, 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. 

 

Figure 2-6. Metabolic profile and expression analyses. A. Targeted metabolite profiling from different tissues of 
L. aestivum. Heat Map showing the relative abundance of AAs (precursors, intermediates, and end products) from 
different parts 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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2.4.6 Differential Expression Analysis  

Both C3′H and C4H are key enzymes of the phenylpropanoid pathway. Their differential 

expression and transcript levels of genes encoding enzymes involved in the biosynthesis of AA 

precursors and end-products were explored in different plant tissues of L. aestivum (Figure 2-6B). 

RT-qPCR analysis showed that transcripts involved in the phenylpropanoid pathway were 

expressed higher in roots than in other parts of the plant. PAL, C4H, C3′H, and TYDC1 were all 

expressed at significantly higher levels in roots (Figure 2-1). Relatively higher expression of 

TYDC2 and C3′H along with other AA-specific genes, including NBS, NR, and N4′OMT (Figure 

2-6B) 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 stems unrelated to the tyramine content of those tissues. 

2.5 Discussion 
Amaryllidaceae plants accumulate SMs, such as specific alkaloids known for their therapeutic 

potential. Their production is controlled by the enzymes involved in their biosynthesis and the 

formation of phenylpropanoids through a complex process. The phenylpropanoid pathway also 

catalyzes the formation of the precursors of lignin, lignans, and flavonoids. The biosynthesis of 

the AA precursor DHBA starts with phenylalanine and requires two hydroxylation reactions [8]. 

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 [177] (Figure 2-1). 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 [155]. Other 

studies suggested that APX/C3H rather catalyzed it in Brachypodium distachyon [10] but not in 

Sorghum bicolor [156]. In the current study, a survey of the transcriptome data of L. aestivum [52] 

allowed the identification of putative LaeC4H, LaeAPX/C3H, and LaeC3′H genes.  

The LaeC4H sequence was highly similar to other monocot C4Hs with distinctive conserved 

domains and active residues. This suggests a very low level of evolutionary pressure during the 

diversification of the land plants. In the predicted model of LaeC4H, trans-cinnamic acid was 

docked in a position consistent with its 4-hydroxylation, yielding p-coumaric acid, as observed in 
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previous reports [134, 153, 178, 179]. We further confirmed that microsomes extracted from 

LaeC4H-transformed yeast catalyze the 4-hydroxylation of trans-cinnamic acid in vitro. The Km 

value for LaeC4H towards cinnamic acid was consistent with values reported elsewhere [148], 

supporting trans-cinnamic acid as the C4H substrate. Previous work on the heterologous 

expression of truncated Amaryllidaceae C4H from L. aurea and L. radiata in bacteria showed that 

the enzyme was functional without its N-terminal membrane domain [134, 153]. However, the 

latter mediates the anchoring to the exterior surface of the ER [180] and ensures the correct sub-

cellular localization. This localization facilitates interactions with the electron donor reductase 

partner and other pathway enzymes [28], potentially promoting the formation of a metabolon for 

efficient metabolite channeling [181].  

The LaeC3′H sequence was also similar to those of monocots, although a little more distant than 

LaeC4H. Alber et al. have discussed the evolutionary analysis of the C3′H family. [109], 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 the 

CYP98A enzyme family [109]. In A. thaliana, C3′H (CYP98A3) also catalyzed 3′-hydroxylation 

of p-coumaroyl quinate [155], whereas C3′H (CYP98A8 and CYP98A9) showed 3′-hydroxylase 

activity toward spermidine-conjugated phenolics [182], and naringenin (in the case of CYP98A9) 

[183]. In wheat, a CYP98A12 isoform could hydroxylate p-coumaroyl tyramine to caffeoyl 

tyramine that was subsequently methylated to feruloyl tyramine as part of a pathogen-induced 

defense response [184]. Considering the substrate promiscuity of C3′H in different plant groups, 

we hypothesized 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. Modeled 

structure and docking analysis suggested that the LaeC3′H pocket was more consistent with 3-

hydroxylation of the large substrates 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 C3′H did not hydroxylate other 

substrates. Thus, LaeC3′H does not catalyze the synthesis of caffeic acid or DHBA.  
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Recently it has been found that direct hydroxylation of free p-coumaric acid is instead catalyzed 

by a bifunctional ascorbate peroxidase/4-coumarate 3-hydroxylase, a non-membrane enzyme 

purified from different plant species [10]. 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 sorghum bicolor [115].  

The enzymes were expressed to verify the activity of LaeC4H and LaeC3′H in planta, 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. In contrast, LaeC3′H combined with 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 (Figure 2-1). In various plant species, p-coumaric acid 

can rapidly be metabolized to p-coumaroyl CoA, serving as a pivotal entry point for different 

metabolic pathways, including the biosynthesis of flavonoids, stilbenes, coumarins, monolignols 

of lignin, among others. Many of these compounds trigger defense mechanisms against wounds 

and external infections [185, 186]. Overall, these results provide in planta evidence of the 

functionality of LaeC4H and LaeC3′H. 

Overall, 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 

catalyzes the production of caffeoyl shikimate, which can produce caffeic acid by caffeoyl 

shikimate esterase (CSE) [110]. 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 [187]. This suggests their ER localization is 

pivotal to efficiently channeling metabolites between the branches. Future studies are required to 

show whether these enzymes are part of a metabolon in Amaryllidaceae plants. 
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At expression levels, transcripts also shared similar tissue repartition. PAL, C4H, C3′H, and 

TYDC1 in L. aestivum showed the 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 than in 

bulb and leaf. 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, and N4′OMT) were expressed in all tissues, 

and N4′OMT) was 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, haemanthamine, narciclasine, norgalanthamine, vittatine, and 11-

hydroxyvittatine 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 [134]. 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 [188]. 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 Amaryllidaceae. Screening for and identifying the LaeC4H and 

LaeC3′H genes is crucial for elucidating AA metabolism in L. aestivum. 

2.6 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 a 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 shikimate to caffeoyl shikimate. LaeAPX/C3H used p-coumaric 

acid as substrate but did not form caffeic acid. This work unravels the reactions involved in the 

first key steps of the biosynthesis of AA. Deciphering AA precursor biosynthesis will facilitate the 
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development of the biosynthetic tools required to produce AA in vitro and help produce important 

pharmaceuticals, such as galanthamine, heterologous hosts to treat the symptoms of Alzheimer’s 

disease. 
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Chapter Ⅲ 
This chapter discusses the establishment of the AAs core pathway in baker’s yeast using the 

CRISPR-Cas9 multiplex platform. It was conducted as a collaborative internship project at the 

University of Calgary in Professor Dae-Kyun Ro’s lab. The chapter was written in article format, 

and its content might overlap with other chapters. Due to time constraints, the results are not 

finalized at the time of writing and may be updated in the final deposit of the thesis.  

Contributions: Vahid Karimzadegan carried out pathway construction, feeding assays, and 

writing the manuscript draft. Rahul Kumar performed the LC-MS analysis. Sajjad Sobhanverdi 

performed the second feeding assay, metabolite extraction. Sarah-Eve Gélinas performed the 

metabolite analysis of the second metabolite extracts. Basanta Lamichhane provided vectors 

harboring NBS, NR, and N4′OMT coding sequences. Dae-Kyun Ro supervised the internship 

project and provided space and materials for it. Isabel Desgagné-Penix supervised the project and 

assisted with revising the manuscript draft. Mehran Dastmalchi co-supervised the project and 

assisted with the revision. 
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3.1 Abstract 
Amaryllidaceae alkaloids (AAs) are a large group of plant-derived specialized metabolites, 

many of which have valuable pharmaceutical or biological activity. There are ∼650 AAs produced 

by thousands of plant species of the Amaryllidaceae family. The diverse chemical structures in this 

metabolite class originate from 4′-O-methylnorbelladine, the last common biosynthetic 

intermediate for all AAs enzymatic pathways. Reconstitution of biosynthetic pathways in a 

heterologous host is a promising strategy for the rapid and inexpensive production of complex 

molecules found in plants. Here, we demonstrate how 4′-O-methylnorbelladine can be produced 

in a Saccharomyces cerevisiae host from known AAs pathway genes. Tyrosine decarboxylase 

(TYDC), norbelladine synthase (NBS), noroxomaritidine/norcraugsodine reductase (NR), and 

norbelladine 4′-O-methyltransferase (N4′OMT) were either integrated in the yeast genome or 

introduced by plasmid, to produce 4′-O-methylnorbelladine from dihdroxybenzaldehyde (DHBA). 

mailto:Isabel.Desgagne-Penix@uqtr.ca
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Our first experiment showed that 4′-O-methylnorbeladine was produced in the genome-integrated 

strain in particular. However, the low production rate and the detection of that in one of the negative 

control replicates in high substrate concentration (1mM) made it inconclusive. Ultimately, based 

on our second experiment, it can be said that genome-integrated strain produces norbelladine, and 

the absence of 4′-O-methylnorbeladine remains to be explored. This work is the first attempt to 

develop the production of complex AAs in a microbial system, and future works can advance the 

de novo AAs by assembling enzymes from different organisms when plugged into the core 

pathway
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3.2 Introduction 
The Amaryllidaceae plant family synthesizes a unique type of specialized metabolite known as 

Amaryllidaceae alkaloids (AAs), which are restricted to these plants. AAs’ broad biological 

activities hold immense potential for future therapeutic applications. This family is considered 

among the most therapeutically important plant species [8]. For instance, galanthamine is the most 

well-known AA, displaying an acetylcholine esterase inhibitory effect. It is one of the few 

clinically important anti-Alzheimer drugs available today. Many other AAs, such as lycorine and 

haemanthaine, have been found to exhibit strong anti-cancer properties, while compounds like 

cherylline possess anti-viral activities [141, 189, 190]. They accumulate trace amounts in native 

plants, causing challenges for clinical purposes and research applications.  

In recent years, CRISPR-Cas9 multiplex genome editing has been developed for yeast, allowing 

the targeting of multiple loci within the yeast genome. This advancement facilitates the metabolic 

engineering of complex, multi-enzymatic pathways in a time-efficient manner by employing 

multiple gRNAs that target different loci. A recent breakthrough in this field is the single gRNA-

mediated (SGM)-CRISPR system, as reported by Baek et al. [5]. This method utilizes a single pre-

installed synthetic gRNA binding site across multiple loci, enabling targeting these loci with just 

one gRNA. Baek et al. integrated six flunisolide biosynthetic pathway genes in the yeast genome 

using this system. Further advancements include the development of a modular multiplex genome-

edit (MMG)-CRISPR platform and an extension of the SGM-CRISPR system. This platform 

incorporates an additional pre-integrated gRNA-binding site, allowing the integration of up to 

eight genes in two sequential transformation steps. Utomo et al. utilized this system to reconstitute 

the curcumin pathway in S. cerevisiae by introducing up to eight genes (Figure 3-1) [6]. 
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Using the MMG-CRISPR platform, we aimed to produce intermediate 4′-O-methylnorbelladine in 

yeast S. cerevisiae (Figure 3-2). The biosynthesis of AA starts with the condensation of DHBA, 

resulting from the phenylpropanoid pathway, and tyramine that is formed through the 

decarboxylation of tyrosine [8]. The enzymes norbelladine Synthase (NBS) and 

noroxomaritidine/norcraugsodine reductase (NR) were reported to catalyze this condensation co-

operatively [51]. Further O-methylation by norbelladine 4′-O-methyltransferase (N4′OMT ) 

results in 4′-O-methylnorbelladine [53], which is a central intermediate for the majority of AAs. 

A new study identified a substantial number of biosynthetic enzymes in the Amaryllidaceae 

alkaloids pathway, including enzymes involved in the biosynthetic pathway of galantamine and 

haemanthamine, which are derived from 4′-O-methylnorbelladine through para-ortho’ and para-

Figure 3-1. Schematic of Modular multiplex genome-edit (MMG)-CRISPR platform in yeast. As 
represented, for each gRNA, four identical synthetic landing pads have been inserted in four different loci 
in the yeast genome. This platform can integrate 8 genes in two sequential transformations. Combination 
of pCut plasmid encoding gRNA1 or gRNA2 and Cas9, with donor DNAs having homology arms 
corresponding to H1, H2, H5, H7 (target sites for gRNA1), and H3, H4, H6, H8 (target sites for gRNA2) 
will facilitate the integration of 8 genes in 8 different loci. For more details, refer to the source [6]. 
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para phenol coupling reactions, respectively [133]. Therefore, future studies would plug the 

proposed central 4′-O-methylnorbelladine producing block into different downstream pathways, 

advancing microbial production of therapeutic Amaryllidaceae alkaloids from cheaper 

intermediates or simple sugar sources.   

Figure 3-2. Yeast engineering for 4′-O-methylnorbelladine production. Genes in 
the core pathway are shown in gray boxes on different chromosomes. The different 
colors flanking the genes of interest represent unique homology arms matching with 
homology arms in the corresponding pTarget plasmids. DHBA is the substrate and 
4′-O-methylnorbelladine is the expected metabolite. 
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3.3 Materials and Methods 

3.3.1 DNA construction and yeast stable transformation using the Multiplex CRISPR-Cas9 

platform. 

The S. cerevisiae yeast strain SBY104 (MATα, HIS3Δ1, LEU2Δ0, LYS2Δ0, URA3Δ0) was used 

for CRISPR-Cas9-based genomic gene integration as described by Baek et al. (2021) [5]. The open 

reading frames of NBS (GenBank: MW971977.1), NR (GenBank: MW971982.1), N4′OMT 

(GenBank: MW971978.1), and TYDC (GenBank: MT468182.1) were cloned under galactose- 

inducible promoter (Gal1) in donor DNA plasmids containing left and right homology arms 

corresponding to the H1, H2, H5, and H7 sites in yeast, respectively. The resulting plasmids were 

transformed into E. coli TOP10 chemically competent cells. 

Using appropriate primers listed in Table A2-1, linear donor DNA fragments were amplified 

from four donor plasmids using Q5 DNA polymerase (Figure A2-1). Yeast transformation was 

performed using the lithium acetate method outlined by Baek et al. (2021). Overnight yeast 

cultures were diluted 1:100 into 30 ml YPD media and grown until the OD600 reached 0.4–0.8. The 

cells were then collected by centrifugation and washed with sterile H2O. Approximately 2 × 107 

cells were mixed with 200 μl of 60% (w/v) PEG, 1 μg pESC-URA: Cas9-gRNA plasmid, and 2 

μg of each linear donor DNA incubated for 15 minutes. Subsequently, 50 μl of 2 mg/ml boiled 

salmon sperm DNA and 18 μl of 2 M lithium acetate were added. The mixtures were incubated at 

42 °C for 40 minutes, cooled on ice, centrifuged, and then incubated in synthetic complex (SC)-

Ura with glucose media for 2 hours at 30 °C before being plated on SC-Ura plates. Plates were 

incubated overnight at 37 °C, followed by 2–3 days at 30 °C. Genomic gene integrations were 

confirmed by colony PCR using Phire Plant Direct PCR Master Mix (Thermo Fisher) using 

primers listed in Table A2-1. Each colony was genotyped at the integration sites using 

intergenomic primers, resulting in an 800 bp product for negative colonies and a 2–3 kb product 

for positive colonies. 

 

3.3.2 Plasmid-based platform construction 

 
The ORFs of NBS and NR were cloned under the GAL1,10 promoter in frame with FLAG and 

MYC tags, respectively, in the pESC-URA vector. The ORFs of the N4′OMT and TYDC were 
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cloned in a pESC-LEU plasmid in the same order. The cloning was performed using the Gibson 

assembly method [191]. Primers are listed in table A2-1. The resulting plasmids were transformed 

into E. coli TOP10 and two plasmids were co-transformed into the yeast BY4742 using the lithium 

acetate method described above. The yeast transformants were selected in the SC-Ura-Leu agar 

plates, and colony PCR was conducted using Phire Plant Direct PCR Master (Thermo Fisher 

Scientific) Mix to identify positive colonies for the feeding assay.  

 

3.3.3 Yeast feeding assay and metabolite analysis 

Yeast strains constructed in this study were tested to produce 4′-O-methylnorbelladine. The 

CRISPR-Cas 9 integrated strain was grown in 5 ml synthetic complete nitrogen base (SC) media 

supplemented with 2% glucose overnight at 30 ◦C with shaking at 200 rpm. The plasmid-based 

yeast strains harboring either four genes or three genes (NR excluded) were grown in 5 ml SC-

Ura-Leu supplemented with 2% glucose in the same condition. Overnight cultures were diluted 

1/100 in 40 ml matching fresh media supplemented with 0.2% glucose and 2% galactose and 

incubated in the same conditions. After 24 h, the cultures were supplemented with 0.2, 0.4, and 

1mM DHBA and tyramine. To test if TYDC can produce tyramine endogenously, yeasts were also 

solely supplemented with DHBA with the above-described concentrations. After supplementation, 

yeast cultures were incubated in the same culture conditions for 72 hours.  

Metabolite extraction was performed using ethyl acetate. Six milliliters of ethyl acetate were 

added to the culture, vortexed for 1 min, and centrifuged at 3500 rpm for 15 min. The upper phase 

was collected and dried entirely under nitrogen [6]. The extracts were reconstituted in 0.5 ml 

mobile phase (50% acetonitrile with 0.1 % formic acid) before LC-MS analysis. 

 

3.3.4 Metabolite analysis 

A Vanquish UHPLC system (ThermoFisher) with an Accucore Polar Premium (150 mm × 2.1 

mm i. d.) C18 column and TSQ Fortis MS were used for sample analysis. The mobile phase 

consisted of water (A) and acetonitrile (B) mixed with 0.1% formic acid. The method used for 

separation consisted of a 7 min hold at 90:10 (A/B), a 3.5 min increase to 0:100, a 4.5 min hold at 

0:100, a 1-minute increase to 90:10, and a 4 min hold at 90:10 to equilibrate the column. The 

solvents were passed through the column at 400 μL/min, and the temperature was held at 30°C. 

Metabolites were ionized via H-ESI (heated electrospray ionization). The MS was set to the 
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following parameters: spray voltage of 3700 V, sweep gas flow rate of 0 respective arbitrary units, 

sheath gas flow rate of 5 respective arbitrary units, auxiliary gas flow rate of 5 respective arbitrary 

units, ion transfer tube temperature of 325 °C, and vaporizer temperature of 325 °C. Full scans in 

positive and negative modes from 100-300 m/z were performed for substrate, intermediate, and 

product detection. For precise detection of 4′-O-methylnorbelladine, selective reaction monitoring 

(SRM) parameters were developed using a 4′-O-methylnorbelladine standard. Positive ion mode 

was used for SRM, with a selected precursor ion [M + H+] of 274.1 and product ions of 93.883, 

121.883, and 136.967. 

3.4 Results and Discussion 
This study aimed to produce 4′-O-methylnorbelladine in S. cerevisiae following the introduction 

of the genes encoding the enzymes NBS, NR, N4′OMT, and TYDC and feeding with DHBA 

(Figure 3-2). Previous studies suggest that NBS and NR cooperatively catalyze the condensation 

of DHBA and tyramine to form norcraugsodine, which is then reduced to norbelladine. This 

observation indicates that the intermediates might efficiently channel between these two enzymes 

through a proposed protein complex, resulting in a higher production rate [192, 193]. Norbelladine 

is methylated to for central 4′-O-methylnorbelladine. The core pathway was successfully 

constructed using genome integration via a multiplex CRISPR-Cas9 platform (Figure 3-3) and a 

plasmid-based expression system (Figure 3-4).  

Yeast strains in this study were fed with different concentrations of tyramine and DHBA or 

DHBA solely 24 hours after transferring to the induction media. Our preliminary metabolite 

analysis of yeast extracts was not conclusive. A weak signal corresponding to 4′-O-

methylnorbelladine seems to be detected in metabolite extracts of yeast SBY104 strain engineered   
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Figure 3-3. Genotyping of the yeasts co-transformed with pESC-Ura::NBS: NR & pESC-
Leu::TYDC: OMT. and yeasts co-transformed with pESC-Ura::NBS & pESC-Leu::TYDC: 
OMT (B). Four colonies from each transformant were subjected to colony PCR using two sets of 
primes from the vector backbone, one amplifying TYDC and NR (same binding sites in pESC-Ura 
and pESC-Leu) and the other amplifying NBS and OMT (N4′OMT) (same binding sites in pESC-
Ura and pESC-Leu). The vectors without inserts could show a band below 250 that was absent in 
the screened clones. The primers are listed in Table A2-1. 

 

Figure 3-3. The genotyping of yeast (SBY104) transformants for 4′-O-methylnorbelladine pathway genes. 
The genotyping was conducted using two primers listed in Table A2-1. Four colonies have been screened for 
integration (C; Colony). Bands between 2-3kb approximately indicate the integration, while bands near 1kb could 
represent no integration. In C1, C2, and C4, successful integration is shown for all the sites. In C3, no positive or 
negative band was amplified for the H7 site, possibly due to a pipetting issue. OMT; N4OMT 
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for four genes (Figure 3-5) when supplemented with 0.2mM of both substrates. Although a 4′-O-

methylnorbelladine peak was detected for all yeast strains expressing AAs core pathway genes in 

higher concentrations of substrates, a weak signal detected from negative control makes it 

inconclusive. It might propose that in higher concentrations of substrates, the spontaneous 

condensation reaction of tyramine and DHBA produces a detectable level of norbelladine, 

followed by methylation via yeast endogenous methyltransferases despite low possibility. 

Norcoclaurine, a counterpart of norbelladine, is a central intermediate in the biosynthesis of 

benzylisoquinoline alkaloids. It forms through the condensation of dopamine and 4-

hydroxyphenylacetaldehyde (4-HPAA). This reaction can proceed spontaneously, especially under 

higher concentrations of the substrates [194, 195].  

The feeding experiment was repeated with the lowest concentration of each substrate tested 

before. The metabolite analysis using HPLC-MS/MS indicated that the yeast with genome-

integrated core pathway genes produces norbelladine (Figure 3-6), which was absent in the 

negative control. 4′-O-methylnorbelladine was not detected in the sample showing norbelladine. 

The absence of 4′-O-methylnorbelladine might indicate that methylation requires a threshold 

norbelladine concentration or that the methylation process is otherwise constrained. Another 

possibility is that a recent study reported that norbelladine methyltransferase exhibits substrate 

promiscuity and can methylate other compounds such as DHBA as well as 4′-O-

methylnorbelladine or even catalyze 3′-methylation of norbelladine. This could provide an 

alternative explanation for the absence of detectable 4′-O-methylnorbelladine in the metabolite 

extracts and should be closely investigated.  

Furthermore, metabolite analysis of samples fed with only DHBA did not show 4′-O-

methylnorbelladine. Although introducing TYDC was ideally aimed at producing tyramine 

endogenously, it might not be sufficient for the detectable production of norbelladine. A study on 

substrate preference of NBS and NR showed that tyramine and DHBA are the best candidate 

substrates for these enzymes; however, the best in vitro enzymatic assay condition could have a 

10% conversion rate [193]. Therefore, a concentration threshold is probably needed for the 

condensation reaction, and the tyramine produced by overexpressed TYDC might be insufficient. 
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On the other hand, although it was not investigated meticulously in this study, one possibility is 

that tyramine can be consumed with competing pathways in yeast or undergo catabolic pathways.  

 

 

 

Figure 3-5. LC-MS analysis of metabolites extracted from yeasts expressing AAs core pathway. 
A; supplemented with 0.2mM (A), 0.4mM (B), 1mM (C) of tyramine & DHBA. BY4742 harboring empty 
pESC-Leucine and pESC-Uracil was considered as a control, D; The corresponding mass spectra 
fragmentation for 4′-O-methylnorbelladine [M+H] += 274.147. 
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4. Conclusion 
In conclusion, this study demonstrates the potential of S. cerevisiae as a platform for producing 

norbelladine and related AAs through the integration of a CRISPR-Cas9-based multiplex genome 

editing system. While the production of 4′-O-methylnorbelladine remains inconclusive due to 

potential limitations in substrate availability, methylation constraints, and competing pathways, 

the findings highlight the importance of optimizing metabolic engineering strategies and 

experimental conditions to achieve efficient biosynthesis of target metabolites. Future studies 

should focus on refining fermentation protocols and addressing enzyme-specific challenges to 

enhance pathway efficiency and product yield. 

Figure 4-6. LC-MS analysis of metabolites extracted from SBY104 expressing AAs core pathway. 
A; Norbelladine standard, B; extracts of SBY104 expressing AAs core pathway supplemented with 
0.2mM tyramine & DHBA (the extraction was performed from three independent cultures. A peak 
corresponding to the norbelladine was detected in all replicates but only the chromatogram of the first 
replicate is shown), C; BY4742 harboring empty pESC-Leucine and pESC-Uracil was considered as a 
control.  
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Chapter Ⅳ 

Conclusion 
 

Despite being a source for AAs, predominantly FDA-approved galanthamine [196] and lycorine 

with promising anti-cancer and anti-viral properties [45, 197], the biosynthetic pathway of AAs’ 

precursors remains unexplored, mainly in L. aestivum. The AAs biosynthetic pathway utilizes two 

precursor molecules, DHBA, and tyramine, which are phenylalanine and tyrosine derivatives [51]. 

Tyramine is synthesized by a single enzymatic reaction catalyzed by TYDC. DHBA is believed to 

be synthesized through the phenylpropanoid pathway, and different possible routes have been 

proposed to yield it using this pathway [8]. Regardless of all possible routes, biosynthesis of DHBA 

from phenylalanine requires two hydroxylation steps. This study primarily aimed to characterize 

candidate enzymes responsible for the hydroxylation steps of phenylpropanoid intermediates 

through different routes (Figure 2-1). 

 As reported by other studies, C4H (CYP73A), C3’H (CYP98A), and, recently, bifunctional 

APX enzymes are the candidates for the hydroxylation steps. Specifically, C4H has been reported 

from many plant families to catalyze the first hydroxylation of trans-cinnamic acid in the 

phenylpropanoid pathway in the 4′ position [11, 198, 199]. The best candidate for the second 

hydroxylation is C3′H (CYP98A), which catalyzes 3′ hydroxylation on p-coumaroyl 

shikimate/quinate with less possibility on free p-coumaric acid. This enzyme demonstrated activity 

on various substrates across different plant families [4]. Recently, an isoform of APX has been 

proposed to play a dual role in some plants, such as A. thaliana and B. distachyon, capable of 

hydroxylating p-coumaric acid and scavenging oxygen free radicals [10]. 

This study has advanced our understanding of the phenylpropanoid and Amaryllidaceae alkaloid 

(AA) biosynthetic pathways by employing a multifaceted approach combining bioinformatics, 

heterologous expression systems, and structural analysis. Through the identification and functional 

characterization of key enzymes such as LaeC4H and LaeC3′H, we have provided insights into 

their roles and mechanisms within the phenylpropanoid pathway in Amaryllidaceae.  

In silico analyses of the full-length ORF sequences of LaeC4H, LaeC3′H, and LaeAPX/C3H 

from L. aestivum showed high sequence identity with their homologs in other plant species, 
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especially with monocots. CYP450 enzymes displayed conserved motifs typical of the CYP450 

superfamily, such as the N-terminal membrane anchoring domain, proline-rich, and hem-binding 

signature motifs. However, compared to LaeC4H, the N-terminal membrane domain in LaeC3′H 

displayed relatively less identity than phylogenetically distant species.  

LaeC4H exhibited efficient in vitro catalytic activity when expressed in the yeast S. cerevisiae, 

a common heterologous host for CYP450 enzyme expression. The kinetic parameters (Km and 

Vmax) observed for LaeC4H were consistent with those of previously characterized isoforms from 

other plant species. However, due to a lack of expertise, we were unable to quantify the enzyme's 

net content in total microsomal fractions to determine the Kcat value despite several attempts.  

Structural modeling and molecular docking further suggested that LaeC4H effectively interacts 

with trans-cinnamic acid, leading to hydroxylation. The sequence of the C4H enzyme is highly 

conserved across different plant lineages, reflecting the critical and universal role this enzyme 

plays in plant metabolism. This conservation potentially indicates intense evolutionary pressure to 

maintain C4H’s structure and function, as any significant variation could disrupt its essential role 

in the phenylpropanoid pathway. The high sequence conservation and strict substrate preference 

of C4H may be necessary to ensure the consistent production of p-coumaric acid, thereby 

supporting the diverse and essential metabolic processes that rely on this compound.  

LaeC3′H, while typically favoring p-coumaroyl shikimate or quinate for the second 

hydroxylation step in the phenylpropanoid pathway of angiosperms, has been reported in some 

studies to hydroxylate other substrates such as spermidine-conjugated phenolics [106], naringenin, 

p-coumaroyl tyramine [183], and various natural and non-natural substrates [4]. LaeC3′H was 

tested with three potential substrates: p-coumaroyl shikimate, p-coumaric acid, and 4-HBA to 

evaluate its activity on different phenylpropanoid intermediates, each potentially yielding DHBA. 

Only p-coumaroyl shikimate was accepted for hydroxylation activity when tested in yeast 

microsomal fractions expressing this enzyme. Like LaeC4H, this enzyme efficiently could 

hydroxylate the corresponding substrate to caffeoyl shikimate with kinetic parameters consistent 

with other reports. 

 For LaeC3′H, as expected, molecular docking indicated that p-coumaroyl shikimate is the most 

suitable substrate, interacting through hydrophobic interactions and hydrogen bonds, with its 

phenylpropanoid moiety positioned favorably for hydroxylation. In contrast, p-coumaric acid and 

4-HBA exhibited lower docking scores, fewer hydrogen bonds, and a lack of salt-bridge 
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interactions with the active site residues. It is hypothesized that the large catalytic pocket of 

LaeC3′H is more suitable for accommodating larger substrates like p-coumaroyl shikimate rather 

than smaller ligands such as 4-HBA or p-coumaric acid. It remains to be examined whether 

substituting bulkier amino acids in the active site of LaeC3′H or other CYP98A homologs can 

stabilize the smaller substrates such as p-coumaric acid or 4-HBA. This could be interesting from 

a synthetic biology perspective as it can shorten the pathway to yield DHA by acting on 4-HBA or 

p-coumarric acid. 

The study successfully confirmed the functionality of LaeC4H and LaeC3′H enzymes in planta 

through transient expression in N. benthamiana leaves, followed by substrate feeding experiments. 

The observed conversion of trans-cinnamic acid and p-coumaroyl shikimate into downstream 

products provides compelling evidence for the enzymatic activity of LaeC4H and LaeC3′H within 

a living plant system. Although direct detection of p-coumaric acid, the product of LaeC4H, was 

not achieved, it is likely due to its rapid turnover by endogenous enzymes such as 4CL and HCT 

in the phenylpropanoid pathway. This rapid turnover highlights the dynamic nature of metabolic 

processes in planta. The increased levels of downstream phenolic intermediates relative to controls 

indirectly support the functionality of LaeC4H. Similarly, plants overexpressing LaeC3′H 

exhibited elevated levels of its direct product, caffeoyl shikimate, and subsequent intermediates 

like caffeic acid, further validating the catalytic role of LaeC3′H in vivo. Future research should 

focus on expressing these enzymes in mutant lines of model plants such as Arabidopsis, where the 

genetic background can be more precisely controlled and the metabolic fluxes more accurately 

monitored.  

The E. coli-expressed LaeAPX/C3H candidate enzyme did not hydroxylate p-coumaric acid or 4-

HBA. However, it was observed that the enzyme consumed p-coumaric acid, though the level of 

caffeic acid remained unchanged compared to the negative control, suggesting that the detected 

caffeic acid might result from non-enzymatic conversion. This finding aligns with reports on the 

APX/C3H homolog from S. bicolor, which reported polymerization of p-coumaric acid rather than 

hydroxylation [115], and challenges studies reporting the hydroxylation activity of this enzyme in 

plants like A. thaliana and B. distachyon [10]. It is proposed that the hydroxylation activity of this 

enzyme may be species-specific and not ubiquitous across all plant families [115]. However, the 

non-functionality of APX/C3H from B. distachyon expressed in yeast further questions the 

enzyme's ability to hydroxylate p-coumaric acid [132]. The latest study isolated the APX/C3H 
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homolog from the Amaryllidaceae plant, L. aurea, using the APX/C3H sequence from B. 

distachyon as a reference. It was claimed recently that this enzyme could hydroxylate 4-HBA to 

DHBA. However, despite being a homolog of the enzyme from B. distachyon, it remains unclear 

why p-coumaric acid was not tested as a substrate, given that it was primarily reported to be a 

substrate for the B. distachyon enzyme. Interestingly, the crucial catalytic residues identified in the 

study are conserved between the APX/C3H homologs from B. distachyon and L. aestivum, 

suggesting a potential for similar catalytic activity. 

The subcellular localization of LaeC4H and LaeC3′H was investigated by tagging these 

enzymes with fluorescent proteins and using Agrobacterium-mediated transient expression in N. 

benthamiana. Both enzymes exhibited endoplasmic reticulum (ER) localization when co-

expressed with an ER-localizing fluorescent protein. This supports the hypothesis that these 

enzymes are part of a larger metabolon within the phenylpropanoid pathway, requiring co-

localization on the ER's exterior surface [98, 200]. Such an arrangement likely facilitates efficient 

channeling of intermediates in response to biotic and abiotic stresses. Further protein-protein 

interaction studies, such as bimolecular fluorescent complementation (BiFC) assays, could provide 

additional evidence for interactions between these enzymes with upstream and downstream 

phenylpropanoid enzymes in Amaryllidaceae plants. 

Differential expression analysis of phenylpropanoid-related genes and AA-specific transcripts 

was conducted using qRT-PCR in various tissues of L. aestivum. The genes encoding PAL, C4H, 

C3′H, and TYDC1enzymes showed the highest transcript levels in the roots. In contrast, NBS, NR, 

and N4′OMT transcripts were most abundant in the bulbs, which accumulate the highest quantity 

of AAs. This suggests that the expression patterns of phenylpropanoid pathway enzymes do not 

directly correlate with alkaloid content in a tissue. This is unsurprising, as these enzymes are 

involved in different branches of the phenylpropanoid pathway, which produce various 

phenylpropanoid compounds for downstream branches. In other words, the Amaryllidaceae 

alkaloid pathway is one of several pathways utilizing phenylpropanoid products as precursors.  

By understanding the tissue-specific expression patterns of key enzymes, we can genetically 

engineer plants to overexpress or suppress specific genes in targeted tissues, leading to increased 

production of desired compounds. For example, enhancing the expression of NBS, NR, and 

N4′OMT in bulb tissues could potentially increase the yield of AAs, although the transformation 
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techniques for genetic engineering of Amaryllidaceae plants need to be well established. In 

addition, understanding bottleneck enzymes would be useful for synthetic biology purposes.  

Synthetic biology presents a promising alternative for producing plant natural products in a 

timely and cost-effective manner. Introducing the enzymes involved in specialized metabolite 

pathways into microbial systems makes it possible to link microbes' primary metabolism with 

plants' specialized metabolism to produce plant-derived therapeutics [146].  

As an internship project, it aimed to establish the AAs core pathway for producing 4′-O-

methylnorbelladine by incorporating enzymes such as TYDC, NBS, NR, and N4′OMT into baker’s 

yeast. This initiative was intended to demonstrate the effectiveness of these enzymes within 

microbial systems and to advance the production of these metabolites through synthetic biology. 

Successful integration of the four genes was achieved using a multiplex CRISPR-Cas9 platform 

[5, 6]. For the plasmid expression system, we utilized two yeast vectors, pESC-URA and pESC-

LEU, which harbored the four (all the genes). Preliminary yeast feeding assay and metabolite 

analysis showed a signal corresponding to 4’-O-methylnorbelladine. A background signal was 

observed in the negative control at higher substrate concentrations, rendering the results 

inconclusive. It is unlikely that yeast produce these metabolites endogenously, suggesting the 

background signal may be due to a technical error or cross-contamination. However, when the 

experiment was repeated using lower substrate concentrations, the CRISPR-based platform 

demonstrated clear production of norbelladine, while 4’-O-methylnorbelladine was not detected. 

Further experiments will be needed to optimize fermentation conditions, metabolite extraction, 

and analyses. Strains producing 4′-O-methylnorbelladine can be further engineered for de novo 

production of AAs in microbial systems. This requires complete elucidation of enzymes involved 

in DHBA synthesis. The first part of this project is such an attempt at DHBA pathway 

characterization. It can be coupled with the second objective of this work to connect AAs specific 

pathway to yeast primary metabolism.  

 

4.1 Final conclusion and future perspective 
This study contributes to elucidating the biosynthetic pathway of AAs precursor, DHBA, by 

characterizing key enzymes involved in phenylpropanoid hydroxylation steps in L. aestivum. 

LaeC4H and LaeC3′H, when expressed in yeast and N. benthamiana, demonstrated catalytic 

activity on trans-cinnamic acid and p-coumaroyl shikimate, respectively, confirming their roles in 



75 
  

the biosynthesis of intermediates of the phenylpropanoid pathway. Furthermore, the study 

challenges previous reports on the hydroxylation activity of LaeAPX on p-coumaric acid to yield 

caffeic acid. Future research might focus on expressing these enzymes in mutant lines of model 

plants to provide definitive evidence of their in planta activity and further elucidate the 

biosynthesis of DHBA. 

Similar subcellular localization of LaeC4H and LaeC3′H in ER might provide evidence for 

metabolon existence in the phenylpropanoid pathway of Amaryllidaceae plants. Additional 

protein-protein interaction studies will be crucial in understanding the dynamic assembly of 

metabolons in this pathway.  

The differential gene expression analysis further indicates that the phenylpropanoid pathway's 

regulation is complex and tissue-specific, with distinct expression patterns of enzymes involved in 

Amaryllidaceae alkaloid biosynthesis.  

The core pathway of Amaryllidaceae alkaloids (AAs) has been successfully engineered in a 

yeast system to demonstrate the proof of concept to produce 4’-O-methylnorbelladine. This 

compound is the latest intermediate in the biosynthesis of all downstream AAs, including 

galanthamine, within a microbial system. These engineered yeast strains provide a foundation for 

future research to further advance synthetic biology approaches for AAs. By integrating plant-

derived enzymes into yeast, this method offers a promising alternative to the over-exploitation of 

natural plant resources for producing valuable plant secondary metabolites.
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Appendix Ⅰ 

Supplementary Data of Chapter Ⅱ 
 

Table A1-1. List of primers used in this study. 

Primer name Sequence Purpose  

LaeC4H-F ATCGGGGCCCATGGATCTCATCCTACTAGAGAAGTCCC Cloning 

LaeC4H-R GATCGTCGACGAACGCTCTAGGTTTGGCCAC Cloning 

LaeC3ʹH -F AGTCGGATCCGTAATACGACTCACTATAGGGCCCATGGATCTCTCTCCTCTCACAGTCT Cloning 

LaeC3ʹH -R AGCCGTCGACCATATCTACGGCCATGCGCTTG Cloning 

LaeAPX/C3H -F GGATCCATGACGAAATCGTACCCCAAGGT Cloning 

LaeAPX/C3H -R GTCGACTTAGGCAAACCCGAGCTCAGA Cloning 

PAL-F GAAAGAGAGATCAATTCGGTG AA RT-qPCR 

PAL-R AGGAAGCCCGTTGTTGTAGA RT-qPCR 

TYDC1-F GTAGCTCCGCATCACCATCC RT-qPCR 

TYDC1-R GACTGCTGCTGCCTCTGG RT-qPCR 

TYDC2-F CTTTGCCAATGGGTTACGCC RT-qPCR 

TYDC2-R GCCCCTGACCATCCTGAAAG RT-qPCR 

C4H-F GACGACCTCAACCACCGCA RT-qPCR 

C4H-R CGTCCGCGACCCGAACTC RT-qPCR 

C3ʹH -F GATCGCCCGAGGAACCG RT-qPCR 

C3ʹH -R GTAGTGGGGCCCGTAATCTG RT-qPCR 

NBS-F AGGAAGCATTTGCTGCATGT RT-qPCR 

NBS-R GAGGGAGGGCACTTGG RT-qPCR 

NR-F GCCGATTCGAAATTGGTGGC RT-qPCR 

NR-F AACAATGCAGGGACAGCCAT RT-qPCR 

OMT-F GGGATATCTCGACACGGGGA RT-qPCR 

OMT-R CCACGAGCGATTAGTGAAGC RT-qPCR 

Histone3-F ACAAGCCTTTGGAAGGGCAG RT-qPCR 

Histone3-R GGAGTGAAGAAGCCCCACC RT-qPCR 
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Table A1-2. Sequencing result of isolated C4H, C3′H, and APX/C3H from L. aestivum. There is 100% 
identity with predicted C4H from RNA-seq data obtained from L. aestivum. A variation in nucleotide number 
1080 was observed that shifts amino acid codes from tryptophan to isoleucine; however, analyzing the 
sequences of C4H homologs in other species, we found the isoleucine is conserved in almost all the species. 
Therefore, we speculated that this variation originated from RNA sequencing errors rather than mutation 
resulting in PCR amplification. A 100% and 99% identity were observed in amino acid levels for LaeC3′H 
and LaeAPX/C3H. 

 
Name of the gene Sequenced obtained in this study 

LaeC4H 

 

ATGGATCTCATCCTACTAGAGAAGTCCCTCCTCGCCGTATTCTTCGCCATCATCCTCAGCATCGTAATCTCCAAACTCCGCGGGAAGAAGCTCAGGCTCCCCCCTGGGCCGCT

CCCGGTCCCCGTATTCGGGAACTGGCTCCAGGTCGGCGACGACCTCAACCACCGCAACCTCACCTCCCTCGCCAAGAGATTCGGCGACTTATTGATGCTGAGAATGGGCCAG

AGGAATCTCGTGGTCGTGTCGTCACCCGACCTCGCCCGCGACGTCCTGCACACTCAAGGGGTCGAGTTCGGGTCGCGGACGAGGAACGTGGTTTTCGATATATTTACCGGG

AAAGGGCAGGACATGGTTTTCACAGTGTATGGTGAGCACTGGCGCAAGATGCGCCGGATCATGACCGTGCCGTTTTTCACCAACAAAGTTGTGAATCAGTACAGGTTTGGT

TGGGAAGACGAAGCTGGTAAAGTGGTGGAGGATGTGAAGAAGGAGCCCACGGCCGCGACCACGGGGATTGTTCTGAGGAAGAGGTTGCAGTTGATGATGTACAACAAC

ATGTATAGGATTATGTTCGACAGGAGATTCGAGAGCGAGGAGGATCCCTTGTTCTTGAGGCTGAAGGCCTTGAATGGAGAAAGGAGCAGGCTCGCGCAGAGTTTCGAGTA

CAATTACGGAGATTTTATCCCCATTTTGAGGCCTTTCTTGAGAGGATATTTGAAGATTTGCAAGCAGGTCAAGGAGAGGAGGTTGCAATTGTTCAAGGATTATTTTCTGGAG

GAGAGGAAGAAGTTGGCAAGCACAAATCCAGCAGATAATGCCGGACTAAAGTGTGCAATTGATCACATCTTGGATGCTGAAAAGAAAGGGGAGATCAATGAGGACAATG

TCCTCTACATTGTAGAGAACATCAATGTTGCAGCCATCGAGACAACCCTCTGGTCGATCGAATGGGGAATAGCAGAGCTAGTGAACCACCCCACCATCCAACAAAAGCTCCG

CGATGAGCTCGACACCCTCCTCGGCCCCGGCGTCCAAATCACCGAGCCCGACACCTACCGCCTCCCGTACCTCCAAGCCGTGATCAAAGAGACCCTCCGCTTACGCATGGCC

ATCCCGCTCCTCGTCCCCCACATGAACCTCCACGACGCCAAGCTCGGTGGCTACGACACCCCCGCCGAAAGCAAGATCCTCGTCAACGCGTGGTGGCTCGCCAACAACCCTG

CCCACTGGAAAGACCCCCAAGAGTTCCGCCCCGAGAGGTTCCTGGAGGAGGAGGCCAAGGTGGAAGCCAATGGCAACGATTTCAGATACATTCCGTTTGGAGTGGGGAG

GAGGAGTTGCCCAGGGATCATACTTGCATTGCCGATCTTGGGGATCACCTTTGGAAGGCTTGTTCAGAACTTTGAATTGCTGCCTCCACCTGGCCAAGACAAGCTTGATACC

ACCGAGAAGGGAGGACAATTTAGCCTGCACATTTTGAAGCATTCCACCATCGTGGCCAAACCTAGAGCGTTCTAA 

 

LaeC3′H 

ATGGATCTCTCTCCTCTCACAGTCTCCATAGCCATCTTCTCTCTCCTTATCTCCTTTCTCCTCTTCAAGAAGCTGACCAGCAAACTGCCCCCGGGCCCAAAGCCATGGCCGGTTG

TAGGCAACCTCTACGACATAAAGCCGATCCGGTTCAGGTGCTTCGCCGAGTGGGCCCAAACCTACGGCCCCATCATGTCGGTCTGGTTCGGGACCATCCTCAACATCGTCGT

CTCAAGCTCCGAGCTGGCGAAGGAGGTGCTCAAGGAGAAGGACCAGAGCCTGGCCGATCGCCCGAGGAACCGGGCAGCTGCCCGGTTCAGCAGGGATGGGAAGGATTT

GATCTGGGCAGATTACGGGCCCCACTACGTGAAGGTGAGGAAGGTCTGCAATCTTGAGCTCTTCTCACCGAAGAGGTTGGAGGGGTTGCGGCCGATTCGGGAGGATGAG

GTCACCGCCATGGTCGAGTCCATTTTCAGGGAATGCACAAAGCAAGATAAGATCGGGAAGAGTTTGGTTGTAAAAAATCACCTCTCTGGTGTCGCCTTCAACAACATTACGA

GGCTTGCATTTGGAAAGCGCTTTGTGAACTCAGAAGGCGTGATAGACGAACAAGGCTTGGAATTCAAGGCGATTGTGGCCAATGGATTGAAATTCGGCGCATCTCTCTCAC

TTGGAGAATACGTGACATGGCTTAAATGGATGTTCCCTTTGGATGAAGAGGCCTTTGCCAAGCACGGAGCTCGTAGAGATCGACTCACTAGAGCCATCATGGAAGAGCACA

CACGTACTCGCAAGGAGAGTGGTGCAAGACAACACTTTGTTGATGCATTGCTTACCCTTCAAGAAAAGTACGACCTTAGTGAAGATACCATCATTGGCCTTCTTTGGGACAT

GATCACCGCAGGAATGGACACGACCGTGATTACTGTGGAATGGGCCATGGCGGAGCTAGTAAAGCACCCAAGAGTACAAGAAAAGGTACAAGAAGAACTAGACCGAGTC

ATTGGAATCGACCGCATCATGACCGAATCCGATTTTCCCAACCTCCCATACCTCCATTGCGTTGTAAAAGAAGCCCTTCGCCTCCACCCTCCAACCCCCCTCATGCTCCCCCAC

AAAGCCTCTGCCAACACAAAGCTTGGTGGATATGACATCCCAAAGGGAGCGGTTGTGCACGTCAATGTGTGGGCCATCGCACGCGACCCGAATTTGTGGAAAAATCCATTA

GAATTTCGCCCGGAAAGATTTCAAGAAGAGAATATTGATATCAAAGGGAACGATTTTCGCGTGCTTCCATTTGGAGCGGGTAGAAGGGTTTGTCCTGGGGCACAATTGGGG

ATCAATTTGGTGCAATCCATGTTAGGGCATCTGCTGCATCATTTTAAGTGGGAGTTGCCTGAAGGGATGAAACCCGAGGAAATCGACATGGCGGAGAATCCTGGGATGGTT

ACTTTCATGCACACGCCTTTGCAGGCTGTTGCGATTCCTAGGCTGCCATCGCATTTGTACAAGCGCATGGCCGTAGATATGTAA 

LaeAPX/C3H 

ATGACGAAATCGTACCCCAAGGTTGGCGACGAGTACTTGAAAGCAGTCGAGAAATGCAAGCGAAAGCTTCGTGGATTCATTGCCGAGAAGAATTGCGCTCCTTTGATGCTT
CGATTGGCGTGGCATTCGGCGGGGACTTACGATGTGAAGACGAAGACCGGTGGTCCGTTTGGGACGATGAGGTACAAGGCTGAGCTCGGTCATGGCGCGAATAATGGAC
TTGATATTGCGGTTAGGCTTTTGGAGCCGATCAAGGAGCAGTTTCCGATCTTGTCTTATGGAGATTTTTATCAGCTTGCTGGAGTTGTCGCTGTGGAGGTAACTGGAGGACC
TGAGGTTCCATTCCACCCTGGCAGAGAGGACAAAGCTGAGCCCCCTCTTGAAGGCCGCCTGCCCGATGCCACAAAAGGTTCTGATCATCTTAGAACTGTCTTTGGTCAACAA
ATGGGATTAAGTGACCAGGACATTGTTGCTCTGTCTGGAGGTCACACCCTGGGTAGGTGCCACAAGGAGAGATCAGGCTTTGAGGGTGCTTGGACTTCAAATCCCCTCATC
TTTGACAACTCATATTTCAAGGAGCTTTTGAGTGGGGAGAAGGAAGGCCTTCTTCAACTGCCATCAGACAAGACCCTTCTGAGCGATCCAGTCTTCCGCCCACTCGTGGATA
AATATGCAGCGGATGAGGATGCCTTCTTTGCCGACTATGCTGAGGCTCACCTGAAGCTTTCTGAGCTCGGGTTTGCCTAA 
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 1 
Figure A1-1. Multiple sequence alignment of C4H amino acid residues from different plant species 2 

using DNASTAR MegAlign Pro software and the clustal omega algorithm. LaeC4H (●), the amino acid 3 
sequence, was used as a query. The most functionally important domains conserved among all sequences are 4 
shown in black boxes. Gma, Glycine max (ACR44227); Smi, Salvia miltiorrhiza (ABC75596); Ath, 5 
Arabidopsis thaliana (AAC99993); Cro, Catharanthus roseus (CAA83552); Pso, Papaver somniferum 6 
(XP_026426522); Lae, Leucojum aestivum (UIP35210); Lra, Lycoris radiata (AWW24970); Npa, Narcissus 7 
papyraceus (AXU39895); Asa, Allium sativum (ADO24190 ); Sbi, Sorghum bicolor (AAK54447); Gbi, 8 
Ginkgo biloba (AAW70021); Pta, Pinus taeda (AAD23378); Smo, Selaginella moellendorffii (EFJ22128); 9 
Ppa, Physcomitrium patens (ADF28535); Mpa, Marchantia paleacea (ASA39648).10 
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Figure A1-2. Multiple sequence alignment of C3′H amino acid residues from different plant species using 
DNASTAR Megalign Pro software and the clustal omega algorithm. LaeC3′H (●), the amino acid sequence was 
used as a query. The most functionally important domains conserved among all sequences were shown in black 
boxes. Lja, Lonicera japonica (AGQ48118); Ath, Arabidopsis thaliana (NP_177595); Cca, Coffea canephora 
(ABB83676); Nta, Nicotiana tabacum (ABC69384); Rgr, Ruta graveolens (AEG19446); Cja, Coptis japonica var. 
dissecta (BAF98473); Pa×Pg, Populus alba × Populus grandidentata (ABY85195); Lae, Leucojum aestivum 
(UIP35212); Npa, Narcissus papyraceus (AXU39897); Sbi, Sorghum bicolor (XP_002440001); Zma, Zea mays 
(PWZ32976); Pta, Pinus taeda (AAL47685); Ppa, Physcomitrium patens (XP_024360823).  
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 Figure A1-3. A, Superimposed models of LaeC4H (light pink), LaeC3′H (pale green), HsC3′H (Forest green), 
SbC4H1 (deep purple), top view compared to the heme; B, Superimposed models of LaeC4H (light pink), LaeC3′H 
(pale green), HsC3′H (Forest green), SbC4H1 (deep purple) side view of the heme; C, Cartoon representation of 
LaeC3′H with annotated secondary structures according to [201], and grey transparent surface-active site on top of 
the heme (shown as red stick) view; D, Cartoon representation of LaeC3′H with grey transparent surface-active site, 
perpendicular side of the heme plan. Conserved α-helix and β-strands of secondary structures are shown in blue and 
orange, respectively. Conserved CYP98A domains substrate recognition is displayed in red. Heme group is shown as 
red sticks. The left side lobe lined by the F and G α-helices is speculated to be the substrate entry port [147]. In other 
CYP98, such as Hs2C8, the active site cavity includes the α-helices A (N-terminus) and I [184, 202] [201]. 

 
Table A1-3. Sequence and structure comparison scores. Id: identity, Simi: similarity, computed by MOE, RMSD: 

root mean square deviation computed by Pymol, na: not applicable. 

 
 2C2 SbC4H1 C4H1 

 Id (%) Sim 

(%) 

RMSD 

(Å) 

Id (%) Sim 

(%) 

RMSD 

(Å) 

Id (%) Simi 

(%) 

RMSD 

(Å) 

LaeC3′H 24.1 42.4 1.879 31.1 51.7 0.110 30.7 52.8 0.015 

LaeC4H 22.6 41.3 1.795 77.5 87.9 0.127 na na na 
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Figure A1-4. HEPES (pink sticks) with LaeC4H at its active site, respectively. Residues are shown as sticks. H-
bonds are shown as blue lines, hydrophobic bonds as dashed green, and salt bridges as dashed yellow. 
 

 

 
Figure A1-5. Western blot analysis of microsomal proteins isolated from yeast transformed with empty vector 

pESC-LEU-CroCPR (negative control), LaeC4H-Myc, or LaeC3ʹH-Myc constructs. Microsomal fractions (10 µg) 
were probed with anti-Myc (mouse) and anti-mouse antibodies, conjugated with peroxidase. An empty well 
separates each microsomal fraction.  
 

 

Table A1-4. LaeC4H and LaeC3′H active site description and predicted interactions with docked substrates. 
NA; Not applicable. 
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Enzyme Active-site residues Ligand Score 

(kcal.mol-1) 

Interactions 

Hydrophobic H-bonds Other 

LaeC4H 

1: Arg101, Met117, Val118, Trp126, 
Arg130, Thr134, Phe137, Phe138, 
Met186, Ile189, Met190, Asn302, 
Ile303, Val305, Ala306, Ala307, 
Thr310, Thr311, Ser314, Leu365, 
Met369, Ala370, Ile371, Leu374, 
Val375, His377, Pro439, Phe440, 
Gly441, Gly443, Arg444, Arg445, 
Ser446, Cys447, Pro448, Gly449, 
Leu452, Ala453, Ile456, Leu457, 
Phe488 
2: Gly50, Asp51, Asp52, Leu53, 
Met73, Arg76, Leu78, Thr102, 
Arg103, Asn104, Phe107, Phe119, 
Ala217, Gln218, Ser219, Phe220, 
Tyr222, Asn223, Asp226, Phe227, 
Pro376, Lys395, Leu397, Lys484, 
Gly485, Gly486, Gln487, Phe488, 
Ser489, Leu490, His491 

Heme NA Val118, Phe138, 
Ala307, Thr310, 
Leu365, Ile371, 
Leu374, Val375, 
Phe440, Pro448, 
Leu452, Leu457 

Trp126, 
Val375 

Salt 
bridges: 
Arg101, 
His377, 
Arg445; 
Metal 
complex 
(n=4), 
Cys447 

trans-
cinnamic acid 

-5.1207 Val118, Phe119, 
Val305, Ala306, 
Val375, Phe488 

Gln218  

LaeC3′H 

Pro47, Ile48, Arg49, Phe53, Phe68, 

Thr70, Ile71, Leu72, Asn73, Arg96, 

Pro97, Arg98, Asn99, Arg100, 

Ala101, Ala102, Ala103, Asp108, 

Leu112, Ile113, Trp114, Tyr121, 

Val122, Arg125, Lys126, Asn129, 

Leu132, Phe133, Arg145, Phe181, 

Ile184, Leu205, Lys208, Ala209, 

Ala212, Gly214, Leu215, Lys216, 

Phe217, Gly218, Ser220, Leu221, 

Leu223, Gly224, Glu225, Val227, 

Met233, Trp295, Asp296, Met297, 

Ile298, Thr299, Ala300, Asp303, 

Val306, Ile307, Thr365, Met368, 

Leu369, Pro370, Val389, His391, 

Val394, Leu430, Pro431, Phe432, 

Gly433, Arg437, Val438, Cys439, 

Gly445,  Leu446, Leu448, Val449, 

Gly480, Met481, Val482 

Heme NA Leu112, Ile113 

(n=2), Leu132, 

Ala300, Thr304, 

Pro364, Met368, 

Leu369 (n=2), 

Phe432, Pro440, 

Leu444 

Tyr121, 

Leu369 

Salt bridge: 

Arg96, 

His371, 

Arg 437. 

Metal 

complexes: 

Cys439 

(n=4) 

p-coumaroyl 

quinate 

-7.2687 Ile113, Ala300, 

Thr365, Leu369 

(n=2) 

Trp114, 

Lys216, 

Thr304, 

Thr365 

Salt bridge : 

Lys216 

p-coumaroyl 

shikimate 

-7.0370 Trp114, Ala300, 

Leu369 (n=2) 

Trp114, 

Leu115, 

Thr304, 

Thr365 

Salt bridge: 

Lys216 

p-coumaric 

acid 

-5.5228 Ile113, Ala300, 

Thr365, Leu369 

Trp114, 

Thr304, 

Thr365 

none 

4-HBA -4.668 Ala300, Leu369 Trp114, 

Thr304, 

Thr365 

none 

detected 
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Figure A1-6. HPLC-MS/MS analyses of the enzymatic assay performed with recombinant enzymes LaeC4H-
Myc. A-C, injection of a mixture of standards (papaverine, p-coumaric acid, and trans-cinnamic acid); D-G, injection 
of reaction mixture performed with LaeC4H enzyme in 30 min, 1 and 2 h, and overnight incubation; H-K, injection 
of reaction mixture performed with microsomal proteins extracted from yeast harboring empty vector, No NADPH, 
No microsomal proteins, No substrate. 
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Figure A1-7. HPLC-MS/MS analyses of the enzymatic assay performed with recombinant enzymes 

LaeC3′H -Myc. A-C, injection of a mixture of standards (papaverine, caffeoyl shikimate, and p-coumaroyl 
shikimate); D-G, injection of reaction mixture performed with LaeC3′H enzyme in 30 min, 1 and 2 h, and overnight 
incubation; H-K, injection of reaction mixture performed with microsomal proteins extracted from yeast harboring 
empty vector, No NADPH, No microsomal proteins, No substrate. 
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Figure A1-8. Michaelis–Menten plot of initial velocity versus substrate concentration for LaeC4H (A) and 
LaeC3′H (B). The production of p-coumaric acid and caffeoyl shikimate was monitored for LaeC4H and LaeC3′H, 
respectively. The reactions utilized a range of substrates from 0 to 30 µM while keeping the enzyme concentration 
constant. 
 

 

 

Figure A1-9. SDS-PAGE (10%) analysis of purified APX/C3H fused to MBP tag. Lane 1, protein ladder; Lane 
2-4, 2, 4, and 6 µg of purified protein, respectively. 
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Figure A1-10. HPLC-MS/MS analyses of the enzymatic assay performed with recombinant enzymes 

LaeAPX/C3H using p-coumaric acid as a substrate. A-C, injection of a mixture of standards (papaverine, 
p-coumaric acid, and caffeic acid); D-G, the peak corresponding to p- coumaric acid level in the reaction 
mixtures performed with 0, 500, 2500, and 5000ng of LaeC3′H; H-K, the peak corresponding to caffeic acid 
level in the reaction mixtures performed with 0, 500, 2500, and 5000ng of LaeC3′H. 
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Figure A1-11. Graph representing the area ratio of various compounds corresponding to the 

LaeAPX/C3H enzyme assay. A represents p-coumaric acid consumption and caffeic acid production in the 
reactions with enzyme concentrations ranging from 0 to 5000 ng; B represents 4-HBA consumption and 
DHBA production in the reactions with enzyme concentrations ranging from 0 to 5000 ng. The Y-axis 
represents the relative area under the curve, calculated as the ratio of each compound's area under the curve 
to the area under the internal standard (papaverine) curve obtained from HPLC-MS analysis.  
 

 
 

 
 

  Figure A1-12. Western blot analysis of protein samples extracted from N. benthamiana expressing 
LaeC3′H-YFP and LaeC4H-YFP constructs, respectively. A vector containing the YFP sequence alone was 
used as a negative control. Crude protein extract (50µg) first were separated using SDS-PAGE and then were 
transferred to a PVDF membrane. Transferred proteins were probed with mouse polyclonal anti-GFP primary 
antibody and incubated overnight. The membrane was subjected to a secondary antibody conjugated with 
peroxidase enzyme. Immediately after adding the substrate, the signals were detected by chemiluminescence.
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Table A1-5. Summary of in vivo enzymatic assay LaeC4H and LaeC3′H. Three biological replicates were 
considered for each infiltration condition. The control samples were as follows: a plant without infiltration and 
feeding to differentiate between endogenous phenolic compounds and altered levels resulting from experimental 
conditions; plants expressing YFP constructs to differentiate the effect of target genes and the possible effect of 
Agrobacterium infection and consequent changes in phenolic compounds. NA; not applicable. 

 

Infiltrated construct Feed  

Detected compounds 

p-coumaroyl 

shikimate 

Caffeoyl 

shikimate 
Caffeic acid Ferulic acid 

NA NA - - - - 

YFP NA - - - + 

LaeC4H NA - - - - 

LaeC4H 
trans-cinnamic 

acid 
+ + + - 

NA 
trans-cinnamic 

acid 
- - - - 

LaeC3′H NA - - - - 

LaeC3′H 
p-coumaroyl 

shikimate 
+ + + +* 

NA 
p-coumaroyl 

shikimate 
+ - - - 

LaeC4H+LaeC3′H NA - - + - 
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Appendix Ⅱ 

Supplementary Data of Chapter Ⅲ 
Table A2-1. Primers were used in the second chapter of the project. 

Primer name Sequence (5’……3’) Purpose of use 

NBS-F 
GTCAGGATCCAAAATGAAGGGAAGTCTCTCCC 

 
Cloning of NBS in pTarget 

(H1 site) plasmid 
NBS-R 

TCACTGCTAGCTTACAGATCCTCTTCAGAGATGAGTTTCTGCTCCGCTACAATAGCTTTT

TGCT 

 

NR-F 

 

AGTCAGAATTCAAAATGTTTACAGGAAGAGAAGAGGAA 

 Cloning of NR in pTarget 

(H2) plasmid 
NR-R 

ACTGTTAATTAATTACTTATCGTCGTCATCCTTGTAATCACCGTTTATGCCCCG 

 

OMT-F 
ATATACCTCTATACTTTAACGTCAAGGAGAAAAAACCCCGGATCCAAAATGGGTGCTAG

CCAAGATGAT 

 Cloning of N4’OMT in 

pTarget (H5) plasmid 

OMT-R 
TTACTCGAGGTCTTCTTCGGAAATCAACTTCTGTTCCATGTCGACATAAAGACGTCGACA

AATAGTCACTCCA 

 

TYDC-F 
CAACCCTCACTAAAGGGCGGCCGCACTAGTAAAATGGGCAGCCTTGG 

 Cloning of TYDC in 

pTarget (H7) plasmid 
TYDC-R 

TCGTCATCCTTGTAATCCATCGATACTAGTTTTTGTAGTCTTTTGTGTTCCCC 

 

H1-F 
GAAGGTGAGACGCGCATAAC 

 

To amplify donor DNAs 

from corresponding 

pTarget plasmids 

H1-R 
GTTTAGCCCATTATGTCTTGTC 

 

H2-F GTAGCCTCCCCATAACATAAAC 

H2-R 
CACACGAAAAGTCAGAAGAG 

 

H5-F 
GATGACTTCCCATACTGTAATTG 

 

H5-R 
GAACCTTCGATTGCTTGTTAC 

 

H7-F 
CTGTTCATGGCAACGTCAC 

 

H7-R 
GAGCCGAAATTGTGGAAG 
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H1-G-F GTAGTGTGCGTGAATGAAGG 
Genotyping of H1 site 

H1-G-R GAAGGTGAGACGCGCATAAC 

H2-G-F GATTGCAAGGAGAGTGAAAGAG 
Genotyping of H2 site 

H2-G-F GTAGCCTCCCCATAACATAAAC 

H5-G-F AAATCTTGGACAGACAACTTTGAAG 
Genotyping of H5 site 

H5-G-R GATGACTTCCCATACTGTAATTG 

H7-G-F GGTACCTAGCATCATATGGGAAG 
Genotyping of H7 site 

H7-G-R CTGTTCATGGCAACGTCAC 

NBS-pESC-U-F TCGAATTCAACCCTCACTAAAGGGCATGAAGGGAAGTCTCTCCCATG To clone NBS in MSC1 in 

pESC-URA under Gal10 

 NBS-pESC-U-R TCTTATCGTCGTCATCCTTGTAATCCGCTACAATAGCTTTTTG 

NR-pESC-U-F TCAAGGAGAAAAAACCCCGGATCCGATGTTTACAGGAAGAGAAGAGG To clone NR in MSC2 in 

pESC-URA under Gal1 

 NR-pESC-U-F CTTCTTCGGAAATCAACTTCTGTTCACCGTTTATGCCCC 

OMT-pESC-L-F TCTTATCGTCGTCATCCTTGTAATCATAAAGACGTCGACAAATAGTCAC To clone N4’OMT in 

MSC1 in pESC-LEU under 

Gal10 

 
OMT-pESC-L-R TCAACCCTCACTAAAGGGCGGCCGCATGGGTGCTAGCCAAG 

TYDC-pESC-L-F GTCAAGGAGAAAAAACCCCGGATCCATGGGCAGCCTTGG 
To clone TYDC in MSC2 in 

pESC-LEU under Gal1 
TYDC-pESC-L-

R 
CTTCTTCGGAAATCAACTTCTGTTCCCCAGCAAGGC 

pESC-URA-1 GCCCTTTAGTGAGGGTTG To amplify the pESC-URA 

backbone for the 

assembly of NBS in MCS1 pESC-URA-2 GATTACAAGGATGACGACGATAAG 

pESC-URA-3 GAACAGAAGTTGATTTCCGAAGAAGACCTC To amplify the pESC-URA-

NBS backbone for the 

assembly of NR in MCS2 pESC-URA-4 GATTACAAGGATGACGACGATAAGATCTGAGC 

pESC-LEU-1 GCGGCCGCCCTTTAGTGAGGGTTGAATTCG To amplify the pESC-LEU 

backbone for the 

assembly of N4’OMT in 

MCS1 
pESC-LEU-2 GGATCCGGGGTTTTTTCTCCTTGACG 

pESC-LEU-3 GAACAGAAGTTGATTTCCGAAGAAGACCTC To amplify the pESC-LEU -

N4’OMT backbone for 

the assembly of TYDC in 

MCS2 
pESC-LEU-4 GAACAGAAGTTGATTTCCGAAGAAGACCTC 

GAL10-F ATGTATATGGTGGTAATGCCATGTAATATG To verify the insertion of 

NBS or N4’OMT in MCS1 

of pESC-URA or pESC-LEU 

plasmids 
tADH1-R GAGCGACCTCATGCTATACCTG 

GAL1-F-Mod TTCAACATTTTCGGTTTGTATTACTTCTTATTC 
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Figure A2-1. PCR amplified donor DNAs on 1% agarose gel. The donor DNAs were amplified from pTarget 

plasmids, H1, H2, H5, and H7, plasmids harboring NBS, NR, OMT, and TYDC sequences using primers listed in 

Table A2.1. HA; Homology arm. 

Cyc1TerCasset

teRev 
CTTCGAGCGTCCCAAAACC 

To verify the insertion of 

NR or TYDC in MCS2 of 

pESC-URA or pESC-LEU 

plasmids 
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Appendix Ⅲ, Review Paper (Co-authorship) 

Review 

Biotechnological approaches to optimize the production of Amaryllidaceae alkaloids 
Manoj Koirala1, Vahid Karimzadegan1, Nuwan Sameera Liyanage1, Natacha Mérindol1, and Isabel 
Desgagné-Penix 1,2,* 

1 Department of Chemistry, Biochemistry and Physics, Université du Québec à Trois-Rivières, 
3351, boul. des Forges, C.P. 500, Trois-Rivières, Québec, Canada G9A 5H7; 
Manoj.Koirala@uqtr.ca (M.K.); Natacha.Merindol@uqtr.ca (N.M.); Isabel.Desgagne-
Penix@uqtr.ca (I.D-P.) 

2 Groupe de Recherche en Biologie Végétale, Université du Québec à Trois-Rivières, 3351, 
boul. des Forges, C.P. 500, Trois-Rivières, Québec, Canada G9A 5H7; Isabel.Desgagne-
Penix@uqtr.ca (I.D-P.) 

* Correspondence: Isabel.Desgagne-Penix@uqtr.ca 

Abstract: Amaryllidaceae alkaloids are plant specialized metabolites with therapeutic 
properties exclusively produced by the Amaryllidaceae plant family. The two most 
studied representatives of the family are galanthamine, an acetylcholinesterase 
inhibitor used as a treatment of Alzheimer’s disease, and lycorine displaying potent 
in vitro and in vivo cytotoxic and antiviral properties. Unfortunately, the variable level 
of AA' production in planta restricts most of the pharmaceutical applications. Several 
biotechnological alternatives, such as in vitro culture or synthetic biology, are being 
developed to enhance the production and fulfil the increasing demand for these AA 
plant-derived drugs. In this review, current biotechnological approaches to produce 
different types of bioactive AA are discussed. 

Keywords: Amaryllidaceae alkaloids; bioactive molecules; biotechnological 
approach; biosynthesis; in vitro cultures; synthetic biology 
 

 

1. Current challenges in the production of Amaryllidaceae 
alkaloids 

Amaryllidaceae alkaloids are isoquinoline alkaloids exclusively isolated from the 

Amaryllidaceae plant family. AA are structurally diverse biomolecules classified into different 

types (or groups) based on their structure, biogenetic origin, or chemical nature [203-206]. They 

can be divided into nine groups: norbelladine, cherylline, galanthamine, lycorine, homolycorine, 

crinine, pancratistatin, pretazettine and montanine, according to their ring type and biosynthetic 

origin [207]. Among all the AA, the reversible acetylcholinesterase inhibitor galanthamine is yet 

the only one to be approved for medicinal purposes to treat early symptoms of Alzheimer’s disease 
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in humans [208]. Although the mechanism of action is still not fully understood, two main 

speculations have been proposed. Galanthamine reversibly, competitively, and selectively inhibits 

acetylcholinesterase, an enzyme known for acetylcholine degradation, so that the neurotransmitter 

associated with memory formation and learning will be available for a longer time in the synaptic 

cleft of cholinergic neurons to transfer neuro signals [209, 210]. In addition, galanthamine 

allosterically binds to nicotinic acetylcholine receptors of the central nervous system that control 

the release of different neurotransmitters, altering their conformation and increasing 

neurotransmitter secretion [209]. AChE inhibitory action of galanthamine also decreases the level 

of reactive oxygens [166], oxidative stress being a common adverse effect of many human diseases 

such as Alzheimer’s, Parkinson’s, Down syndrome, cancer, etc. this hints towards a 

neuroprotective effect.  

Galanthamine production has mainly relied on natural resource exploitation from species such 

as Galanthus, Leucojum, Narcissus, etc. Providing galanthamine to the 55 million people living 

with dementia cannot solely rely on the plant source, and in the case of some species like 

Leucojum, it has already endangered the biodiversity of the wild population in the past years [211]. 

As an alternative strategy, the chemical synthesis of galanthamine has been attempted [212, 213]. 

However, multi-step synthesis of structurally complex compounds such as galanthamine is not 

economically competitive compared to extraction from native plants due to the low final yield 

[214].  

Lycorine, another prominent AA, exhibits a broad spectrum of biological activities, including 

anti-viral, anti-bacterial, anti-parasitic, and anti-inflammatory properties, and it has been 

particularly studied for its anticancer activity [215]. Lycorine’s antitumor potency involves several 

pathways, such as induction of apoptosis and necrotic cell death, inhibition of cell cycle, 

autophagy, and metastasis, probably aiming at multiple molecular targets [215]. Its high cytotoxic 

potency at low concentrations makes lycorine’s structure an interesting leading molecule for 

designing new anticancer drugs. Recently, the less abundant AA cherylline was also shown to 

possess anti-flaviviral potential, inhibiting both dengue and Zika viruses at the viral RNA 

replication step, with EC50 of 8.8µM and 20.3µM respectively [190]. In fact, novel AA with anti-

acetylcholinesterase, anti-viral, cytotoxic, anticonvulsant, antitumor, hypotensive, and anti-

inflammatory properties are continuously discovered [190, 205, 207, 216]. Their pharmacological 

potential depends on their complex chemical structure, including their region-specific 
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functionalization and chirality [217]. Consequently, it is often challenging and not always cost-

effective nor ecological to chemically synthesize intact structures of AA. Although there are some 

reports on the successful chemical synthesis of AA, such as galanthamine, lycorine, or cherylline, 

the multiple steps involved lead to a low overall yield, while the end products may contain a 

mixture of R and S enantiomers [213, 218-223]. 

Currently, plants are the main source of AA. Even though many AA with interesting 

pharmacological potentials were identified, clinical application and further research are restricted 

mainly because of the variable and low production levels in planta. For example, cherylline-type 

AA are rare because they are specifically recovered from few species of Crinum (0.004% crude 

alkaline solution in C. powelli) and in about twenty ornamental cultivars of Narcissus (extraction 

from the leaves of jonquilla and apodanthus daffodil cultivar “sundial”) [224, 225]. Furthermore, 

the synthesis and accumulation of AA in plants vary with environmental and seasonal changes 

throughout the year. For example, the alkaloid content of Cyrtanthus contractus changes from 

667.4 to 1020.6 μg/g between months of the same year [226]. In addition, massive harvesting for 

the extraction of alkaloids decreases the number of Amaryllidaceae in nature and has led some 

species to become endangered, such as Narcissus asturiensis [227].  

Therefore, intensive research on sustainable alternative techniques is carried out to achieve 

economical and eco-responsible production of pharmacologically active AA [228-231]. In recent 

years, a book chapter by Laurrain-Mattar et al., and two reviews well describing such techniques 

were published, emphasizing the growing interest in this matter [232-234]. As an alternative to 

native source harvesting or chemical synthesis, biotechnological strategies offer many advantages 

to sustainably producing AA (Figure A3-1). This includes cultivating plants and plant parts in 

artificial systems or synthetic biology (metabolic engineering) of heterologous hosts for AA 

production (Figure A3-1). In addition, different approaches have been reported to optimize AA 

yield in plants and in vitro cultures. In this review, we discuss recent progress on the 

biotechnological approaches and overall factors affecting their efficiency, together with future 

perspectives to boost the synthesis and accumulation of AA. 
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Figure A3-1: Current and future biotechnological approaches to produce AAs. 

2. In vitro techniques to produce AAs 

In vitro systems hold the beneficial ability to produce plant SMs in a sustainable way 

continuously. They also enable the control of environmental factors, a complicated task in nature, 

providing the opportunity to analyze the effect of different variables in the production of SMs 

[235]. Several therapeutic and marketed metabolites have been produced using in vitro cultures, 

such as the anti-bacterial and anti-inflammatory naphtoquinone shikonin from Lithospermum 

erythrorhizon, the chemotherapeutic agent paclitaxel from Taxus baccata, the antioxidant 

saponins from Panax ginseng cells, the bioactive alkaloids berberine and sanguinarine from 

Coptis japonica and Papaver somniferum cultures, respectively, as reviewed in [236] and [237]. 
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Thus, reports on many other plant families have shown that in vitro cell culture techniques can be 

a fantastic platform for producing specialized molecules and understanding their biosynthesis 

[139, 238]. The specific interest in Amaryllidaceae in vitro cultures to produce alkaloids was first 

reported in 1963 by Fales et al. [196] and has been intensively and continuously studied.   

 In vitro techniques involve the transfer of healthy sterile explants into artificial conditions 

using suitable growth media. It can be applied to grow whole plants, parts, or undifferentiated 

tissues. Micropropagation, a technique that enables rapid vegetative/clonal multiplication of plants 

from limited or small-size plants, has been successfully applied with Amaryllidaceae species such 

as Rhodophiala pratensis, Lapiedra martinezii, Eucrosia stricklandii, and Lycoris sprengeri 

leading to plant development with similar morphometric traits [227, 239-242]. Other cultivation 

methods of plant material in vitro (bulblets, seedlings, plantlets, shoots, roots, shoot-clump, callus) 

also provide an interesting opportunity to produce AA, effective for conservation, long-term 

growth, and industrial purposes. Specifically, callus induction is defined as the growth of 

undifferentiated tissues from any plant parts. Because different plant parts produce different 

amounts and types of alkaloids, the obtained type of callus and its metabolite content may be 

related to the type of tissue used as a starting material [243]. The production of uncommon but 

interesting AA such as cherylline, tazettine, haemanthamine, and mesembrenone was reported in 

various studies of in vitro propagation of Amaryllidaceae species (Table A3-1). For example, up 

to 6.9 mg/100 g DW of anti-acetylcholinesterase and anti-viral cherylline [190, 244] was observed 

in bulblet cultures of Crinum moorei cultivated in the presence of charcoal [238]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

Table A3-1. Yields of uncommon AA of therapeutical interest in in vitro cultures. 

 
Target metabolites Species  Tissue type Maximum yield Ref 

     

Cherylline Crinum moorei Bulblets  6.9 mg/100 g DW [245] 

Haemanthamine 
Rhodophiala pratensis Callus  6.9 µg/mg Ext [239] 

Narcissus cv. Hawera Plants 25.5 μg/100 mg Ext [246] 

Powelline Crinum moorei Bulblets  46.84 mg/100 g DW [245] 

Tazettine 
Rhodophiala pratensis Callus  2.68 µg/mg Ext [239] 

Narcissus confuses 
Shoot-clump culture 

 
0.043 % DW [247] 

Mesembrenone 
Narcissus pallidulus Plants  337.6 μg/100 mg Ext [246] 

 
N. cv. Hawera 

Plants 
 

214.8 μg/100 mg Ext [246] 

DW = Dry weight, Ext: Extract  

Additionally, the production of well-known bioactive AA has been investigated in in vitro 

cultures (Table A3-2). Although undifferentiated tissues do not always yield high amounts of 

alkaloids, elicitation helps increase the yield of various AA in vitro cultures (Table A3-2) [248, 

249] Still, this technique is advantageous because it can maintain growth for long periods of time, 

and callus can be used as a gateway for micropropagation, plant cell suspension cultures, or other 

in vitro systems to produce alkaloids. Indeed, because of somaclonal variations, shoots grown from 

callus displayed galanthamine production in some studies [250].  
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Table A3-2: In vitro production of AAs cultures following elicitor treatment.   

Species Culture 
condition (tissue 
type) 

Amaryllidaceae 
alkaloid 

Yield and type of 
condition  

Elicitor and yield  Ref 

Narcissus 
confuses  

Liquid-shake 
culture (shoot 
clumps)  

Galanthamine  
 

ut. 2-2.5 mg / 
culture 

MeJa (3.8 X) [251] 

N. 
pseudonarcissus 
cv. Carlton 

Callus Galanthamine ut. 7.88 μg/g FW MeJa (5.6 X) 
Chitosan (3 X) 

[252] 

Lycoris 
longituba  
 

Liquid medium 
(seedling)  

Galanthamine  
 

ut. n.a. MeJa (2.71 X) [253] 

Lycorine ut. n.a. MeJa (2.01 X) 
Lycoramine  ut.n.a. MeJa (2.85 X) 

Seedling (culture 
in tray) 

Galanthamine white light n.a. Blue light (2.45X) [254] 
Lycorine  white light n.a. Blue light (1.74 X) 
Lycoramine white light n.a. Blue light (1.92 X) 

Lycoris 
chinensis 

seedling Galanthamine ut. n.a. MeJa (1.49 X) 
YE (1.62 X) 
SNP (1.72 X) 

[255] 

Lycorine ut. n.a. MeJA (1.37 X) 
YE (1.38 X) 

L. aestivum  
 

In vitro plants Galanthamine ut. n.a. Melatonin (58.6X) [256] 

Lycorine ut. n.a. Melatonin (1.5 X) 
Liquid shoot 
culture 

Galanthamine  ut. n.a. JA (1.36 X) [257] 
Lycorine  ut. n.a. JA (1.40-1.67 X) 

MeJa (1.3 X) 
Norgalanthamine ut. n.a. JA (2X) 

MeJa (2X) 
temporary 
immersion 
system (bulblets, 
leaves) 

Galanthamine 
 

ut. 372.2-1719.6 
μg/g DW 
 

MeJa (468.6-2202.5 
μg/g DW) 
 

[258] 

L. aestivum L.  
 

RITA Bioreactor  
 

Galanthamine ut. n.a. MeJa (0.1 mg /g DW) 
ACC (0.10 mg/ g 
DW) 

[259] 

Lycorine ut. 0.2-0.25 mg /g 
DW 
 

MeJa (0.6 mg /g DW) 
SA (1 mg /g DW) 
Ethephon (0.46 mg /g 
DW) 

L. aestivum  
Gravety Giant 

RITA Bioreactor Galanthamine ut. 0.08-0.1 mg/g 
DW 

MeJa (0.4 mg/g 5X 
DW) 
SA (8x) 
ACC (0.60 mg/g) 

[259] 

Lycorine ut. 0.15 -0.62 
mg/g DW 

MeJa (1.15 mg/g DW 
1.85X) 
SA (5X)  
ACC (0.54mg/g DW, 
3.6X) 
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Abbreviations; n.a.: not available; ut: untreated, basal condition, MJ: methyl jasmonate, JA: jasmonic acid; SA: 

salicylic acid; ACC: 1-aminocyclopropane-1-carboxylic acid; FW: Fresh weight; DW : Dry weight; X: fold change; 

YE: yeast elicitor; SNP: sodium nitroprusside; Ref: reference. 

In addition to a proper selection of tissue and in vitro propagation technique, many other factors 

affect the growth and the efficiency of alkaloid production. In natural conditions, the growth of 

Amaryllidaceae plants and their ability to synthesize different types of alkaloids vary throughout 

the year and are influenced by biotic and abiotic environmental factors that affect the synthesis 

and accumulation of AA [226, 260, 261]. Therefore, understanding and controlling both the effects 

of growth conditions and the plant defense response mechanism would help increase biomass 

production with higher yields of SMs such as AA. Remarkably, these factors can be monitored and 

optimized using in vitro methods. Studies have shown that Amaryllidaceae plants grow differently 

under distinctive artificial conditions. The overall goal of all culture techniques is to provide 

optimal growth conditions and boost the production of alkaloids. The focus of most of the 

published research was galanthamine production, while there is also abundant data on lycorine 

production optimization. Table A3-2 illustrates the impact of different elicitation conditions on AA 

production in in vitro systems. Bergoñón et al. achieved a total production of 2.50 mg of 

galanthamine per culture by cultivating shoot clumps in shaking-liquid media which is the highest 

amount of in vitro production of galanthamine ever reported to date [262]. 

 

In the following section, we briefly discuss the effect of the different physical and chemical 

parameters used in the studies summarized here. These parameters may be applied to the in vitro 

system and eventually affect the growth and development of Amaryllidaceae plant tissue culture, 

as well as the synthesis and accumulation of alkaloids. 

 

 
2.1 Physical parameters 

Different cultivation methods have been tested to optimize the in vitro growth of Amaryllidaceae 

plants; this includes solid media culture, shaken-flask submerged condition, and temporary 

immersion or fully-subversive techniques in RITA® bioreactor (Table A3-1 and 2) [263-265]. 

Pavlov et al. grew Leucojum aestivum 80 shoot culture in shaken flasks following induction from 

callus and monitored their growth index. They observed that the maximum biomass was obtained 
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at day 35 and that AA biosynthesis intensified at late exponential to early stationary growth phases 

[228]. In the following study, to optimize the production of target metabolites (mostly 

galanthamine), L. aestivum 80 shoots were cultivated in a temporary immersion RITA system with 

a higher growth index (i.e., 2.98) compared to shaken-flasks culture. The main advantage of the 

temporary immersion system was that cultivated shoots increased significantly, while shoots 

generated from meristematic cell [265]. The system was further improved for L. aestivum 80 shoot 

culture using an advanced modified gas column bioreactor with a 1.7 mg/L maximum production 

of galanthamine [266]. L. aestivum shoot cultures show balanced growth at all tested regimes in 

this bubble-column bioreactor. Similar techniques using twin scale from bulbs as starting materials 

have shown that Narcissus confuses shoot-clump culture in a liquid-shake medium leading to an 

efficient micropropagation system to produce galanthamine (2.50 mg per culture in a day-long 

photoperiod) [262].  

In addition to the type of in vitro cultivation system, temperature is a key factor that modulates 

both growth and alkaloid production in Amaryllidaceae species. Some studies have shown that 

among different culture temperatures (i.e., 18°C, 22°C, 26°C, and 30°C), the maximum yield of 

galanthamine was achieved at 26°C whereas the best combination of highest amount of dry mass 

(20.8 g/L) and galanthamine content (1.7 g/L) was achieved at 22°C when shoot culture were 

grown under 18 L/(L·h) flow rate of inlet air [265-267]. Others have been more successful at lower 

temperatures. Ivanov et al. obtained 18 different AA from the shoot culture of L. aestivum 80 and 

reported that lower temperature (18℃) favored galanthamine production while inhibiting the 

production of lycorine- and galanthamine-types of alkaloids. They concluded that temperature 

possibly alters the activity of the enzymes catalyzing phenol-oxidative coupling reaction of 4’-O 

methylnorbelladine [268].  

Light is another important factor that can boost the production of AA in in vitro cultures. In 

general, studies suggest that light has a positive impact on alkaloid production in Amaryllidaceae 

tissues [228, 261, 269, 270]. In shoot cultures of N. confuses light affected both morphology and 

alkaloid content [262]. In N. tazetta L., bulblets and leaves proliferation per explant were higher 

in light condition light/dark photoperiod (16/8h), as compared to a 24h dark condition. Also, 

regenerated bulblets contained 40 µg/g dry weight of galanthamine under exposed photoperiod 

compared to 20 µg/g dry weight for 24 h dark condition [270]. The light condition and quality 

have been studied in relation to the production of AA. For example, it was observed that increases 
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in the production of galanthamine (2.45 times), lycorine (1.74 times), and lycoramine (1.92 times) 

were generated by blue light condition compared to white light in in vitro plantlets of Lycoris 

longituba [254]. These studies demonstrate that a complex combination of physical parameters 

impacts alkaloid production, and that cultivation system, light, and temperature should be 

optimized in each system, which may vary between species. 

 
2.2. Chemical factors 

Plants require diverse types of micro- and macro-elements for their growth and development. 

Generally, the type of media and the addition of growth factors, hormones, or other regulators, 

such as charcoal, affect both the growth and the production of metabolites [271]. Activated 

charcoal is known to promote plant cells and callus differentiation, possibly through the induction 

of genes from the phenylpropanoid biosynthesis pathway, which could lead to an increase in 

alkaloid production[271-273]. The quantity of carbon and nitrogen in the media affects both 

growth and the production of SMs. Studies have shown that the type and concentration of different 

carbon sources play an important role in plant tissue culture. In plant tissue culture research, 

sucrose is widely used as a carbon source. The effect of its concentration on N. confuses culture 

was measured following growth in a liquid-shake medium by Sellés et al. (1997) [247]. They 

showed that sucrose concentration affects biomass production and galanthamine synthesis. 

Assessing the effects of concentrations ranging between 3% - 18% of sucrose, an optimal 

combination of growth and galanthamine production was achieved with 9% [247]. In 2020, Ptak 

et al. showed that both the concentration and the type of carbohydrate are critical for the synthesis 

of AA. Similar to Sellés study, they demonstrate that the highest amount of L. aestivum biomass 

was obtained with 9% sucrose when cultivated in RITA® bioreactor. However, they also show that 

using other types of sugar can increase the success of AA synthesis, as the highest amount of 

galanthamine was recorded with 3% fructose [274].  

The type of phytohormones and their concentration play a key role in tissue survival and 

differentiation, including in organogenesis and eventually in the synthesis of AA. Auxins, abscisic 

acid, cytokinin, ethylene, and gibberellins are commonly recognized as the five main classes of 

naturally occurring plant hormones. The isolated or combined effect of auxin or cytokinin on in 

vitro cultures’ nutrient uptake and metabolism was demonstrated [275]. In 2011, Tahchy et al. 

observed that an increment of auxin (2,4-dicholophenoxyacetic acid or 2,4-D) in growth media 
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reduced the survival of in vitro cultured tissues of N. pseudonarcissus, Galanthus elwesii, and L. 

aestivum, whereas an increment of cytokinin (6-benzylaminopurine, BAP) increased it [276]. The 

concentration and the type of phytohormones also influence the type of tissue that will develop, 

eventually affecting the alkaloid profile. Hence, the alkaloid profile of L. aestivum and N. 

pseudonarcissus cv. Carlton obtained from an in vitro system revealed that differentiated cells are 

more suitable for producing AA than undifferentiated cells (callus), in which alkaloid contents 

were lower [228, 248]. A study completed on different varieties of Narcissus showed that 

undifferentiated calli development was induced following treatment with auxin concentrations of 

25 µM of 1-naphthalene acetic acid (NAA), 50 µM of 2,4-D, and picloram. In contrast, 

organogenesis only happened when calli were treated with NAA, or when using a higher 

concentration of picloram. Interestingly, AA demethylmaritidine and tazettine were only detected 

on the differentiated callus [249]. Most studies have confirmed that the amount and the type of 

auxin correlated with the alkaloid profile and tissue differentiation during in vitro culture [248, 

249]. However, no consensual combination can be clearly defined at this point.  

Although the eco-physiological role of many plants' SMs is not clear, studies demonstrated that 

different biotic and abiotic factors or signaling agents (elicitors) can boost the production of AA 

[255, 261, 277]. Different elicitors, such as fungal elicitors, methyl jasmonate, jasmonic acid, 

salicylic acid, and melatonin, have been used to enhance the synthesis of AA in in vitro culture 

(Table A3-2). The induction of AA using methyl jasmonate treatment on seedlings of Lycoris aurea 

was well-studied by Wang et al. (2017) [278]. Others have deciphered that methyl jasmonate and 

jasmonic acid increased the production of AA in L. aestivum. Shoot cultures cultivated in 

submerged conditions by stimulating two enzymes involved in the formation of AA precursors 

[257]. Melatonin addition (10 µM) during in vitro culture of L. aestivum L. reduced the negative 

effect of NaCl (i.e., salt stress) and enhanced the biomass production together with an increased 

accumulation of galanthamine and lycorine by 58.6 and 1.5 folds, respectively (Table A3-2) [256]. 

In conclusion, optimizing media components and elicitor type in in vitro culture of Amaryllidaceae 

provides an alternative and sustainable source of AA. 

 
3. Genetic engineering of heterologous host for alternative production of AA 

Bioengineered microbial hosts that grow rapidly can produce plant-target SMs faster than whole 

plant systems. In addition, producing plant metabolites in heterologous hosts can reduce the 
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downstream extraction process, eventually becoming more economically sustainable. For the 

successful synthesis of plant metabolites such as AA, heterologous hosts require the introduction 

of a reconstructed biosynthetic pathway, requiring key enzymes. This requires comprehensive 

knowledge of the enzymatic reactions involved in the biosynthesis of the compound of interest in 

the native host organism (i.e., plants). 

 

3.1 Molecular understanding of AAs biosynthesis 

Even though AA's pharmacological aspects have been extensively explored, fully understanding 

the AA biosynthetic pathway and the characterization of enzymes responsible for catalyzing the 

different biosynthetic reactions demands more effort. This knowledge would enable establishing 

improved systems or sustainable platforms to produce these valuable biologically active 

compounds. Combined application of early labeling study followed by the latest omics strategies 

have accelerated the discovery of AA biosynthetic enzymes [8, 279]. After the proposition of the 

biosynthetic route of different intermediates, several biosynthetic enzymes were predicted based 

on the nature of the biochemical reaction and by homology with enzymes involved in alkaloid 

biosynthesis of other plant families. Databases generated from transcriptomic and metabolic 

analysis of different species of Amaryllidaceae support the presence of different enzyme families 

involved in the AA pathway [280-282]. 

The AA biosynthetic pathway utilizes two common amino acids, L-tyrosine and L-

phenylalanine, building blocks to produce a vast range of alkaloids with diverse biological 

activities. AA biosynthesis's first reactions involve forming the ‘precursors’ from the 

phenylpropanoid and tyramine pathways (Figure A3-2). As such, L-tyrosine is decarboxylated by 

the enzyme tyrosine decarboxylase (TYDC) to yield tyramine while the production of the second 

building block, DHBA, is achieved via the phenylpropanoid pathway by the action of enzymes 

such as phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), p-coumarate 3-

hydroxylase (C3H), to name but a few. TYDC was characterized by Lycoris radiata, a 

galanthamine-producing Amaryllidaceae plant [283]. The functional characterization of PAL and 

C4H in L. radiata was reported using heterologous expression in bacteria [134]. 
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Figure A3-2. Biosynthetic routes to main types (boxed) of Amaryllidaceae alkaloid (AA). Arrows without 

labeling reflect chemical reactions where no enzyme was characterized. Enzymes that have been identified are labeled 
in blue. A solid arrow shows one enzymatic step, whereas a broken arrow symbolizes multiple enzymatic reactions. 
Following 4’O-methylnorbelladine, the regioselective phenol-phenol coupling reaction is indicated in the broken 
arrow leading to various AA-types. Enzyme abbreviations: DHBA, 3,4-dihydroxybenzaldehyde; PAL, phenylalanine 
ammonia-lyase; C4H, cinnamate 4-hydroxylase; C3H, coumarate 3-hydroxylase; TYDC, tyrosine decarboxylase; 
NBS, norbelladine synthase; NR, noroxomaritidine/norcraugsodine reductase; N4′OMT, norbelladine 4’-O-
methyltransferase; CYP96T1, cytochrome P450 monooxygenase 96T1.  

 
Despite having a remarkable structure and biological activity diversity, all AAs are derived from 

a common intermediate, norbelladine. The condensation of tyramine and DHBA yields 

norbelladine and was shown to be catalyzed either by norbelladine synthase (NBS) or by 

noroxomaritidine/norcraugsodine reductase (NR), in both cases with low yield [280, 284, 285]. 

NBS was characterized by N. pseudonarcisus king Alfred and L. aestivum [280, 285]. GFP-tagged 

LaNBS and CFP-tagged NR showed that both enzymes are localized to the cytosol, which suggests 

that the first committed step of AA biosynthesis probably occurs in the cytosol. [51, 52]. 

Norbelladine can either be utilized directly to generate norbelladine- and cherylline-type AA or 

be further methylated by norbelladine 4'-O-methyltransferase (N4′OMT) to give 4’-O-

methylnorbelladine (Figure A3-2). The structural feature of cherylline-type AA suggests the 

occurrence of 3’-O-methylation during the biosynthesis of these types of AA, although it remains 

to be proven. In addition to a norbelladine 3’-O-methyltransferase (N3OMT), cherylline 

biosynthesis would require steps catalyzed by 3’-O-methylnorbelladine N-methyltransferase 

(MNB-NMT) and 3’-O, N-dimethylnorbelladine 2-hydroxylase (DMNB-2H) or a cherylline 

synthase (CherySyn.) (Figure A3-3). The specific synthesis of both 3ꞌ-O-methylated and 4ꞌ-O-
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methylated AA suggests that regioselective methylation is essential to determine the types of the 

product of the AA biosynthesis route. The characterization of norbelladine OMT from Narcissus 

sp. aff. pseudonarsissus suggests that methylation by NpN4′OMT happens specifically at the 4’-O 

position of norbelladine [286]. However, later studies on L. radiata OMT (LrOMT) propose that 

methylation can occur either in the 3’-O or 4’-O position of norbelladine, DHBA, or caffeic 

specifically at the 4’-O position of norbelladine [286]. However, later studies on L. radiata OMT 

(LrOMT) acid. A kinetic study of LrOMT indicates a higher affinity for DHBA as a substrate than 

norbelladine. The methylated forms of DHBA (i.e., vanillin and isovanillin) could also be 

condensed with tyramine to generate 3’ or 4’-O-methylnorbelladine. However, until now, none of 

the possible methylated forms of 3, 4-DHBA substrate have been tested as substrates for NBS.  

One step deeper in the AA pathway and depending on the type of phenol-coupling reaction, the 

4’-O-methylnorbelladine can be directed to 1) galanthamine-type through para-ortho’, 2) 

lycorine-type AA by ortho-para’ and 3) crinine-type of AA by para-para’ phenol coupling 

reactions (Figure A3-2). These C-C phenol-coupling reactions are putatively catalyzed by 

members of the cytochrome P450 enzyme family. For example, NpCYP96T1 was shown to 

catalyze the para-para oxidative reaction of 4’-O-methylnorbelladine into noroxomaritidine and 

was also shown to catalyze the formation of the para-ortho’ phenol coupled product, N-

demethylnarwedine as less than 1% of the total product [55]. Aside from CYP96T1 and NR, no 

other steps (genes or enzymes) have been identified in the formation of phenol-coupled AA-types 

to date (Figure A3-2). In a nutshell, galanthamine production could be catalyzed by para-ortho’ 

phenol oxidative coupling of 4’-O-methylnorbelladine to yield nornarwedine by nornarwedine 

synthase (NNS); then a nornarwedine reductase (NNR) and finally a norgalanthamine N-

methyltransferase (NG-NMT) (Figure A3-3). 

Plants synthesize SMs using complex biosynthetic routes derived from primary metabolic 

pathways. AA biosynthesis is a multistep process that involves different regulatory elements and 

gene functions. Certain genes' expression in plant metabolism also changes with different climatic 

and environmental factors [226]. Furthermore, it also varies within different developmental stages 

of plants [243]. It remains challenging to correlate gene expression and metabolite accumulation 

in planta, as the site of metabolite synthesis may differ from the site of accumulation. For example, 

nicotine biosynthesis occurs in the root of tobacco but accumulates in the aerial part of the plant 

[287] whereas morphine biosynthesis starts in sieve elements of the phloem but accumulates in 
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adjacent laticifer cells in opium poppy [288]. As such, in vitro cultures have been essential to 

decipher the alkaloid biosynthesis pathway. In 2011, Tahchy et al. used deuterium-labeled 

precursors fed to in vitro cultures of L. aestivum. In this study, the authors followed the transfer of 

labeled precursor 4ꞌ-O-methyl-d3-norbelladine from media into the shoot and its metabolization 

into lycorine and galanthamine. This study demonstrated that 4’-O-methylated-norbelladine was a 

key intermediate AA [289]. Until now, AA-specific genes such as NBS, N4’OMT, CYP96T1, and 

NR have been characterized and confirmed from Leucojum sp., Narcissus sp., and Lycoris sp. 

cultures [44-47]. However, our molecular understanding regarding this complex biosynthesis route 

of AA and its regulation is still unclear. Furthermore, the relative expression pattern of putative 

AA biosynthetic genes (in fields versus in vitro and in differentiated versus undifferentiated tissues 

of Narcissus development) added some clear knowledge regarding their role in alkaloid 

biosynthesis [290]. A study performed on callus culture of L. radiata showed how different factors, 

such as temperature (cold treatment), osmotic pressure (PEG treatment), or elicitor treatment 

(methyl jasmonate), can influence LrOMT gene expression pattern [291]. Thus, in vitro system 

cultures are a powerful tool for uncovering AA biosynthesis and gene regulation that should be 

thoroughly exploited. 

 
3.2. Synthetic biology for AA biosynthesis 

Although the complete biosynthetic pathway of AA is not resolved, and up to now, the AA 

demand has not been sufficiently fulfilled by plant sources, a synthetic biological approach could 

be a powerful approach to produce AA. Recent achievements in synthetic biological approaches 

include the production of complex biomolecules such as noscapine (a benzylisoquinoline alkaloid 

from opium poppy) and its halogenated derivatives (anticancer) in Saccharomyces cerevisiae, 

assembling 30 biosynthetic enzymes from plant, bacteria, and mammal and yeast itself including 

seven plant endoplasmic reticulum localized genes [292]. This success raises the hope of producing 

complex biomolecules such as AA using a synthetic biological approach. 

Proper selection of the host organism is the starting point of the synthetic biological approach. 

The chosen organism should be producing (or easily modified to produce) enough core 

metabolites, such as aromatic amino acids L-phenylalanine and L-tyrosine, precursors needed for 

the biosynthesis of target SMs such as AA. Selection of host species will also rely on prior 

knowledge of their ease of engineering, established cloning tools, culture techniques, and the 
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possibility of scaling up to industrial requirements. Due to rapid growth and easy handling, 

microbial hosts such as yeast (Saccharomyces cerevisiae) and, to a lesser extent, Escherichia coli, 

were used to produce plant-derived high-value alkaloids, like morphinan alkaloids [293-295]. 

Furthermore, the production of aromatic amino acid (precursor for AA) and associated upstream 

genes/enzymes were well studied in these hosts [296]. Precursors such as L-tyrosine and p-

coumaric have already been produced in E. coli [297, 298]. Recently, unicellular photosynthetic 

organisms, such as microalgae and cyanobacteria, became engaging research platforms because of 

their unicellular physiology and photosynthetic, heterotrophic, and mixotrophic lifestyles. 

Moreover, plant-based genetic engineering techniques are also emerging in model plants such as 

Nicotiana tabacum and N. benthamiana [299].  

Once a host organism is selected, the availability of precursor molecules can be enhanced by 

modifications to its metabolic pathway, such as gene deletions, swapping of endogenous enzymes 

with more active homologs, or overexpression of endogenous metabolic genes. Then, a route to 

the desired SMs can be planned and implemented. A candidate pathway is first outlined through a 

selection of stepwise chemical intermediates leading from host metabolism to the target 

compound, followed by the selection of enzymes to carry out each specified reaction [300, 301] 

.Even though the lack of knowledge in the AA biosynthetic pathway hinders this approach as of 

yet, it could be partially overcome by creating libraries of gap-filling gene candidates generated 

from a huge plant transcriptomic database, as available for thousands of plants or as part of the 

PhytoMetaSyn project [301]. In addition, the decrease in the cost of DNA synthesis helps 

accelerate gene characterization from its native source and ultimately facilitates the production of 

complex biomolecules like AA [301, 302]. Such work was done to produce polyketides. Soon, the 

synthetic approach platform will not only provide techniques to produce AA but also help in the 

biosynthesis of novel AA derivatives with improved biological and physiological properties. For 

example, once we have completed the identification of methyltransferases, reductases, and other 

enzymes required for the biosynthesis of galanthamine, we can add one more gene in the transgenic 

construct that will increase glycosylation, shifting the polarity of the parent molecule and 

eventually improve drug uptake by the human body. 

 
4. Conclusions  
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Studies on the production of AA using in vitro systems have mainly focused on the commercially 

available galanthamine and the abundant lycorine. The demand for natural therapeutic metabolites 

obtained from plants is growing fast. However, overexploitation of the native plants to meet this 

demand will be insufficient and endanger the biodiversity of wild populations. Alternative 

chemical synthesis requires a multi-step process to produce intact complex compounds. 

Fortunately, biotechnological approaches, including in vitro platforms or synthetic biology, are 

promising strategies to establish a more reliable, economical, and environmentally friendly system 

to produce plant-derived metabolites. Currently, the production of AA from in vitro systems does 

not achieve the levels produced by wild-type plants. However, they have several advantages, i.e., 

they enable the production of target metabolites independently from environmental factors 

affecting the production yield, biodiversity concerns, and land usage; they facilitate the discovery 

of biosynthetic pathways and the understanding of its regulation in a short period. Currently 

established platforms of in vitro systems can be used to determine the effect of different variables 

on plants in a controlled environment with stable chemical and physical parameters. Notable 

effects of biotic and abiotic stresses on AA biosynthesis and accumulation in in vitro systems can 

be used as a basis platform for transcriptomic and metabolomic level studies, which generate a 

huge amount of data regarding the production of AA and their regulation in planta. This generated 

data can serve as fundamental units for the synthetic biological approach. It can be utilized to: 1) 

establish an in vitro production system with optimized parameters economically comparable to 

extraction from natural sources yet sustainable, decreasing the need for native plant harvesting; 2) 

be linked to other branches of science such as bioinformatics, cell biology, biochemistry, 3) to 

produce metabolites in a fast-growing heterologous organism such as yeast, bacteria and new 

emerging platforms like microalgae. 

In this way, research combining biologists, biochemists, bioengineers, physicists, and computer 

scientists will enhance a deep understanding of AA metabolism, enabling their (re)design in 

selected heterologous hosts such as bacteria or yeast systems. 
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Abstract: Amaryllidaceae alkaloids (AAs) are a structurally diverse family of alkaloids 

recognized for their diverse therapeutic properties, such as antiviral, anti-cholinesterase, and 

anticancer. Norbelladine and its derivatives, whose biological properties are poorly studied, are 

key intermediates required for the biosynthesis of all reported ~650 AAs. To gain insight into their 

therapeutic potential, we synthesized a series of O-methylated norbelladine-type alkaloids and 

evaluated their cytotoxic effect on two types of cancer cell lines, their antiviral effect against the 

dengue virus (DENV) and the human immunodeficiency virus -1 (HIV-1), as well as their anti-

Alzheimer’s disease (anti-cholinesterase and -prolyl oligopeptidase) properties. In monocytic 

leukemia cells, norcraugsodine was highly cytotoxic (CC50=27.0 µM), while norbelladine was the 

most cytotoxic to hepatocarcinoma cells (CC50=72.6 µM). HIV-1 infection was impaired only at 

cytotoxic concentrations of compounds. The DHBA (Selectivity Index (SI)=7.2), 3’,4'-O-

dimethylnorbelladine (SI=4.8), 4’-O-methylnorbelladine (SI>4.9), 3’-O-methylnorbelladine 

(SI>4.5) and norcraugsodine (SI=3.2), reduced DENV-infected cells with EC50 ranging from 24.1 

to 44.9 µM. O-methylation of norcraugsodine abolished its anti-DENV potential. Norbelladine 

and its O-methylated forms also displayed butyrylcholinesterase inhibitory properties (IC50 

ranging from 26.1 to 91.6 µM). Altogether, the results provide hints of the structure-activity 

relationship of norbelladine-type alkaloids, an important knowledge for the development of new 

inhibitors of DENV and butyrylcholinesterase. 
 

mailto:Isabel.Desgagne-Penix@uqtr.ca
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Keywords: Amaryllidaceae alkaloid; norbelladine; dengue virus; anti-cholinesterase; 

specialized metabolism; O-methylation; galanthamine; Alzheimer’s disease; antiviral. 

 

1. Introduction 
Amaryllidaceae are a family of monocotyledonous plants of the order Asparagales, composed 

of 1100 species and 75 genera, found in tropical, subtropical and warm regions of the world [303]. 

For centuries, Amaryllidaceae plant extracts have been recognized worldwide for their varied 

therapeutic properties, including anti-acetylcholinesterase (AChE), anti-microbial, and anti-tumor 

[304-307]. Their medicinal potency is mainly attributed to the presence of SMs of the alkaloid 

group, named the AAs [8, 304]. To date, more than 650 AAs have been reported and classified into 

norbelladine-, cherylline-, galanthamine-, lycorine-, lycorenine-, crinine-, narciclasine-, tazettine-

, and montanine-type based on the proposed biosynthetic origin of the ring structure and their 

carbon skeleton [8, 207, 308]. All AAs are derived from norbelladine, a common metabolic 

intermediate formed through the condensation of tyramine and DHBA [285, 309].  

AAs are known to have various pharmacological properties [310]. For example, several AAs, 

such as sanguinine and galanthamine (Figure A4-1), are strong anti-acetylcholinesterase inhibitors, 

the latter being currently used as a treatment for symptoms of Alzheimer's disease (AD) [49, 311]. 

Lycorine, like many other AAs, exhibits anticancer (i.e., cytotoxic activity) [312-316], but also 

exerts an inhibitory effect against flaviviruses such as DENV (dengue virus), and against viruses 

belonging to other families [46, 317-319]. Recently, we demonstrated that AAs cherylline, 

paracrine, haemanthamine, and haemanthidine display antiviral effects against DENV, and except 

for cherylline, also against human immunodeficiency virus (HIV-1) [190, 320]. Developing 

antiviral therapeutics based on AAs may provide decisive medical solutions to catastrophic 

pandemics. Since many of these molecules exert their antiviral action by targeting host factors, 

they present opportunities to develop broad-spectrum treatments that are less susceptible to the 

emergence of drug resistance [321]. 

Few studies have been performed on the biological potential of norbelladine-type AAs. One 

study demonstrated that norbelladine has slight vitro anti-inflammatory and anti-oxidant properties 

[322]. In another study, synthetically designed complex alkaloid derivatives of carltonin A and B 

of the norbelladine-type were shown to exhibit anti-butyrylcholinesterase (BuChE) and -prolyl 
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oligopeptidase (POP) properties, both considered attractive targets for AD [40, 323, 324]. 

However, the pharmaceutical properties of norbelladine-type alkaloids concerning AD, viral 

infections, and cytotoxicity remain largely unknown.  

In this study, we investigated the biological activities of norbelladine-type molecules. Since 

Amaryllidaceae plants do not accumulate a high level of such metabolites, we report on the 

chemical synthesis of norbelladine, norcraugsodine, and their O-methylated derivatives (i.e., 3’-

O-methylnorbelladine, 3’-O-methylnorcraugsodine, 4'-O-methylnorbelladine, 4'-O-

methylnorcraugsodine, 3',4'-O-dimethylnorbelladine and 3',4'-O-dimethylnorcraugsodine) (Figure 

A4-1). We assessed their antiviral potential in cellulo and that of their precursors, DHBA and 

tyramine, using a propagative DENVGFP vector and a non-propagative HIV-1GFP vector. We 

analyzed their cytotoxicity against acute monocytic leukemia THP-1 cells; hepatocytic cellular 

carcinoma-derived Huh7 cells. We also measured their anti-AD potential by assessing anti-AChE 

and -BuChE, as well as -POP activity. We report for the first time that DHBA and O-methylated 

norbelladine derivatives inhibit DENV infection and that norbelladine displays anti-

butyrylcholinesterase activity. 
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Figure A4-1. Chemical structure of molecules used in this study. Amaryllidaceae alkaloid precursors (DHBA 
and tyramine); intermediates (norcraugsodine and norbelladine); their corresponding O-methylated derivatives (3'-O-
methylnorcraugsodine, 3'-O-methylnorbelladine, 4'-O-methylnorcraugsodine, 4'-O-methylnorbelladine, 3',4-'O-
dimethylnorcraugsodine and 3',4'-O-dimethylnorbelladine); and well-known AA galanthamine and lycorine. 

 
2. Materials and Methods 
2.1. Chemical synthesis and purification of alkaloids  

The starting material, reactant, and solvents were obtained commercially and used as such or 

purified and dried by standard methods [325]. The infrared spectra were recorded on a Nicolet 

Impact 420 FT-IR spectrophotometer. Nuclear magnetic resonance (NMR) spectra were recorded 
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on a Varian 200 MHz NMR apparatus. Samples were dissolved in dimethyl sulfoxide (DMSO)-d6 

for data acquisition (δ 2.49 ppm for 1H NMR and 39.95 ppm for 13C NMR) using the residual 

solvent signal as internal standard (δ 0.00 ppm). Chemical shifts (δ) are expressed in parts per 

million (ppm), whereas the coupling constants (J) are expressed in hertz (Hz). Multiplicities are 

described by the following abbreviations: s for singlet, d for doublet, t for triplet, m for multiplet, 

and bs for broad singlet. 

. 

2.1.1. Two-step synthesis of Norbelladine and methylated analogs: 

 

Norcraugsodine, norbelladine, 3'-O-methylnorcraugsodine, 3'-O-methylnorbelladine, 4'-O-

methylnorcraugsodine, 4'-O-methylnorbelladine, 3',4'-O-dimethylnorcraugsodine and 3',4'-O-

dimethylnorbelladine were obtained by organic synthesis following a two-step reaction sequence 

as described below. The products were characterized by infrared (IR) spectroscopy, proton (1H 

NMR), and carbon nuclear magnetic resonance (13C NMR) spectroscopy. 

 

Step 1: General procedure for the preparation of the imine intermediates  

An equimolar quantity of the relevant benzaldehyde and tyramine were added as powders to a 

flask containing dichloromethane (20 mL). The solution was stirred gently overnight (about 12 

hours) at room temperature to yield the imine intermediate. The solvent was evaporated under 

reduced pressure using a rotatory evaporator followed by mechanical pumping to remove the 

residual solvent and water. The resulting imines were obtained quantitatively (100%) and were 

sufficiently pure to be used as such in the hydrogenation step. 

 

Norcraugsodine. Step 1 with DHBA (537 mg, 3.88 mmol), tyramine (533 mg, 3.88 mmol), and 

dichloromethane (20 mL). Norcraugsodine (0.99 g, 99%). IR (cm-1): 3345 (OH), 3038 (aromatic) 

and 1648 (C=N); 1H NMR (200 MHz, DMSO-d6) δ: 7.98 (1H, s, CH imine), 7.15 (1H, d, J = 2.0 

Hz, CH-Ar), 6.99 (2 H, d, J = 8.6 Hz, CH-Ar), 6.90 (1 H, dd, J1= 2 Hz and J2 = 8.2 Hz, CH-Ar), 

6.65 (1 H, d, J = 8.6 Hz, CH-Ar), 6.63 (2 H, d, J = 8.6 Hz, CH-Ar), 3.63 (2H, t, J = 7.2 Hz, 

CH=NCH2CH2), 2.73 (2H, t, J = 7.4 Hz, CH=NCH2CH2); 13C NMR (200 MHz, DMSO-d6) δ: 

160.9, 155.9, 149.5, 146.1, 130.5, 130.1, 127.8, 121.9, 115.8, 115.4, 113.9, 62.4, 36.8. 
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3’-O-methylnorcraugsodine. Step 1 with 4-hydroxy-3-methoxybenzaldehyde (vanillin) (561 

mg, 3.68 mmol), tyramine (506 mg, 3.68 mmol), dichloromethane (20 mL). 3’O-

Methylnorcraugsodine (0.98 g, 98%). IR (cm-1): 3008 (OH), 1639 (C=N); 1H NMR (200 MHz, 

DMSO-d6) δ: 8.37 (1H, s, CH imine), 6.99 (4H, m, CH-Ar), 6.69 (3 H, m, CH-Ar), 3.73 (2H, m, 

CH=NCH2CH2 and 3H, s, OMe), 2.79 (2H, t, J = 7.03 Hz, CH=NCH2CH2); 13C NMR (200 MHz, 

DMSO-d6) δ: 166.4, 156.1, 152.6, 148.6, 130.1, 129.7, 123.5, 118.5, 117.8, 115.5, 114.9, 59.9, 

56.1, 36.3. 

 

4’-O-methylnorcraugsodine. Step 1 with 3-hydroxy-4-methoxybenzaldehyde (isovanillin) (561 

mg, 3.68 mmol), tyramine (506 mg, 3.68 mmol), dichloromethane (20 mL). 4’-O-

methylnorcraugsodine (1.00 g, 100%). IR (cm-1): 3508, 2900 (OH), 1638 (C=N); 1H NMR (200 

MHz, DMSO-d6) δ: 8.8 (1H, OH), 8.04 (1H, s, CH imine), 7.19 (1H, d, J = 1.56 Hz, CH-Ar), 6.97 

(4H, m, CH=Ar), 6.65 (2H, d, J = 8.2 Hz, CH-Ar), 3.77 (3H, s, OMe), 3.64 (2H, t, J = 7.03Hz, 

CH=NCH2CH2), 2.74 (2H, t, J = 7.03 Hz, CH=NCH2CH2); 13C NMR (200 MHz, DMSO-d6) δ: 

160.8, 155.9, 150.4, 147.1, 130.5, 130.1, 129.8, 121.2, 115.4, 113.6, 111.9, 62.8, 55.9, 36.7. 

 

3’,4’-O-dimethylnorcraugsodine. Step 1 with 3,4-dimethoxybenzaldehyde (582 mg, 3.50 

mmol), tyramine (481 mg, 3.50 mmol), and dichloromethane (20 mL). 3’,4’-O-

dimethylnorcraugsodine (1.00 g, 100%); IR (cm-1): 2938 (OH), 1638 (C=N); 1H NMR (200 MHz, 

DMSO-d6) δ: 9.05 (1H, OH), 8.13 (1H, s, CH imine), 7.32 (1H, s, CH-Ar), 7.15 (1H, d, J = 7.81 

Hz, CH-Ar), 6.99 (3H, m, CH-Ar), 6.66 (2H, d, J = 8.2 Hz, 3.77 (6H, s, 2 x OMe), 3.67 (2H, t, J = 

7.03 Hz, CH=NCH2CH2), 2.77 (2H, t, J = 7.03 Hz, CH=NCH2CH2); 13C NMR (200 MHz, DMSO-

d6) δ: 160.7, 155.9, 151.4, 149.4, 130.4, 130.1, 129.6, 122.8, 115.4, 111.6, 109.4, 62.9, 55.9, 55.8, 

36.7. 

 

Step 2: General procedure for the preparation of the final amine products 

 

The relevant imine was dissolved in a mixture of ethylacetate/methanol (9:1, 10 mL) and 

hydrogenated to the amine using 30 mol% palladium on carbon (Pd/C 10 %) under a H2 

atmosphere using a balloon. The hydrogen was bubbled three times (t = 0, 30 and 60 minutes) 

during the hydrogenation process. The mixture was agitated for 2 to 3 hours (or until disappearance 
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of the starting material by TLC) and then filtered on a silica gel using ethylacetate/methanol (4:1 

mixture) to remove the Pd/C. The solvent was evaporated under reduced pressure using a rotatory 

evaporator followed by mechanical pumping to yield the desired amine. The final amines were 

obtained from 43% to 98% yields. 

 

Norbelladine. Step 2 with norcraugsodine (150 mg, 0.58 mmol), under H2 atmosphere, 10% 

Pd/C (40 mg), ethyl acetate/methanol (10 mL). Norbelladine (130 mg, 86%). IR (cm-1): 3021 (-

OH and NH); 1H NMR (200 MHz, DMSO-d6) δ: 6.94 (2 H, d, J = 8.6 Hz, CH-Ar), 6.63 (4 H, m, 

CH-Ar), 6.52 (1H, dd, J1 = 1.7 Hz and J2 = 7.7 Hz, CH-Ar), 3.49 (2H, s, Ar-CH2-NH), 2.58 (4 H, 

m, NH-CH2CH2-Ar); 13C NMR (200 MHz, DMSO-d6) δ: 155.8, 145.4, 144.3, 132.1, 130.9, 129.8, 

119.2, 116.0, 115.6, 115.5, 53.1, 51.1, 35.4. 

 

 

3’O-methylnorbelladine. Step 2 with 3'-O-methylnorcraugsodine (182.5 mg, 0.67 mmol), under 

H2 atmosphere, 10% Pd/C (40 mg), ethyl acetate/methanol (10 mL). 3’O-methylnorbelladine 

(182.5 mg, 99%). IR (cm-1): 2934 (OH and NH); 1H NMR (200 MHz, DMSO-d6) δ: 6.98-6.65 

(7H, m, CH-Ar), 3.81 (2H, s, Ar-CH2-NH), 3.71 (3H, s, OMe), 2.64 (4H, m, NH-CH2CH2-Ar); 13C 

NMR (200 MHz, DMSO-d6) δ: 160.8, 152.7, 151.8, 134.8, 134.6, 129.1, 126.0, 123.2, 120.3, 

116.4, 60.8, 55.2, 55.1, 39.4. 

 

4’-O-methylnorbelladine. Step 2 with 4'-O-methylnorcraugsodine (266 mg), under H2 

atmosphere, 10% Pd/C (40 mg), ethyl acetate/methanol (10 mL). 4’-O-methylnorbelladine (114 

mg, 43%). IR (cm-1): 2989 (OH and NH); 1H NMR (200 MHz, DMSO-d6) δ: 6.96-6.62 (7H, m, 

CH-Ar), 3.71 (3H, s, OMe), 3.55 (2H, s, Ar-CH2-NH), 2.60 (4H, br s, NH-CH2CH2-Ar); 13C NMR 

(200 MHz, DMSO-d6) δ: 155.9, 146.8, 146.7, 133.6, 130.7, 129.8, 119.0, 115.9, 115.5, 112.4, 

56.1, 52.9, 51.0, 35.3. 

 

 3’,4’-O-dimethylnorbelladine. Step 2 with 3',4'-O-dimethylnorcraugsodine (404 mg, 1.41), 

under H2 atmosphere, 10% Pd/C (70 mg), ethyl acetate/methanol (10 mL). 3’,4’-O-

dimethylnorbelladine (400 mg, 98%). IR (cm-1): 3261 (OH), 2953 (OH and NH)); 1H NMR (200 

MHz, DMSO-d6) δ: 6.97-6.55 (7H, m, CH-Ar), 3.69 (6H, s, OMe), 3.60 (2H, br s, Ar-CH2-NH), 
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2.61 (4H, br s, NH-CH2CH2-Ar); 13C NMR (200 MHz, DMSO-d6) δ: 155.9, 149.0, 147.9, 133.9, 

130.9, 129.8, 120.2, 115.4, 112.1, 111.9, 55.9, 55.8, 53.0, 51.1, 35.4. 

 

2.2 Preparation of lycorine, DHBA, tyramine and other commercial inhibitors stocks 

Lycorine was isolated from Crinum jagus according to the method reported in [47] and provided 

by Antonio Evidente (Universita di Napoli Federico II, Italy). DHBA (purity: 97%, formula: 

C7H6O3, molar mass: 138.12, CAS number: 139-85-5) was obtained from Acros Organics. 

Tyramine (purity: ≥98%, formula: C8H11NO, molar mass: 137.18, CAS number: 51-67-2) was 

obtained from Sigma Aldrich. Raltegravir (purity: 99.85%, formula: C20H20FN6O5K, molar mass: 

482.52, CAS number: 871038-72-1) was obtained through the NIH HIV Reagent Program, 

Division of AIDS, NIAID (Isentress; MK-0518). Each compound was dissolved in 

dimethylsulfoxide (DMSO) at a final concentration of 100 mM and stored at -20ºC until 

subsequent use. Rivastigmine and galanthamine hydrobromide were purchased from Millipore 

Sigma (Sigma-Aldrich, Canada) and solubilized in water at 20 mM before experiments. 

 

2.3. Cell lines and culture 

The human hepatocarcinoma Huh7 cell line was kindly provided by Hugo Soudeyns (University 

of Montréal, QC, Canada). Huh7, Crandell-Rees Feline Kidney Cell (CRFK), and Vero cells were 

maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin solution (all from Wisent, Inc., Canada). The human 

leukemia monocytic THP-1 cell line was maintained in Roswell Park Memorial Institute (RPMI) 

medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

solution (all from Wisent, Inc., Canada). All cell lines were incubated at 37ºC and 5% CO2. 

 

 2.4. Cytotoxicity assay 

Cytotoxicity assays of norbelladine and its derivatives were performed on Huh7 and THP-1 cells 

by measuring ATP levels using the Cell-Titer GLO assay kit (Promega, Madison, WI, USA). 

Briefly, 7.5x103 Huh7 cells/well or 2x104 THP-1 cells/well were plated in black 96-well plates and 

incubated at 37C° for 24 hours. The next day, precursors, norbelladine, its derivatives, DMSO, and 

lycorine were serially diluted by a factor of 2 in DMEM complete medium (for Huh7) or RPMI 

complete medium (for THP-1) at room temperature. Each dilution was added to the cell plates to 
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obtain final concentrations of 6.25 µM to 200 µM for alkaloids and DMSO and 0.39 µM to 50 µM 

for lycorine. DMSO was used as a negative control, and lycorine as a positive control since its 

cytotoxic effect was previously demonstrated [326]. The plates were incubated at 37ºC and 5% 

CO2 for 72 hours. Cell-Titer GLO reagent was added to the plates previously equilibrated to room 

temperature. The plates were then mixed on an orbital shaker for 2 minutes and incubated for 10 

minutes at room temperature. The luminescence signal was measured with a microplate 

spectrophotometer (Synergy H1, Biotek, QC, Canada). Viability percentages were obtained by 

calculating the ratio of the signal corresponding to each alkaloid concentration to the signal of the 

equimolar DMSO control. All experiments were performed at least twice. Median cytotoxic 

concentrations (CC50) were calculated using QuestGraph IC50 calculator software (MLA Quest 

Graph™ IC50 Calculator. AAT Bioquest, Inc). 

 

2.5. Viral vectors 

To investigate the antiviral effect of norbelladine and its derivatives, we used a dengue virus 

propagative vector (DENVGFP) and a non-propagative human immunodeficiency virus (HIV)-1 

pseudotyped VSV-G vector (HIV-1GFP), both encoding green fluorescent protein (GFP). The 

plasmid used to obtain the DENVGFP vector (pFK-DVs-G2A) was provided by Ralf Bartenschlager 

(Heidelberg University, Germany) and Laurent Chatel-Chaix (Institut national de la recherche 

scientifique, Québec, Canada) [47, 327]. The two plasmids used to obtain the HIV-1GFP vector 

were PMD2.G and pNL4-3-GFPΔEnvΔNef [328]. For DENVGFP, viral titer was measured by 

plaque assay in Vero cells, as described by [329]. For HIV-1GFP, the viral titer was obtained by 

measuring the infectivity of serially diluted vectors in CRFK cells, as described by [330]. 

 

2.6. Antiviral assays  

Briefly, 7.5x103 Huh7 cells/well or 2x104 THP-1 cells/well were plated in 96-well plates at 37C° 

for 24 hours. The next day, norbelladine and its derivatives, as well as DMSO-dissolved lycorine 

(Huh7) or DMSO-dissolved raltegravir (THP-1), were serially diluted by a factor of 2 in DMEM 

or RPMI medium, respectively. Each dilution was added to the cell plates to obtain final 

concentrations of 1.56 µM to 200 µM for alkaloids and matched concentrations of DMSO and 

0.05 µM to 6.4 µM for lycorine or 0.078 µM to 10 µM for raltegravir. Lycorine and raltegravir 

were used as DENV and HIV-1 inhibitor controls, respectively [317, 331]. DENVGFP and HIV-
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1GFP were then added at a multiplicity of infection (MOI) of 0.025 and 0.1, respectively. Plates 

were incubated at 37oC and 5% CO2 for 72 hours. Afterward, the cells were fixed in 3.7% 

formaldehyde, and the percentage of infection was measured by flow cytometry with an FC500 

MPL cytometer (Beckman Coulter, Inc., Brea, CA, USA). Data analysis was performed using the 

Flowjo software (BD, FlowJo LLC, Ashland, OR, USA). All experiments were performed at least 

twice. EC50 was calculated using QuestGraph IC50 calculator software (MLA Quest Graph™ IC50 

Calculator. AAT Bioquest, Inc). 

 

2.7. Anti-acetylcholinesterase (AChE) and -butyrylcholinesterase (BuChE) activity 

Pharmacological properties specific to AD were tested first on AChEs according to the kit 

(ab138871, Abcam) that provides a colorimetric measure of enzyme activity and inhibition. 

Briefly, the reaction was performed in a final volume of 100 μL in 96-well microplates. A 

preliminary screen to identify the most potent AChEs inhibitors was performed. DMSO-dissolved 

test compounds were added to a final concentration of 1 mM (1% DMSO) in duplicates. Next, a 

five μL reaction mixture containing equal amounts of acetylthiocholine (20x) and DTNB (20x) 

was added to each well. Ultimately, the enzyme solution was added to a final concentration of 0.25 

U/mL, and absorbance was measured at 412 nm in kinetic mode for 10 minutes using a microplate 

reader (Synergy H1, Biotek, QC, Canada). The same procedure was utilized for the BuChEs 

(equine, Sigma-Aldrich) activity test, except that the enzyme concentration was 2 U/mL per 

reaction. DTNB (Bis(3-carboxy-4-nitrophenyl) disulfide, Ellman’s Reagent), acetylthiocholine 

iodide, and butyrylthiocholine iodide were purchased from Sigma-Aldrich (Canada). 

Galanthamine (10 µM) and rivastigamine (2 mM) were used as a positive control for AChE and 

BuChE assays, respectively. Molecules showing inhibition during preliminary screenings were 

selected for further assessment of IC50 using serially diluted concentrations. Experiments were 

performed at least twice. Inhibition was calculated as follows: 

I= 100x(1-∆i/∆e) [40] 

where ∆i is the difference of absorbance between two time points in the presence of an inhibitor, 

and ∆e is the difference of absorbance using two time points in the presence of DMSO or 

appropriate solvent. 

 

2.8. Prolyloligopeptidase (POP) inhibition assay 
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POP enzyme activity was measured using the Fluorogenic POP Assay Kit (BPS Bioscience Inc, 

USA). The reaction was carried out in a final volume of 50 μL in a low-binding NUNC microtiter 

plate. All compounds were tested at a final concentration of 250 μM in duplicate. DPP substrate 

was added to a final concentration of 2.5 μM, and the POP enzyme solution was subsequently 

added to a final concentration of 1 ng/μL. Optical densities at 440 nm were recorded using a 

microplate reader (Synergy H1, Biotek, QC, Canada). 

 

2.9. Docking of norbelladine derivatives with BuChE 

Docking was performed using the crystal structure of human BuChE in a complex with tacrine 

(PDB: 4BDS) using MOE 2020.09 software (Chemical Computing Group). Tacrine was removed. 

Structure issues were corrected using the structure preparation tool and amino acids were 

protonated using the protonate3D tool. Ligands were protonated at pH=7 using the protomer 

option. Ligands were protonated at pH=7 using the protomers tool. The active site (Asn68, Ile69, 

Asp70, Gln71, Ser72, Gly78, Ser79, Trp82, Tyr114, Gly115, Gly116, Gly117, Gln119, Thr120, 

Gly121, Thr122, Leu125, Tyr128, Glu197, Ser198, Ala199, Trp231, Glu276, Ala277, Val280, 

Gly283, Thr284, Pro285, Leu286, Ser287, Val288, Asn289, Phe290, Ala328, Phe329, Tyr332, 

Phe398, Trp430, Met437, His438, Gly439, Tyr440, Ile442) was predicted by the site finder tool of 

the MOE software and validated with literature data. Dummy atoms across the active site were 

created and used as docking sites. Water and solvent molecules were removed, residues further 

than 8 Å from dummy atoms were fixed, and active site residues were tethered using the QuickPrep 

default parameters. The triangle matcher method was used to place ligands in the active site using 

the London dG score, with 200 poses, and the induced fit was used as a refinement option with 10 

poses and GBVI/WSA score. The first pose of the most abundant configuration was chosen to be 

conserved for ligand-protein interaction analysis. This corresponded to the 1st pose for all ligands 

except 3’4’-O-methylnorbelladine, for which the 1st pose displayed a flipped structure; hence the 

2nd pose was selected. Protein-Ligand Interaction Profiler (PLIP) was used to analyze the 

interaction of the ligands with the binding site following the docking procedure [332]. Pymol 

(Schrödinger) was used to visualize and present PLIP results. 

 

2.10. Statistical analysis 

https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index
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All the analysis and related graphs were performed using GraphPad Prism version 8.0.0 

(GraphPad Software, San Diego, California USA). 

 

3. Results 

3.0. Chemical synthesis 

Synthesis of norbelladine as well as the different methylated analogs, was performed following 

a two-step reaction sequence reported in the literature for norbelladine [322, 333]. The 

condensation of relevant aldehyde with tyramine initially yielded the imide intermediates 

quantitatively. Next, a simple catalytic hydrogenation allowed us to generate the final derivatives 

with yields ranging from 43% to 99%.  

 

3.1. Cytotoxic assay 

Several alkaloids of the Amaryllidaceae family have been reported to be cytotoxic [334]. 

Therefore, we evaluated the cytotoxic activity of the AA precursors DHBA, tyramine, and the eight 

norbelladine-derived molecules on two types of cancer cell lines, including human monocytic 

leukemia cells (THP-1) and human hepatocarcinoma cells (Huh7). Tyramine is a natural by-

product of the breakdown of the amino acid tyrosine and is found in plants and animals. As 

expected for both cell lines, tyramine was not cytotoxic and did not affect cell viability, whereas 

lycorine was cytotoxic [335] at concentrations below 50 µM (Figure A4-2, Table A4-1). For THP-

1 cells, norcraugsodine and DHBA at 100 µM and norbelladine and 3'-O-methylnorbelladine at 

200 µM were highly cytotoxic, killing the majority of the cells (Figure A4-2a). For Huh7 cells, 

norbelladine, norcraugsodine, 3',4'-O-dimethylnorbelladine, and DHBA at 200 µM were cytotoxic, 

representing 50% cell death (Figure A4-2b).  
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Figure A4-2. Cytotoxic effect of norbelladine precursors and its derivatives on Huh7 and THP-1 cells. To 
assess cell viability, the cellular ATP levels were measured on (a) THP-1 and (b) Huh7 cells 72 h after alkaloid 
addition at concentrations of 6.25 µM to 200 µM. Lycorine was utilized as a positive control at concentrations of 0.3 
µM to 40 µM. Results were normalized to equivalent concentrations of DMSO, and the x-axis is displayed in log10. 
DMSO: dimethyl sulfoxide; ATP: adenosine triphosphate. 

 
The median cytotoxic concentrations (CC50) causing a 50% decrease in cell viability were 

estimated for all alkaloids reaching this value (Figure A4-2; Table A4-1). Norcraugsodine, DHBA, 

norbelladine, and 3'-O-methylnorbelladine were highly cytotoxic on THP-1 cells, with CC50 

ranging from 27.0 µM to 99.0 µM (Table 1). The 3’- and 4'-O-methylnorcraugsodine, 3'-O-

methylnorbelladine, 3',4'-O-dimethylnorcraugsodine, and 4'-O-methylnorbelladine exhibited only 

moderate cytotoxicity (<50% of cell death) at 200 µM on THP-1 cells (Figure A4-2a; Table A4-

1). The norbelladine, norcraugsodine, 3',4'-O-dimethylnorbelladine, and DHBA were cytotoxic to 

Huh7 cells (Figure A4-2b), with CC50 ranging from 72.6 µM to 173.1 µM (Table A4-1). The 3'-O-

methylnorcraugsodine was weakly cytotoxic on Huh7 cells at tested concentrations (Figure A4-

2b). All other tested molecules were not cytotoxic (Figure A4-2b; Table A4-1).  

In summary, DHBA, norcraugsodine, and norbelladine were the most cytotoxic to both types of 

cell lines, whereas 3'-O-methylnorbelladine displayed cytotoxic specificity to THP-1, and 3’,4’-

O-dimethylnorbelladine to Huh7 cells (Figure A4-2; Table A4-1).  
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Table A4-1. EC50, CC50, and SI of norbelladine precursors and derivatives with antiviral effect. EC50: median 

effector concentration; CC50: median cytotoxic concentration, SI= Selectivity index. 

Alkaloids 
EC₅₀         

HIV-1                        
(µM) 

CC₅₀              
THP-1              
(µM) 

SI                                
HIV-1 

EC₅₀ DENV                        
(µM) 

CC₅₀                    
Huh7                
(µM) 

SI                   
DENV 

Tyramine >200- >200- <1.0 >200- >200- <1.0 

DHBA 51.5* 31.65 0.6 24.1* 173.1 7.2 

Norbelladine 50.5 82.2 1.6 50.4 72.6 1.4 

Norcraugsodine 55.5 27.0 0.5 37.7 121.8 3.2 

3'-O-methylnorcraugsodine 107.2* >200 >1.9 176.3* >200 >1.1 

3'-O-methylnorbelladine 134.7* 99.01 0.73 44.9* >200 >4.5 

4'-O-methylnorbelladine 108.3* >200 >1.8 40.5* >200 >4.9 

4'-O-methylnorcraugsodine >200- >200- <1.0 >200- >200- <1.0 
3',4'-O-

dimethylnorbelladine 
98.3* >200 >2.0 27.5 131.4 4.8 

3',4'-O-
dimethylnorcraugsodine 

>200- >200- <1.0 >200- >200- <1.0 

Raltegravir 0.098 >10- >102 u.i. u.i. u.i. 

Lycorine u.i. 10,7 u.i. 0,090 17,4 193,3 

EC50 and CC50 of antiviral compounds (norbelladine, norcraugsodine, 3'-O-methylnorcraugsodine, 3'-O-
methylnorbelladine, 4'-O-methylnorbelladine, 3',4'-O-dimethylnorbelladine, and DHBA) were calculated using 
QuestGraph IC50 calculator (MLA Quest Graph™ IC50 Calculator. AAT Bioquest, Inc). SI = CC50/EC50. “-”: EC50 
or CC50 was not achieved. “*”: compound addition does not yield complete viral inhibition. “u.i.” is unidentified. 

 

 
3.2. Antiviral assay 

Several studies have shed light on the outstanding antiviral properties of alkaloids extracted 

from Amaryllidaceae, such as lycorine, cherylline, haemanthamine, haemanthidine, and 

pancracine [17, 21, 22]. Hence, we measured the antiviral activity of DHBA, tyramine, and the 

eight norbelladine-derived molecules towards HIV-1GFP and DENVGFP in THP-1 and Huh7 cells, 

respectively. Infection levels were measured 72 hours post-infection, where a dose-dependent 

inhibition of HIV-1GFP (Figure A4-3; Supplementary File A5-1) and DENVGFP (Figure A4-4; 

Supplementary File A4-2) was generated. In addition, the effective concentration inhibiting 

infection by 50% (EC50) was calculated along with the selectivity index (SI) that was determined 

by the ratio of CC50 and EC50 (Table A4-1). 
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3.2.1. Inhibition of HIV-1GFP 

Norcraugsodine, DHBA, and norbelladine prevented HIV-1 infection in most cells at 100 µM, 

while their methylated forms and tyramine were mostly inactive. At 200 µM, all three compounds 

and 3’-O-methylnorcraugsodine impeded HIV-1 infection (from 94% to 99% inhibition) (Figure 

A4-3; Supplementary File A5-1), with EC50 ranging from 50.5 µM to 107.2 µM, and selectivity 

indices (SI) of 0.5 to 1.6 (Table 1). Hence, at these concentrations, AAs were also associated with 

significant toxicity, raising concerns about the specificity of their antiretroviral properties. 

 

Figure A4-3. Antiretroviral effect of norbelladine precursors and derivatives on HIV-1GFP. The antiviral 
activity against HIV-1GFP of norbelladine precursors and derivatives was evaluated 72 hours post-infection using THP-
1 cells by flow cytometry at concentrations ranging from 6.25 µM to 200 µM. Infections were performed with the 
non-propagative HIV-1GFP virus at a multiplicity of infection (MOI) of 0.1. Raltegravir served as a positive control 
and DMSO as a negative control at concentrations equivalent to tested alkaloids. Results were normalized to the value 
with HIV-1GFP infection without treatment, and the x-axis is displayed as log10. 

 
3.2.2. Inhibition of DENVGFP 

DHBA, 3',4'-O-dimethylnorbelladine, norcraugsodine, 4'-O-methylnorbelladine 3'-O-

methylnorbelladine, and norbelladine show potent inhibition of DENVGFP infection at 50, 100 and 

200 µM. Huh7 cells treated with 200 µM of these compounds resulted in 89% to 100% decrease 

of infection, with EC50 ranging from 24.1 µM to 50.4 µM, and SI from 1.5 to 6.2 (Table A4-1, 
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Figure A4-4; Supplementary File A5-2). DHBA, 4’-O-methylnorbelladine, 3',4'-O-

dimethylnorbelladine and 3’-O-methylnorbelladine are the most selective, with SI > 4.5. The other 

alkaloids tested showed little or no specific antiviral effect against DENVGFP infections. 

 

Fig A4-4. Antiflaviviral effect of norbelladine precursors and derivatives on DENVGFP. The antiviral activity 
against DENVGFP of norbelladine precursors and derivatives was evaluated 72 hours post-infection using Huh7 cells 
using flow cytometry at concentrations ranging from 6.25 µM to 200 µM. Infections were performed with 
propagative DENVGFP virus at an MOI of 0.025. Lycorine was used as a positive control, and DMSO was used as a 
negative control at concentrations equivalent to tested alkaloids. Results were normalized to the value of DENVGFP 
infection without treatment, and the x-axis is displayed as log10. 

 
3.3. Choline Esterase and Prolyloligopeptidase inhibitory effect 

Enzymatic inhibitions were first trialed using one mM of compounds in duplicates (Table A5-

1). Further experiments were carried out only on selected active molecules. Of all the compounds 

tested, only norcraugsodine, 3’-O-methylnorcraugsodine, and 3’-O-methylnorbelladine inhibited 

POP activity, norcraugsodine being the most potent with IC50 = 463.8 µM (Figure A4-5a). Among 

all AAs and precursors, only 3’,4’-O-dimethylnorbelladine exhibited moderate inhibition of 

AChE, with IC50 = 319.6 µM (Figure A4-5b). Among the 10 molecules tested, only norbelladine 

and its methylated forms significantly blocked BuChE activity using both acetylthiocholine and 

butyrylthiocholine as substrates (Figure A4-5c and 5d). Norbelladine was the most potent with an 
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IC50 of 33.26 µM and 26.13 µM, respectively (Table A5-1). The addition of two methyl groups in 

3’- and 4’-O positions leads to a ~3-fold decrease in inhibition. 
 
 

Figure A4-5. Anti-Alzheimer’s disease properties. (a) Prolyl oligopeptidase inhibition by norcraugsodine, 3’O-
methylnorcraugsodine, and 3’O-methylnorbelladine. (b) Acetylcholinesterase inhibition of 3’4’O-methylnorbelladine 

using acetylthiocholine as a substrate. (c) Butyrylcholinesterase (BuChE) inhibition of norbelladine and derivatives 
using butyrylthiocholine (BuTCh) as substrate. (d) Butyrylcholinesterase inhibition of norbelladine and derivatives 
using acetylthiocholine (ATCh) as substrate. Galanthamine (10 µM) was used as a positive control for AchE assays, 
while rivastigmine (2 mM) was used for BuChE assays (100% of inhibition not shown on the graph). 

 
3.4. Molecular docking of norbelladine derivatives with BuChE. 

To better understand the interactions between norbelladine derivatives and BuChE, we 

performed docking using the crystal structure of human BuChE (PDB: 4BDS) (Table 2, Figure 

A4-6). The active site of BuChE is located at the bottom of a profound gorge (20 Å) comprising 6 

conserved aromatic residues and 6 aliphatic (Leu286 and Val288) and polar residues [324]. It 

includes a catalytic triad (Ser198, Glu325, and His438) mediating the choline esters hydrolysis, an 

anionic site (Trp82, Tyr128, Phe329), essential for the reaction, an oxyanion hole (Gly116, Gly117, 

Ala199) stabilizing the transition state through hydrogen-bond interactions, while the acyl pocket 

(Ala199, Leu286, and Val288) is responsible for substrate specificity [336], and the peripheral 

anionic site (PAS or P-site) (Asp70, Tyr332) at the entry of the active gorge, interacting with 
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cationic substrate guiding them down the gorge to the catalytic triad, is implicated in interactions 

with beta-amyloid and in the binding with many inhibitors [337, 338](Figure A4-6). Docking 

scores were very similar for norbelladine and its derivatives, ranging from -6.68 to -7.03 kCal/mol 

(Table 2). All the molecules interacted with the key residue of the anionic site Trp82. The 

hydrophobic and H-bonds interaction with Trp82 were stabilized by aromatic π-π-stacking in the 

case of norbelladine and 3’-O-methylnorbelladine, consistently with other inhibitors such as 

tacrine [339], while the docking conformation of the 4’-O-methylated compounds did not allow 

for such interaction. In the case of norbelladine and 3’-O-methylnorbelladine, the interaction with 

BuChE was also supported with H-bonds with PAS amino acids (Tyr332 and Asp70, respectively), 

and with other binding site residues (Tyr440 for norbelladine, Thr120 and Trp430 for 3’-O-

methylnorbelladine). In addition, 3’-O-methylnorbelladine was H-bonded to the catalytic residue 

His438. Thus, the docking results are consistent with inhibition mechanisms like other previously 

reported inhibitor molecules such as tacrine and possibly reflect a stronger and more stable 

inhibition potential for norbelladine and 3’-O-methylnorbelladine compared to 4’O-methylated 

norbelladine derivatives (Figures A4-5 and A4-6). 
 

Table A4-2. Prediction of norbelladine derivatives interactions with butyrylcholinesterase. 

 Score (kCal/mol) Interaction 
  H-bonds hydrophobic π -stack 
norbelladine -6,6829 Trp82, Tyr332, Tyr440 Trp82, Tyr440 Trp82 
3’-O-methylnorbelladine -6,8174 Asp70, Trp82, Thr120, 

Trp430, His438 
Trp82 Trp82 

4’-O-methylnorbelladine -6,8119 Trp82 Trp82 nd 
3’,4’-O-dimethylnorbelladine -7,0368 Thr120 Trp82, Tyr440 nd 

Nd: None detected. 
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Figure A4-6. Prediction of norbelladine derivatives interaction with butyrylcholinesterase. Grey surface 
representation of BuChE (4BDS) active site with key subsites highlighted in different colors (catalytic triad is a yellow, 
pre-anionic site (PAS) is green, the anionic site is pink, oxyanion pocket is turquoise, and acyl pocket is dark grey. (a) 
Superimposition of docked ligands in the BuChE active site, norbelladine is green, 3’-O-methylnorbelladine purple, 
4’-O-methylnorbelladine yellow, 3’,4’-O-dimethylnorbelladine turquoise. (b) Non-covalent (H-bond, hydrophobic, 
and P-stack) interactions of norbelladine with Trp82 from the anionic site, Tyr332 from the PAS, and Tyr440 from 
the binding site. (c) Non-covalent interactions of 3’-O-methylnorbelladine with W82 from the anionic site, Asp70 
from the PAS, His438 from the catalytic triad, and Trp430 from the binding site. (d) Non-covalent interactions of 4’-
O-methylnorbelladine with Trp82 from the anionic site. (e) Non-covalent interactions of 3’4’-O-dimethylnorbelladine 
with Trp82 from the anionic site and Thr120 and Tyr440 from the binding site. 

 
4. Discussion 

Norbelladine and its O-methylated forms are mandatory intermediates in the biosynthesis of 

AAs [309, 340], yet their biological properties remain poorly studied. Norbelladine itself was 

shown to possess anti-inflammatory and cyclooxygenase inhibitory effects [322], while 3’-O-

methylnorbelladine and a few complex synthetic derivatives of norbelladine and belladine were 

shown to display anti-cholinesterase activity [341].  

We obtained the precursor imines norcraugsodine, 3’-O-methylnorcraugsodine, 4’-O-

methylnorcraugsodine, 3’,4’-O-dimethylnorcraugsodine from which we made norbelladine [333], 

3’-O-methylnorbelladine, 4’-O-methylnorbelladine, and 3’,4’-O-dimethylnorbelladine by 

catalytic hydrogenation. Their chemical synthesis was a straightforward process, and the products 

were generally good to excellent. 
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Cytotoxic assays revealed that DHBA, norcraugsodine, and norbelladine were the most 

cytotoxic compounds both in monocytic leukemia THP-1 cells and hepatocarcinoma Huh7 cells 

(Figure A4-2; Table A4-1). Interestingly, the 3’-O-methylnorbelladine was selectively toxic to 

THP-1 cells, while 3’,4’-O-dimethylnorbelladine was selectively toxic to Huh7, hinting towards 

different mechanisms of cytotoxicity between the two cell lines.  

Norbelladine, norcraugsodine, and DHBA also strongly impeded HIV-1GFP and DENVGFP 

infections (Table A4-1, Figure A4-3, Figure A4-4). The concentrations required to inhibit HIV-1 

infection were cytotoxic to THP-1 cells (Table A4-1, Figure A4-3). Hence, the decrease in HIV-1 

infection caused by these alkaloids is more consistent with a progressive depletion of cell viability 

rather than a specific antiviral effect. In the case of DENV, viral inhibition was more specific, 

occurring at non-cytotoxic doses. Some non-cytotoxic alkaloids, such as 3'- and 4’-O-

methylnorbelladine, also efficiently inhibited DENVGFP replication at >100 µM. The 3’- O-

methylnorcraugsodine, 4'-O-methylnorcraugsodine, and 3',4'-O-dimethylnorcraugsodine show 

little or no antiviral activity in contrast to norcraugsodine, revealing the importance of O-

methylation to the toxic and antiviral nature of alkaloids (Table A4-1, Figure A4-4).  

Several studies have demonstrated the antiviral effect of AAs against several types of viruses. 

Here, the virus used to perform DENVGFP infections corresponds to dengue serotype 2. Recently, 

we also uncovered that AAs haemanthamine, pancracine, and haemanthidine, isolated from 

Pancratium maritimum, inhibited DENV-2 infection [320]. This study adds to the growing 

evidence that AAs structure could be optimized to develop potent inhibitors against this potentially 

fatal disease. Future studies should address the potency of these compounds towards other 

serotypes (DENV-1, 3, and 4), and other flaviviruses [342, 343]. 

Investigation of the inhibitory properties of alkaloids on POP, AChE, and BuChE activity 

confirmed that AAs' O-methylation and reduction state weighs heavily on their potency. POP is a 

post-proline cleaving enzyme of the central nervous system, whose alteration is implicated in 

memory loss, Alzheimer's, Parkinson’s, and Huntington’s diseases, as well as other 

neurodegenerative diseases [344]. Norcraugsodine, 3’-O-methylnorcraugsodine, and 3’-O-

methylnorbelladine were the only compounds to inhibit POP at high concentrations >500 µM 

(Figure A4-5). Mamun et al. also reported limited efficiency of synthetic norbelladine and 

belladine derivatives to inhibit this enzyme [341].  
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AChE activity is dominant in regulating acetylcholine levels in healthy brains, while in 

Alzheimer's disease (AD) patients' brains, the activity of BuChE is increased [345]. Thus, both 

enzymes are considered major therapeutic targets in the fight against AD. Except 3’,4’-O-

dimethylnorbelladine, none of the molecules inhibited AChE activity in our experiments. Using 

DMSO as a solvent could have masked their activity up to a certain level. However, norbelladine 

and O-methylated derivatives consistently inhibited BuChE-catalyzed hydrolysis of 

butyrylcholine and acetylcholine. Norbelladine was the most potent, while there was a 3-fold loss 

of inhibition in the case of 3’,4’-O-dimethylnorbelladine. These results, in line with Mamun et al 

screening [341], emphasizes the interest in norbelladine as the backbone for developing 

butyrylcholinesterase inhibitors.  

BuChE is a serine hydrolase enzyme that can hydrolyze several choline esters, including 

acetylcholine, succinylcholine, and butyrylcholine [324]. Although its role is not fully understood, 

its levels are increased in AD patients, and it could promote amyloid plaque formation [346]. The 

active site of this enzyme consists of 1) the catalytic site composed of Ser198, His438, and Glu325 

[347], 2) an acyl pocket with Ala199, Leu286 and Val288 interacting with acyl group of the esters 

[348], 3) an anionic site with Trp82 that binds to quaternary nitrogen of choline, and 4) an enzyme 

gorge lip consisting of Asp70 and Tyr332 guiding substrate toward the catalytic site [349]. 

In a study conducted by Nachon et al. (2013), human BuChE was crystallized in complex with 

tacrine, a strong inhibitor of BuChE. According to this study, an aromatic π- π stacking between 

tacrine and Trp82 is essential for its inhibitory effect [350]. A similar interaction was predicted by 

docking norbelladine and its O-methylated forms with BuChE, consistent with the relatively strong 

inhibitory effect observed in our in vitro enzymatic assays (Figure A4-6). Furthermore, an 

additional interaction between Tyr332 and the hydroxyl group of the norbelladine ring was 

obtained in our model that potentially can reduce the accessibility of BuChE to the substrate since 

Tyr332 has been proposed to direct the substrate to the active site of the enzyme. It should be noted 

that a weak interaction between Tyr332 and tacrine was also observed [350]. 

 

5. Conclusions 

In summary, precursors and norbelladine derivatives do not exhibit antiviral effects against HIV-

1GFP infections. However, they do possess appreciable inhibitory activity against DENVGFP 

infections and butyrylcholinesterase. The results obtained in this study increase our knowledge of 
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the structure-activity relationship of alkaloids with a norbelladine backbone. They provide further 

insight into the biological potency of norbelladine-type molecules, depending on the nature and 

location of the different O-methyl groups. This new knowledge could help to better guide the 

selection and optimization of AAs to develop new inhibitors to fight Alzheimer’s disease and 

infections caused by flaviviruses. 
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Figure A5-1. Antiretroviral effect of four concentrations (25, 50, 100, and 200 µM) of norbelladine 
precursors and derivatives on HIV-1GFP in THP1 cells. Representative dot plots are presented. DMSO (200 µM) 
and raltegravir (10 µM) are negative and positive controls, respectively. 
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Figure A5-2. Antiflaviviral effect of norbelladine precursors and derivatives on DENVGFP. The antiviral 
activity against DENVGFP was evaluated 72 hours post-infection using Huh7 cells by flow cytometry at four 
concentrations (25, 50, 100, and 200 µM) of norbelladine precursors and derivatives. Lycorine (5 µM) was included 
as a positive control, and DMSO (200 µM) as a negative control. Representative dot plots are presented. 

 

  

 
Table A5-1. Inhibitory properties (IC50) of norbelladine precursors and derivatives towards enzymes 

implicated in Alzheimer’s disease. 
 

 POP AChE BuChE 
 DPP ATCh BuTCh ATCh 
DHBA nid nid nid nid 
tyramine nd nid nid nid 
norcraugsodine 567.30 nid nid nid 
norbelladine nid nid 26.13 33.26 
3’-O-methylnorcraugsodine 1146.01 nid nid nid 
4’-O-methylnorcraugsodine nid nid nid nid 
3’,4’-O-dimethylnorcraugsodine nid nid nid nid 

3’-O-methylnorbelladine 1230.60 nid 58.95 40.22 
4’-O-methylnorbelladine nid nid 91.61 42.92 
3’,4’-O-dimethylnorbelladine nid 319.6  87.86 87.80 

 
IC50 is expressed in µM, nid stands for no inhibition detected at 1 mM. POP: prolyl oligopeptidase, DPP: Ala-Pro-

AMC dipeptide, AChE: acetylcholinesterase, ATCh: acetylthiocholine, BuTCh: butyrylthiocholine, BuChE: 
butyrylcholinesterase.  
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