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Amaryllidaceae alkaloids (AAs) are a unique class of specialized metabolites containing heterocyclic nitrogen
bridging that play a distinct role in higher plants. Irrespective of their diverse structures, most AAs are
biosynthesized via intramolecular oxidative coupling. The complex organization of biosynthetic pathways is
constantly enlightened by new insights owing to the advancement of natural product chemistry, synthetic
organic chemistry, biochemistry, systems and synthetic biology tools and applications. These promote
novel compound identification, trace-level metabolite quantification, synthesis, and characterization of
enzymes engaged in AA catalysis, enabling the recognition of biosynthetic pathways. A complete
understanding of the pathway benefits biotechnological applications in the long run. This review
emphasizes the structural diversity of the AA specialized metabolites involved in biogenesis although the
process is not entirely defined yet. Moreover, this work underscores the pivotal role of synthetic and
enantioselective studies in justifying biosynthetic conclusions. Their prospective candidacy as lead
constituents for antiviral drug discovery has also been established. However, a complete understanding of
the pathway requires further interdisciplinary efforts in which antiviral studies address the structure—activity
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1 Introduction
1.1 Alkaloids

Alkaloids are organic compounds containing basic nitrogen.
Most alkaloids are derived from amino acids, such as phenyl-
alanine, tyrosine, tryptophan, and lysine, and represent a wide
range of chemical structures. Although most alkaloids are
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isolated from plants, they are found in microorganisms, marine
organisms,'®"* and, interestingly, terrestrial animals, such as
insects.*

Alkaloids are often classified based on their carbon skeleton.
Indole and isoquinoline alkaloids are the two leading groups in
terms of number. Tropane, pyridine, pyrrolizidine, and
steroidal alkaloids are also part of this large family."> Moreover,
alkaloids are possibly categorized according to their botanical
backgrounds, such as opium alkaloids, cactus alkaloids,
Solanum alkaloids, and Amaryllidaceae alkaloids.®

Two tyrosine derivatives, dopamine and 4-hydrox-
yphenylacetaldehyde, condense and undergo cyclization to give
rise to benzylisoquinoline alkaloid (BIA) precursor, (S)-norco-
claurine. The product undergoes a series of aromatic hydrox-
ylation and methylation enzymatic reactions to reach (S)-
reticuline. Most isoquinoline scaffolds dwell in (S)-reticuline as
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a common intermediate, leading to structural diversification.
This main scaffold then undergoes functionalization reactions,
such as N-, O-methylation, oxido-reduction, and oxidation
bridge formation, resulting in the structural diversity of alka-
loids."” BIA is more complex than simple isoquinoline alkaloids
(benzene rings fused to the isoquinoline ring) because of their
third aromatic ring. Many other alkaloid groups, such as pro-
toberberines, protopines, pavines, and aporphines, are struc-
turally related to BIA.

Due to its structure, alkaloid crystallization is not easy
although its salt counterparts are crystallizable. The water
solubility of alkaloids largely depends on the amine functional
group, and this is readily protonated under acidic conditions.
Despite having a conjugated double bond structure in most
alkaloids, they appear to be colourless in most cases, and few
highly conjugated structures are found to be coloured (e.g.
sanguinarine and serpentine) and otherwise exhibit robust
fluorescence (e.g. quinine). N-Oxidation leaves alkaloids
vulnerable to stability. Further, heat, light, and solvents inter-
fere with their stability. Higher stabilities of alkaloids are
generally obtained in ethyl acetate, toluene, and alcoholic
solutions.'®

In this study, our aim is to investigate Amaryllidaceae alka-
loids (AAs), giving priority to their structural diversity, meta-
bolic pathway, and antiviral potential, which are discussed in
detail in later sections.

1.2 Amaryllidaceae alkaloids

As the name implies, the special group of alkaloids is primarily
observed in the Amaryllidaceae plant family sensu APG IL.* Over
900 species clustered under 75 genera are distributed in
multiple regions of the Amaryllidaceae plant family.*® South
Africa and South America cradle the major diversity, whereas
the Mediterranean region has comparatively fewer genera.
Habitats from seasonally dry rainforests to ephemeral pools
provide locations for Amaryllidaceae plants to thrive. Current
evidence supports the idea that the origin of the family lies in
Africa.”>** The literature teaches of approximately 650 naturally
occurring Amaryllidaceae alkaloids identified.”*** Amar-
yllidaceae plants are of ethnopharmacological value. They have
been used in traditional medicine. Nair and Staden (2014)
explained the extensive use of Amaryllidaceae (Boophone dis-
ticha) in traditional medicine by various indigenous pop-
ulations, such as Sotho, Zhaso, Zulu, and San in South Africa.>
Although not limited to Africa, the significant presence of
Amaryllidaceae spans multiple ethnic groups worldwide. The
ethnopharmacological relevance originates from its antifungal,
antiparasitic, anti-inflammatory, insect antifeedant, and anti-
bacterial effects. The deeper involvement of AAs as antibacterial
agents is out of the scope of this review although a compre-
hensive review on the subject matter published by Nair et al.
(2017) is worth referring to.>®

The Amaryllidaceae family is unique because of its capability
to produce structurally diverse alkaloids. Although their struc-
ture appears to be different, the formation of AA is known to
occur via the intramolecular oxidative coupling of norbelladine.

This journal is © The Royal Society of Chemistry 2024
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AAs are isoquinoline alkaloids, a well-conserved group in higher
plants. However, biochemical and molecular phylogenetical
studies suggest an evolutionary monophyletic role in basal
angiosperms.”” The group adopts the isoquinoline nucleus as
the basic structural feature. The recent increase in the interest
in isoquinoline alkaloids owing to their multimodal capacity
has encouraged pharmacological research.”®* In evolutionary
terms, isoquinoline alkaloids are presumed to play a role in an
ancient conservative and survival strategy of defense mecha-
nism. Further, isoquinoline alkaloids and phenylpropanoid
derivatives (tannin and lignin) are proposed to have intrinsic
biochemical and evolutive biosynthetic relationships explaining
preferential biosynthesis and accumulation concepts.*® Iso-
quinolines are again divided into subclasses from simple scaf-
folds to complex dimeric structures. The biosynthetic precursor
for isoquinoline alkaloids is aromatic amino acid tyrosine.
Three main groups of enzymes are involved in the process of
generating AA: oxidoreductases, transferases, and lyases. Some
of the oxidoreductases that catalyse the reactions are cyto-
chromes P450 (CYP) and in most cases act in oxidative
couplings and methylenedioxy bridge formation. Additionally,
alkaloid biosynthesis requires stereo selective enzymes that
lead to the formation of (S)-enantiomers.****

AA classification has been conducted using different
methods by scientists according to their biogenesis, carbon
skeleton and ring systems (Fig. 1). In the literature, a 9 ring-,2***
12 ring-,** and 11 ring-* type classifications can be identified.
However, these classifications over the years have been sub-
jected to changes and modifications because of novel AA iden-
tified, similarities between groups and the non-specificities
identified by each scientist. Therefore, it is difficult to establish
a universal classification system because of its large scale and
frequently updated databases of natural product chemistry
research.

The identification of novel natural products and the eluci-
dation of their biosynthetic and degradation pathways are
essential for enhancing crop characteristics, advancing drug
discovery, and driving innovation in synthetic biology. To make
strides in identifying compounds and genes, it is crucial to map
and annotate the metabolic landscape of plants comprehen-
sively. Although contemporary technologies can readily
accomplish the initial identification, the subsequent annota-
tion and classification of metabolites remain a significant
challenge that hinders rapid advancement. Untargeted metab-
olomics can detect the presence of a wide array of metabolites in
plants without prior knowledge of their existence or identity.
However, relying solely on factors such as mass-to-charge ratio
(m/z), retention time, and ion abundance does not lead to
unequivocal structural annotations of metabolites and does not
provide evidence of their origin. This is because numerous
metabolites share similar or even identical masses. These
factors can introduce additional complexities in the interpre-
tation of the results. A targeted approach involves determining
the precursor of origin for metabolites through labelling. In this
method, plant tissue is exposed to a metabolite that contains
a radio/heavy isotope on one or more of its atoms. When stable
isotope labelling, such as '°C, is combined with mass

Nat. Prod. Rep., 2024, 41, 721-747 | 723
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Fig.1 Chemical structures representing ring type(s) present in Amaryllidaceae alkaloids depending on the carbon skeleton and the ring system.

spectrometry detection, it becomes possible to identify labelled
metabolites and clarify their origin. The biochemical explora-
tion of Amaryllidaceae alkaloid biosynthesis involves the use of
labelled precursors and intermediates, leading to the formula-
tion of biochemical models to produce different types of alka-
loids. The ideas were initiated and implemented in the 1950s
and 60s with radiolabelling.** Labelling experiments provide
insights into the intermediates and reaction mechanisms of
biosynthetic pathways, shedding light on their interactions and
interrelationships.

2 Structural diversity and biogenesis
of Amaryllidaceae alkaloids
2.1 Cherylline type

Cherylline is a 4-aryltetrahydroisoquinoline alkaloid isolated
from Amaryllidaceae plants. The first attempt to isolate
unknowingly cherylline-type alkaloid was conducted by Boit in
1954, which was first named crinine. Its structure was later
elucidated by Brossi and his team in 1970 (ref. 36) who named it
cherylline. However, this was a racemic mixture of (+) and (—)
isomers (given its C4 chiral center).>”*® Comparatively, Schwartz

724 | Nat. Prod. Rep., 2024, 41, 721-747

and Scott took a different approach to the total synthesis of
racemic cherylline using a biogenetically patterned pathway.*
They yielded a quinone methide to achieve (+)-cherylline.
Accordingly, in the synthetic literature, it is probable to predict
that norbelladine moves to hydroxy-O,N-dimethylnorbelladine
before forming the quinone methide. However, it is question-
able whether methylation takes priority over hydroxylation.
Despite the lack of previous records on the biosynthesis of
cherylline, it has received much attention with regard to
synthetic chemistry aspects and natural product isolation, even
until today.***>

Few studies regarding cherylline have been published since
2017. Shi et al. (2018) examined the one-pot synthesis of two
constitutional isomers: (£)-latifine and (+)-cherylline.*® Nair
et al. (2020) reported the identification of cherylline and
ambelline from the larvae of the Crinum moorei moth Brithys
crini.*®* Ambelline is a crinane alkaloid and is discussed in
a different subsection. Although isoquinoline alkaloids notori-
ously exhibit cytotoxicity, this study identified the alkaloids in
plant leaves, moth larvae, and larvae excrement material by
performing HPLC and LC-MS analysis, which was further
confirmed by HRMS and NMR techniques. This study lacks the

This journal is © The Royal Society of Chemistry 2024
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tools that insects use to overcome the toxic effects of these
compounds and opens up opportunities for prospective studies.
Cherylline-type AA, cherylline, gigantelline, and gigantellinine
were isolated from Crinum jagus.** According to the report,
cherylline derivatives were isolated and identified for the first
time in a given species. Both gigantelline and gigantellinine are
predicted to emerge from cherylline given their common
structural features. In the case of gigantellinine, the para
substituted phenol group is modified by methylation to phenyl-
OH and hydroxylation at the neighbouring ortho position,
whereas in gigantelline, the C7 hydroxyl group is methylated.
Gigantelline was unable to inhibit the activity of acetylcholin-
esterase (AChE) in a dose-dependent manner, whereas cheryl-
line and gigantellinine showed positive outcomes.
Furthermore, cherylline showed weak cytotoxic effects against
the breast cancer cell line MCF-7. The study further established
that purified cherylline and gigantellinine had an S configura-
tion, while gigantelline was assigned to the R configuration.
However, none of the recent studies have attempted any meta-
bolic pathway evaluation. According to our understanding,
cherylline could originate through the common precursor nor-
belladine via the proposed route depicted in Fig. 2.

2.2 Norbelladine/belladine-type

Norbelladine/belladine-type is the originating structure of
alkaloids that leads to other types of AA, such as galanthamine,

HO
HO
j@\/ N
N
© ﬂ
Norbelladine Hydroxy-O N- dlmethylnorbelladme

OH 0)

O ®) - O@z‘v
N N
HO ~ HOD ™~

OH \o

Cherylline

- ®) ~ B)
~ N N

(0]

Gigantellinine Gigantelline

Fig. 2 Biosynthetic pathway of cherylline-type Amaryllidaceae
alkaloids.
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lycorine, and crinine via oxidative coupling. Phenylalanine is
a precursor of protocatechuic aldehyde/3,4-
dihydroxybenzaldehyde (3,4-DHBA) and combines with tyra-
mine, which is yielded from tyrosine to produce the Shiff base
(norcraugsodine).** Norbelladine/benzyl-1-phenylethylamine is
formed by the reduction of the above, and subsequent methyl-
ation generates O-methylnorbelladine (Fig. 3).

2.2.1 Norcraugsodine reductase and norbelladine syn-
thase. Considering the chemistry (nucleophilic attack of tyra-
mine, amine group on the protocatechuic aldehyde) associated
with norcraugsodine formation, the condensation reaction
occurs either non-enzymatically or within the active site of the
reduction enzyme. The Schiff base previously described has also
received attention in the pathway. Intermediate norcraugsodine
lacks any methylation at the C6-C1 unit phenyl groups. In
contrast, isocraugsodine is 4-O-methylated, and craugsodine is
3-O-methylated.”® It is questionable whether norcraugsodine
undergoes methylation to produce craugsodine and iso-
craugsodine or protocatechuic aldehyde analogues, such as
vanillin and isovanillin, help derive these compounds through
the Schiff base in the Mannich reaction. Isocraugsodine and its
isomerism have been reported in Crinum asiaticum.*® Kilgore
and colleagues (2016) proposed a reaction mechanism for the
reduction of norcraugsodine through the catalysis of norox-
omaritidine reductase (NR), a shortchain alcohol
dehydrogenase/reductase (SDR).*” The research investigated the
combination of tyramine with isovanillin, vanillin and piper-
onal analogues of 3,4-dihydroxybenzaldehyde, which yielded 4’
O-methylnorbelladine, 3-O-methylnorbelladine, and 4-(2-((1,3-
benzodioxol-5-ylmethyl)Jamino)ethyl)  phenol, respectively.
However, the NR-catalysed reaction of isovanillin and tyramine
was 4-fold lower than that of 3,4-dihydroxybenzaldehyde.
Further, NR could reduce an imine in the conversion of nor-
craugsodine to norbelladine, but the specific activity was lower
than that of noroxomaritidine to oxomaritinamine, indicating
a potential non-specific reaction. In silico docking studies
demonstrated that the NR active site Tyr'’> to be positioned
near the imine group and NADPH. Lys'”® interaction with Tyr'”>
leads to the polarization of the latter, allowing the OH group to
assist the hydride transfer from NADPH to yield norbelladine.

Singh et al (2018) argued that considering the first
committed step in BIA formation via the condensation of
dopamine and 4-hydroxyphenylacetaldehyde to form norco-
claurine, the same could be applied to norbelladine formation
via the norcoclaurine synthase (NCS) ortholog in Amar-
yllidaceae identified as norbelladine synthase from Narcissus
pseudonarcissus (NpNBS).** NCS and NBS are members of the
same protein family, Bet v1/PR10. This can be classified into two
groups: intracellular pathogenesis-related proteins (IPR) and
(S)-norcoclaurine synthases (NCS). IPR proteins indicate cyto-
solic localization of NCS in subcellular compartments other
than the cytosol considering its putative N-terminal signal
peptides.* It was previously reported that this family, specifi-
cally the NCS group, played a pivotal role in alkaloid produc-
tion.” The very same was discussed above in the presence of NR
though in lower specific activity. The study left the question of
whether tyramine and 3,4-DHBA were converted to norbelladine

Nat. Prod. Rep., 2024, 41, 721-747 | 725
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Fig. 3 Biosynthetic pathway of belladine-type Amaryllidaceae alkaloids. Interconversion of R1 and R2 in the C6-C1 unit may yield various

components, including 3,4-DHBA, vanillin, isovanillin, and correspond
outcomes.

via a single-step process under the catalysis of NBS or a two-step
mechanism, as explained by Kilgore et al. (2014), involving NR.**
However, further studies by our group** suggest that NBS and
NR could cooperatively catalyze the reaction swiftly yet effec-
tively through condensation and imine reduction to achieve
norbelladine, avoiding the degradation of unstable nor-
craugsodine. A report on the NBS of Leucojum aestivum (LaNBS)
indicates recent elucidation of the enzyme at the molecular level
with data on subcellular localization (likely cytosolic), suggest-
ing that AA biosynthesis is initiated in the cytosol.>* Phyloge-
netic analysis indicated that LaNBS shares a high amino acid
identity with NpNBS1 and NpNBS2. The catalytic activity of
LaNBS was confirmed via LC-MS/MS analysis, providing tyra-
mine and 3,4-DHBA as substrates to produce norbelladine.
2.2.2 Norbelladine O-methyltransferase. The immediate
next step is the conversion of norbelladine to 4-O-methyl-
norbelladine to proceed to the belladine pathway as well as to

726 | Nat. Prod. Rep., 2024, 41, 721-747

ing Schiff base intermediates. A dashed arrow represents potential

other alkaloid ring types. The case was studied by Kilgore et al.
(2014) for the first time by identifying the AA biosynthetic gene
N4OMT, a methyltransferase specific to the 4-O-position
(NpN4OMT; Narcissus sp. aff. Pseudonarcissus).”* However,
a question was raised as to whether the preference would be
given to methylate the N- or O-position, as well as the O-posi-
tion. Similar K, and k., values were observed for N-methyl-
norbelladine and norbelladine, indicating that there would be
no preference for N-methylation. Among the multiple
substrates tested, 3,4-DHBA had no product, suggesting that no
methylation was possible before norbelladine formation. Simi-
larly, its analogous components and counterpart to the forma-
tion of norbelladine did not yield any product, confirming the
above proposition in their study. Interestingly, NAOMT can
methylate dopamine, given its structural similarity to the
methylated moiety, according to the authors. However, in this
review, we question whether the methylated moiety is

This journal is © The Royal Society of Chemistry 2024
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structurally similar to protocatechuic aldehyde and not tyra-
mine or its analogues.

A considerable increase in publications has been reported on
other Amaryllidaceae OMTs related to norbelladine. Sun et al.
(2018) characterized an OMT from Lycoris aurea (LaOMT;)* with
activity on both caffeic acid and 3,4-DHBA towards both meta
and para positions albeit with significant preferred methylation
of the meta position. Similarly, this enzyme converted norbel-
ladine into its successor 4"-O-methylnorbelladine but also into
3-0-methylnorbelladine. Unlike NpN4OMT, LaOMT,; could
convert caffeic acid to ferulic and isoferulic acids in the pres-
ence of methyl group donor S-adenosyl-.-methionine (SAM),
and 3,4-DHBA yielded vanillin and isovanillin. However, 3,4-
DHBA analogues, vanillin and isovanillin, were not methylated
by LaOMT; under their experimental conditions. This implies
that once methylated, further methylation/double methylation
was not a character at disposal with LaOMT,. The research
further revealed that the enzyme was mainly localized in the
cytoplasm and endosome.

Li et al. (2019) investigated Lycoris radiata OMT (LrOMT).>*
They proposed that given the methoxy positions of different
AAs, O-methylation involves different OMTs or a single OMT
expressing multiple O-methylation activities. However, after
successful molecular cloning, heterologous overexpression and
functional characterization of LrOMT, they report it to exhibit
both para- and meta-O-methylation using norbelladine as
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substrate to produce 4- and 3'-O-methylnorbelladine although
moderate preferences towards para-OH, respectively. Compar-
atively, LaOMT; previously reported by Sun et al>® (2018)
preferred the meta position against its native substrate, caffeic
acid. All three substrates, norbelladine, 3,4-DHBA, and caffeic
acid, produced respective outputs with LrOMT, demonstrating
its promiscuity. At least two vicinal hydroxyl groups in the
aromatic substrate analogue can be recognised by OMT. Catal-
ysis of O-methylation by LrOMT depended on the properties of
the binding groups, i.e. electron donating amine groups (nor-
belladine, dopamine, 3,4-dihydroxybenzylamine, higenamine,
(—)-epinephrine, (—)-norepinephrine, and 1,2,3,4-4H-6,7-iso-
quinolinediol) prefer para position, where electron withdrawing
groups, such as carboxyl (caffeic acid) and aldehydes (3,4-
DHBA, 5-hydroxyvanillin, 3,4,5-trihydroxybenzaldehyde, and
ethyl 3,4-dihydroxybenzoate) (Fig. 4), favoured meta substitu-
tion. This summarized the difference of LrOMT from LaOMT;
(ref. 53) and NpN4OMT.** This article further discusses the
vitality of divalent cations in the reaction mixture. Magnesium
(divalent, Mg®>*) was shown to increase the O-methylation
potential, whereas Zn*>*, Cu®>" and EDTA (a divalent metal ion
chelator) expressed significant inhibition. A recent study by Li
et al. (2020) revealed Lycoris longituba OMT (LIOMT) to be a class
1 OMT, where it catalyses norbelladine to generate 4-O-meth-
ylnorbelladine.*® However, they did not report any preferential
methyl transfer by LIOMT; in addition, their focus was more on
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Fig. 4 Representative structures discussed in the norbelladine/belladine-type alkaloid formation.
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the action of this particular enzyme on the expression of gal-
anthamine content. Another report by the same team suggested
that methyl jasmonate treatment on L. longituba induces the
expression of NBS and 4-O-methyltransferase.*® Narcissus sp. in
AA biosynthesis with respect to its putative genes based on
galanthamine was assessed by Aleya (2021).”” The study indi-
cates the expression level of NpN4OMT variation between the
field-grown bulb and basal tissues (significantly higher)
compared to in vitro cultures (bulblet and callus). Differential
expression of NpN4OMT leads to alkaloid biosynthesis in later
steps and thus to cellular differentiation.

The belladine-type alkaloids can be extended to ryllistine,
a 4-oxygenated norbelladine. Ghosal et al. (1984) specially
mentioned this compound as a potential candidate for 1,2-
epoxy-5,10b-ethanophenanthridine alkaloids, such as (—)cri-
nine and powelline-type alkaloid synthesis, instead of reaching
them via the oxidation of (—)oxocrinine owing to its co-
occurrence with 1,2-B-epoxyalkaloids.”® However, pathways
reaching these compounds or their metabolism have been re-
ported scarcely.

2.3 Downstream pathways: phenol coupling of 4"-O-
methylnorbelladine

The plant kingdom possesses C-O or C-C phenol-couple reac-
tions utilized in specialized metabolism processes, such as
alkaloid, lignan, and lignin biosynthesis.”® The reactions are
highly regio- and/or stereo-selective often owing to cytochrome
P450 (CYP) enzymes. A 1% of total gene annotations is esti-
mated to be covered by CYPs in plant genomes, implying their
key role in versatile reactions.® CYP is a diverse class of
enzymes with multiple functions, including hydroxylation,
oxide bridge formation, demethylation, carbon bond cleavage,
skeleton rearrangements, and phenol coupling.®* A detailed
report on CYP in plant-specialized metabolism elaborating on
unusual reactions was published by Mizutani and Sato (2011).%*
Multiple reports in the literature record its potential in salu-
taridine  (CYP719A1), cyclodopeptide  cyclo(1-Tyr-1-Tyr)
(CYP121), and (S)-corytuberine (CYP80G2) biosynthesis, indi-
cating CYP involvement in alkaloids.***** Internal phenol
coupling is reported here given its highly efficient and selective
process. Distinct types of phenol coupling reactions are believed
to occur owing to the proximity of the phenolic groups in
precursor molecules, allowing for the formation of multiple
products from a single substrate. This increases the diversity of
alkaloids produced by the plant, which may provide a survival
advantage. Alternatively, distinct coupling could occur within
a single enzyme, CYP96, which may increase the efficiency of
the reaction. CYP96 has evolved to catalyze specific types of
coupling. Additionally, internal phenol coupling can avoid the
need for the substrate to cross cell membranes and interact with
other enzymes and molecules. This reduces the chances of
substrate loss or competing reactions, which can increase the
yield of the desired product.

Phenol coupling occurs in the late-late pathway of AA
biosynthesis. Highly complex structures are formed owing to
sequential phenolic coupling and reduction reactions. The

728 | Nat. Prod. Rep., 2024, 41, 721-747

View Article Online

Review

pathway is characterised by the formation of a C-C bond
between two phenolic precursors, leading to a new carbon
skeleton. The common precursor 4-O-methylnorbelladine is
modified by the catalysis of CYP96 in Amaryllidaceae. For the
first time, Barton and Cohen (1957)* proposed the oxidative
coupling of Amaryllidaceae based on norbelladine or related
compounds.®” The condition suggested was the suitable
protection of ring A phenolic group(s) via methylation. Oxida-
tive coupling leads to distinct skeletons of AA. Secondary
cyclization occurs via the oxidative coupling of O-methyl-
norbelladine, leading to restructuring and diversification. Three
distinct pathways are suggested depending on the C-C bridge
formation between ring A (C6-C1 unit) and C (C6-C2 unit):
para-ortho’, ortho-para’, and para-para’ (Fig. 5). Hydrogen
abstraction from phenol believed to be an action initiated by the
CYP leads to the delocalization of unpaired/radical electrons via
resonance structure formation, and phenol radicals are then
quenched by coupling, producing the aforementioned combi-
nations. Multiple intermediates are formed in this process,
determining the end product. Biosynthesis reactions conducted
using radioisotope labels have contributed much to the
understanding of the mechanisms and pathways in this step of
AA biosynthesis.®**® A hypothetical pathway involving inter-
mediates is presented in Fig. 5.

2.3.1 Para-ortho’ phenol coupling: galanthamine and
other dibenzofuran nucleus molecules. The para-ortho
coupling leads to the renowned compound galanthamine,
holding a dibenzofuran nucleus. Eichhorn et al. (1998) suggest
that 4-O-methylnorbelladine produces a dienone and that
a spontaneous closure of the ether bridge yields N-deme-
thylnarwedine (nornarwedine) (Fig. 5 and 6).°® The product has
2 stereocenters, leaving the choice of stereoselective reduction
to produce norgalanthamine. Alternatively, the process could be
initiated from N,O-dimethylnorbelladine instead of O-methyl-
norbelladine. The mechanism was studied using King Alfred
daffodils via the integration of various dihydric phenols and
(£)-[2-"*C] tyrosine. Successful incorporation of the precursor
into galanthamine was observed with N,0-dimethylnorbella-
dine, N-methylnorbelladine, and norbelladine treatment but
not with O-methylnorbelladine. Thus, this suggests that the
order of conversion could be norbelladine to N-methyl-
norbelladine, to N,0-dimethylnorbelladine, and ultimately to
galanthamine (Fig. 6).* If this pathway occurs, there would be
no direct nornarwedine formation, and nornarwedine-to-
narwedine must be explained via another mechanism. Con-
cerning the similarities in the structures of galanthamine and
narwedine, they may remain in equilibrium through oxidore-
ductase. Further, narwedine is not a direct precursor of gal-
anthamine according to Eichhorn et al. (1998), with **C labelled
4-0-methylnorbelladine treatment in L. aestivum.®® However,
there is no recent report on the pathway analysis of galanth-
amine synthesis through C-C coupling other than the minute
amount because of a by-product in the study conducted by
Kilgore et al. (2016).”° Lycoramine first isolated and character-
ized from L. radiata serves another interesting aspect of
pathway.”™ The catalytic hydrogenation of galanthamine readily
reduced its double bond, resulting in lycoramine. A conclusive

This journal is © The Royal Society of Chemistry 2024
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Fig.5 Proposed mechanism for the phenol coupling reaction. (A) The structure of 4-O-methylnorbelladine; (B) para—ortho’ coupling leading to
nornarwedine; (C) ortho—para’ coupling resulting norpluviine; (D) para—para’ coupling leads to noroxomaritidine.

chemical proof of its structure was provided by Hazama et al.
(1968) through the total synthesis of lycoramine.”” However,
most of the reported synthetic strategies produced galanth-
amine and lycoramine alkaloids in racemic mixtures. The
asymmetric total synthesis of (—)-galanthamine and (—)-lycor-
amine was published by Chen et al. (2012) using a common
intermediate of racemic a-aryloxy cyclic ketone to asymmetric
hydrogenation and intramolecular reductive Heck cyclization to
reach the desired end product.” Another approach was reported
by Li et al. (2015) to successfully obtain the above components
through the asymmetric Michael addition of intermediate.”™ A
recent publication by Majumder et al. (2022) added (—)-narwe-
dine and (—)-lycoraminone to the list by ortho ester Johnson-
Claisen rearrangement of allyl alcohol.”™

Sanguinine and childanthine comprise the same dibenzo-
furan nucleus, confirming their relationship with this pathway.
However, either the pathway proceedings to the above or the

This journal is © The Royal Society of Chemistry 2024

enzymes involved have not yet been reported or critically
analysed.

2.3.2 Ortho-pard phenol coupling: lycorine and homo-
lycorine. Ortho-para’ phenol oxidative coupling results in two
distinct alkaloid types, namely, the lycorine-type with a pyrrolo
[de]phenanthridine skeleton and the homolycorine-type with
the 2-benzopirano-[3,4-g]indole skeleton (Fig. 7 and 8A). The
conversion of 4-O-methylnorbelladine to lycorine and lycor-
enine has been widely studied with tritium labelling in Amar-
yllidaceae plants.””7*” These studies indicate that 4-O-
methylnorbelladine was initially converted to an intermediate
now identified as noroxopluviine, first proposed by Kirby and
Tiwari (1966),” and further reduced to norpluviine,* followed
by caranine to lycorine through hydroxylation. Ortho-pard
phenol coupling is suggested to be followed by stereospecific
carbon nitrogen bond formation to establish noroxopluviine
(Fig. 5 and 7). However, an achiral/racemic intermediate
development is ignored by hypothesizing that a carbon-
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nitrogen bond occurs prior to re-aromatization and/or keto-
enol tautomerization.” Bruce and Kirby (1968) incorporated
tritium labelled tyrosine (3',5-*H,), where norpluviine carried
over half of them at C2 in Narcissus.”® The radiolabel was then
successfully delivered to the lycorine without any loss. This
confirms the involvement of position 5 of the C6-C2 unit in the
phenol coupling process. However, an inversion of the tritium
was observed at C2, suggesting a mechanism linking an
epoxide, followed by an allylic rearrangement (Fig. 8).
Furthermore, the double incorporation of tritium and **C to
study norpluviine to lycorine solidified the notion that the
hydroxylation process is stereospecific based on isotope label

730 | Nat. Prod. Rep., 2024, 41, 721-747

integration ratios. Wildman and Heimer reported similar
observations with Zephyranthes candida.”® Interestingly,
pluviine-to-galanthine conversion via methylpseudolycorine is
reported to occur similarly, with inversion at C2.** The alkaloid
incartine was first identified and proposed as an intermediate
of galanthine to narcissidine transformation by Kihara and
a team in L. incarnate.®* Epoxide formation and the stereo-
specific C11 loss of hydrogen ultimately result in narcissidine.
However, a contradicting view of the retention of configuration
2f-H in caranine was also reported in Clivia miniata.”
Intriguingly, there was a complete loss of tritium in the original
ortho position (C3) of the C6-C2 fragment, which leads to an

This journal is © The Royal Society of Chemistry 2024
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altered stereochemical hydroxylation pathway, hence irradicat-
ing the implication of the 2-oxo-derivative. It is noteworthy that
norpluviine should undergo methylenedioxy bridge formation
from O-methoxyphenol at the C6-C1 unit and allylic hydroxyl-
ation at the C6-C2 unit (C2). This has led to the understanding
that norpluviine yields caranine and then lycorine.** The
structure of lycorine was first determined by Nakagawa et al. in
1956, and absolute stereochemistry was assigned.®*** Since
then, lycorine and its type alkaloids have been investigated
because of their structure, bioactivity and relevant relationship
although the metabolic pathway involving particular enzymes is
yet to be revealed.

The homolycorine pathway derives from different directions
initiated from norpluviine by reducing its C6 position to obtain
hydroxynorpluviine, and the oxidation of the same leads to
a ring opening between C6 and nitrogen. This leaves ortho-pard’
C-C coupling bond vulnerable to free rotation. Consequently, it
allows the C6 ketone and C1 hydroxyl groups to create a hemi-
acetal linkage. However, it is questionable whether ring closure

This journal is © The Royal Society of Chemistry 2024

or O/N-methylation occurs primarily to produce lycorenine. The
stereochemistry of lycorenine production from norpluviine was
studied by Fuganti and Mazza (1973),°® where they confirmed
the removal of C6 pro-R hydrogen by allowing hydroxylation in
the final product lycorenine. However, the behaviour of step-
wise intermediates is not reported here. Further oxidation of the
C6 hydroxyl of lycorenine ultimately results in homolycorine.
2.3.3 Para-pard’ phenol coupling: crinine-, narciclasine-,
tazettine- and montanine-types. The para-para’ oxidative
coupling leads to several types of AA increasing diversity.
Among these, crinine/haemanthamine-type (5,10b-ethanophe-
nanthridine), narciclasine/pancrastatin-type (phenanthridine),
tazettine/pretazettine-type (2-benzopyrano[3,4-c]lindole), and
montanine-type (5,11-methanomorphanthridine) skeletons are
prominent. In their case, C-C coupling was published, which
establishes 2 of 4 possible enantiomers of noroxomaritidine
through an achiral intermediate, thus leading to either crinine
and/or montanine, pancrastatin, and tazettine skeletons
depending on their stereochemistry.*””® Crinine is suggested to

Nat. Prod. Rep., 2024, 41, 721-747 | 731
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be biosynthesized from (10bS,4aR)-noroxomaritidine via
(10bS,4aR)-normaritidine by conserving its stereochemistry
(Fig. 9). However, this requires methylenedioxy bridge
formation and possible retention or inversion of the hydroxyl
group (C3). Another possibility, established earlier, is that

732 | Nat. Prod. Rep., 2024, 41, 721-747

racemic intermediate oxocrinine is generated from norox-
omaritidine to yield haemanthamine.**® Thus, it becomes
a choice between reduction and oxide bridge formation to occur
at the outset. Conversely, vittatine-to-haemanthamine trans-
formation requires hydroxylation and O-methylation, which is

This journal is © The Royal Society of Chemistry 2024
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hence proposed to be mediated via 11-hydroxyvittatine (Fig.
10).*® The involvement of an enzyme to convert vittatine to 11-
hydroxyvittatine, named vittatine 11-hydroxylase (V11H), was
investigated although the absolute configuration of the

This journal is © The Royal Society of Chemistry 2024

resultant compounds remains unresolved.® As initially dis-
cussed by Kornienko and Evidente in their 2008 report,* nar-
ciclasine cannot be classified as an alkaloid owing to its amidic
nitrogen. However, it is pertinent to include narciclasine in this
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study owing to its striking structural resemblance to Amar-
yllidaceae lycorine-type alkaloids. Narciclasine in earlier studies
was questioned to be derived from ortho-para (lycorine) or
para-para’ (haemanthamine) pathways considering its struc-
tural affinity to both lycorine and haemanthamine. The
hypothesis was established owing to the frequent identification
of alkaloids of both types and narciclasine from the same
plants. However, tritium labelled O-methylnorbelladine experi-
ments in daffodils have now well established that narciclasine
emerges from para-para’ phenol coupling. The incorporation
was investigated in lycorine, haemanthamine, and narciclasine.
It was observed that narciclasine retained 75% radiolabelling,
while lycorine and haemanthamine were 50% and 100%,
respectively. This solidifies the O-methylnorbelladine incorpo-
ration into narciclasine via the para-para’ branch pathway.
Although controversial, narciclasine has also been suggested to
arise from 11-hydroxyvittatine following a retro-Prins reaction,
losing the ethane bridge and rearrangement (amine oxidation,
hydroxylation, and oxidation)® (Fig. 10). Simultaneously, bio-
logical derivatization of narciclasine from vittatine has also
been established by [2,4-°H,]4-O-methylnorbelladine feeding
experiments in Narcissus “Iwink” and “Texas”, where radio-
labeled crinine was not incorporated into narciclasine, but vit-
tatine was.” The common intermediate property of 11-
hydroxyvittatine is further established by its candidacy to
convert to haemanthamine, as published by Feinstein and
Wildman (1973) using Rhodophiala bifida tritium treatment.”
The route to pretazettine (identified as tazettine) was investi-
gated with tritiated haemanthamine in Sprekelia formosissima
(L.), revealing the biological sequences to be haemanthamine,
haemanthidine, and tazettine®* (Fig. 9). A subsequent publica-
tion stated that pretazettine is a naturally occurring form, while
tazettine is an artifact due to the chemical liabilities proven
using Sprekelia formosissima and Ismene narcissiflora large-scale
isolation of alkaloids.”® The interconversion from haemanthi-
dine to pretazettine is mediated through a ring opening
between C6 and nitrogen, followed by a ~90° rotation to create
a transition stage ketone intermediate.”* Similar to the lycor-
enine pathway, hemiacetal formation is observed at the C6

734 | Nat Prod. Rep., 2024, 41, 721-747

ketone and C11 hydroxyl groups, followed by N-methylation.
Furthermore, the pathway extends to montanine, sharing the
5,11-methanomorphanthridine nucleus. In an attempt to clarify
montanine biogenesis, initial experiments were simulated with
tritiated haemanthamine in Haemanthus coccineus, but no
alkaloids corresponding to montanine were radiolabelled. This
suggests that the C3 methoxy group in haemanthamine might
interfere with the transformation. The study was repeated in
Rhodophiala bifida altering tritiated supplement to vittatine, as
it was previously reported to house vittatine, 11-hydrox-
yvittatine, haemanthamine and montanine, among other alka-
loids. It was observed that a radiolabel was performed for both
haemanthamine and montanine. Thus, the path proposed vit-
tatine to be converted to 11-hydroxyvittatine, pancracine, and
finally produce montanine.”

It is surprising that irrespective of the widely elaborated
structural diversity studies on the pathway of AA after phenol
coupling reactions, only few biosynthetic evaluation attempts
have been made to reveal the enzymes involved. Kilgore et al.
(2016) for the first time published on CYP96T1 can produce two
out of four enantiomers of noroxomaritidine [(10bR,4aS) and
(10bS,4aR)] from 4'-O-methylnorbelladine, thus exhibiting its
potential in para-para’ direction. However, minor amounts of
nornarwedine were also observed, opening the pathway towards
para-ortho’ direction. It was reported to be the first phenol
coupling enzyme to be characterized from a monocot. It is
noteworthy that CYP96T1 also converted 4’-O-methyl-N-meth-
ylnorbelladine to produce several C-C phenol-coupled prod-
ucts, with narwedine being one of them (Fig. 5). Interestingly,
no product formation was observed when 3'-O-methyl-
norbelladine was fed as the substrate.” The same team reported
noroxomaritidine reductase (NR) (discussed in Subsubsection
2.2.1 as norcraugsodine reductase) for its involvement in the
conversion of noroxomaritidine to oxomaritinamine*” (Fig. 9).

Barton proposed a novel concept that extended the scope of
intermolecular phenolic coupling to form tazettine and lycor-
enine subclasses.® This involved rearranging haemanthamine
and lycorine-type precursors through a process referred to as
“ring switching” by Gir6 Maiias et al. (2010).** Wildman later

This journal is © The Royal Society of Chemistry 2024
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confirmed these theories through tritium feeding experiments
in Sprekelia formosissima, supporting the formation of tazettine,
and in Narcissus ‘King Alfred’ for lycorenine considered
earlier.”**®* Wildman introduced a biomimetic procedure for
generating pretazettine from haemanthidine. However, chal-
lenges were encountered in developing an analogous protocol
for the biomimetic conversion of lycorine into lycorenine-type
ring systems. The transformation necessitates a ~180° rota-
tion and involves minimal strain relief unlike the ~90° rotation
with significant strain relief observed in the haemanthidine/
pretazettine series.*"*® Consequently, Barton's original hypoth-
esis remained unconfirmed from a synthetic perspective until
Gir6 Maiias et al. (2010)** finally corroborated experimentally
the biogenetic hypothesis.

Clivimine classification in the literature is a subject of
contention, with some scientists categorizing it as an inde-
pendent ring structure,® while most assert it belongs to the
lycorenine subclass.®**”*® Clivonine, a compound first isolated
and characterized from Clivia miniata Regel in 1956 by Wild-
man,* shares the same core ring system (2-benzopyrano[3,4-g]
indole) as lycorenine-type alkaloids albeit with a slight modifi-
cation involving methylenedioxy bridge formation from O-
methoxyphenols at the C6-C1 unit and lactol oxidation at C7.
The biosynthesis of clivonine from a lycorine-type progenitor
necessitates benzylic oxidation, a ~180° ring switch, followed
by N-methylation and lactol oxidation.**

Limited information is available regarding the mechanistic
aspects of the catabolic pathway that lead to ismine. Fuganti
(1973)'° reported feeding experiments conducted to elucidate
certain stereochemical aspects of this biosynthetic process.
Sprekelia formosissima was used [6,10-*H,; 12-"* C] noroxomar-
itidine for labelling, which resulted in incorporations of 0.03%
into ismine, 2% into haemanthamine, and 0.8% into haeman-
thidine. Ismine showed no '*C activity. The radioactive ismine's
labelling pattern was indirectly determined by its conversion
into phenanthidone, which retained approximately 25% of the
tritium activity. This suggests that during the biological trans-
formation of noroxomaritidine into ismine, there is a loss of the
original tritium located at C-6 in noroxomaritidine, specifically
at the benzylic position adjacent to tertiary nitrogen, a stereo-
specific removal of hydrogen at some point in the biosynthesis,
followed by a reduction step. Furthermore, the complete
absence of 14C activity indicates that the carbon atom at C-1 of
[6,10-*H,; 12-'*C]noroxomaritidine is not retained as an N-
methyl group in ismine. Hence, the report suggests that ismine
is derived through para-para coupling, followed by late elimi-
nation of the ethanol bridge from the C-15 crinane skeleton.

3 Recently reported anti-viral
activities of Amaryllidaceae alkaloids
and their possible molecular targets
Amaryllidaceae are recognized for their therapeutic properties
owing to the isoquinoline alkaloids they produce.* In addition

to their probable endogenous role in the protection against
plant foreign invaders,’ AA possess multiple biological

This journal is © The Royal Society of Chemistry 2024
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properties relevant to human health. For example, galantamine
is a strong inhibitor of acetylcholinesterase and has been
approved for treating mild symptoms of Alzheimer's disease.
Other AAs display anti-microbial properties against various
animal and human threats. The first available report on the
antiviral properties of alkaloids dates back to 1976 by Furusawa
et al.,*” and impressively, the discovery of new antiviral activi-
ties has been unceasing. In 1989, Renard-Nozaki and colleagues
showed that several types of AA target the herpes simplex virus,
a DNA virus.'® In 1992, Gabrielsen et al. uncovered that many
AAs also impede the replication of several families of RNA
viruses in vitro, and in a mouse model.*** Lycorine has emerged
as one of the most efficient antiviral compounds of this family,
targeting a broad range of virus types at nM concentrations. The
last 5 years have been scarred by the Coronavirus Disease 2019
(COVID-19) pandemic, orienting research towards the discovery
of anti-severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) molecules. In this section, recent discoveries on AA
antiviral activity against coronaviruses but also against other
emerging or reemerging diseases impacting human health
(such as dengue, Zika, influenza and chikungunya viruses); or
animals (duck tembusu virus, DTMV); and plants (tobacco
mosaic virus, TMV) are summarized (Table 1).

3.1 Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2)

Lycorine was reported to exhibit anti-coronaviral activities in
2005." In the early days following the onset of the COVID-19
pandemic, Zhang et al. tested the antiviral properties of SARS-
CoV-2 permissive VeroE6 cells (isolated from the kidney of an
African green monkey) and human hepatocarcinoma-derived
Huh7 cells.'® They showed that lycorine ECs, (compound
concentration required to inhibit 50% of viral titer) was 0.31 uM
(assessed at 72 h), with a CCs, > 40 uM (concentration required
to kill 50% of the cells, assessed at 24 h in this case). In 2021, Jin
and colleagues further investigated its mechanism of action.
They first confirmed its anti-coronaviral effect against SARS-
CoV, SARS-CoV-2 and MERS-CoV (Middle East Respiratory
Syndrome - CoV) with slightly higher ECs, (1.021, 0.878, and
2.123 uM, respectively), (Table 1). Their results suggested that
lycorine blocked RNA replication, acting as a non-nucleoside
RNA-dependent RNA polymerase inhibitor (RdRp) of MERS-
CoV with a measured ICs, of 1.406 uM.® Their docking anal-
ysis demonstrated that lycorine also interacted with SARS-CoV-2
RdRp through hydrogen bonding with Asp623, Asn691, and
Ser759 residues. In 2021, Ren et al used a muti-targeting
approach including both computational and experimental
techniques to assess the potential of three alkaloids to tackle
SARS-CoV-2 replication and clarify the lycorine effect on SARS-
CoV-2 replication.” First, they predicted that lycorine may
target the host cell 80S ribosome subunit by applying compu-
tational methods. To reach this conclusion, the authors con-
structed a three-dimensional in silico model of the human
ribosome in a complex with lycorine using the experimental
structure of yeast ribosomes complexed with lycorine as
a reference. The AA was found to fit tightly into the ribosome
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Table 1 Summary of recent studies on Amaryllidaceae alkaloid antiviral effect®
Virus Alkaloid ECs,, CCsg Target (ICso) Model Ref.
Coronavirodeae SARS-CoV Lycorine (ECso = 0.31 pM, CCs, > n.d. In cellulo (simian VeroE6 106
40 uM) and human Huh?7 cells)
Lycorine (ECso = 1.02 pM; CCsg > n.d. In vitro + in cellulo (Vero) 8
10 M)
SARS-CoV-2 Lycorine (ECso = 0.878 uM; CCso >  In silico docking with RARP  In vitro + in cellulo (Vero) 8
10 pM)
Lycorine (ECso = 0.439 uM, CCso > (1) Ribosome (in silico), (2) In silico, in vitro and in 2
1000 uM in VeroE6, 0.834 puM in binding to frameshift cellulo (VeroE6, Huh7,
Huh7,1.044 uM in HEK293T cells)  stimulation element (FSE) HEK293T)
in SARS-CoV-2 genome (in
silico), (3) RARp (in silico
and in vitro), (4) viral core
assembly (in vitro)
Lycorine (ECso = 0.01 uM, CC5 =  M™™® Invitro (cell protease assay) 4
18.78 uM)
Trans-dihydrolycoricidine (ECso =  n.d. In cellulo (Calu3) 14
0.18 uM, CCso = 3.48 uM),
dihydronarciclasine analog with
ring-A mono-substituted C7-OH
(ECS(, = 0.09 uM, CCsy = 1.92 p.M]
MERS-CoV Lycorine (ECso = 2.123 uM; CC50 >  RdRp (IC50— 1.406 uM) In vitro (cell-based reporter 8
10 uM) assay), in cellulo
Flaviviridae ZIKV Hippeastrine hydrobromide (ECs,  Post-entry In cellulo (hNPCs, human 109
= 3.62 uM; CCsy > 100 uM) fetal-like forebrain
organoids), in vivo (adult
mouse)
Lycorine (ECs = 0.22-0.39 uM; Post-entry step during RNA  In cellulo (A549, Huh7 and 110
CCsp = 4.4-21 uM) replication, RARp (ICs, = Vero), in vivo AG6 mice
25 pM) (10 mg kg™ ")
Cherylline (EC5o = 20.3 pM; CCso>  Post-entry step - RNA In cellulo (VeroE6 and 111
100 pM) synthesis Huh?)
Lycorine (ECso = 0.9 uM; CCso = n.d. In cellulo (BHK-21 and 112
4.3 and 3.4 uM in BHK-21 and Vero)
Vero), pretazettine (1.9 pM; CCs,
= 5.4 and 7.2 pM), narciclasine
(ECso = 0.02 uM; CCso = 0.09 and
0.12 uM), narciclasine-4-O-p-p-
xylopyranoside (ECso = 7.9 uM;
CCso = 39.3 and 51.8 uM)
DENV Cherylline (ECso = 8.8 uM; CCs > Post-entry step — RNA In cellulo (VeroE6 and 111
100 uM) synthesis Huh7.5)
Haemanthamine (ECso, = 337 nM;  n.d. In cellulo (Huh7) 1
CCs > 10 pM), pancracine (ECso =
357 nM; CCs, > 10 pM)
haemanthidine (ECso = 476 nM;
CCso > 10 pM)
3,4-Dihydroxybenzaldehyde (ECsq n.d. In cellulo (Huh7) 3
=24.1 uM; CCso = 173.1 pM), 3,4
O-dimethylnorbelladine (ECso =
27.5 uM; CCso = 131.4 uM),
norcraugsodine (ECso = 37.7 uM;
CCso = 121.8 uM)
Lycorine (ECso = 0.9 uM), n.d. In cellulo (BHK-21 and 112
pretazettine (ECso = 1.9 uM), Vero)
narciclasine (ECso = 0.02 pM),
narciclasine-4-O-f-p-
xylopyranoside (ECso = 7.9 uM)
DTMUV Lycorine (ECso = 2 uM) Post-entry step In cellulo (BHK-21) 113
Orthomyxoviridae INFV Lycorine (ECso = nd) Nuclear-cytoplasmic In cellulo (GD178 and 114
transport impairment, MDCK) and
decrease Nup93 expression 115
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Table 1 (Contd.)
Virus Alkaloid ECs, CCsq Target (ICso) Model Ref.
Lycorine (EC5¢_nd) Blockage of nuclear export In cellulo (MDCK), in vivo 115
of VRNP through (in mice 5 mg kg~ day )
repression of COX41 and
ERK signaling pathway
Togaviridae CHIKV, Lycorine (ECso = 0.38-0.75 pM, Post-entry - viral In cellulo (Vero, BHK21, 9
SINV, SFV, CCso > 10 pM); SINV, SFV, and translation Huh7, A549)
and VEEV VEEV (1.05, 0.83 and 0.31 pM)
Picornaviridae EV71 and LY-55 (2-hydroxy-2,3a1,4,5,7,12b- Not virucidal, blocking In cellulo (Vero) and invivo 6
CVA16 hexahydro-1H-[1,3]dioxolo[4,5-]] autophagy (mice)
pyrrolo[3,2,1-de]phenanthridin-1-
yl 2-((4-fluorophenyl)thio)acetate
hydrochloride) (ECso = 1.69-5.01
UM, CCso = 106.36 UM)
Herpesviridae HSV Dihydronarciclasine analog with (1) Activation of ERK, EIF2 In cellulo (in organoids with 14
ring-A mono-substituted C7-OH and PKR; (2) integrated hiPSC), in vivo (mouse)
(ECso = 0.209 to 0.504 pM, and no  stress response; (3)
impact on viability <50 uM) trans-  autophagy; (4) sirtuin
dihydrolycoricidine (ECs, = nd) signaling pathways; (5)
innate antiviral response
Tobamoviridae ™V Lycorine (ECso = nd) Uncharacterized In planta 116
Lycoricidine derivatives (N- Triggers defense enzyme In planta 117
methyl-2,3,4- activity

trimethoxylycoricidine), (N-
methyl-2-methoxy-3,4-
acetonidelycoricidine) (EC5, = nd)

% SARS-CoV: severe acute respiratory syndrome — coronavirus, MERS-CoV: middle east respiratory syndrome - coronavirus, DENV: dengue virus,
ZIKV: Zika virus, WNV: West Nile Virus, DTMUV: duck tembusu virus, INFV: influenza virus, CHIKV: chikungunya virus, SINV: Sindbi Virus,
SFV: Semiliki Forest Virus, HSV: Herpes Simplex Virus, TMV: tobacco mosaic virus. RARp: RNA-dependent RNA polymerase. M"™: SARS-CoV

main protease. RNP: ribonucleoprotein. N.d.: not determined.

peptidyl transfer site and was stabilized by hydrogen bonds with
several amino acids and Mg>". Second, they suggested that
lycorine attenuates SARS-CoV-2 propagation by binding to the
frameshift stimulation element (FSE), which is a structured
RNA motif from the SARS-CoV-2 genome with a 5 heptanu-
cleotide slippery site UUUAAAC and a three-stem pseudoknot
involved in polyprotein processing.'®” Their prediction demon-
strates that lycorine binds near the slippery site of this viral RNA
structure. Further computational analysis coupled with in vitro
binding affinity data predicted that lycorine may also inhibit
RNA synthesis by occupying the RNA growth site of RARp but
only in the presence of RNA. Lycorine was too small a molecule
to sojourn in the RARp large empty cavity in its apo state but
could be stabilized following binding with RNA, as the enzyme
cavity becomes more compact. In this sense, the affinity of
lycorine for the enzyme might be secondary to its affinity to
nucleic acids. Finally, in experimental settings of cell infection,
an ECs, of 0.438 pM was measured by RT-qPCR in VeroEe6 cells,
and an unexpected CCs, > 1000 pM. However, lycorine noto-
rious cytotoxicity was detected in human hepatocarcinoma
Huh7 and human embryonic kidney HEK293T cells, with much
lower CCs, of 0.834 and 1.044 uM, respectively. In 2022, Nar-
ayanan et al. indicated that lycorine may also target SARS-CoV-2
polyprotein processing through the inhibition of main protease
(MP™) activity in a cell protease assay although no interaction
with key residues in the catalytic site of the enzyme could be

This journal is © The Royal Society of Chemistry 2024

detected by docking analysis.* Although many recent studies
have focused on lycorine, narciclasine and its analogues have
been previously shown to be strong inhibitors of coronaviruses
and RNA viruses possibly through interaction with eukaryotic
translation elongation factors eEF1A, nucleocapsid and/or
nucleic acids, as extensively reviewed in.'*® Earlier this year
(2023), chemically synthetized trans-dihydrolycoricidine and
dihydronarciclasine analog with ring-A mono-substituted C7-
OH were also identified as inhibitors of SARS-CoV-2," with
ICso = 0.18 pM, CCso = 3.48 uM, IC5, = 0.09 uM, and CCs, =
1.92 uM. Le et al. reported that 6a-hydroxyhippeastidine, 68-
hydroxyhippeastidine, 2-epi-lycorine, zephyranthine, and
ungeremine isolated from Hymenocallis littoralis demonstrated
weak anti-SARS-CoV-2 activity.'” Unfortunately, none of these
studies tested the efficacy of lycorine or other AAs in animal
models of SARS-CoV-2 infection, but they add to the evidence
that some AAs are potent antiviral compounds against emerging
coronavirus infections and that they probably target multiple
steps of the viral replication cycle.

3.2 Dengue and Zika viruses

Dengue fever, caused by the dengue virus (DENV), is the most
prevalent arthropod-borne viral disease and is endemic to
tropical and subtropical regions, progressively affecting
temperate regions. Zika virus (ZIKV), a closely related flavivirus,
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can be transmitted vertically in utero and causes congenital Zika
syndrome, other birth defects, and Guillain-Barré syndrome in
adults. No approved antiviral drugs for these diseases are
currently available. As early as 1992, Gabrielsen et al. detected
that some AAs could inhibit flaviviruses, such as the Japanese
encephalitis virus, the yellow fever virus, and DENV.'* In recent
years, many studies have contributed to increasing our knowl-
edge of the anti-flaviviral properties of AAs. In 2017, Zhou and
colleagues reported that hippeastrine hydrobromide (HH)
inhibited ZIKV infection at a post-entry step in human plurip-
otent stem cell-derived cortical neural progenitor cells (hNPCs)
(ECso = 3.62 uM, Table 1).**° They further showed that treat-
ment with 25 uM of HH for 3 and 17 days rescued ZIKV-induced
growth and differentiation defects in hNPCs and human fetal-
like forebrain organoids and that it efficiently inhibited ZIKV
infection in adult mouse brains in vivo. HH suppressed viral
propagation when administered to adult mice with active ZIKV
infection (at a dose of 100 mg kg™ day ' subcutaneously). The
authors concluded that HH is a highly promising drug candi-
date for treating ZIKV-infected patients. In 2020, Chen et al.
aimed to elucidate the anti-ZIKV properties of lycorine.'** They
used RT-qPCR, immunofluorescence, western blot, and plaque
forming assay to analyze viral RNA (VRNA), viral protein, and
progeny virus counts in A549, Huh7 and Vero cells. The time-of-
drug addition assay suggested that the AA acts at a post-entry
step during RNA replication with ECj, ranging from 0.22 to
0.39 pM and CCs, ranging from 4.4 to 21 uM. The authors also
showed that lycorine increased the thermal stability of NS5
(containing RdRp and methyltransferase domains) and that
RdRp activity was reduced by 50% when the enzyme was treated
with 25 uM of the compound. However, at this concentration,
lycorine is highly cytotoxic to human cells mitigating the rele-
vance of this interaction. Finally, the authors showed that
treatment with lycorine (10 mg kg™ ') protected AG6 mice
against ZIKV-induced lethality (83% less death) by decreasing
the viral load in the blood. These results differ from those of
previous studies on the West Nile Virus, a related flavivirus in
which lycorine does not target RdRp."” Instead, its antiviral
properties are specific to the 2K peptide, which plays a key role
in the replication complex and polyprotein processing.

In 2021, our group uncovered that extracts from Senegalese
Crinum jagus inhibited DENV infection and that cherylline was
a potent anti-flaviviral AA, targeting both DENV (ECs, = 8.8 uM)
and ZIKV replication (ECs, = 20.3 pM).” Further experiments
revealed that cherylline and lycorine targeted a post-entry step,
specifically hindering the viral RNA synthesis step but not viral
translation. The cherylline ring structure is distinct from that of
lycorine (Fig. 1), and their molecular targets probably differ
although both inhibit a post-entry step related to RNA synthesis.
In silico reverse screening predicted that human cellular
proteins, such as estrogen and dopamine receptors, could be
targets of cherylline.

In previous studies, we found that alkaloid extracts from
another Senegalese Amaryllidaceae, Pancratium trianthum,
were highly effective in blocking DENVgpp replication®
although the isolated molecules were not individually tested.
We later characterized the activity of several alkaloids isolated
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from P. maritimum, namely lycorine, 9-O-demethyllycorine,
haemanthidine, haemanthamine, 11-hydroxyvittatine, homo-
lycorine, pancracine, obliquine, tazettine and vittatine.* All the
tested AA inhibited DENV replication (ECs, ranges from 0.34
to 73.59 uM) at low or non-cytotoxic concentrations (CCs,
ranges from 6.25 uM to >100 uM), haemanthamine (ECs, =
337 nM), pancracine (ECs, = 357 nM) and haemanthidine
(ECs0 = 476 nM) being the most potent anti-DENV inhibitors.
Haemanthamine-type alkaloids are known to target other RNA
viruses and retroviruses. Although the mechanism of anti-
flaviviral activity has not been studied, previous studies have
shown that haemanthamine targets the ribosome peptidyl
transferase center A-site on the large ribosomal subunit
through interactions with 25S rRNA to disrupt the protein
synthesis elongation phase and cancer cell growth.'® This
interaction could lead to the inhibition of viral protein
synthesis and block viral replication.

In 2022, we studied the anti-DENV activity of norbelladine,
its derivatives and its precursors.®* We revealed that the 3,4-
dihydroxybenzaldehyde (selectivity index (SI) = 7.2), 3,4"-0-
dimethylnorbelladine (SI = 4.8), 4"-O-methylnorbelladine (SI >
4.9), 3"-0-methylnorbelladine (SI > 4.5), and norcraugsodine (SI
= 3.2) reduced DENV infection with ECs, values ranging from
24.1 to 44.9 uM, and the mechanism of action is currently under
investigation. Barbosa et al. searched for plant-derived antiviral
agents against DENV and ZIKV."* Hippeastrum extracts were
highly antiviral. Lycorine (0.5 and 0.9 pM), pretazettine (0.8 and
1.9 uM), narciclasine (0.02 and 0.02 pM), and narciclasine-4-O-
B-p-xylopyranoside (7.5 and 4.9 uM) were identified as anti-
DENV-2 and -ZIKV inhibitors although they were also cyto-
toxic. These results agree with previous studies,'* suggesting
that optimization of the AA structure could lead to new thera-
peutic strategies to fight flaviviral infectious diseases.

3.3 Duck tembusu virus (DTMUV)

DTMUV is a mosquito-borne flavivirus discovered in 2010 in
China 114 and is responsible for fatal outbreaks in ducks'**"”
and other bird species in China and Southeast Asia. Despite the
availability of efficient vaccines, outbreaks continue to occur,
weighing heavily on the farming economy. In 2021, Lv et al
investigated lycorine ability to inhibit the infection of this avian
flavivirus.'*® As viral target cells, they used hamster cell lines
BHK-21 and evaluated DTMUV replication by real-time PCR, virus
titer, western blot and immunofluorescence (IFA) assays. Upon
treatment with 5 pM of lycorine (associated with weak cytotox-
icity), the authors showed that DTMUV viral titers and envelope
protein expression were reduced. Their results are consistent
with lycorine targeting a post-entry step, as observed in the
context of infections with other flaviviruses or with coronavi-
ruses. The authors also concluded that lycorine is virucidal and
blocks viral entry and internalization. Lycorine previously re-
ported that interaction with RdRp, RNA and/or ribosomes could
be implicated in DTMUV inhibition. Although the cell line may
not be the best representative of DTMUV avian infection, their
results suggest that the lycorine structure could serve as a scaf-
fold for the development of new treatments against this disease.

This journal is © The Royal Society of Chemistry 2024
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3.4 Influenza virus

In 2013, AA lycorine, hippeastrine, heamanthamine and 11-
hydroxyvittatine were reported to display anti-influenza virus type
A (A/Chicken/GuangDong/178/2004 (H5N1)) activity at a post-
entry step, inhibiting nuclear-to-cytoplasmic export of ribonu-
cleoprotein (RNP)."*° Recent efforts have focused on elucidating
the mechanism of action of lycorine.”"* In 2019, Yang and
colleagues performed a proteomic analysis using a multiplexed
tandem mass tag approach to identify changes in protein
expression in Madin-Darby Canine Kidney cells infected with
H5N1 for 1 hour and treated with 0.52 uM lycorine for 12 hours.
The expression levels of 71 proteins were significantly modulated
when comparing virus-infected/mock with virus-infected/
lycorine-treated cells. Interestingly, influenza virus infection
triggered the expression of nuclear pore complex protein 93
(Nup93), while lycorine treatment decreased it. This was
confirmed by western blot. Their results endorsed lycorine
association with nuclear—cytoplasmic transport impairment,
providing new insights into how lycorine may trap viral ribonu-
cleoprotein (RNP) in the nucleus, an inhibitory mechanism of
lycorine that appears specific to the context of influenza virus
infection (Table 1). In 2022, He and colleagues showed that
lycorine might have yet another target.** They first identified that
the endogenous cytochrome c¢ oxidase subunit 4 isoform 1
(COX41) cellular protein plays an important role in H5N1 infec-
tion, promoting viral replication. Intriguingly, when this gene
was knocked out, H5N1 RNPs were retained in the cell nucleus,
similar to the effect of lycorine on infected cells. They further
showed that treatment of cells with 0.52 pM of lycorine inhibited
COX41, reducing radical oxygen species levels and phosphoryla-
tion of extracellular signal-regulated kinase (ERK), which resulted
in the blockage of nuclear export of vRNP and inhibition of viral
replication. Continuous treatment with lycorine did not lead to
the emergence of a resistant virus. The authors then adminis-
tered mice with 5 mg kg™ day™" lycorine or mock 1 day prior to
viral challenge (2 LDs,) and for the remaining 16 consecutive
days. On day 5 or 14 post-infection, they observed a reduction in
viral titers and inhibition of pathological changes in the lung and
trachea tissues. Altogether, these results show that, as is the case
for other viruses, lycorine anti-influenza properties might be the
consequence of multiple targets and confirm that AA is a poten-
tial therapeutic target for the influenza virus.

3.5 Chikungunya virus and other alphaviruses

Chikungunya is a critical re-emerging pathogen caused by
a mosquito-borne alphavirus (CHIKV) within the Togaviridae
family. Other arboviruses of this family include Sindbis virus
(SINV), Semliki Forest virus (SFV), which mainly targets rodents,
and Venezuelan equine encephalitis virus (VEEV), which affects
horses, donkeys and zebras. Li et al investigated whether
lycorine and some derivatives could block the replication of
these alphaviruses.” They observed that lycorine impeded
CHIKYV with EC;, values of 0.38, 0.75, 0.41 and 0.4 uM in Vero,
BHK-21, Huh7 and A549 cells, respectively (Table 1). At 10 uM
(with some cytotoxicity), CHIKV viral titers were decreased by
103-10° fold. The authors later showed that lycorine inhibited
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the replication of SINV, SFV, and VEEV with EC5, values of 1.05,
0.83 and 0.31 pM, respectively. They investigated the alkaloid
mode of action and convincingly showed that a post-entry step
of the CHIKV life cycle was targeted, mainly viral translation,
similar to some viruses (SARS-CoV-2), but not to others (DENV,
ZIKV, and INFV). Several previously reported mechanisms of
lycorine antiviral activity, such as its affinity to RNA and/or
ribosome, could affect viral translation. Their results extended
the antiviral spectrum of lycorine (Fig. 11).

3.6 Picornaviridae

Human Enterovirus 71 (EV71) and Coxsackievirus A16 (CVA16)
are RNA viruses mostly affecting children below 5 years old,
causing hand, foot and mouth disease.* Lycorine was shown to
inhibit EV71 replication in cellulo and in animal models in
previous studies.” In 2019, Wang et al. showed that a lycorine
derivative LY-55 (2-hydroxy-2,3a1,4,5,7,12b-hexahydro-1H-[1,3]
dioxolo[4,5-j]pyrrolo[3,2,1-de]phenanthridin-1-yl 2-((4-fluo-
rophenyl)thio)acetate hydrochloride) inhibited EV71 and CVA16
with ECs, ranging from 1.69 to 5.02 uM, and TCs, of 106.36 pM”’
(Table 1). They determined that LY-55 inhibited the autophagy
induced by the two viruses and was required for their replica-
tion. Alternatively, lycorine was also shown to modulate the
Wnt/B-catenin pathway, which has been implicated in the
replication of several RNA viruses, such as flavivirideae hepatitis
C virus and enterovirus.* Finally, the authors showed that
treatment of mice with LY-55 (1.5 mg kg~ ') decreased viral titers
and reduced the mortality rate associated with the lethal EV71
challenge, protecting 4 out of 8 mice from death.”

3.7 Herpes simplex virus (HSV)

Herpes Simplex Virus (HSV) is a DNA virus. In 2018, Brown et al.
developed 10b-aza-analogues of trans-hydronarciclasine and
trans-hydrolycoricidine with B/C-ring fusion-modified deriva-
tives, which completely lost their anti-HSV activity."* In 2023,
McNulty et al. confirmed that dihydronarciclasine analogs and
trans-dihydrolycoricidine blocked HSV-1 replication.* Two
derivatives (at 10 uM) displayed strong inhibition of HSV-1
infection in the brain organoids. The dihydronarciclasine
analog with ring-A mono-substituted C7-OH was particularly
potent (ECso = 0.504 uM in 9001 and 0.209 pM in 01SD orga-
noids with no impact on viability < 50 uM; Table 1). Both
compounds activated the eukaryotic initiation factor 2 (EIF2)
signalling pathway, the eukaryotic integrated stress response
(ISR) and the resulting signaling network, together with auto-
phagy and sirtuin-1 signaling pathways (Fig. 11). Their results
suggested that the compounds triggered an innate antiviral
response. Previous studies have shown that narciclasine and
other alkaloids interact with larger ribosome subunits, inhib-
iting peptide bond formation, with eukaryotic translation
elongation factor 1A necessary for elongating ribosomes, and
inhibiting Hsp70, which affects a broad range of viruses.'>>'*¢
The authors further tested the dihydronarciclasine analog in
vivo and reported a delayed and decreased viral titer in a mouse
model of HSV-1 ocular infection.
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Fig. 11 Multiple targets of antiviral Amaryllidaceae alkaloids. AAs such as lycorine target ribosomal translation during infection with chikungunya
virus (CHIKV) and SARS-CoV-2 (1), trigger stress-induced and innate responses to counter herpes simplex virus (HSV) replication (2), target the
RNA synthesis step of flaviviruses, such as Zika virus (ZIKV) and dengue virus (DENV) (3), inhibit Duck Tembusu Virus (DTMUV) at a post-entry step
(4), decrease leaves damages caused by Tobacco Mosaic Virus (TMV) infection, triggering defense enzyme activity (5), and traps the influenza

virus (INFV) at the nuclear pore complex (6). Created using Biorender.

3.8 Tobacco mosaic virus

Viruses target all living forms, such as the tobacco mosaic virus
(TMV) from the genus Tobamovirus, which infects a wide range of
plants, damaging crops of tobacco, all Solanaceae family
members, ornamental plants, cucumbers, and beans. Hu et al
investigated the ethanolic extract of Lycoris aurea bulbs and their
alkaloids for their anti-TMV activity.”” Lycorine and some deriva-
tives display protective effects (15.3 and 45.2%) at high concen-
trations of 100 and 500 mg L' (0.348 mM and 1.74 mM) in
contrast with galanthamine and lycoramine, which did not display
any antiviral activity at 100 mg L™, Yang et al. tested AA isolated
from the bulbs of L. radiata, including sanguinine, 11-hydrox-
yvittatine, lycoramine, pancratinine C, homolycorine, hippeas-
trine, O-demethylhomolycorine N-oxide, zephyranthine, O-
methyllycorenine N-oxide, lycoranine C, tazettine, lycorine, 9-O-
demethylhomolycorine, homolycorine N-oxide, galanthamine, and
lycoricidine derivatives owing to their anti-TMV properties in vivo
by the conventional half-leaf method and on systemic infection by
western blot and RT-PCR analysis.””® Some compounds, such as
11-hydroxyvittatine, zephyranthrine, and lycoranine C, displayed
a moderate protective effect. Lycoricidine derivatives showed
significant antiviral effects, particularly L1 (N-methyl-2,3,4-
trimethoxylycoricidine) (60.8% of protective inhibitory activity at

740 | Nat. Prod. Rep., 2024, 41, 721-747

100 pg mL™) and L3  (N-methyl-2-methoxy-3,4-
acetonidelycoricidine) (62.0%), which were almost similar to the
positive control, ningnanmycin (66.4%). L1, L3, and L5 (N-allyl-
2,3,4-triallyloxylycoricidine) antiviral activity was further evi-
denced by a reduction in TMV-coat protein expression. Finally, the
authors showed that L1 also triggered defensive enzyme activities
(phenylalanine ammonia lyase, peroxidase and superoxide dis-
mutase) in systemic leaves, which is a strategy that could be used
to improve disease resistance to tobacco (Fig. 11). These studies
pave the way for the possible role of AAs as antiviral compounds in
fighting plant diseases.

4  Structure activity relationship
4.1 SARS-CoV-2 and lycorine

4.1.1 RNA replication and transcription. RNA viral RNA
replication and transcription require a virus-encoded RdRp, an
enzyme that is absent from the infected cell proteome. This
makes RARp an attractive anti-viral drug target. Docking analysis
by Jin et al. in 2020 suggested that lycorine targets coronavirus
RNA replication through interaction with RdRp, hydrogen
bonding of C9 methylenedioxy oxygen and the C2 hydroxyl group
with Asp263, and catalytic subunit active site residues Asn691
and Ser759.° On the other hand, Ren et al. proposed that the

This journal is © The Royal Society of Chemistry 2024
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amine and aromatic groups of lycorine, present in other known
antivirals, such as chloroquine and emetine, are key pharmaco-
phores of RARp inhibitors.” They further showed that the lycorine
inhibition of RARp depends on the presence of RNA at the RNA
growth site of nsp12 RdRp using surface plasmon resonance
(SPR) and docking, as mentioned in Subsection 3.1.

4.1.2 Translation and polyprotein processing. The genome
of coronaviruses and other RNA viruses, such as flaviviruses or
alphaviruses, encodes a polyprotein translated by the cellular
machinery and is further processed by viral and cellular-
encoded proteases. Jin et al. suggested that lycorine C1 and
C2 hydroxyl and amine pharmacophores are also involved in
lycorine interactions with the programmed ribosomal frame-
shifting element of the SARS-CoV-2 genome, an RNA secondary
structure at the junction between open reading frame 1 a (orf1a)
and orf1b, critical for proper stoichiometry of non-structural
proteins, and hence for the viral life cycle.>*** They detected
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dependent
polymerase

Nucleocapsid
core assembly

View Article Online
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a salt-bridge interaction between the lycorine amine group and
the phosphodiester linkage of U13, as well as a hydrogen bond
network between the two hydroxyl groups and ribonucleotides.
They further predicted that these hydroxyl groups are important
for the inhibition of translation through interactions with the
ribosome peptidyl transfer site and are stabilized by the
hydrogen bonds formed with A4397, U4450, U4446, and G4393.
In addition to these interactions, a coordinated bond was
observed between the hydroxyl group at C2 and Mg>".> Another
study also detected a critical role of these same pharmaco-
phores in SARS-CoV-2 main protease inhibition (Fig. 12).
Lycorine partially occupied the enzyme active site, forming H-
bonds with GIn189, Glu166, and Asn142 through its nitrogen,
impairing correct polyprotein processing.*

4.1.3 Assembly. In addition to the apparent key role of
these groups in viral inhibition, C10 methylenedioxy oxygen
and the adjacent ring A have been implicated in interactions

@ Main protease

FSE RNA
motif in SARS-
CoV-2genome

®

Fig. 12 Structure activity relationship of lycorine specific to SARS-CoV-2. (1) Lycorine C1 and C2 hydroxyl groups are predicted to interact with
the ribosome peptidyl transfer site, inhibiting protein translation.? (2) C1 and C2 hydroxyl groups and the amine base are predicted to be involved
in SARS-CoV-2 main protease inhibition occupying partially the enzyme active site (PDB: 7P35). This impaired correct polyprotein processing.* (3)
These pharmacophores are also involved in the interactions with the frameshifting element of SARS-CoV-2 genome, preventing correct
translation.? (4) Lycorine oxygens on methylenedioxy C8 and C9, and interactions with the adjacent ring prevent virus maturation, targeting
nucleocapsid core assembly through 7-stacking and hydrogen bonding.? (5) Lycorine blocks coronavirus RNA replication through C1 and C2
hydroxyl groups, and C9 oxygen® and/or through its amine-containing ring? by interacting with RNA in the RNA-dependent RNA polymerase
(RdRp) active site, as predicted by docking, surface plasma resonance (SPR) and structure similarity with known inhibitor (PDB: 8GWG). Small
dashed lines reference to* using antiviral assays and docking; full dash lines reference to® using cell protease assay, in cellulo antiviral assays and
docking; and full lines reference to? using docking, SPR and antiviral in cellulo assays as main methods. Created using Biorender.
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with a coronavirus structural protein. In silico prediction
suggests that lycorine impairs virus maturation by targeting the
structural nucleocapsid core assembly through hydrogen
bonding and m-stacking with these pharmacophores to prevent
virus maturation.”

4.1.4 Unidentified targets. Strikingly, 2-epi-lycorine, which
differs only by one stereocenter at C2, did not display anti-
coronaviral and cytotoxic properties,’® suggesting that ring C
plays an important role in ligand-host interaction and that the
chirality of C-2 is key to improving potency and removing
cytotoxicity, at least in the Vero-E6 cell line.

4.1.5 General conclusion on lycorine anti-coronaviral
activity. Although most methods employed in the publications
analyzed here are robust, some rely mostly on computational
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View Article Online

Review

predictions and on in vitro (protein-compound interaction and
affinity) data. The weight of each interaction in cellullo and in
vivo on viral replication, ie. the relative relevance of lycorine
inhibition of correct viral polyprotein translation or nucleo-
capsid assembly on viral inhibition, has not been measured
directly, which will be crucial to verify the importance of each
pharmacophore.

4.2 Herpes-simplex virus

4.2.1 Narciclasine and lycoricidine derivatives targeting
host factors. In 2018, Brown et al. developed 10b-aza-analogues
of trans-hydronarciclasine and ¢rans-hydrolycoricidine with ring
fusion-modified derivatives, which completely lost their anti-
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Fig. 13 Structure activity relationship of anti-viral Amaryllidaceae alkaloids. (1) Haemanthamine structural conformation of C11 hydroxyl and C3
methoxy groups are required for DENV inhibition.* 3',4’-O-Dimethylnorbelladine methyl groups increased anti-DENV activity.? (2) Cherylline
non-methylated 3’OH (compared to gigantelline), and the absence of hydroxyl group on the phenol cycle C3 (compared to gigantellinine) is
required for its anti-viral activity specific to RNA replication (PDB: 5WZ3).5 (3) Lycorine C1 hydroxyl group interacts with Zika virus RNA-dependent
RNA polymerase to block RNA synthesis, (as shown by in vitro enzyme assay, docking evidence, and interaction with His110). (4) Addition of
a functional group on this hydroxyl conserves lycorine inhibition of enteroviruses 2A proteinase with reduced cytotoxicity (higher selectivity
index), resulting also in a loss of RNA replication (PDB: 3W95).7# (5) Lycorine and lycoricidine derivatives block Tobacco Mosaic Virus. Modifi-
cations of lycorine C1 and C2 and of lycoricidine ring C and B functional groups modulate anti-TMV activity. (6) Lycorine C1 and C2 are required
to block alphavirus replication through viral RNA translation inhibition.® 7-Hydroxyl derivative trans-dihydrolycoricidine, and dihydronarciclasine
analog with ring-A mono-substituted and C7-OH with fully functionalized ring-C targets herpesvirus replication,*® affecting eukaryotic initiation
factor 2 (elF2) pathway involved in protein translation.** (7) These derivatives also triggered autophagy and (8), apoptosis-related signaling
pathways involving ERK and Sirtuin-1. Hae: haemanthamine, Dmn, 3'4’-O-dimethylnorbelladine, Che: cherylline, Lyc: lycorine, Lyi: lycoricidine:
Dhn: a dihydronarciclasine analog with ring-A mono-substituted and C7-OH, Dhl: trans-dihydrolycoricidine. Created using Biorender.
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HSV activity, showing that w-type secondary orbital interactions
with rings B and C may be critical for their properties.'* Pioneer
studies have shown that the conformational arrangement of
narciclasine's C-ring is critical for its protein synthesis inhibitor
properties and that the acetylation of its hydroxyl compromised
its activity."*>**® 7-Hydroxyl derivative trans-dihydrolycoricidine
and dihydronarciclasine analog lacking the methylenedioxy
group, with a C7-OH on ring-A, and a fully functionalized ring-C
(no double bond but 3 hydroxyl in a similar orientation as
lycoricidine) efficiently targeted HSV replication, whereas other
modifications of dihydronarciclasine analog, including
hydroxylation or O-methylation of C9, were not active.*®* As both
derivatives affected the elF2 pathway involved in protein
translation,™ triggered autophagy and apoptosis-related sig-
nalling pathways involving ERK and Sirtuin-1, ring B and C
stereocenters appear to be key to their activity. Previous studies
by Gabrielsen and Jimenez et al. showed that ring C hydroxyls
were crucial for antiviral activity and that the C1-C10b double
bond was associated with increased cytotoxicity, while C7 deoxy
derivatives led to lower cytotoxic properties.'*'** The hydroxyl
group on C7 was also specifically associated with flaviviral
inhibition.

4.3 Zika and dengue virus

4.3.1 Cherylline key pharmacophores to block RNA
synthesis. Docking analysis suggested that lycorine C1
hydroxyl interacted with ZIKV RdRp His110 residue to block
RNA synthesis.!'! Cherylline non-methylated 3’OH and the
absence of a hydroxyl group on the phenol cycle C3 are
required for its anti-viral activity specific to RNA replication, as
shown by the loss of activity of gigantelline and gigantellinine,
respectively.’

4.3.2 New antiviral activities and known host targets.
Although lycorine's basic N5 and the C3-C4 double bond have
to be preserved for its activity, acylation of C1 hydroxyl and
oxidation of C2 hydroxyl were previously shown to slightly
increase its anti-flaviviral activity but decrease its cytotoxicity.'*!
Alternatively, the lycorine specificity of the Wnt/B-catenin
pathway, which is associated with its anti-HCV and -enterovirus
activity, was shown to require a methyl group at C4 and basic
nitrogen at N5, and the addition of a lipophilic group, pyrazole
and pyridine at C8 or C9 oxygens increased its activity.'*?

Haemanthamine specific conformational structure of C11
hydroxyl, C3 methoxy groups and ring C1-C10b and C1-C2
bonds are key to its DENV inhibition, as suggested by compar-
ison with 11-hydroxyvittatine and with other very similar
compounds being less active.' Previous studies had shown that
haemanthamine binding to the 25S rRNA A-site cleft induced
a ‘flip up’ conformation of residue U2875, which was not
observed upon narciclasine binding and was attributed to the
absence of the phenolic hydroxyl in haemanthamine." In
addition, haemanthamine interacted with rRNA, whereas nar-
ciclasine did not. A haemanthamine aromatic ring fused to the
methylenedioxy moiety could form m-stacking interactions with
the nucleotide base residues U2875 and C2821 sandwiching the
AA. Haemanthamine amino group further reinforced

This journal is © The Royal Society of Chemistry 2024
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interaction with U2875 through hydrogen bonding, stabilizing
the ‘flip-up’ conformation of the uracil residue. Its C11-hydroxyl
group on the ethanol bridge was implicated in two additional H-
bonds with U2873. O-Acylation of C11 resulted in compromised
activity, and the a-configured ethanol bridge was required for
rRNA binding. Interestingly, these pharmacophores have been
implicated in antiviral activities in previous studies (Fig. 13).***

In less studied ring types, 3',4-O-dimethylnorbelladine
methyl groups increased anti-DENV activity compared to single-
methylated O-norbelladine, suggesting a key role played by
these two functional groups in its interaction with its target
although not yet characterized.® In contrast, norcraugsodine O-
methylation abolished its anti-DENV potential and reduced its
cytotoxicity, indicating the structure-activity relationship of
norbelladine-type alkaloids.

4.4 Enterovirus, alphavirus and tobamovirus

Similar to flavivirus-related SAR, the addition of more
complex functional groups to lycorine C1 conserved lycorine
inhibition of enteroviruses 2A proteinase with reduced
cytotoxicity, resulting in a loss of RNA replication.”® Like-
wise, acetylation, methylation or replacement with CIl of
lycorine C1 or C2 hydroxyl and of lycoricidine C2, C3, C4
and N increased anti-TMV properties. In contrast, lycorine
C1 and C2 hydroxyl groups are required for blocking alpha-
virus CHIKV replication through viral RNA translation inhi-
bition,® and acetylation at these positions results in a loss of
activity.

4.5 Current challenges in the AA structure-activity
relationship

Although recent studies confirm and unravel key pharmaco-
phores, the analysis also shows that modifications can yield
a virus-specific impact. AAs inhibit multiple viruses and may
interact with diverse targets. This complicates the analysis of
the relative importance of each functional group to each of its
biological properties. Future studies will need to combine
powerful systematic biological methods and thorough struc-
ture-activity relationship analysis to gather key knowledge to
fight viral diseases while preserving cellular processes, such as
protein synthesis, proliferation and stress response, but also
assessing solvability and brain blood barrier permeability.'**
Moreover, AA pleiotropy might be their greatest strength
because it multiplies the mechanisms required for virus escape.

5 Conclusions

Recent studies have highlighted the potential of AA as a scaffold
for developing new antiviral compounds for both humans and
plants. In recent years, lycorine has been predominantly studied
probably owing to its potency, its broad spectrum of targeted
microorganisms and its relative abundance in many plants.
Lycorine is also readily commercially available. However, some
of its biological characteristics prevent its safe use in humans:
its broad spectrum implies that it may alter non-desired cellular
targets, leading to additional undesired side effects. Lycorine is
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cytotoxic to many human cells at low concentrations, and it is
highly poisonous to humans when ingested, leading to diar-
rhea, vomiting, convulsions and even deaths (http://
www.t3db.ca/toxins/T3D4064). Consequently, research should
continue to focus on structure-activity relationships with the
help of computational analysis. Finally, the discovery of the
full antiviral spectrum of the other ~650 AA should be
encouraged.

Natural product chemists, synthetic organic chemists,
biochemists, and bioengineers have co-contributed to the
research interest and understanding enrichment of Amar-
yllidaceae alkaloid structural diversity. All these fronts examine
the interpretation and execution of AA for the benefit of
mankind. Although it is dubious which method is most
appropriate for the sustainable supplementation of AA in the
pharmaceutical and medicinal sectors in the long run, AA
structural diversity could serve as antiviral components, as
emphasized in this review. Further, an improved understanding
of biosynthetic pathways could support overcoming the limi-
tations of synthetic biological approaches. However, these are
achievable through interdisciplinary research in the afore-
mentioned fields. Thus, this article serves as a tool to facilitate
our objectives.
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