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Miklós Dékány, Csaba Szántay Jr., Péter Keglevich and László Hazai
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Preface to ”Advances in Plant Alkaloid Research”

Plant alkaloids are critical components of modern medicine and pharmaceuticals.

These compounds are also becoming increasingly important for industrial uses as part of the

green chemistry revolution. This Special Issue will focus on the molecular advances being made

in understanding how such a large and diverse class of compounds are made by plants and how

metabolic engineering advances are increasing the overall yield of crucial precursors.
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Abstract: Sacred lotus (Nelumbo nucifera Gaertn.) is an ancient aquatic plant used throughout Asia
for its nutritional and medicinal properties. Benzylisoquinoline alkaloids (BIAs), mostly within the
aporphine and bisbenzylisoquinoline structural categories, are among the main bioactive constituents
in the plant. The alkaloids of sacred lotus exhibit promising anti-cancer, anti-arrhythmic, anti-HIV,
and anti-malarial properties. Despite their pharmacological significance, BIA metabolism in this
non-model plant has not been extensively investigated. In this review, we examine the diversity of
BIAs in sacred lotus, with an emphasis on the distinctive stereochemistry of alkaloids found in this
species. Additionally, we discuss our current understanding of the biosynthetic genes and enzymes
involved in the formation of 1-benzylisoquinoline, aporphine, and bisbenzylisoquinoline alkaloids
in the plant. We conclude that a comprehensive functional characterization of alkaloid biosynthetic
enzymes using both in vitro and in vivo methods is required to advance our limited knowledge of
BIA metabolism in the sacred lotus.

Keywords: benzylisoquinoline alkaloids; cytochrome P450 monooxygenase; medicinal properties;
methyltransferase; Nelumbo nucifera; norcoclaurine synthase; sacred lotus; stereochemistry

1. Introduction

Sacred lotus (Nelumbo nucifera Gaertn) is a basal eudicot aquatic plant. It belongs to the small
Nelumbonaceae family (order Proteales), which includes only the genus Nelumbo and the species
N. lutea (native to North America) and N. nucifera (native to Asia and Australia). Sacred lotus diverged
from the core eudicots early in angiosperms evolutionary history, prior to a whole-genome triplication
event [1,2]. According to the fossil records, Nelumbonaceae morphology has remained stable since the
mid-Cretaceous period, and plastid genome sequencing analysis has established that both Nelumbo
species, currently found in opposite sides of the Pacific Ocean, diverged relatively recently (~1.5 million
years ago) from a common ancestor [3].

For thousands of years lotus has been integrated in traditional medicine, diet, and popular
culture, commonly used as an ornamental plant in ponds and designated ‘sacred’ owing to its
religious significance in Buddhism and Hinduism [4]. The plant also displays several outstanding
characteristics rarely seen in the angiosperms, such as shoot-before-root emergence, regulated flower
thermogenesis, a dim-light photosynthetic plumule, and leaves with wax-covered nanopapillae that
create the self-cleaning and water-repellent ‘lotus effect’ [5–7]. In addition, scared lotus seeds are
remarkable for their longevity (radiocarbon dated up to ~1300 years before germination), which is a
feature of interest to researchers investigating the molecular mechanisms of aging resistance [8,9].

All parts of sacred lotus are medicinally significant. For example, rhizomes are used in the
Chinese traditional medicine for the treatment of liver cirrhosis, dyspepsia, and dysentery; stem
preparations are prescribed in Ayurvedic medicine as an anthelmintic and to treat leprosy; leaf
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extracts possess antiviral, diuretic, and astringent activities and are applied to fever management;
flowers are employed to treat cholera and bleeding disorders; and finally seeds and dissected
embryos are used as remedies for insomnia, inflammation, cancer, and heart diseases [4,10]. More
than 200 secondary metabolites have been isolated from the plant and associated with various
pharmacological properties [4]. The isolated compounds comprise different classes of chemicals
such as flavonoids, terpenoids, and alkaloids. In particular, benzylisoquinoline alkaloids (BIAs) in the
aporphine and bisbenzylisoquinoline structural categories are among the main bioactive constituents
of sacred lotus.

Nuciferine, the major aporphine found in N. nucifera, has reportedly been effective in the
treatment of several types of cancer (e.g., lung, colon, and breast) and neuroblastoma [11–13].
Other bioactive aporphines extracted from sacred lotus are pronuciferine, an alkaloid reported
to decrease intracellular triglyceride content in adipocytes, making it a promising metabolite to
treat obesity [14]; N-nornuciferine, which acts as a melanogenesis inhibitor [15,16]; O-nornuciferine
(also known as N-methylasimilobine) and lysicamine, both possessing potent antioxidant properties;
7-hydroxydehydronuciferine, a metabolite that significantly inhibits the proliferation of melanoma,
prostate, and gastric cancer cells [17]; and roemerine, which has been ascribed anti-fungal and
anti-malarial properties [18].

Neferine and liensinine are the main bisbenzylisoquinoline components of sacred lotus.
The former has been reported to possess anti-arrhythmic effects [19] and to induce apoptosis in
human lung cancer [20]; hepatocellular carcinoma [21], and ovarian cancer [22], whereas the latter has
been shown to inhibit the growth of breast cancer cells and prevent associated bone destruction [12,23].
In addition, neferine, liensinine, isoliensinine, and nelumboferine exhibit sedative effects in mice
models, which could be related to the relaxation properties of tea prepared from sacred lotus
embryos [24].

Despite the medicinal importance of BIAs in sacred lotus, relatively little is known about alkaloid
metabolic pathways in the plant, or the biosynthetic genes and cognate enzymes. Remarkably, although
many BIAs isolated from N. nucifera have been detected in the R-enantiomer conformation, which
contrasts with predominantly S-enantiomer conformers found in opium poppy (Papaver somniferum)
and related plants (order Ranunculales), no studies have yet examined this feature of BIA metabolism
in sacred lotus. Such topics are of significance to advance research in the field of plant alkaloid
metabolism, particularly in non-model species, and to develop better strategies to bioengineer
high-value phytopharmaceuticals in various production systems. Herein, we review the current
knowledge of BIAs biosynthesis in sacred lotus.

2. Occurrence of BIAs in Sacred Lotus

Benzylisoquinoline alkaloids (BIAs) constitute a large class of plant specialized metabolites
derived from tyrosine [25]. The enantioselective condensation of dopamine (yielding the
tetrahydroisoquinoline moiety) and 4-hydroxyphenylacetaldehyde (yielding the benzyl moiety) by
norcoclaurine synthase (NCS) generates (S)-norcoclaurine, the common precursor to all BIAs [26]. A
variety of coupling reactions and functional group modifications establish a large number of structural
subcategories and specific compounds with a plethora of pharmacological properties. These include
the narcotic analgesics morphine and codeine (morphinans), the muscle relaxant papaverine
(1-benzylisoquinoline), the antimicrobial agents sanguinarine (benzophenanthridine) and berberine
(protoberberine), the bronchodilator and anti-inflammatory glaucine (aporphine), and the potential
anticancer drugs noscapine (phthalideisoquinoline) and dauricine (bisbenzylisoquinoline) [27].

The occurrence of BIAs in nature is restricted to certain plant families, primarily in the order
Ranunculales. Consequently, most of the plants that have been investigated with respect to BIA
metabolism are members of the Papaveraceae, Ranunculaceae, Berberidaceae, and Menispermaceae
families [27–30]. The first and foremost of these is opium poppy (Papaver somniferum). However, BIAs
also occur sporadically in the orders Piperales and Magnoliales, as well as in the Rutaceae, Lauraceae,
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Cornaceae and Nelumbonaceae families [31], but plants belonging to these taxa have received far less
attention. Sacred lotus leaves, embryos, and leaf sap are rich in BIAs, although the alkaloid composition
and content varies considerably among the nearly 600 known genotypes [32–35]. There are three main
subclasses of BIAs in sacred lotus: the 1-benzylisoquinoline, aporphine, and bisbenzylisoquinoline
alkaloids (Table 1).

Table 1. Benzylisoquinoline alkaloids (BIAs) detected in different organs of Nelumbo nucifera, their
chemical formula, and stereochemistry. Alkaloid structures are assigned numbers as shown in
Figures 1–4. L: leaf, E: embryo, F: flower, S: seed, R: rhizome, LS: leaf sap, NS: not specified, N/A:
not applicable.

No. Alkaloid Formula Enantiomer Organ Reference

1-BENZYLISOQUINOLINE

1 Norcoclaurine C16H17NO3 (+)-R and (−)-S L, E [36–39]
2 Coclaurine C17H19NO3 (+)-R L, E, F [15,37,38]
3 N-Methylcoclaurine C18H21NO3 (−)-R L, E, F [15,37,38]
4 Norarmepavine C18H21NO3 (+)-R F [15,40]
5 N-Methylisococlaurine C18H21NO3 NS L, E [38,41]
6 6-Demethyl-4′-O-methyl-N-methylcoclaurine C18H21NO3 NS E [38]
7 Armepavine C19H23NO3 (−)-R and (+)-S L, E, S [15,38,40,42]
8 4′-O-Methyl-N-methylcoclaurine C19H23NO3 NS E [38]
9 4′-O-Methylarmepavine C20H25NO3 NS L [43]
10 Lotusine C19H24NO3

+ NS E [38]
11 Isolotusine C19H24NO3

+ NS E [38]

APORPHINE

12 Caaverine C17H17NO2 (−)-R L [17,40]
13 Asimilobine C17H17NO2 (−)-R L, F [15,17,44]
14 Lirinidine C18H19NO2 (−)-R L, F [16]
15 O-Nornuciferine C18H19NO2 (−)-R L, F [16,17,35]
16 N-Nornuciferine C18H19NO2 (−)-R L, E, F [16,17,38]
17 Nuciferine C19H21NO2 (−)-R L, E, F [15,17,35,38]
18 Anonaine C17H15NO2 (−)-R L, F [17,32]
19 Roemerine C18H17NO2 (−)-R L, F [17,18,32,35]
20 Dehydronuciferine C19H19NO2 N/A L, R [16,32,41]
21 Dehydroanonaine C17H13NO2 N/A L [41]
22 Dehydroroemerine C18H15NO2 N/A L [41]
23 Pronuciferine C19H21NO3 (+)-R and (−)-S L, E, F [16,38,40,43]
24 7-Hydroxydehydronuciferine C19H19NO3 N/A L [17]
25 Lysicamine C18H13NO3 N/A L, F [16]
26 Liriodenine C17H9NO3 N/A L [17]

BISBENZYLISOQUINOLINE

27 Nelumboferine C36H40N2O6 NS E, LS [32,45]
28 Liensinine C37H42N2O6 1R,1′R L, E, F, LS [32,35,44,46]
29 Isoliensinine C37H42N2O6 1R,1′S E [35,46]
30 Neferine C38H44N2O6 1R,1′S E, LS [32,35,46]
31 6-Hydroxynorisoliensinine C36H40N2O6 NS E [38]
32 N-Norisoliensinine C36H40N2O6 NS E [38]
33 Nelumborine C36H40N2O6 NS E [45]

TRIBENZYLISOQUINOLINE

34 Neoliensinine C63H70N3O10 1R,1′S,1”R E [46]

2.1. 1-Benzylisoquinoline Alkaloids

1-Benzylisoquinoline alkaloids occur in trace amounts in several sacred lotus organs (Table 1).
Norcoclaurine, also known as higenamine, is the common intermediate for the biosynthesis of
all BIAs. It was first reported in sacred lotus embryos a half-century ago [36] and later isolated
from N. nucifera leaves via anti-HIV bioassay-guided fractionation [37]. Norcoclaurine is notable
for its anti-inflammatory, anti-arrhythmic, and anti-thrombotic properties, and is also considered a
β-adrenergic receptor agonist [47].
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Norcoclaurine subsequently undergoes O- and N-methylation yielding various 1-benzylisoquinoline
alkaloid derivatives (Figure 1). Coclaurine (6-O-methylated norcoclaurine), norarmepavine (7-O-
methylated coclaurine), N-methylcoclaurine (N-methylated coclaurine), and armepavine (7-O-
and N-methylated coclaurine) isolated from sacred lotus flowers have shown melanogenesis
inhibition activity, with potential application in the cosmetics industry [15]. Armepavine also
exhibited a suppression of T-cell proliferation and an inactivation of NF-kB, among other
immunomodulatory effects that could be beneficial for the treatment of autoimmune diseases such
as systemic lupus erythematosus and crescentic glomerulonephritis [42,48]. Two quaternary amines,
lotusine and isolotusine (most likely derived from N-methylisococlaurine and N-methylcoclaurine,
respectively) and three 4′-methoxylated compounds, 6-demethyl-4′-O-methyl-N-methylcoclaurine,
4′-O-methyl-N-methylcoclaurine, and 4′-O-methylarmepavine have also been isolated from the
plant [38,43].

Figure 1. Major 1-benzylisoquinoline alkaloids reported in sacred lotus. Asterisk indicates a
chiral center.

2.2. Aporphines

Nelumbo nucifera contains several aporphine alkaloids that accumulate mainly in the leaves
(Table 1). Nuciferine is the major alkaloid in this organ, although substantial variation in alkaloid
content and composition is found between cultivars [32,33,35,49]. Aporphines in sacred lotus (Figure 2)
are presumably derived from 1-benzylisoquinoline intermediates as a result of C8-C2′ coupling
reactions, except for pronuciferine, which exhibits C8-C1′ coupling. The C6 and/or C7 positions
(Figure 1) are consistently O-methylated, with the only exceptions being anonaine and roemerine
(and their dehydro derivatives), in which a methylenedioxy bridge occurs between these carbon
atoms. The isoquinoline ring can also be N-methylated, but there are no reports of quaternary
(e.g., N,N-dimethylated) amines among sacred lotus aporphines.
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Figure 2. Major aporphine alkaloids reported in sacred lotus.

Curiously, all aporphines reported in N. nucifera lack of substitutions in the benzyl moiety
presumably derived from 4-hydroxyphenylacetaldehyde. This is a major difference with respect to the
aporphines isolated from members of the Ranunculales, such as corytuberine, magnoflorine, isoboldine,
and glaucine that are all likely derived via reticuline [50,51]. Reticuline is a 1-benzylisoquinoline
alkaloid containing 3′-hydroxyl and a 4′-methoxyl groups and serving as a key branch point
intermediate in the biosynthesis of most BIAs in the Ranunculales [27]. However, reticuline has not
been reported in sacred lotus, and its absence could indicate the existence of substantial differences in
BIA metabolism in this ancient plant. Nevertheless, all 1-benzylisoquinolines isolated from N. nucifera
so far display a 4′-hydroxyl or 4′-methoxyl moiety, and it remains unclear why aporphines in the plant
lack these modifications. Further research on aporphine biosynthesis is required to shed light on this
intriguing phenomenon.

2.3. Bisbenzylisoquinolines

Bisbenzylisoquinoline alkaloids accumulate predominantly in the seed embryo of N. nucifera.
Although it has been suggested that these alkaloids are synthesized in the leaf and then transported
in the leaf sap to the embryo [32], the localization of BIA biosynthesis has not been experimentally
examined. Neferine and liensinine are the major alkaloid constituents of the embryo, although the
bisbenzylisoquinolines profile varies considerably in different genotypes [32,35].

Bisbenzylisoquinoline alkaloids are formed by C6-O-C3′ or C8-C3′ coupling (or C8-C5′ coupling,
due to free rotation of the benzyl ring) between two 1-benzylisoquinoline monomers. Different O- and
N-methylation patterns create a diverse array of compounds (Figure 3). A more complex structure,
the tribenzylisoquinoline alkaloid neoliensinine (Figure 4), has been recently isolated from sacred
lotus embryos [46]. As with aporphine biosynthesis, it is not yet known whether the differential O-
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and N-methylation patterns among bisbenzylisoquinolines and tribenzylisoquinolines are established
before or after coupling.

Figure 3. Major bisbenzylisoquinoline alkaloids reported in sacred lotus.

Figure 4. The tribenzylisoquinoline alkaloid, neoliensinine, reported in sacred lotus.

3. Stereochemistry of BIAs Biosynthesis in Nelumbo nucifera

In members of the Ranunculales, BIA stereochemistry is initially introduced by the enantioselective
Pictet-Spengler condensation of dopamine and 4-hydroxyphenylacetaldehyde catalyzed by
norcoclaurine synthase (NCS) [26]. Norcoclaurine contains a stereogenic atom and can theoretically
occur as either the R or S conformer. To date, all functionally characterized NCS from opium poppy
and related members of the Ranunculales yield exclusively (S)-norcoclaurine [52–59]. In contrast,
norcoclaurine was first reported as an R-enantiomer in sacred lotus [36], a result later confirmed by
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HPLC coupled with chiral fluorescent detection [39]. The S-enantiomer of norcoclaurine has also been
reported from N. nucifera leaves [37] (Table 1). In addition, it was recently reported that the embryos
contained a racemic mix (59:41) of norcoclaurine-4′-O-β-D-glucoside 1R and 1S diastereomers [60],
further supporting the formation of both R and S norcoclaurine conformers.

At least five functional isoforms of norcoclaurine synthase (NnNCS) have been purported in sacred
lotus, based on the occurrence of homologs in the genome [34], and in various transcriptomes [34,49,61,62].
These NCS candidates must be functionally characterized to determine which, if any, are responsible
for the formation of norcoclaurine and variations in the stereochemistry of BIAs in sacred lotus. Since
norcoclaurine has been isolated in both R and S conformations, it is possible that two or more NnNCS
isoforms catalyze the Pictet-Spengler condensation with the opposite enantioselectivity. Alternatively,
it is also plausible that the diverse BIA stereochemistry in sacred lotus results from a lack of NCS
enantioselectivity, leading to the formation of both enantiomers by one enzyme. The unique features
of the BIA biosynthetic enzymes from sacred lotus provide exciting targets for advanced structural and
biochemical investigations with respect to substrate recognition, product formation and underlying
catalytic mechanisms.

Optically active enantiomers or stereoisomers exhibiting similar physicochemical properties might
differ in their biological activity. Although the specific physiological role of norcoclaurine is not known,
the two enantiomers could be associated with differences in substrate recognition by NCS, and in
other biochemical interactions. For example, (S)-norcoclaurine appears superior to (R)-norcoclaurine
in suppressing the inducible expression of nitric oxide synthase, a hallmark of septic shock [63].

The majority of BIAs isolated from sacred lotus are R-conformers (Table 1). In contrast,
most BIAs in members of the Ranunculales are S-conformers, with the notable exception
of the bisbenzylisoquinolines (1R,1′S)-berbamunine, (1R,1′S)-2′-norberbamunine, and (1R,1′R)-
guatteguamerine from Berberis stolonifera (presumably derived from (R)- and (S)-coclaurine and/or
(R)- and (S)-N-methylcoclaurine) [64]. Although aporphines in the S conformation have not
been reported in sacred lotus (except for racemic pronuciferine [43], a proaporphine), some
1-benzylisoquinoline alkaloids, such as norcoclaurine and armepavine, have been detected as both R
and S enantiomers [16,36,37,39,40,48]. Moreover, the bisbenzylisoquinoline and tribenzylisoquinoline
alkaloids have been reported as combinations of various R and S 1-benzylisoquinolines with the
exception of (1R,1′R)-liensinine [46].

The stereospecificity (i.e., the ability to distinguish between stereoisomers) of downstream BIA
biosynthetic enzymes is not known. For example, norcoclaurine-6-O-methyltransferase from Thalictrum
flavum accepts both (R)- and (S)-norlaudanosoline (an unnatural analogue of norcoclaurine) [65].
In opium poppy, (S)-reticuline is converted by (i) the berberine bridge enzyme to (S)-scoulerine to form
benzophenanthridine, protoberberine, and/or phthalideisoquinoline alkaloids and; (ii) corytuberine
synthase to (S)-corytuberine leading to aporphine alkaloids. In contrast, reticuline epimerase
is the gateway enzyme in the conversion of (R)-reticuline to morphinan alkaloids since the
subsequent enzyme salutaridine synthase (CYP719B1) does not accept (S)-reticuline [30,66]. Enzyme
stereospecificity is a critical feature of BIA metabolism in the Ranunculales. The stereospecificity of
BIA biosynthetic enzymes in sacred lotus might be considerably different based on the widespread
occurrence of R-conformers.

4. BIA biosynthetic Genes and Enzymes in the Sacred Lotus

Analysis of the Nelumbo nucifera genome sequence suggest that, after the lineage-specific
whole-genome duplication event (approximately 18 to 76 million years ago), several rearrangements
(i.e., ancestral chromosome fissions, fusions, and a single inversion) were responsible for the modern
diploid karyotype (16 chromosomes) [67,68]. The sacred lotus genome is ~1 Gb in size and encodes
approximately 27,000 genes [1,2]. Based on sequence similarity with BIA biosynthetic genes in
members of the Ranunculales [30], genes predicted to encode norcoclaurine synthase (NCS), O-
and N-methyltransferases (OMT and NMT), and cytochrome P450 (CYP) monooxygenases CYP80A,
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CYP80G, and CYP719A (CYP) have been detected in the sacred lotus genome (Figure 5). Although
other gene candidates have been suggested to participate in morphinan and protoberberine alkaloid
biosynthesis [49], compounds belonging to these structural groups have not been detected in sacred
lotus. Herein, we discuss only enzymes potentially involved in 1-benzylisoquinoline, aporphine and
bisbenzylisoquinoline alkaloid pathways (Table 2). However, functional characterization of these
enzymes has not been investigated. Most work has focused on the aporphine metabolism, primarily
through correlational analysis of gene expression profiles and alkaloid content in different organs and
developmental stages of sacred lotus [34,49,61,62,69].

Figure 5. Suggested BIA biosynthetic pathway in sacred lotus. The scheme shows norcoclaurine as
the common precursor and N-methylcoclaurine as the branch point intermediate in the formation of
aporphine and bisbenzylisoquinoline alkaloids. Tailoring reactions, such as O- and N-methylations,
hydroxylation, oxidation, C-C and C-O coupling (and a possible dehydration represented by the dashed
arrow) yield the diverse BIAs reported in Nelumbo nucifera. Note that other 1-benzylisoquinolines
derived from norcoclaurine could be used in the formation of aporphine and bisbenzylisoquinoline
alkaloids, as this representation is merely one of many possible routes (e.g., major BIAs in sacred lotus
such as nuciferine and neferine are not represented). Stereochemistry has been omitted for simplicity.
Abbreviations: 6OMT, norcoclaurine 6-O-methyltransferase; CNMT, coclaurine N-methyltransferase;
CYP719A, cytochrome P450 monooxygenase 719A, CYP80A, cytochrome P450 monooxygenase 80A;
CYP80G: cytochrome P450 monooxygenase 80G; NCS, norcoclaurine synthase.
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Table 2. BIA biosynthetic enzyme candidates potentially involved in 1-benylisoquinoline, aporphine
and bisbenzylisoquinoline pathways in sacred lotus. For each enzyme a proposed substrate(s)
and product are shown. Accession numbers in a GenBank or b lotus databases (lotus-db.wbgcas.
cn [1]) are provided. 4-HPAA: 4-hydroxyphenylacetaldehyde, 4′OMT: 4′-O-methyltransferase,
6OMT: norcoclaurine-6-O-methyltransferase, 7OMT: 7-O-methyltransferase, CNMT: coclaurine
N-methyltransferase, CYP719A: cytochrome P450 monooxygenase 719A, CYP80A: cytochrome P450
monooxygenase 80A, CYP80G: cytochrome P450 monooxygenase 80G, NCS: norcoclaurine synthase.

Class Enzyme Isoforms Substrate Product Reference

Pictet-Spenglerase NCS

NCS1 (KT963033) a

Dopamine 4-HPAA Norcoclaurine [34]
NCS3 (KT963034) a

NCS4 (KT963035) a

NCS5 (KU234431) a

NCS7 (KU234432) a

O-Methyltransferase

6OMT

6OMT1 (MG517493) a

Norcoclaurine Coclaurine [49,61,62]
6OMT2 (MG517492) a

6OMT3 (MG517491) a

6OMT4 (MG517490) a

7OMT
7OMT1 (NNU20903) b

Coclaurine Norarmepavine [61]7OMT2 (NNU04966) b

7OMT3 (NNU09736) b

4′OMT

4′OMT1 (NNU15801) b

N-Methylcoclaurine 4′-O-methyl-N-
methylcoclaurine [49]4′OMT2 (NNU15809) b

4′OMT3 (NNU24728) b

4′OMT4 (NNU25948) b

N-Methyltransferase CNMT
CNMT1 (MG517494) a

Coclaurine N-Methylcoclaurine [49,61,62]CNMT3 (MG517495) a

Cytochrome P450
monooxygenase

CYP80A CYP80A (NNU21373) b N-Methylcoclaurine Nelumboferine [61]
CYP80G CYP80G (NNU21372) b N-Methylcoclaurine Lirinidine [49,61,62]

CYP719A CYP719A22
(XM010268782) a Lirinidine Roemerine [61,69]

4.1. Norcoclaurine Synthase

NCS catalyzes the condensation of dopamine and 4-hydroxyphenylacetaldehyde as the first
committed step in BIA metabolism (Figure 5). In members of the Ranunculales, NCS belongs to the
PR10/Bet-v1 family of proteins [54,59]. NCS activity has been detected in crude protein extracts of
sacred lotus leaves, but not in petioles or roots [31]. Seven genes putatively encoding NCS have
been described in the sacred lotus genome [34]. All of these genes contained two exons separated by
one intron. NnNCS1, NnNCS4, and NnNCS5 were clustered together along with two pseudogenes
(NnNCS2 and NnNCS6). NnNCS3 and NnNCS7 were not on the same genomic scaffold, but could also
be part of the gene cluster. All predicted proteins contained a canonical glycine-rich loop and conserved
catalytic residues (K-122 and E-110) described in the functionally and structurally characterized NCS
from T. flavum (TfNCS) [52,56].

Correlational analysis of genes expression profiles and alkaloid content were interpreted to
suggest that only NnNCS7 plays a major role in BIA biosynthesis [34]. However, even though the
NnNCS7 gene was predominantly expressed in all tested organs and developmental stages, significant
variation in transcript level was detected depending on the cultivar analyzed. For example, only
NnNCS7 was (highly) expressed in mature leaves of the Xuehuou variety, although the alkaloid content
was the lowest among 10 tested cultivars. In contrast, despite a low level of NnNCS7 expression in
mature leaves of the WSL40 cultivar, the alkaloid content was more than double that detected in the
leaves of Xuehuou [34]. In addition, expression of NnNCS7 has been reported to increase with leaf
development, with peak levels between the folded and unfolded stages, which is prior to the detected
accumulation of alkaloids [61]. However, NnNCS7 gene expression was higher in the low-alkaloid
cultivar Luming compared with the high-alkaloid cultivar WD40 [61]. Similar inconsistencies have
been detected depending on the plant organ and developmental stage analyzed [34]. Inconsistencies
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between gene expression profiles and alkaloid content were suggested to result from the possibility
that NCS in sacred lotus is a functional heterodimer composed of cultivar-dependent isoforms [34].
It is notable that TfNCS has been structurally and functionally characterized as a homodimer [52,57].
Functional characterization of putative NCS isoforms from sacred lotus is required to support their
role in BIA metabolism. It is also notable that at least five putative tyrosine decarboxylase (TYDC)
genes are expressed in lotus leaves [61]. TYDC catalyzes the decarboxylation of tyrosine and L-DOPA
yielding, indirectly or directly, the NCS substrate dopamine. Putative TYDC enzymes also require
functional characterization.

4.2. Methyltransferases

Norcoclaurine is modified by a series of O- and N-methylations to form the diverse
1-benzylisoquinolines reported in sacred lotus (Figure 1). Both O-methyltransferases (OMTs) and
N-methyltransferases (NMTs) use S-adenosyl-L-methionine as the methyl donor [70]. Norcoclaurine
contains three hydroxyl groups at C6, C7, and C4′ and a secondary nitrogen in the isoquinoline ring,
all of which are susceptible to methylation.

In the Ranunculales, the 6-O-methylation of norcoclaurine to coclaurine is the first tailoring
reaction in BIAs biosynthesis [30] and it is expected that a similar reaction occurs in sacred lotus
(Figure 5). Based on sequence similarity with OMTs from members of the Ranunculales, four candidate
norcoclaurine-6-O-methyltransferase (Nn6OMT) genes have been detected in the sacred lotus genome,
with two of the genes (Nn6OMT2 and Nn6OMT3) clustered [49,61,62]. Nn6OMT1 showed the highest
expression levels in leaves, with a peak at early stages of development, and cultivar-dependent
expression aligned with cultivar-specific alkaloid content [49,61]. In addition, the Nn6OMT1 isoform
also contains conserved catalytic residues (H-256, D-257, and E-315) described in T. flavum 6OMT [65].

Several 1-benzylisoquinolines from sacred lotus, including norarmepavine, armepavine,
and major aporphines and bisbenzylisoquinolines are O-methylated at C7; thus, enzymes capable
of C7-O-methylation are also expected to occur. Five candidate genes putatively encoding
7-O-methyltransferases (Nn7OMTs) have been detected in the N. nucifera genome based on sequence
similarity with OMTs from members of the Ranunculales. However, only Nn7OMT1-3 genes
have shown significant expression in the leaves [61]. The other two candidates Nn7OMT4 and
Nn7OMT5 were previously proposed as Nn4′OMT1 and Nn4′OMT4, respectively, along with two
other genes encoding putative 4′-O-methyltransferases (Nn4′OMTs) [49]. The expression levels
of the corresponding Nn4’OMT genes in the leaves of two cultivars were low or conflicted with
the cultivar-specific alkaloid content, except for Nn4′OMT1 [49]. Owing to the isolation of several
1-benzylisoquinoline and bisbenzylisoquinoline alkaloids containing a 4′-methoxy group, an enzyme
associated with 4′OMT activity should occur in the plant. It is possible that OMTs in sacred lotus
lack strict regiospecificity and enzymes that primarily function as a 6OMT or a 7OMT also catalyze
4′-O-methylation on certain substrates. Alternatively, the occurrence of OMT heterodimers that
perform distinct O-methylations has recently been described in opium poppy [71]. Similarly, certain
O-methylation activities could be associated with the possible formation of OMT heterodimers in
sacred lotus.

Only a single gene candidate putatively encoding coclaurine N-methyltransferase (NnCNMT1)
has been detected in the sacred lotus genome [49,61]; however, a recent report identified two
additional candidates, one of which (NnCNMT2) is clearly a pseudogene [62]. NnCNMT1 expression in
sacred lotus leaves increased progressively with developmental stage and alkaloid content, although
expression levels were 10-fold lower than Nn6OMT1, the preceding enzyme in the biosynthetic
pathway [49]. In addition, NnCNMTs expression was substantially different among sacred lotus
cultivars. In some cases NnCNMTs transcripts were undetectable in cultivars such as Bua Khem
Chin1200 with a high alkaloid content [62]. CNMT catalytic activity is a critical step in sacred lotus
BIA metabolism owing to the putative role of N-methylcoclaurine as a key branch point intermediate
in the formation of aporphines and bisbenzylisoquinolines [61]. It is also possible that aporphine
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and bisbenzylisoquinoline, rather than 1-benzylisoquinoline intermediates, are themselves O- and/or
N-methylated.

4.3. Cytochrome P450 Monooxygenases

Cytochrome P450 monooxygenases (CYPs) constitute a large group of heme proteins catalyzing
diverse reactions in plant specialized metabolism. The enzymes are activated by the transfer of two
electrons from NADPH via a NADPH-cytochrome P450 reductase [72]. Two main CYP families are
proposed to play a key role in BIA biosynthesis in sacred lotus: CYP80 (subfamilies A and G) and
CYP719A [69].

The CYP80A subfamily has been associated with bisbenzylisoquinoline alkaloids biosynthesis
in the Ranunculales. For example, the enzyme CYP80A1 (berbamunine synthase) isolated from
Berberis stolonifera catalyzes C-O phenol coupling of 1-benzylisoquinoline substrates to form
(1R,1’S)-berbamunine and other dimeric BIAs [64]. In lotus genome, only one NnCYP80A candidate
has been detected, and its expression was positively correlated with alkaloid content [61]. Curiously,
the gene showed differential spatial expression, with high levels in the embryo and significantly lower
levels in the leaves. In a previous study based on phylogenetic analysis, this gene was proposed as a
second CYP80G isoform [49], demonstrating the need for proper functional characterization of the
corresponding enzymes.

The CYP80G subfamily has been correlated with aporphine alkaloid biosynthesis.
In Coptis japonica, CYP80G2 (corytuberine synthase) catalyzes the conversion of (S)-reticuline to
(S)-corytuberine via intramolecular C-C coupling [73]. However, neither reticuline nor corytuberine
have been isolated from sacred lotus; thus, other 1-benzylisoquinoline intermediates are likely involved
in aporphine alkaloid biosynthesis. Transcripts of CYP80G homologs in sacred lotus leaves were
detected using digital gene expression analysis and according to the observed expression pattern
only one was proposed to be implicated in the aporphine biosynthesis [49]. In a recent study, the
expression of this NnCYP80G gene was reported at high levels in leaves and transcript levels and
aporphine alkaloid content were induced after mechanical wounding [62]. Likewise, the expression
profile of NnCYP80G showed high transcript levels in the leaves but significantly lower levels in the
embryos, opposite to what was observed for NnCYP80A [61]. Interestingly, NnCYP80A and NnCYP80G
are clustered within a 20 kb region in the N. nucifera genome, suggesting functional divergence after
duplication [61].

Members of the CYP719A subfamily typically catalyze methylenedioxy bridge formation in
the Ranunculales leading to the formation of (S)-stylopine (CYP719A20), (S)-canadine (CYP719A21),
and (S)-cheilanthifoline (CYP719A25) [74]. In sacred lotus, aporphines such as anonaine and roemerine
(and their dehydro derivatives) contain a methylenedioxy bridge. Interestingly, only the NnCYP719A22
gene from sacred lotus has been suggested to function in alkaloid biosynthesis [69] (Figure 5).

At least two transcript candidates encoding N-methylcoclaurine 3′-hydroxylase (NMCH; CYP80B
subfamily) have been detected in sacred lotus leaves [49]. NMCH is involved in the hydroxylation of
N-methylcoclaurine, which is required for reticuline biosynthesis in the Ranunculales [27]. However,
as reticuline has not been detected in sacred lotus and 3′-hydroxylation is not a feature of any reported
alkaloids from the plant, a functional NMCH homolog is unlikely to occur.

4.4. Other Enzymes

Expression of genes involved in the formation of morphinan (codeine 3-O-demethylase, CODM,
and thebaine 6-O-demethylase, T6ODM), and protoberberine (scoulerine-9-O-methyltransferase,
SOMT) alkaloids has also been considered in sacred lotus [49]. However, morphinan and
protoberberine alkaloids have not been detected in N. nucifera [4,10]; thus, it is questionable whether
these enzyme candidates are involved in BIA biosynthesis. However, it has been suggested that O-
and N-demethylases could participate in tailoring reactions in aporphine biosynthesis [61].
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The biosynthesis of aporphine alkaloids in sacred lotus could involve a dehydration reaction to
remove the 4’-hydroxyl group from a 1-benzylisoquinoline or aporphine intermediate. Comparing the
gene expression profiles of sacred lotus cultivars with markedly different aporphine profiles [33] could
facilitate the detection of additional missing or unanticipated enzymes in BIA metabolism.

4.5. Functional Characterization

The elucidation of BIA biosynthetic pathways requires a thorough biochemical and physiological
characterization of relevant enzymes. To date, no BIA biosynthetic enzymes from sacred lotus have
been functionally analyzed. In vitro experiments using purified proteins are generally the first step in
the functional characterization of enzyme candidates. Alternatively, enzyme function can be evaluated
in vivo using engineered bacterial (e.g., Escherichia coli) and yeast (e.g., Saccharomyces cerevisiae)
systems [51,55]. Immunoprecipitation have been used to support the physiological significance of NCS
in the formation of (S)-norcoclaurine in opium poppy [54]. In planta techniques, such as candidate gene
overexpression and RNA interference [75–77], and gene knockout using CRISPR/Cas9 technology [78]
have also been used to demonstrate physiological relevance. Virus-induced gene silencing (VIGS)
has been effective to assess the impact of candidate gene suppression on BIA biosynthesis in opium
poppy [50,79,80]. Similar approaches must be developed to advance the functional characterization of
biosynthetic genes and enzymes in sacred lotus.

4.6. Regulation and Localization of BIA Biosynthesis in Sacred Lotus

BIA metabolism in sacred lotus appears tightly regulated, with different organs showing specific
alkaloids profiles (e.g., aporphines and bisbenzylisoquinoline accumulate in the leaves and embryos,
respectively). In members of the Ranunculales, at least two transcription factors (TFs) have been
implicated in the regulation of BIA metabolism: WRKY (CjWRKY1) and bHLH1 (CjbHLH1) [81,82].
MYB family TFs have been proposed to play a major role in regulating alkaloid biosynthesis in
sacred lotus leaves [61]. This conclusion was based on correlations between the expression levels of
putative transcription factor genes and selected genes putatively encoding biosynthetic enzymes, such
as TYDC, NCS, CNMT, and CYP80G as well as TF-promoter interactions for NnMYB6, NnMYB12,
and NnMYB113 evaluated using dual luciferase assays [61]. Such deductions are compromised by the
lack of functional data supporting the biochemical and physiological roles of these enzyme candidates.
In addition, some variants of NnWRKY and NnbHLH1 were not linked to BIA biosynthetic gene
expression, although high expression levels of NnWRKY were detected [61].

Another aspect of BIA metabolism in sacred lotus that has received little attention is the cellular
and subcellular localization of alkaloid biosynthesis. Cytosolic localization of NCS was suggested based
on the absence of signal peptides on the candidate enzymes [34]. In addition, putative NCS transcripts
are primarily found in leaves [34], suggesting this organ as a major site of BIA biosynthesis. If validated,
this is markedly different from the abundance of NCS in the rhizome and root in T. flavum [59] and
opium poppy [54], respectively.

In opium poppy, most BIA biosynthetic genes are expressed in companion cells, and the cognate
biosynthetic enzymes are associated with sieve elements of the phloem. The final stages of BIA
biosynthesis, and the ultimate storage of alkaloids occurs in specialized laticifers [83]. The rhizome,
leaf, petiole, and peduncle of sacred lotus also contain laticifers associated with vascular bundles,
mainly in the parenchyma between the phloem and xylem [84]. However, the roles of sacred lotus
laticifers in BIA metabolism and storage are not known. Immunoblot and real-time PCR analyses
using total protein and RNA extracts, respectively, from various organs of sacred lotus will provide
valuable information on the localization of validated biosynthetic enzymes and corresponding gene
transcripts [54]. The cell-type specific occurrence of enzymes and cognate transcripts can then be
determined by immunofluorescence labeling and in situ RNA hybridization, respectively [85].
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5. Conclusions

BIAs constitute a substantial part of humankind’s traditional and modern medicine [27]. A vast
number of BIA biosynthetic genes and enzymes have been isolated from members of the Ranunculales,
especially from opium poppy [86]. The ancient aquatic plant sacred lotus has long been exploited for
its medicinal properties, which are largely conferred by aporphine and bisbenzylisoquinoline alkaloids.
Interestingly, most BIAs found in sacred lotus are R-conformers [16,17,37,39,40,46], contrary to the
prevalence of S-conformers in the Ranunculales. Therefore, the unusual stereochemistry of alkaloids
in this basal eudicot is worthy of research at the molecular and biochemical levels. The availability of a
draft sacred lotus genome sequence underpins opportunities to isolate BIA biosynthetic genes and
enzymes. However, a definitive elucidation of biosynthetic pathways requires thorough biochemical
and physiological characterization of putative genes and enzymes.
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Abstract: Pyrrolizidine alkaloids (PAs) are heterocyclic secondary metabolites with a typical
pyrrolizidine motif predominantly produced by plants as defense chemicals against herbivores.
They display a wide structural diversity and occur in a vast number of species with novel structures
and occurrences continuously being discovered. These alkaloids exhibit strong hepatotoxic, genotoxic,
cytotoxic, tumorigenic, and neurotoxic activities, and thereby pose a serious threat to the health of
humans since they are known contaminants of foods including grain, milk, honey, and eggs, as well
as plant derived pharmaceuticals and food supplements. Livestock and fodder can be affected due
to PA-containing plants on pastures and fields. Despite their importance as toxic contaminants of
agricultural products, there is limited knowledge about their biosynthesis. While the intermediates
were well defined by feeding experiments, only one enzyme involved in PA biosynthesis has
been characterized so far, the homospermidine synthase catalyzing the first committed step in PA
biosynthesis. This review gives an overview about structural diversity of PAs, biosynthetic pathways
of necine base, and necic acid formation and how PA accumulation is regulated. Furthermore,
we discuss their role in plant ecology and their modes of toxicity towards humans and animals.
Finally, several examples of PA-producing crop plants are discussed.

Keywords: Borago officinalis; Crassocephalum; Copper-dependent diamine oxidase; Gynura bicolor;
Homospermidine synthase; Lolium perenne; Necic acids; Necine bases; Pyrrolizidine alkaloid
biosynthesis; Senecionine

1. Introduction

Pyrrolizidine alkaloids (PAs) are heterocyclic organic compounds synthesized by plants that are
thought to act as defense compounds against herbivores [1]. Estimates indicate that approximately
6.000 plant species worldwide, representing 3% of all flowering plants, produce these secondary
metabolites. In particular, members of the Asteraceae, Boraginaceae, Heliotropiaceae, Apocynaceae,
and some genera of the Orchidaceae and the Fabaceae are PA producers [2]. Reported concentrations
vary greatly, from trace amounts to up to 19% dry weight, and are considered to be dependent
on a number of factors including the developmental stage, tissue type, environmental conditions,
and extraction procedures [3].

PAs consist of a necine base esterified with a necic acid. The necine base typically includes
pyrrolizidine, a bicyclic aliphatic hydrocarbon consisting of two fused five-membered rings with a
nitrogen at the bridgehead [4] (Figure 1). Loline alkaloids may be formally considered as PAs since
they also possess a pyrrolizidine system, although it contains an ether bridge linking carbon 2 (C-2)
and carbon 7 (C-7). While stricto sensu PAs are exclusively formed in plants, lolines are synthesized by
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endophytic fungal symbionts of the genus Epichloë [5]. In addition, their biosynthesis is distinct from
PAs [5–7]. Thus, lolines will be discussed only peripherally in this review.

 

Figure 1. Core structures and examples for pyrrolizidine, loline, indolizidine, quinolizidine, tropane
and granatane alkaloids. In contrast to the other alkaloids pyrrolizidine alkaloids appear mainly as
N-oxides, as shown for the example of senecionine-N-oxide.

The fused bicyclic system of PAs resembles indolizidine and quinolizidine alkaloids, which
contain a five and a six-membered ring or two six-membered rings, respectively [8] (Figure 1).
Tropane and granatane alkaloids also show a similar structure consisting of a five and a six-membered
ring or two six-membered rings, respectively [9]. However, in contrast to necine bases, the rings
of tropane and granatane alkaloids are bridged rather than fused. While several tropane and
quinolizidine alkaloids including atropine (the racemic mixture of (±)-hyoscyamine) and sparteine
are used in medicine [9], PAs are mainly known for their hepatotoxic and potentially carcinogenic
properties [10]. Nevertheless, some PAs show interesting pharmacological properties that are currently
under investigation (see Section 5.3) [10,11]. While tropane and quinolizidine alkaloids are usually
present in plants in their free forms, PAs are mainly present as N-oxides (Figure 1), which are highly
water-soluble and considered less toxic than the free PAs.

2. Structural Diversity of Pyrrolizidine Alkaloids

Within the combination of a set of necine bases (Figures 2 and 3) and a considerable number of
necic acids (Figure 4), an enormous structural diversity of PAs can be obtained. This is further amplified
by modifications, including N-oxidation of the tertiary nitrogen of the necine base, hydroxylation of
the necine base and/or the necic acid, and acetylation of hydroxy groups of the acid moiety. Thus, it is
not surprising that several hundreds of different PAs have already been identified and each year new
variants are described.

2.1. Diversity of Necine Bases

In addition to the pyrrolizidine ring system most necine bases possess a hydroxymethyl group
at position 1 (Figure 2), which is a consequence of the biosynthetic pathway (see Section 3.1).
Since 1-hydroxymethylpyrrolizidine contains two chiral centers, carbons C-1 and C-8, in total four
compounds exist: The enantiomers (-)/(+)-trachelanthamidine and (-)/(+)-isoretronecanole (Figure 2B).
Among them, (-)-trachelanthamidine and (-)-isoretronecanole are most frequently found, for instance,
as the necine base of trachelanthamine (Figure 5C) and the nervosines [12] (Figure 5E), respectively.
Examples for PAs containing (+)-trachelanthamidine and (+)-isoretronecanole are acetyllaburnine [13]
(Figure 5G) and madhumidine A [14], respectively. The most frequent modification of saturated necine
bases is hydroxylation at C-7. However, the positions C-2 and C-6 are also occasionally hydroxylated.
Necine bases like (-)-platynecine, possessing hydroxy groups on C-7 and C-8, and (-)-rosmarinecine
containing hydroxy groups on C-2, C7 and C-9 (Figure 2), are often esterified by dicarboxylic necic
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acids to form macrocyclic PAs like platyphylline and rosmarinine (Figure 5A) [15]. In general, saturated
PAs are considered as non-toxic [16].

 

Figure 2. Structures of necine bases. (A) Basic structures and numbering of atoms in necine bases. (B)
Saturated necine bases. (C) 1,2-Desaturated necine bases. (D) Unusual necine bases.

Most PAs contain a necine base possessing a double bond between C-1 and C-2 (Figure 2).
Introducing that double bond eliminates the chiral centre at C-1, thus leaving only the stereocentre at
C-8. Consequently, only two forms, (-)/(+)-supinidine, exist of the C-9 monohydroxalated derivatives
and four, (-)/(+)-retronecine and (-)/(+)-heliotridine, of the C-7 and C-9 dihydroxylated compounds.
Among them (+)-retronecine is the most frequently observed necine base in PAs.

In addition to the saturated and desaturated bases discussed above, necine bases of the otonecine
type also exist. Otonecine is not a genuine bicyclus, but may act as such due to transannular interactions
of the keto group and the tertiary amine (Figure 3A) [17]. These interactions are also likely for the
reason that otonecine-type PAs are present in plants as free bases rather than N-oxides.
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Figure 3. Otonecine and representative PAs. (A) Resonance structures of otonecine. (B) Structures of
the otonecine-type PAs otosenine, florosenine, ligularidine, and doronine.

There are also several necine bases with unusual structures (Figure 2D). One of them is
1-aminopyrrolizidine, wherein the hydroxymethyl group is replaced by an amino group. This unusual
necine base is found for instance in laburnamine, an alkaloid present in trace amounts in
Laburnum anagyroides [18]. From the leaves of Ehretia asperia, ehretinine was isolated, which is very
unusual since the 7-hydroxy group of its necine base, (1R,7S)-7-methylhexahydro-1H-pyrrolizin-1-ol,
is esterified with 4-methylbenzoic acid and the typical hydroxymethyl group on C-1 is replaced
by a methyl residue [19]. Similarly, Senecio polypodioides contains, besides sarracine N-oxide, also
7β-angeloyloxy-1-methylene-8α-pyrrolizidine, a PA with a methylene group instead of the typical
hydroxymethyl residue on its necine base. The 7-hydroxy group of this PA is esterified with angelic
acid [20]. In Echium glomeratum, PAs with a tricyclic ring were found. The 9-hydroxy group of the
necine base was found to be esterified with angelic acid [21]. Another example is the necine base of
tussilagine from Tussilago farfara, which possesses a carboxy group instead of the typical hydroxymethyl
group (Figure 5H) [22].

2.2. Diversity of Necic Acids

While necine bases share a common structure, the necic acids show broad structural diversity.
Some, particularly the smaller and simpler ones, are typical metabolites of plant metabolism, while
others, particularly the monocarboxylic acids of the trachelanthic acid type and the dicarboxylic acids
(Figure 4) are formed in specific, complex pathways.

Acetic acid (Figure 4A) is frequently observed in simple PAs, for instance 7-acetylretronecine
present in Onosma arenaria [23] and acetyllaburnine present in Vanda, a genus of the Orchidaceae [13,24]
(Figure 5G). Acetic acid may also esterify the second hydroxy group of the necine base in triangularine
and lycopsymine-type PAs, such as 7-acetyl-9-sarracinoylretronecine present in Alkanna tuberculata [25]
(Figure 5B) and uplandicine found in pollen of Echium vulgare (Figure 5C). In addition, acetic acid
also frequently esterifies hydroxy groups of other necic acids in more complex PAs, for instance
florosenine [26], ligularidine [27] (Figure 3B), or acetylerucifoline N-oxide [28]. In contrast to the
frequently observed acetic acid, lactic acid has, so far, only been found in lactoidine, a PA of Cynoglossum
furcatum [29].

C5 acids of the tiglic acid type (Figure 4A) are characteristic for the triangularine group of
PAs (Figure 5B). They may esterify one or two hydroxy groups of the necine base. In the former
case they may appear together with acetic acid or more complex necic acids, particularly branched
C7 acids, which is seen for instance in the PAs echimidine [30] and heliosupine [31] (Figure 5F).
In addition to esterifying necine bases directly, C5 acids may also esterify hydroxy groups of other
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necic acids. Examples are scorpioidine, a PA of Myosotis scorpioides [32] (Figure 5F), and anadoline,
a PA of Symphytum orientale [33,34]. Latifolic acid [35–37] and the closely related hackelic acid [38] are
examples of cyclic C7 acids.

Aromatic systems are rarely present in necic acids except in PAs found in the Orchidaceae. Many
of them, for instance benzoic acid, salicylic acid and p-coumaric acid, are simple aromatic acids
present as primary or secondary metabolites in most plant species. However, some aromatic necine
bases, particularly those found in the genera Phalaenopsis and Liparis, show a very complex structure,
for instance the phalaenopsines [39,40] and the nervosines [41] (Figures 4B and 5E).

 

Figure 4. Examples for necic acids. (A) Monocarboxylic aliphatic acids. (B) Monocarboxylic aromatic
acids. (C) Dicarboxylic acids forming macrocyclic PAs. Adapted from Reference [17].
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The dicarboxylic necic acids (Figure 4C) are a particularly interesting group because they form
macrocyclic PAs, which are considered to be the most toxic. Necic acids of the monocrotalic acid
type are a relatively small group; they form 11-membered rings. In contrast, senecic acid-like necic
acids typically form 12-membered rings and represent a large group. The considerable diversity is
obtained by modification of the senecic acid core structure by a number of reactions (Section 3.2.4).
Interestingly, a few among them contain chlorine (Figures 3B and 4C), a modification rarely observed
in plant metabolites.

2.3. Linkage Patterns of Necine Bases with Necic Acids

Based on the combination of necine bases and necic acids and their linkage patterns the PAs have
been classified into five groups [42]. The first and largest group are senecionine-like PAs, which consist
of necine bases of the retronecine (Figure 2C), platynecine, rosmarinecine (Figure 2B), or otonecine-type
(Figure 3) and typically branched C10 dicarboxylic necic acids (Figure 4C) derived from two molecules
of L-isoleucine (see Section 3.2.4), which together form 12-membered macrocyclic rings. An exception is
the small sub-group of nemorensine-like PAs [43], which form 13-membered macrocycles (Figure 5A).
Typically, the necine bases are esterified at their C-7 and C-9 hydroxy groups. PAs of this type are
mainly found in the tribe Senecioneae and family Fabaceae [44].

The second group is represented by triangularine-type PAs, which are open-chain mono- or
diesters of necine bases with the C5 acids tiglic, angelic, senecioic, and sarracinic acid (Figure 5B).
These PAs are mainly present in Senecioneae and Boraginaceae [44].

The third type, the lycopsamine-like PAs are mainly found in Boraginaceae and Eupatorieae [44].
This type possesses branched C7 necic acids esterifying the C-9 hydroxy group (Figure 5C). A number
of PAs represent a combination of group 2 and 3 since they also possess a C5 acid residue in addition
to a C7 necic acid. The C5 acid residue can either be linked directly with the necine base or attached to
a hydroxy group of the C7 acid (Figure 5F).

The fourth group are the 11-membered macrocyclic PAs of the monocrotaline type. Similar to
senecionine-like PAs the hydroxy groups of C-7 and C-9 are esterified with dicarboxylic necic acids
(Figure 5D). This group is found predominantly in Fabaceae [44].

Phalaenopsine and ipanguline-type PAs represent the fifth group, which is characterized by the
presence of an aromatic acid (Figure 4B), esterifying the usually saturated necine base (Figure 5E).
The acidic compound shows a high structural diversity and includes simple aromatic acids like
benzoic, salicylic and p-coumaric acid, but also very complex ones like nervogenic acid. This is the only
group of PAs that are frequently glycosylated. Members of this group are found in the Orchidaceae,
Convolvulaceae, and in a few representatives of other tribes including the Boraginaceae [44].

In addition to these five groups, there are also very simple PAs consisting only of the necine
base and a small acid residue, particularly acetate, as illustrated by the examples shown in Figure 5G.
A number of PAs show unusual linkage patterns distinct from that of the five groups discussed
above. In madurensine the hydroxy group of C-9 is bridged by the dicarboxylic acid intergerrinecic
acid with a hydroxy group placed at C-6 rather than the usual C-7 hydroxyl [45]. This leads to a
13-membered macrocyclic ring (Figure 5H). The structure of laburnamine [46] matches that of PAs
of the triangularine type. However, since its necine base (1S,8R)-1-aminopyrrolizidine (Figure 2D)
possesses an amino group instead of the hydroxy group on C-9, a reaction with isovaleric acid yields
an amide rather than an ester bond (Figure 5G). Tussilagine, a PA of Tussilago farfara (coltsfoot), is very
special since its necine base possesses, instead of the typical hydroxymethyl residue, a carboxy group
on C-1, which is esterified with methanol [22]. Anhydroplatynecine is devoid of any necic acid and the
C-7 and C-9 hydroxy groups of platynecine (Figure 2B) instead combine together via an ether bridge.
However, anhydroplatynecine is likely not a naturally-occurring PA, but is rather formed by heating
of platynecine containing PAs during isolation [47]. Finally, it is worth mentioning that several plant
species also contain unmodified necine bases in their free form or as N-oxides [48].
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Figure 5. Linkage patterns of necic acids with necine bases. (A) Senecionine type. (B) Triangularine type.
(C) Lycopsamine type. (D) Monocrotaline type. (E) Phalaenopsine/ipanguline type. (F) Compounds
combining necic acids of triangularine and lycopsamine types. (G) Simple PAs. (H) PAs with unusual
linkage patterns.
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2.4. Modification and Conjugation of Pyrrolizidine Alkaloids

As discussed above, the astonishing diversity of PAs is achieved by hydroxylation and
desaturation of necine bases and necic acids and their combination to PAs. Complete PAs might also
be modified by hydroxylation, desaturation and epoxidation. The latter may be further metabolized
to a diol or a chlorine-containing PA (see Section 3.2.4). In addition to these generally irreversible
modifications, PAs can also be reversibly modified. By far the most frequently observed modification
of this type is N-oxidation (Figure 1). In plants, the major fraction of PAs is present as N-oxides.
Exceptions include seeds of several Crotalaria species [49] and leaves of Crassocephalum crepidioides,
wherein the majority of the PAs are present in their basic form [50], and shoots of jacobine-chemotype
plants of Senecio jacobaea, in which up to 50% might be present as tertiary PAs [51]. N-oxidation of
the tertiary amine nitrogen changes the properties of a PA significantly. In contrast to basic tertiary
amines, which are positively charged under physiological conditions, amine N-oxides are neutral and
behave like very polar, highly water-soluble, salt-like compounds that are thought to be membrane
impermeable. These characteristics might be important for their role in transport and storage of PAs.
Accordingly, it was shown that PA transporters in membranes of plant cells have a higher affinity for
PA N-oxides than for the tertiary amines [52].

In addition to N-oxidation, a number of PAs are also acetylated, particularly at hydroxy groups of
the necic acid moiety. Examples are 7-acetylscorpionidine, the 7-O-acetylation product of scorpionidine
(Figure 5F), and the otonecine-type PAs florosenine and ligularidine (Figure 3B), which are acetylated
forms of otosenine and petasitenine, respectively.

While glycosylation is frequent among secondary metabolites, modifications of that type are
rarely observed for PAs. Only among the PAs with aromatic necic acids some examples are known.
They include thesinine-4′-O-α-L-glucoside present at high levels in borage seeds [53] (Section 6.1),
thesinine-4’-O-α-L-rhamnoside found in Lolium species [54] (Section 6.4) and nervone PAs isolated
from Liparis nervosa [41] (Figure 5E).

Other modifications are rarely seen in PAs.

3. Biosynthesis of Pyrrolizidine Alkaloids

Attempts at deciphering PA biosynthesis (Figure 6) date back to the early 1960s, when Nowacki
and Byerrum performed their first feeding experiments with radiolabeled precursors [55,56]. Later, this
work was continued by others, mainly the groups of Robins and Crout. Robins also introduced labeling
with stable isotopes, particularly 13C, 2H and 15N, and subsequent analysis by NMR spectroscopy
for analysis of PA biosynthesis [57–59]. This technique provided detailed information about the fate
of single C and H atoms during biosynthesis of the necine bases and necic acids. In the late 1990s,
the first biosynthetic enzyme, homospermidine synthase, catalyzing the first committed step in PA
biosynthesis, was identified [2]. Its analysis in different plant species provided interesting data about
PA evolution, or more precisely, homospermidine biosynthesis.

3.1. Biosynthesis of Necine Bases

Feeding of Crotalaria spectabilis plants, which produce monocrotaline, with 14C-labelled precursors
showed that [14C]-ornithine was efficiently incorporated into monocrotaline, particularly into its
necine base retronecine [56]. Studies with Senecio isatideus [60] and Senecio douglasii [61] confirmed that
[14C]-ornithine is mainly incorporated into the necine base. Degradation studies in the latter study
showed that approximately 25% of the incorporated radioactivity was present in carbon C-9 of the
retronecine unit irrespective of whether [2-14C]-ornithine or [5-14C]-ornithine were fed, indicating
that C-2 and C-5 of ornithine become equivalent during biosynthesis (at least for biosynthesis of the
right-handed ring) and suggesting 1,4-diaminobutane (putrescine) as a symmetrical intermediate.
Indeed, feeding of [1,4-14C2]-putrescine again yielded retronecine bearing approximately 25% of the
radioactivity on C-9. Using Senecio magnificus, it was shown that arginine is also selectively incorporated
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into the necine base part of senecionine [62]. Subsequently, Robins and Sweeney compared the
incorporation efficiency of several compounds using Senecio isatideus and found that putrescine,
spermidine, and spermine were more efficiently incorporated than arginine and ornithine [63] and
that the two latter were only effectively incorporated when present in the L configuration [64].

While these experiments established L-arginine and L-ornithine as precursors and putrescine as an
intermediate, they did not allow a more comprehensive investigation since the fate of the individual C
and H atoms could not be followed during biosynthesis. This problem was overcome by introduction
of stable isotope labeled precursors and NMR analysis of the obtained products in combination with an
improved plant feeding technique. Previously, plants were mainly fed hydroponically or as cut shoots,
which resulted in incorporation rates significantly below 1%. In contrast, by absorption of aqueous
solutions of the precursors directly into the xylems of freshly rooted cuttings through stem punctures,
incorporation rates of up to 5% could be obtained [63]. Feeding of both [1,4-13C2]-putrescine and
[1-13C]-putrescine gave enriched 13C signals for C-3, C-5, C-8 and C-9 (Figure 7A), confirming that
both rings originate from putrescine [57,65].

 

Figure 6. Biosynthesis of PAs. The polyamines putrescine and spermidine are derived from
the basic amino acid arginine. Subsequently, homospermidine synthase (HSS) exchanges the
1,3-diamonopropane residue of spermidine by putrescine, which releases 1,3-diaminopropane and
forms symmetric homospermidine. Oxidation of homospermidine, likely by copper-dependent diamine
oxidases, to 4,4´-iminodibutanal initiates cyclization to pyrrolizidine-1-carbaldehyde, which is reduced,
likely by an alcohol dehydrogenase, to 1-hydroxymethylpyrrolizidine. Desaturation and hydroxylation
by unknown enzymes form retronecine, which is acylated with an activated necic acid, for instance
with senecyl-CoA2 as in the example shown above. Acylation might be catalyzed by an acyltransferase
of the BAHD family. PA N-oxides, which are believed to be the primary products of PA biosynthesis,
may be reduced to the free tertiary amine.
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Because approximately 1.1% of the natural occurring carbon is the 13C isotope, a 13C label is easily
obscured, particularly if the incorporation efficiency is moderate to low. Thus, further studies made use
of double labeled precursors, where the 13C-13C double label can be sensitively detected by 13C-NMR
spectroscopy as doublet around the natural abundance signal. Feeding of [2,3-13C2]-putrescine gave
a pair of doublets for C-1 and C-2 with a coupling constant J of 34 Hz and a second doublet pair for
C-6 and C-7 with a coupling constant J of 70 Hz [65] (Figure 7B). Finally, feeding Senecio isatideus
with [1,2-13C2]-putrescine gave rise to four pairs of doublets, namely C-1/C-9, C-2/C-3, C-5/C6 and
C-7/C-8, with four different coupling constants (Figure 7C). To investigate which C-N bond remains
intact during retronecine biosynthesis [1-15N,1-13C], double labeled putrescine was synthesized and
fed to Senecio vulgaris [66,67] or Senecio isatideus [58,65]. Analysis of the necine base showed an equal
amount of retronecine with a 15N and a 13C label at C-3 and retronecine with a 15N and a 13C label at
C-5 (Figure 7D). The observation that both variants appeared at the same level confirmed the presence
of a symmetric C4-N-C4 compound in retronecine biosynthesis. A similar series of experiments was
also performed using Senecio pleistocephalus, which forms rosmarinine as the sole PA. Rosamarinine
consists of senecic acid and the saturated necine base rosmarinecine, which has, in addition to the
typical 7 and 9-hydroxy groups, an additional hydroxy group on C-2 (Figure 2B). Additionally, within
this experimental system, the same result was obtained that a symmetric C4-N-C4 intermediate is
involved in necine base biosynthesis [68].

 

Figure 7. Investigation of necine base biosynthesis by feeding of stable isotope labeled
precursors. Feeding of (A) [1,4-13C2]-putrescine and [1-13C]-putrescine, (B) [2,3-13C2]-putrescine,
(C) [1,2-13C2]-putrescine, (D) [1-15N, 1-13C]-putrescine and (E) [1,9-13C2]-homospermidine. Red dots
symbolize 13C labels, a red N symbolizes a 15N label. 13C-13C double labels are marked with bonds in
red. Please mind that the retronecine structures shown in (A), (B), and (C) are composite representations
of all labeled species present.

3.1.1. Homospermidine Synthase

The most obvious candidate for the symmetric C4-N-C4 intermediate was homospermidine,
which is known to be present in a number of plant species, particularly in such producing PAs. Initial
experiments with radiolabeled homospermidine showed that this compound was incorporated into the
necine base part of retrorsine in feeding experiments with Senecio isatideus [69]. To investigate whether
the C4-N-C4 unit stays intact during biosynthesis 13C labels were placed on the most distal carbons
(Figure 7E). Feeding of [1,9-13C2]-homospermidine to Senecio pleistocarpus revealed enrichment of the
label on C-8 and C-9 of the isolated retronecine [70], confirming that homospermidine is incorporated
intact into necine bases.
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At the same time, Bötcher et al. partially purified an enzyme with homospermidine synthase
(HSS) activity from root cultures of Eupatorium cannabinum [71]. Enzymatic assays were performed
by addition of [14C]-labeled putrescine to the partially purified enzyme. The pH optimum was 9
and the enzymatic reaction was strictly dependent on the presence of NAD+. The enzyme showed
high selectivity for putrescine and NAD+, and accepted neither NADP+ as co-substrate nor any
of the other tested amines including 1,3-diaminopropane, cadaverine, and pyrroline as substrate.
The Michaelis-Menten constants (KM) for putrescine and NAD+ were 13.5 μM and 3 μM, respectively.
In contrast to NAD+, its reduced form, NADH, acted even at low concentrations (inhibition constant
Ki: 2 μM) as a strong inhibitor indicating that the NADH formed in the first step of the reaction,
the formation of an imine intermediate, remains bound to the enzyme and serves as electron donor
for the second step, the reduction of the imine intermediate to the secondary amine. The enzymatic
activity was also inhibited by 1,3-diaminopropane, spermidine, and homospermidine with Ki values
of 6.3, 94 and 950 μM, respectively. While it was believed that the partially purified enzyme utilized
two molecules of putrescine for formation of one molecule of homospermidine, later work with HSS
purified to homogeneity showed that the enzyme instead uses putrescine and spermidine to produce
homospermidine and 1,3-diaminopropane as by-products [2]. The reason for the initially wrong
conclusion was that spermidine was added at all steps during enzyme purification since it was found
that this compound preserves enzyme activity. Consequently, spermidine was also present in the
partially purified enzyme and thus in the enzymatic reaction at sufficient concentrations allowing
transfer of the radiolabeled putrescine moiety to spermidine. Thus, the first step of PA biosynthesis is
transfer of the 1,4-diaminobutan part of spermidine to a specific lysine residue of HSS accompanied
by release of 1,3-diaminopropane and reduction of NAD+ to NADH, which remains bound to
HSS (Figure 8). Subsequently, putrescine reacts with the HSS-bound 1,4-diaminobutane moiety
under formation of an imine intermediate and regeneration of the lysine-NH2. Finally, the imine is
reduced by the HSS-bound NADH to homospermidine and released from the regenerated HSS/NAD+

complex [72].

 

Figure 8. Mechanism of homospermidine formation by HSS. The amino group of a lysine residue of
HSS reacts with spermidine, which releases 1,3-diaminopropane and reduces HSS-bound NAD+ to
NADH. Next, the residue is transferred to putrescine, forming an imine intermediate, which is reduced
by the HSS-bound NADH to release homospermidine and recycle the HSS/NAD+ complex. Adapted
from [72].

Purification of HSS from Senecio vernalis to homogeneity allowed identification of the protein and
corresponding gene. After protease treatment, four fragments were obtained that were microsequenced
to give short peptide sequences. Database searches revealed close homology to deoxyhypusine synthase
(DHS) [2]. DHS catalyzes the NAD+-dependent transfer of an amino-butyl moiety from spermidine to
a specific lysine side chain of the precursor for the eukaryotic initiation factor 5A (eIF5A), forming the
amino acid deoxyhypusine. This reaction is one of the most specific post-translational modifications
known [73,74] and similar to the reaction proposed for HSS except that elF5A is replaced by spermidine
(Figure 8). Subsequent PCR with redundant primers yielded the first sequences, which were completed
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by 3´ and 5´-RACE allowing subsequent for a cloning of the complete Senecio vernalis HSS coding
sequence. Heterologous expression of the cloned gene as His(6)-tagged fusion protein in E. coli and
in vitro enzymatic assays confirmed that the enzyme for homospermidine synthesis was obtained
and that putrescine and spermidine are required as substrates. With respect to that, it is worth
mentioning that this may also explain the considerable incorporation of radiolabeled spermidine into
homospermidine previously observed in feeding experiments using Senecio isatideus [63].

Since HSS catalyzes the first committed step in PA biosynthesis, thereby linking primary
metabolism with PA biosynthesis, it is also interesting to study its evolution in order to deduce
how PA biosynthesis was established in plants [72]. Due to 70 to 90% sequence homology—depending
on the species—it was suggested that HSS evolved through gene duplication from DHS [75]. HSS has
been recruited from DHS independently in different plant families at least eight times: Once in the
Apocynaceae, Boraginaceae, Convolvulaceae, Fabaceae, Orchidaceae, and Poaceae, and twice in
the Asteraceae [76–78]. The major difference lies in the biochemical properties of the two enzymes.
DHS accepts eIF5A (lys) as well as putrescine, though with far lower efficiency, as substrate and can
therefore catalyze the formation of both eIF5A(dhp) and homospermidine, the latter at a very low rate.
In contrast, HSS has lost the ability to bind eIF5A, hence can only produce homospermidine [2,79,80].
This change in substrate specificity was possible because binding of putrescine occurs within the active
site of DHS, while binding of eIF5A(lys) happens at the surface of the enzyme [75]. Reimann et al. [78]
compared the rates of non-synonymous to synonymous mutations in HSS and DHS and found higher
rates in HSS, suggesting higher selection pressure on DHS. The same study also found that it is not
possible to distinguish between DHS and HSS solely by sequence data since there are no differing
characteristic patterns. Despite the similar biochemical properties and sequences, the expression levels
of both genes clearly differ. A study of the expression patterns of HSS and DHS in Senecio vernalis
(Asteraceae, Senecioneae) revealed that DHS is expressed in all plant tissues in an almost constant
manner throughout plant development. In contrast, HSS expression was found to be restricted to
root cells, particularly to endodermis and cortex parenchyma cells [81]. In Eupatorium cannabium
(Asteraceae, Eupatorieae) HSS expression was also found in the cortex parenchyma cells but not in the
endodermis. In addition, HSS expression was shut down when the flower buds opened [82]. In contrast,
in Phalaenopsis (Orchidaceae) HSS is expressed in the tips of aerial roots and in young flower buds [83].
In the Boraginaceae different HSS expression patterns were observed. In Heliotropium indicum, HSS
was expressed exclusively in non-specialized cells of the lower epidermis of young leaves and shoots
while in Symphytum officinale HSS expression was detected in the cells of the root endodermis and
in leaves underneath developing inflorescences. In Cynoglossum officinale HSS expression was only
observed in roots. In young roots, its expression was limited to cells of the endodermis, while in later
developmental stages cells of the pericycle, it also showed HSS expression [84].

One theory regarding establishment of secondary metabolic pathways suggests that changes
in gene function lead to subfunctionalization and a subsequent duplication event to two genes
with different but complementary subfunctions, preserving the original enzyme function [75].
This complements an early suggestion by [85] that, prior to a gene duplication leading to novel protein
function, the original gene was bifunctional. This theory is also supported by the bifunctionality
of DHS, when considering this model for the explanation of HSS evolution. Furthermore, gene
regulation and therefore gene expression patterns, might vary for the two genes, resulting from gene
duplication [86]. This suggestion finds support in the varying expression patterns of DHS and HSS
described above.

While extensive research on the recruitment of HSS has been conducted, there is still little
knowledge about the evolution of the entire PA biosynthetic pathway, as it cannot be explained
by the presence of homospermidine alone. Introduction of HSS into non-PA producing plants
only results in formation of homospermidine, rather than of PAs or any precursors downstream
of homospermidine [87].
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3.1.2. Copper-Dependent Diamine Oxidases and Cyclization of the Dialdehyde

Early evidence for involvement of a diamine oxidase in the incorporation of homospermidine into
necine bases was provided by incubating homospermidine in vitro with a diamine oxidase fraction
prepared from pea. Reduction of the reaction products by sodium borohydride and subsequent
analysis by GC revealed that mainly trachelanthamidine and a small amount (approximately 5%)
of isoretronecanol were obtained. In another experiment, reduction of the reaction products was
performed with liver alcohol dehydrogenase, which again mainly yielded trachelanthamidine and
little isoretronecanol [88]. However, the stereochemical properties of the obtained products were
not investigated. Subsequent studies confirmed these initial findings and suggested involvement
of a copper-dependent diamine oxidase since treatment of Senecio vulgaris and Heliotropium indicum
with 2-hydroxyethylhydrazine (HEH), a potent diamine oxidase inhibitor, caused homospermidine
accumulation and impeded PA biosynthesis [71,89].

Oxidation of amine precursors followed by cyclisation is a common theme in alkaloid
biosynthesis. In tropane biosynthesis N-methylputrescine is oxidized by methylputrescine oxidase
to 4-methylaminobutanal, which cyclizes spontaneously to the N-methyl-Δ1-pyrrolinium cation
(Figure 9) [9]. This is similar to the first steps proposed for conversion of the dialdehyde
4,4′-iminodibutanal to the pyrrolium cation (Figure 10). However, biosynthesis of necine bases
continues with reaction of the remaining aldehyde group for closure of the second ring via a
Mannich-type reaction mechanism, which leads ultimately to pyrrolizidine-1-carbaldehyde. While
cyclization in tropane alkaloid biosynthesis might be spontaneous, this is rather unlikely for necine
base synthesis. Spontaneous cyclization of the dialdehyde and subsequent reduction would result
in a mixture of the four saturated 1-hydroxymethylpyrrolizidines (±)-trachelanthamidine and
(±)-isoretronecanol. After desaturation, a mixture of (±)-supinidine would be obtained and subsequent
C-7 hydroxylation would, depending on the specificity of the hydroxylase, lead to a mixture of
(+)-retronecine and (-)-heliotridine or (-)-retronecine and (+)-heliotridine. However, such mixtures
are usually not observed in PA-producing plants. In contrast, plants usually contain PAs with
necine bases of only a specific stereochemical configuration. For instance, Senecio jacobaea and
Senecio aquaticus contain, apart from otonecine-type PAs, only senecionine-like, jacobine-like and
erucifoline-like PAs, which are all (+)-retronecine-type PAs [90]. Crassoceopahlum crepidioides contains
only jacobine, a PA of the (+)-retronecine type [50]. Lolium perenne contains only the (-)-isoretronecanol
type PAs Z- and E-thesinine and its rhamnosides [91]. Borago officinalis contains only alkaloids of the
(-)-isoretronecanol, (-)-supinine and (+)-retronecine-type [92], which have the same stereoconfiguration
of the C-8 hydrogen. Heliotropium europaeum contains only (+)-heliotridine-type PAs [93]. The observed
stereochemical specificity argues clearly against spontaneous cyclisation and suggests an enzymatic
mechanism. Since enzyme-catalyzed cyclization must immediately follow oxidative deamination
it is tempting to speculate that the copper-dependent diamine oxidase might also either support
stereospecific cyclization of the dialdehyde or act in a protein complex with a second enzyme that
catalyzes cyclization.

 

Figure 9. Cyclization in tropane alkaloid biosynthesis. The precursor N-methylputrescine is oxidized
by methylputrescine oxidase to 4-methylaminobutanal, which cyclizes spontaneously by reaction of
the amino group with the aldehyde. Adapted from Reference [9].

31



Molecules 2019, 24, 498

 

Figure 10. Cyclization in PA biosynthesis. Homospermidine is likely oxidized by a copper-dependent
diamine oxidase to 4,4′-iminodibutanal, which can be inhibited by the synthetic compound
2-hydroxyethylhydrazine. The reaction product cyclizes first to the 1-(4-oxobutyl)-3,4-dihydro-
2H-pyrrolium cation and further to pyrrolizidine-1-carbaldedye in a Mannich-type reaction. However,
as indicated, spontaneous cyclization would lead to a mixture of the different stereomers and thus
mixtures of necine bases would be obtained, arguing for enzyme-catalyzed cyclization.

3.1.3. Further Downstream Reactions

After cyclization the formed pyrrolizidine-1-carbaldehyde is reduced to the alcohol. This might be
catalyzed by an alcohol dehydrogenase (ADH), since Robins showed that ADH can in principle reduce
the carbaldehyde to the alcohol [88]. Additional evidence comes from a detailed stereochemical study
of necine base formation. Feeding of Senecio isatideus with deuterium labeled [1,1,4,4-2H4]-putrescine
and hydrolysis of the obtained PA yielded retronecine that retained three deuterium atoms on the
right handed ring: Two at C-3 and one at C-9. Importantly, the latter was in the S position, which is the
stereochemistry expected for an ADH-catalyzed reduction of an carbaldehyde [59].

The sequence of retronecine base interconversions was studied by Birecka and Catalfamo, using
pulse-chase experiments [94]. Heliotropium spathulatum was used for this study since this species
produces (-)-trachelanthamidine, (-)-supinidine and (-)-retronecine containing PAs. The plants were
treated with [14C]-carbon dioxide for 2 h prior quenching incorporation with unlabeled carbon dioxide.
Samples were taken after 12 h, 24 h and 48 h and the specific activity of the necine bases analyzed.
The activity of (-)-trachelanthamidine increased first, which was followed by an increase of the
activity of (-)-supinidine and finally (-)-retronecine. This suggests that (-)-trachelanthamidine is first
dehydrogenated at the C-1/C-2 bond to (-)-supinidine, which is subsequently hydroxylated at C-7 to
(-)-retronecine. However, the involved enzymes remain elusive in addition to whether the free necine
bases are modified or the, at least partially, esterified PAs.
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3.2. Biosynthesis of Necic Acids

While necine bases are synthesized by a common pathway, different necic acids are formed
by distinct modes. A number of acids found in PAs are normally present in plants. This includes,
for instance, acetic acid, benzoic acid, and p-coumaric acid. These acids and their activated forms,
the coenzyme A thioesters, are formed by common metabolic pathways of primary metabolism, which
will not be discussed here.

3.2.1. Tiglic Acid and Related C5 Necic Acids

C5-acids of the tiglic acid type are frequently observed as building blocks of secondary plant
metabolites. For instance, tiglic acid is the moiety of meteloidine and other tropane alkaloids
formed by Datura species [95]. Feeding experiments in Datura meteloides showed that tiglic acid
is derived from isoleucine [96]. Similar results were also obtained in Cynoglossum officinale for
angelic acid, which is present as ester in the PA heliosupine [31]. Feeding of Datura meteloides
with radiolabeled 2-methylbutanoic acid showed that the radioactivity was efficiently incorporated
into the tiglic acid moiety of meteloidine, identifying 2-methylbutanoic acid as a precursor [97].
The same pathway was also established for carabid beetle [98]. Data from mammals [99] suggest
that 3-hydroxy-2-methylbutyric acid acts as intermediate between 2-methylbutanoic acid and tiglic
acid, and that the intermediates appear as coenzyme A thioesters. These steps are in fact part of
the common L-isoleucine degradation pathway and thus it is not surprising that these metabolites
including tiglyl-CoA are present in most plant tissues. McGaw and Woolley showed that angelic acid
is derived by cis-trans isomerization from tiglic acid in Cynoglossum officinale [100]. These data suggest
a pathway for biosynthesis of tiglic and angelic acid starting from L-isoleucine (Figure 11).

 

Figure 11. Biosynthesis of tiglic and angelic acid. L-Isoleucine is desaminated and the obtained
ketocarboxylic acid decarboxylated to 2-methylbutyric acid, which is likely accompanied by linking
with coenzyme A to yield 2-methylbutyryl-CoA. This intermediate is hydroxylated and subsequently
dehydrated to form tiglyl-CoA, which can be isomerized to angelyl-CoA. The activated tiglic and
angelic acid residues are finally transferred to necine bases and coenzyme A is released.

3.2.2. C7 Necic Acids

The more complex acids are generated by specific biosynthetic pathways. The observation that
many of these acids include one or two C5 units resembles isoprenoids, although with unusual linkage
and oxygenation patterns, encouraging the idea that they might be derived from mevalonate [101].
However, feeding experiments with 14C-labeled acetate, acetoacetate and mevalonate did not result
in specific incorporation into necic acids, excluding these compounds as direct precursors for necic
acids. In contrast, feeding experiments with 14C-labeled amino acids provided compelling evidence
that necic acids are derived from L-isoleucine and L-valine. Additionally, [14C]-L-threonine and a few
further amino acids were found to be efficiently incorporated, but only since they acted as precursors
for L-isoleucine or L-valine.

The PA heliosupine appearing in Cynoglossum officinale consists of the necine base (-)-heliotridine
esterified on the 7-hydroxy group with angelic acid (which is synthesized as shown in Figure 12) and
on the 9-hydroxy group with echimidinic acid, a C7-acid (Figure 12A). Feeding experiments revealed
that echimidinic acid is derived from L-valine and an additional C2 unit of unknown origin [102].
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Trachelanthic acid, which is structurally very similar to echimidinic acid, is also derived from
L-valine, as revealed by feeding of 14C-labeled amino acids. These results were further supported by an
isotopologue study by feeding a root culture of Eupatorium clematideum with a mixture of 13C-labeled
and unlabeled glucose [103]. Subsequently, trachelanthamine and the amino acids L-arginine, L-proline,
and L-valine were isolated and the 13C labelling pattern analyzed by NMR spectroscopy. The 13C
pattern of the necine base was in agreement with that of L-arginine, while the major part of trachelanthic
acid (shown in red in Figure 12B) fitted to that observed for L-valine. The remaining two carbons
showed a pattern as reconstituted for hydroxyethyl-TPP. This confirmed the conclusions for echimidinic
acid. However, it must be emphasized that the result that the 13C pattern of the C2 unit corresponds to
that of hydroxyethyl-TPP does not mean that this compound is indeed the direct precursor. In contrast,
there might be a number of metabolites in-between. Thus, the direct precursor of the C2 unit remains
to be determined.

 

Figure 12. Biosynthesis of C7 necic acids. (A) Echimidinic acid present in heliosupine is derived from
L-valine (red) and a C2 unit of unknown origin (green). Angelic acid esterifying the 7-hydroxy group of
(-)-heliotridine is derived from L-isoleucine (blue) as shown in Figure 11. (B) Trachelanthic acid is also
derived from L-valine (red) and a C2 unit (green) that is likely derived from hydroxyethyl thiamine
pyrophosphate. Adapted from References [70,103].

3.2.3. Monocrotalic Acid and Related Compounds

Biosynthesis of monocrotalic acid was analyzed in the Fabaceae Crotalaria retusa and Crotalaria
spectabilis by feeding of 14C-labeled acetate, DL-alanine, L-threonine, and L-isoleucine [104]. While
minute incorporation was observed for acetate and DL-alanine, L-threonine and L-isoleucine were
incorporated into monocrotaline to significant levels. Degradation studies showed that the necine
base had incorporated little radioactivity while the necic acid monocrotalic acid contained most of the
activity. More specifically, most activity was observed in fragments consisting of C-1, C-2 and C-6 and
of C-3 and C-7, while the fragment consisting of C-4, C-5, and C-8 had incorporated comparatively
little activity (Figure 13A). Thus, the right hand part of monocrotalic acid is derived from L-isoleucine
while the origin of the left hand part remains elusive. Another study found, in addition to efficient
incorporation of 14C-labeled L-isoleucine and L-threonine, a significant incorporation of L-valine [105].
Since no degradation studies were performed, it remains unknown whether L-valine serves as a
precursor for the left hand part.

The structure of trichodesmic acid is very similar to monocrotalic acid, except that a methyl group
is replaced by an isopropyl group (Figure 13B). Thus, it was also expected that the right hand part of
trichodesmic acid is derived from L-leucine (and L-threonine), which could be confirmed by feeding
studies. In addition, 14C-labeled L-valine and L-leucine were also efficiently incorporated, particularly
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into the right hand part [106]. The fact that both amino acids were incorporated to a similar level
suggests that they are converted to a common precursor prior to incorporation into trichodesmic acid.
However, the pathway and mechanism remain to be elucidated.

 

Figure 13. Biosynthesis of necic acids forming 11-membered rings. (A) The right hand part of
monocrotalic acid is formed from L-leucine (and its precursor L-threonine). The C3 left hand unit is
of unknown origin. (B) The right hand side of trachelanthic acid is derived from L-leucine (and its
precursor L-threonine) while the left hand side seems to be formed from L-valine or L-leucine. Dotted
lines indicate the both sides. Adapted from Reference [70].

3.2.4. Senecic Acid and Senecic Acid-Derived Compounds

Among the necic acids forming 12-membered macrocyclic PAs biosynthesis of senecic acid
is best characterized. Since seneciphyllic acid and isatinecic acid are derived from senecic acid,
results obtained for these compounds will be discussed together with that for senecic acid. Feeding
experiments of Senecio douglasii with 14C-labeled acetate, acetoacetate and mevalonate showed that
these compounds were inefficiently incorporated into seneciphylline, and that the radioactivity was
randomly distributed between the necine base retronecine and the necic acid seneciphyllic acid.
This indicated that none of the tested compounds are direct precursors of the alkaloid. In contrast,
L-threonine was efficiently incorporated and the radioactivity was found selectively in the necic
acid part. Subsequent experiments showed that L-threonine was first converted to L-isoleucine prior
to incorporation into seneciphyllic acid, identifying isoleucine as the direct precursor. In addition,
evidence was provided that only C-2 to C-5 of L-leucine were incorporated into seneciphyllic acid, while
C-1 (the carboxy group) was lost [107]. Feeding experiments using Senecio magnificus provided similar
results for senecic acid and provided compelling evidence that the acid is derived from two molecules
of L-isoleucine, both losing their C-1 during biosynthesis [108,109]. From the four possible isoleucine
stereomers, L/D-isoleucine and L/D-alloisoleucine, only L-isoleucine was efficiently incorporated [110].
The loss of the carboxy groups raised the question for the five-carbon intermediate. Possible candidates
were 2-methylbutanoic acid, which is an intermediate of L-isoleucine degradation and thus are present
in most plant tissues, and 2-methyl-3-oxobutanoic acid and angelic acid. The latter was selected since
it has the same configuration as the double bond in senecioic acid. Feeding resulted in incorporation
of 0.06% (S)-[14C]-2-methylbutanoate, which was a slightly lower level than for L-[14C]-leucine, where
incorporation rates of 0.1 to 0.4% were observed. However, analysis of the necic acid and the necine
base showed random distribution of radioactivity. The two other compounds were incorporated in only
trace amounts. Based on these results the idea that one of those compounds is a precursor of senecic
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acid was discarded. Next, 14C-labeled 2-amino-3-methylenepentanoic acid (β-methylenenorvaline)
was tested and efficient incorporation (0.07–0.11%) was observed with essentially only senecioic acid
possessing the radio label. This observation suggested this compound as a possible intermediate
(Figure 14A). Unfortunately, it could not be investigated whether the 14C-label was incorporated in
either or both halves of senecic acid [111].

 

Figure 14. Biosynthesis of senecic acid. (A) Feeding experiments with 14C-labeled compounds showed
that senecic acid is formed from two L-isoleucine molecules accompanied by loss of both carboxy
carbons. 2-Amino-3-methylenepentanoic acid might be an intermediate, although it is not clear whether
for one or both halves of senecic acid. Carbons are numbered according to Reference [112]. (B) Feeding
with L-isoleucine stereospecifically labeled with 3H (tritium, T) at C-4 showed that only the 4R label
was retained upon incorporation. (C) 2-Aminobutanoic acid is converted in planta to L-isoleucine.
Due to 2-ketobutanoic acid as intermediate the initial stereochemistry of 2-aminobutyric acid is
irrelevant. A label (13C or 3H; red) at C-3 and C-4 is retained and found on position C-5 and C-6
in L-isoleucine. (D) The 13C-labeled C-4 and C-5 (blue) of L-leucine (obtained in planta from labeled
2-aminobutanoic acid) and most of the 2H (deuterium, D; red) is retained upon incorporation into
senecic acid. (E) Possible mechanism for formation of senecic acid. CoA, coenzyme A; L-Glu, L-glutamic
acid; NAD+/NAHD, oxidized/reduced nicotinamide adenine dinucleotide; OG, 2-oxoglutaric acid;
and Py, pyridoxalphosphate.
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The most enigmatic step in biosynthesis of senecic acid and related compounds is the mechanism
for uniting C-13 and C-14 (Figure 14A). C-13 corresponds to C-4 carbons of the isoleucine precursor
forming the right hand part of senecic acid. Studies with L-leucine stereospecifically labeled at C-4
with 3H showed that the pro-R hydrogen was retained, while the pro-S hydrogen was lost on both
L-isoleucine molecules required for synthesis of senecic acid. This demonstrates that both carbons
cannot be oxidized further than the alkene or carbinol level [113]. The observation that 2-aminobutanoic
acid is efficiently converted to isoleucine in feeding experiments [113] (Figure 14C) enabled feeding
studies with stable isotope labelling and analysis of the produced alkaloids by NMR [112]. Feeding
of Senecio pleistocephalus and root cultures of Senecio vulgaris with [3,4-13C2]-2-aminobutanoic acid
confirmed that C-3 and C-4 of 2-aminobutyric acid carbons are the precursors of C-20 and C-21 in the
left hand side of senecic acid and of C-13 and C-19 in the right hand side (Figure 14D). Analysis of
alkaloids obtained by feeding of [3,4-2H5]-2-aminobutanoic acid revealed that three 2H were retained
on the methyl groups of both C-21 and C-19, and one 2H was retained on each C-13 and C-20. These
results show that the C-3 and C-4 positions of 2-aminobutanoic acid corresponding to C-5 and C-6 of
L-isoleucine are exclusively and equally incorporated intact into the two halves of senecic acid. These
results are in agreement with a mechanism proposed by Bale, where the left hand part of senecic acid
is derived from L-isoleucine by conversion to β-methylenenorvaline, which reacts with pyridoxal
phosphate to a Schiff’s base (Figure 14E). Deprotonation would generate a mesomeric anion with a
nucleophilic character at C-6 (numbering corresponding to that of L-isoleucine). This nucleophile
might react with a suitable, yet unknown electrophile [111]. From the experiments with 3H-labeled
L-isoleucine and 2H-labeled 2-aminobutanoic acid, it is clear that the electrophile cannot possess
a carbonyl group at C-4 while an alkene would be in agreement with those results. An attractive
candidate is tiglyl-coenzyme A since this compound is a metabolite of L-isoleucine degradation [114]
and thus present in most tissues. In addition, the C-C double bond is activated due to the neighboring
keto group. Attack of the nucleophile on tiglyl-CoA would create the C-13/C-14 bond. Subsequent
release of the pyridoxal phosphate coenzyme would create the C-16/C-20 double bond, which is either
directly or further metabolized (e.g., as epoxide, diol, etc.) almost invariably present in necic acids of the
senecic acid type. It must be emphasized that feeding experiments using (S)-[14C]-2-methylbutanoate,
the precursor of tiglyl-CoA in the L-isoleucine degradation pathway, did not give conclusive results
since high incorporation was observed, but the incorporation pattern was unspecific [111]. However,
it might be worth reinvestigating a possible role of tiglyl-CoA in senecic acid biosynthesis by state of
the art isotopologous NMR-based techniques.

First evidence for conversion of senecionine to other senecionine-type PAs came from feeding of
[14C]-putrescine to Senecio vernalis root cultures, which resulted in rapid incorporation in senecionine
N-oxide. However, the labeled senecionine N-oxide was progressively converted within 10 days
to senkirkine, an otonecine-type PA [28]. Pulse-chase feeding experiments of Senecio erucifolius
root cultures with [14C]-putrescine showed rapid incorporation of radioactivity in senecionine
N-oxide and revealed absence of any significant alkaloid turnover with the exception of a slow but
progressive conversion of labeled senecionine N-oxide to its dehydrogenation product, seneciphylline
N-oxide [115]. Using whole Senecio erucifolius plants, in addition to formation of seneciphylline
N-oxide, conversion of senecionine N-oxide to O-acetyl seneciphylline, and of erucifoline to O-acetyl
erucifoline and to eruciflorine was also observed, indicating that the stem might be crucial for these
modifications [116]. These data clearly demonstrate that the first product of PA biosynthesis in
Senecio is senecionine N-oxide, which is further converted to a bouquet of senecionine-like alkaloids
or their N-oxides (Figure 15). Such reactions mainly include simple one or two-step reactions like
hydroxylations, acetylations, desaturations and epoxidations. In addition, it is tempting to speculate
that the epoxide ring of jacobine and similar compounds might undergo further metabolization by
hydrolysis or addition of hydrochloric acid to yield jacoline N-oxide or jaconine N-oxide, respectively.
Thus, senecionine-like alkaloids are derived by modification of senecionine N-oxide rather than
combination of necine bases with different necic acids.
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Figure 15. Diversification of senecionine-like PAs. Modifications of the senecionine N-oxide structure
are shown in red. Adapted from Reference [116].

4. Regulation of Pyrrolizidine Alkaloid Levels and Biosynthesis

PA biosynthesis is known to be regulated differently during plant development. For example,
in Eupatorium cannabium HSS expression is restricted to young roots with close correlation to plant
growth [82]. HSS is only detectable in newly grown, white roots until the produced biomass peaks
and flowers open. When these plant parts die off at the end of the vegetation period, de novo alkaloid
biosynthesis is required at the beginning of the next growth period. In contrast, plants of the species
Symphytum officinale can activate a second site of HSS expression once inflorescence development
begins in leaves subtending emerging flowers [117]. The same study could also demonstrate that not
only HSS but the whole PA biosynthetic pathway are active in these young leaves. This second site of
PA biosynthesis allows for drastically increased PA levels within the inflorescences ensuring optimal
protection of the reproductive structures against herbivores.

Furthermore, PA expression is influenced by nutrient and water supply as well as herbivore
infestation [118–120]. On the effects of nutrient availability, a general proposal is that a higher NPK
supply reduces the PA content in Senecio jacobaea, Senecio vulgaris, and Senecio aquaticus, presumably due
to dilution effects in shoots and roots, whereas PA levels in flowers are not affected [118]. These findings
are further supported by results of PA analysis in Senecio jacobaea and Senecio aquaticus on marginal,
sandy soils showing that low nutrient supply increases relative PA amounts [119]. Nevertheless,
the same study found a significant change in PA composition on fertilized soils, as they reported a high
rise in jacobine contents, while the total PA amount remained constant under nutrient rich conditions.
One reason for increased jacobine levels could be the role of jacobine in insect herbivore resistance.
Research on root herbivore damage in Senecio jacobaea has revealed no change in total PA content in the
whole plant, but a translocation of PAs from shoot to the root, mostly of N-oxides, also causing the
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ratio of N-oxide to free PAs to drop from 2:1 to 1:1 in the shoot [120]. Moreover, plants stabilize free PA
levels in aerial plant parts by converting PA N-oxide into free bases [120].

There is substantial evidence for the genetic control and heritability of PA biosynthesis. A study
by Vrieling et al. [121] using a diallel cross of Senecio jacobaea revealed that 48% of the variation in total
PA content was caused by genotypic variation. Half-sib analysis from natural progenies combined
with drought and nutrient deficiency treatments indicated that 85–90% of the differences in total
PA concentration were caused by additive genetic variation. Heritability for individual PAs was
significant as well. van Dam et al. [122] estimated that 33–43% of the variation in PA levels between
selfed families of Cynoglossum officinale is due to broad-sense heritability and found that the inducibility
of PA production by wounding of leaves differs significantly between families. Macel et al. [123]
evaluated the variations in PA profiles within clonal families of Senecio jacobaea and found significant
differences in the relative percentages and absolute concentrations of individual PAs between clonal
families. The variation in PA composition within clonal families was smaller than the variation among
families, indicating a strong genetic influence. Furthermore, Joosten et al. [51] found that the presence
of pyrrolizidine alkaloids in the tertiary amine form in Senecio jacobaea is genotype-dependent as well.
Pelser et al. [124] reconstructed the evolutionary history of qualitative PA variation in the Jacobaea
section of Senecio. They concluded that the variations in PA profiles are not caused by simple gain and
loss of PA-specific genes, but rather by changes in transient expression of PA biosynthesis genes, since
the large intra and interspecific variation in PA distribution seems to be largely incidental and nearly
all of the PAs identified in the Jacobaea section are also present in species of other sections of the genus.

Hybridization can result in the occurrence of novel PA structures through inter-specific epistatic
interactions between enzymes and substrates, as demonstrated by Kirk et al. [119]. They observed that
F1 hybrids between Senecio jacobaea and Senecio aquaticus produce florosenine, which is not present in
parent populations. Since florosenine is formed by O-acetylation of otosenine, the capacity of Senecio
aquaticus to synthesise otosenine and the ability of Senecio jacobaea for PA acetylation could be combined
in the hybrids. A study by Cheng et al. [125] using F1 and F2 hybrids of Senecio jacobaea and Senecio
aquaticus showed that hybrid roots contained acetylated otosenine-like PAs, while roots of the parental
lines did not. Additionally, shoots of F2 hybrids exhibited an over-expression of otosenine-like PAs
with contents reaching >20% of total PAs. In contrast, otosenine-like PAs have not been previously
reported as a major fraction of the PA bouquet in Senecio jacobaea or Senecio aquaticus. Furthermore,
some F2 hybrids contained higher relative proportions of erucifoline-like PAs in shoots compared to
the parental genotypes where jacobine or senecionine-type PAs dominated. These findings indicate
that hybridization contributes to the increase of the structural diversity of PAs.

There is little knowledge about the regulation of PA biosynthesis by plant hormones.
Methyl-jasmonate is thought to play a part because of its role as an elicitor of induced responses
and anti-herbivory resistance. Wei et al. [126] conducted a study with Senecio jacobaea and Senecio
aquaticus grown aseptically on medium containing methyl jasmonate. In treated Senecio jacobaea plants,
the total concentration of PAs increased in shoots but decreased in roots. A similar non-significant
trend was observed for Senecio aquaticus. The application of methyl jasmonate leads to a strong shift
from senecionine to erucifoline-like PAs, while the jacobine and otosenine-like PAs were not affected.
This indicates that methyl jasmonate does not necessarily induce de novo synthesis, but rather leads to
reallocation of certain PAs from roots to shoots and a conversion of PA structures. Sievert et al. [127]
tested the influence of methyl jasmonate on PA levels and on the transcript levels of homospermidine
synthase in Heliotropium indicum, Symphytum officinale, and Cynoglossum officinale, but could not detect
any significant effects. The only case where a clear influence of methyl jasmonate on PAs was observed
was in hairy root cultures of Echium rauwolfii [128]. Root culture medium, supplemented with 100 μM
of methyl jasmonate, lead to a 19-fold increase of total PAs, while the flavonoid quercetin boosted
the PA accumulation 6-fold at 50 μM. When the root cultures were pre-incubated with salicylic acid,
the inducing effect of both compounds could be suppressed.
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Regarding PA transport within the plant it has been shown for Senecio vernalis that translocation
from roots to shoots occurs through phloem cells, located opposite to specialized HSS-expressing cells
of the endodermis and the adjoining cortex parenchyma [81,129]. These cells are likely to execute
the entire biosynthesis of PAs which can then be transported as N-oxides through the pericycle into
the phloem, from there into the shoot and finally to the sites of storage, thereby uncoupling sites of
PA synthesis from sites of activity. PA N-oxides are more soluble than free PA bases and are thus
very phloem mobile, enabling transport between different storage tissues when necessary [130]. Also,
the shoot is suggested to harbor the ability to diversify the chemical composition of PAs by simple
hydroxylation, epoxidation, dehydrogenation, or O-acetylation reactions [89,116].

In a study by van Dam et al. [131], the inducibility of PA production after leaf damage was tested
in two different plants species, namely Senecio jacobaea and Cynoglossum officinale, by cutting off 50% of
their leaf area. PA concentrations were measured at different time points after damage and the cut-off
leaf tips were used as controls for diurnal fluctuations. In Senecio jacobaea leaf damage significantly
decreased PA concentrations. PA levels reached a minimum 12 h after the treatment and went back to
initial values 24 h after. PA levels in Cynoglossum officinale steadily increased with time after damage.
The authors hypothesize that the different responses might be due to adaptations related to the type
and severity of herbivory occurring under natural conditions as Senecio jacobaea is adapted to initiate
regrowth after severe defoliation by specialist herbivores. Therefore, a decrease of PAs in the leaves
after damage could be caused by a reallocation of defense resources for future regrowth. Cynoglossum
officinale on the other hand is not adapted to severe herbivory and does not recover as quickly following
damage. Thus, it might be advantageous for this species to boost its chemical defense in order to
reduce herbivore-inflicted damage.

5. Biological Activity

5.1. Role in Plant Ecology

The parallel evolvement of PA synthesis in phylogenetically unrelated plant families suggests
an evolutionary advantage from PA presence. One important aspect in this context is, as for the
evolution of many other secondary metabolites, a defense against insect herbivores [132,133]. Support
for this hypothesis is found by studying insects specialized on PA-containing plants, which are
found in a number of families, such as Lepidoptera, Coleoptera, Orthoptera, and Homoptera [134].
Additionally, grazing animals are known to only consume PA plants in times of low feed supply and
generalist insect herbivores are suggested to be deterred by different PAs whereas adapted insects
are thought to be attracted [131,134–136]. The general PA metabolism in insects is similar to human
PA metabolism, including the negative physiological effects. Various studies regarding the effects
of single PAs and general PA content on both specialist and generalist herbivore feeding have been
conducted. Wei et al. [137] and Macel et al. [138] showed that the influence on different generalist
species depends on PA-type and concentration. While Macel et al. [138] only observed effects under
certain dietary conditions, Wei et al. [137] performed bioassays with Senecio jacobaea x Senecio aquaticus
F2 hybrids with varying PA contents to draw conclusions about the correlation between the presence
and abundance of different PAs and feeding damage. The results indicate that, for instance, thrips
prefer leaves with lower jacobine-like PA contents, while for slugs, low senecionine-like PA levels are
important. Furthermore, single PAs of both types were correlated to feeding behavior. These results
are particularly interesting because presence of a C-13/C-19 double bond seems to play an important
role in generalist herbivore resistance [137]. However, also jacobine N-oxide, although not carrying the
C-13/C-19 double bond, has been shown to deter western flower thrips (Frankliniella occidentalis) and
higher amounts were shown to be a characteristic trait of thrips resistant PA plants [90,139].

There are several reports stating that PA N-oxides are less bioactive against insect herbivores
than the corresponding free bases [131,140–142]. Contrarily, PAs are mostly present in plants as
N-oxides [129] with some jacobine-like PAs occurring up to 50% as free base in Senecio jacobaea [51] and

40



Molecules 2019, 24, 498

Crassocephalum crepidioides [50]. An advantage of N-oxides is their higher solubility resulting in more
efficient storage and transport [130,143,144]. Another possible explanation suggested by Liu et al. [145]
are synergistic effects of PA N-oxides with other plant metabolites. They showed that PA free bases and
chlorogenic acid act antagonistically on western flower thrips (Frankliniella occidentalis) mortality, while
in contrast, PA N-oxides showed synergistic interactions with chlorogenic acid on thrips mortality.
In the absence of chlorogenic acid, PA free bases decreased thrips survival more severely than PA
N-oxides, but when chlorogenic acid was added, this effect was reversed. Thus, the bioactivity of
individual PAs seems to be influenced by the natural chemical background in which they occur.
This aspect is further supported by a study of Liu et al. [146], which demonstrated that fractions of
a methanol extract from Senecio jacobaea all showed a higher survival rate of western flower thrips
than the whole extract. Additionally, the expected combined effect of the single fractions on survival,
assuming no interaction, was lower than that of the methanol extract. Furthermore, retrorsine and
retrorsine N-oxide were added alone and in combination to the five fractions; the effects on thrips
survival depended on the fraction to which the PAs were added. These studies highlight the relevance
of synergistic effects of PAs and other plant metabolites on herbivores. In contrast, different PAs (free
amines and N-oxides) do not show synergistic effects on one another [141].

While the correlation of PA content and feeding is generally negative for generalists, the exact
opposite is reported for specialists, indicating an attraction by PA in plants. In fact, several cases
of adaption and utilization of PAs by insects have been reported [1,147,148]. The oviposition of
Tyria jacobaea, a well-studied member of the Lepidoptera, also called the cinnabar moth, was shown
to be positively influenced by the concentration of jacobine-like PAs [136]. This finding suggests
an advantage for Tyria jacobaea larvae from PA ingestion. Frequently, PAs are sequestered and
stored as N-oxides in specialist beetles, moths, butterflies and grasshoppers [1,147–149]. With the
storage of PA N-oxides insects have developed a strategy of using plant defense chemicals for their
own defense against predators. An astonishing example for this adaption are neotropic Ithomiinae
butterflies which, unlike moths, neither feed on PA plants nor sequester them from larvae stage
on, but rather take up PAs solely through nectar or withered twigs [135,138]. This habit protects
them from the spider Nephila clavipes, which cuts out butterflies that had previously ingested PAs,
of her own net [150,151]. In Utetheisa ornatrix the male butterflies are able to transfer their PA storage
during mating onto females, who then utilize them to protect their eggs [152]. Sequestered PAs
play an important role in the mating process of some tribes of the Lepidoptera family, because they
serve as a precursor for male pheromones [135,153]. Another impressive adaption was found in
Tyria jacobaea and Creatonotos transiens. These two arctiids are able to synthesize their own PAs
by esterifying a necine base of plant origin with a necic acid derived from isoleucine by their
own metabolism [42,154,155]. Kubitza et al. [156] provided a high-resolution crystal structure of
the flavin-dependent monooxygenase from the African locust (Zonocerus variegatus). This locust
expresses three flavin-dependent monooxygenase isoforms contributing to a counterstrategy against
PAs. By N-oxidation of PAs and accumulation of PA N-oxides within its hemolymph the locust
circumvents the chemical plant defense and uses PA N-oxides to protect itself against predators.
By such mechanisms specialized insects may gain advantages from PA-containing plants. Macel and
Klinkhamer [157] reported positive correlations between the jacobine N-oxide and free base content
of Senecio jacobaea with damage from specialist insect herbivores. Moreover, a study by Joshi and
Vrieling [158] reported higher jacobine concentrations in Senecio jacobaea growing in invasive areas,
indicating fitness advantage of lower PA amounts in areas with specialist herbivores compared to
areas with exclusively generalist insects, wherein higher contents are advantageous.

Livshultz et al. [77] studied the evolution of PAs in species of the Apocynaceae family, which
are larval host plants for PA-adapted butterflies of the Danainae family. The phylogenetic analysis
showed a monophyletic origin of the HSS sequences early in the evolution of one Apocynaceae
lineage. They found HSS orthologues, pseudogenes and multiple losses of HSS amino acid motifs in
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several non-PA producing species consistent with multiple independent losses of PAs. This indicates a
selection for the loss of PA biosynthesis by PA-adapted specialist herbivores in the Apocynaceae family.

Despite their contribution in defense against insects, PAs have also been reported to influence
interactions with symbiotic and pathogenic fungi. An inhibitory effect of PAs was measurable on
Fusarium and Trichoderma, with PA mixtures exhibiting the highest inhibition [159]. Interestingly,
in the same study an enhancement of growth by PAs was quantifiable for strains isolated from
Senecio jacobaea indicating specialization. PA chemotypes of Senecio jacobaea also influence the diversity
of fungal communities in soil, as shown by Kowalchuk et al. [119]. It was possible to distinguish
fungal communities associated with high-PA jacobine chemotypes from low PA samples as well
as senecionine/seneciphylline chemotypes. Additionally, a trend towards lower diversity in the
rhizosphere of high-PA plants was observed compared to low-PA plants. This shows that PA
chemotypes of Senecio jacobaea influence fungal communities in the rhizosphere, with jacobine types
selecting more intensely than senecionine/seneciphylline types. In another study, artificial root
colonization of Senecio jacobaea by Rhizophagus irregularis increased concentrations of senecionine,
jacoline N-oxide, jaconine N-oxide, and usaramine N-oxide in roots but not in shoots. Only the amount
of senecionine was significantly correlated with root length colonized [160]. On the other hand,
Reidinger et al. [161] observed a negative correlation between natural colonization levels of roots
of Senecio jacobaea by vesicles and the concentrations of both jacoline and total PAs. The authors
suggest that the natural variations in PA concentrations between individual plants might have affected
arbuscular mycorrhizal fungi colonization.

In the Fabaceae member Crotalaria PA production can also be influenced by root nodulation as
demonstrated by Irmer et al. [162]. Only nodulating Crotalaria spectabilis plants infected with their
rhizobial partner produce the PA monocrotaline, which is not regarded as being functionally involved
in the symbiosis. The absolute amounts of PA per plant were highest in leaves, followed by nodules,
roots, and stems, while the concentration was highest in the nodules (1.97 mg/g dry weight), exhibiting
a 10-fold higher concentration than in leaves (0.21 mg/g dry weight). A plant derived HSS sequence
was identified suggesting that the plant and not the microbiont is the PA producer. HSS transcripts
were only detectable in nodules, indicating that they are the only location of alkaloid biosynthesis and
the source from which the PAs are transported to above ground parts of the plant.

Plants which are not producing PAs can still accumulate them if they grow on soil containing
decomposing PA-containing plants according to a study by Nowak et al. [163]. Various plant species
commonly used as herbal teas or spices, i.e., melissa (Melissa officinalis), peppermint (Mentha x piperita),
chamomile (Matricaria chamomilla), and parsley (Petroselinum crispum), were grown on soil mulched
with 1 g of dried Senecio jacobaea plant material to investigate the uptake of PAs. Seven days after
application, all mulched plants exhibited marked concentrations of PA in their leaves while the
untreated controls were PA-free. The maximum PA levels in peppermint, melissa and chamomile were
0.1–0.15 mg/kg dry weight, whereas PA levels in parsley were up to five times higher (>0.5 mg/kg).
Fourteen days after mulching, PA concentrations severely decreased, especially the N-oxide forms.
The composition of the imported PAs in parsley, chamomile and melissa, showed a similar pattern to
that of Senecio jacobaea with erucifoline being the most abundant alkaloid, followed by seneciphylline
and jacobine, whereas in peppermint erucifoline occurred only in traces. This observation is probably
due to species dependent differences in PA degradation or modification in the acceptor plants. While
PA free bases can pass the membranes of the roots by simple diffusion, the uptake of PA N-oxides
might be catalyzed by transporters normally responsible for the uptake of other compounds. Since
the flowers of treated chamomile plants did not contain any PAs it was assumed that the transport to
the leaves of acceptor plants happens via the xylem. These findings are significant for the production
of herbal teas, spices, and plant derived pharmaceuticals as PA-contaminations can occur due to
decomposing PA-containing plants in the fields.
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5.2. Toxicity of Pyrrolizidine Alkaloids and Mechanisms for their Detoxification

Toxicity and pharmacology of PAs has recently been discussed in a detailed review by
Moreira et al. [10]. Thus, we summarize toxicity here only very briefly and focus more on detoxification
mechanisms.

PAs are one of the most important classes of naturally occurring toxins due to their wide
distribution and high risk of unwitting consumption of contaminated natural products like grains,
honey, milk, herbal teas, and medicines [3,164–171]. Numerous studies have demonstrated the
hepatotoxic [172], genotoxic [173], cytotoxic [173,174], tumorigenic [175], and neurotoxic [176] potential
of naturally occurring PAs. Possible symptoms of PA toxicity are hepatic veno-occlusive disease,
liver cirrhosis, megalocystosis and cancer. Furthermore, they can cause chronic pulmonary arterial
hypertension and congenital anomalies [3,177]. Several cases of poisonings and poisoning outbreaks
caused by PA contaminated food have been documented [3,178]. The two main sources of intoxication
for humans are the consumption of cereal grain contaminated with seeds from PA-containing weeds
and the use of alkaloid-forming herbs or herbal remedies for medicinal and dietary purposes [17,177].

The degree of harm caused by a specific PA relies on its necine base structure, since toxic
PAs, like the retronecine, otonecine and heliotridine-types, generally carry a 1,2-unsaturated
necine base. The first step of metabolic activation of PAs after ingestion and absorption is
dehydrogenation catalyzed by cytochrome P450 monooxygenases (CYP3A4 and CYP2C19) of
the liver (Figure 16) [179]. In retronecine and heliotridine-type PAs hydroxylation of the necine
base occurs at the C-3 and C-8 position to form 3- or 8-hydroxynecine derivatives followed
by spontaneous dehydration [180–182]. For otonecine-type PAs, oxidative N-demethylation of
the necine base occurs, followed by ring closure and dehydration [183,184]. Those reactions
lead to the formation of reactive dehydropyrrolizidine intermediates, also known as pyrroles or
pyrrolic esters, followed by the formation of pyrrolizinium ions. The electrophilic metabolites
are capable of binding nucleophilic -OH, -SH, or -NH functional groups on physiologically
important macromolecules like glutathione (GSH), DNA and proteins [173,185–189]. Nucleophilic
substitution of one or two glutathione molecules produces the GSH conjugates 7-, 7,9-di- and
9-glutathionyl-6,7-dihydro-1-hydroxymethyl-5H-pyrrolizine for excretion [173,183,190,191]. These
GSH conjugates are considered to be detoxification metabolites but it has been reported that they
also act as reactive metabolites, causing DNA adduct formation [172]. Additionally, glutathione
S-transferases (GSTs) can mediate these reactions leading to species-dependent toxicity effects, as it
has been observed that guinea pig hepatic GSTs catalyze GSH conjugation of the pyrrolic metabolites
of jacobine whereas rat hepatic GST did not affect the reaction [192]. GSH conjugation is one of the
most important detoxification reactions of PAs. If the levels of reactive intermediates are high enough,
the cellular GSH pool can be depleted causing severe oxidative damage of liver tissues [193–195].
Dehydro-PAs, including 6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP) [196,197],
their C-7 and C-9 hydrolysis product, and the dehydration product (3H-pyrrolizin-7-yl)methanol [198]
are all reactive alkylating species. They can bind to liver cellular proteins and DNA resulting in
the formation of DNA and/or protein adducts as well as DNA-protein cross links, which are all
associated with genotoxicity and carcinogenicity ultimately leading to veno-occlusive disease and/or
tumors [175,199,200].
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Figure 16. Metabolic activation of pyrrolizidine alkaloids. PAs are oxidized by cytochrome P450
enzymes (CYP), which converts them to the reactive and toxic pyrrole derivatives. Adapted from
Reference [11].

A study on the in vitro metabolism of lasiocarpine in liver microsomes of humans, pigs, rats,
mice, rabbits, and sheep was compared and a tendency towards species-dependent toxicity was
observed [201]. The highest levels of reactive metabolites like (3H-pyrrolizin-7-yl)methanol and GSH
conjugates were detected in human microsomes, followed by pig, rat and mouse, all known to be
susceptible to PA intoxication. The microsomes of rabbit and sheep, known to be more PA-resistant,
exhibited lower metabolite levels. Interestingly, the scale of PA toxicity also depends on age and gender,
since male rats are more prone to clavinorine and isoline intoxication than female rats [194,202,203]
and young mice are more susceptible to retrorsine in comparison to adult mice [204].

One mode of detoxification catalyzed by flavin-containing monooxygenase (FMOs) is the
N-oxidation of the necine bases of retronecine and heliotridine-type PAs to form PA N-oxides [205,206].
Otonecine-type PAs on the other hand cannot form PA N-oxides due to methylation of the
necine base nitrogen. PA N-oxides can be conjugated for excretion and are therefore generally
regarded as detoxification products, although they may also be converted back to their toxic parent
PAs [181,207–209]. As it was demonstrated for senecionine, the susceptibility of an animal species to
PA exposure depends on the rate of FMO-catalyzed conversion of the PA into its N-oxide leading to
detoxification as well as the P450-catalyzed formation of DHP leading to toxicity [210]. In susceptible
species such as rats, cattle, horses, and chickens, a high glutathione–DHP conjugation is observed.
However, in sheep, a resistant species, low rates of glutathione conjugation combined with high rates
of FMO-catalyzed conversion of senecionine into its N-oxide occur.

Another mode of detoxification in mammal metabolism is the cleavage of the necine base-necine
acid bond, mediated by unspecific esterases followed by phase II-conjugation and excretion.
This process was shown to contribute to guinea pig resistance to PA toxicity and rat susceptibility,
as guinea pigs have higher liver esterase activity in contrast to rats [211–214].

Recently, N-glucuronidation has been identified as a potential new metabolic pathway in humans
and several animal species for the activation and detoxication of PAs [215].

PAs with a saturated necine base like platynecine-type PAs are known to be nontoxic. It has
been demonstrated that in hepatocytes treated with platyphylline the metabolites being formed
are mainly dehydroplatyphylline carboxylic acid and in lower amounts, platyphylline epoxide
as well as platyphylline N-oxide [216]. Disparate in comparison to unsaturated PAs, which are
activated to reactive pyrrolic esters causing the formation of hepatotoxic protein and/or DNA adducts,
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the saturated structure of the platynecine-type PAs causes the P450-mediated oxidative metabolism to
generate nonreactive polar compounds that are water-soluble and easily excreted.

5.3. Beneficial Properties of Certain PAs

Despite the toxic properties of 1,2-unsaturated PAs and their negative implications on human
and animal health, some PAs have the potential to be used for the treatment of diseases and infections.
One of the most consequential and positive characteristics of these PAs is their glycosidase inhibitory
activity [217,218], potentially leading to antidiabetic, anticancer, fungicidal, and antiviral effects [219].
Glycosidases are a class of enzymes involved in selective hydrolysis of sugar bonds in glycoconjugates
as well as the covalent attachment of carbohydrates to lipids, proteins, and peptides on the cell
surfaces [220–223]. Disfunctional glycosidases can reduce the proliferation of malignant cells and
tumor growth [219,224]. Furthermore, inhibited glycosidases can cause the formation of disorganized
oligosaccharides, thereby interrupting cell–cell and cell–virus recognition [219,225]. Thus, certain PAs
may be used for the treatment of cancer, diabetes, and infections [226,227]. Some of the most potent
glycosidase inhibitors are polyhydroxylated PAs since they mimic the pyranosyl and furanosyl core of
the natural glycosidase substrates [226,228]. It has been demonstrated that the polyhydroxylated PAs
alexine from Alexa leiopetala and australine from Castanospermum australe exhibit a strong glycosidase
inhibition [229–231] and show promising potential to be used as chemotherapeutic [219], antiviral [228],
and immunomodulatory drugs.

A pair of PAs with antitumor as well as antibiotic properties are (-)-clazamycin A and
(+)-clazamycin B, which were isolated from Streptomyces puniceus [232,233]. These compounds show
activity against Herpes simplex virus in vitro [233], as well as a strong inhibition of Pseudomonas
species [232]. Moreover, in some fungus species, PAs with potent activity against Gram-positive and
Gram-negative bacteria, as well as tumor cells have been isolated [234,235].

6. Occurrence of Pyrrolizidine Alkaloids in Crop Plants

While many plant species are PA producers, few of them are used by humans, which is likely
related to PA toxicity. Among them, most are used in traditional medicine for treatment of diverse
diseases, which is discussed in detail in a number of review articles [16,17,177,236–239]. However,
there are also several PA-producing plants used as food or as forage crops. While intake of medicinal
plants is usually minute, vegetables and herbs may be consumed at substantial amounts, making
presence of PAs very critical. Thus, we will focus here on plant species that are consumed as food or
used as livestock feed in different regions of the world.

6.1. Borago officinalis

Borage (Borago officinalis), which originated from the Mediterranean area, is a common annual
garden herb used in salads and teas and is widely cultivated for seed oil production. The oil
contains high amounts of the essential fatty acid γ-linolenic acid (18–25%), and is therefore used
for nutritional, medical, and cosmetic purposes. Larson et al. [240] first identified the pyrrolizidine
alkaloids lycopsamine and amabiline (Figure 17) in fresh and dried leaves and stems of B. officinalis
with a total alkaloid amount of less than 0.001% dry weight. They also showed that in roots
the alkaloids are mainly present as the free base, while fresh leaves contain mainly N-oxides.
Lüthy et al. [241] did not only detect lycopsamine and amabiline but also intermedine, supinine
and the isomer pair acetyllycopsamine/acetylintermedine in the range of 2-10 mg/kg in vegetative
tissues. Dodson et al. [92] determined thesinine as the only alkaloid in the flowers and the major
alkaloid in seeds. Mature seeds were found to contain thesinine and minute amounts of lycopsamine.
Immature seeds contained only thesinine. The first glycosylated pyrrolizidine alkaloid reported in
plants, namely thesinine-4′-O-β-D-glucoside, was discovered in dried and defatted borage seeds [53].
Seeds contain approximately 0.1% to 0.5% thesinine-4′-O-β-D-glucoside.
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Wretensjö and Karlberg [242] analyzed crude borage oil as well as borage oil from different
processing stages and found no pyrrolizidine alkaloids present above a detection limit of 20 μg/kg.
Additionally, they could demonstrate by spiking experiments with crotaline that the pyrrolizidine
content in crude borage oil was reduced overall by a factor of approximately 30,000 in the refining
process. Additionally, Vacillotto et al. [243] could not detect any pyrrolizidine alkaloids above a
detection limit of 0.2 μg/kg in seed oil.

 

Figure 17. Pyrrolizidine alkaloids found in Borago officinalis (borage): (A) Flower of B. officinalis. Young
flowers show a bright blue color while older flowers exhibit, because of a lower pH, a slightly reddish
coloration. (B) Leaves of B. officinalis contain the supinidine-type PAs amabiline and supinine and the
retronecine-type lycopsamine and intermedine as well as their 7-acetylated derivatives. Seeds contain
mainly the (-)-isoretronecanol-type PA thesinine and its glucoside thesinine-4′-O-β-D-glucoside.

6.2. Crassocephalum crepidioides

The genus Crassocephalum belongs to the Asteraceae family (subfamily Asteroideae, tribe
Senecioneae) [244] and includes approximately 100 plant species growing in Africa, tropical and
subtropical regions of Asia and Australia and locally in America [245,246]. Both Crassocephalum
crepidioides (Figure 18A) and Crassocephalum rubens are erect annual herbs used as leafy
vegetables [245,247–249].

C. crepidioides and C. rubens are used fresh or dried for preparation of sauces, soups and stews [250].
C. crepidioides is also eaten raw, for example in Australia in salad dishes [245]. A factor making
particularly C. crepidioides interesting for food production is its high yield of up to 25-27 t/ha per
year even on soils with low nutrient supply [245]. Moreover, it has desirable nutritional properties
since dried leaves contain about 27% protein, 8% fiber, 42% carbohydrates, and 3% lipids [248,251].
These values suggest that C. crepidioides is a good source of fiber while the relatively high amount of
carbohydrates makes it a good source of energy. C. crepidioides and C. rubens contain also high levels of
minerals including potassium, magnesium, calcium, phosphorous, iron, copper and manganese [251].
Both plant species are also used in traditional medicine due to supposed medicinal properties,
such as antibiotic, antioxidant, anti-fungal, anti-inflammatory, anti-diabetic and blood regulative
effects. They are included in traditional treatment of hepatic insufficiency, intestinal worms, stomach
disorders and open wounds [245,252,253]. Furthermore, in Africa C. crepidioides is traditionally part
of diets of pregnant and breast-feeding women as it is believed to prevent anemia and stimulate
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milk production [252]. In addition to human consumption and application in traditional medicine,
C. crepidioides is also used as livestock feed, for instance for poultry [245].

Based on brine shrimp lethality tests and application of Mayer’s reagent Adjatin et al. considered
both C. crepidioides and C. rubens as safe for human consumption [254]. In sharp contrast, Asada et al.
reported isolation of significant amounts of jacobine and jacoline (Figure 18C) from C. crepidioides [255].
The reason for these divergent results might be the low sensitivity of Mayer’s reagent for PAs, which
are in fact usually detected with Dragendorff’s reagent, or with higher sensitivity and specificity,
by chromatographic techniques. Indeed, presence of high amounts of jacobine in C. crepidioides was
recently confirmed by cation exchange chromatography [50]. Interestingly, the content of jacobine
depended highly on the tissue. In young leaves jacobine was present at levels exceeding 200 mg/kg
fresh weight while it was below 1 mg/kg fresh weight in old leaves. In addition, the jacobine
content was under developmental control since six-week-old plants showed contents of approximately
27 mg/kg fresh weight while 10-week-old plants had contents of 260 mg/kg. Also, the growth
conditions had a significant impact since incubator-grown plants had high levels while jacobine was
below the detection limit (1 mg/kg) in greenhouse grown plants [50]. Production of alkaloids has also
been reported for C. rubens [256]. These results clearly show that C. crepidioides and C. rubens cannot
be considered safe for human consumption and that PA-free varieties have to be identified prior to
utilization of these species as food or forage crops.

 

Figure 18. Crassocephalum crepidioides. C. crepidioides plant (A) and flowers (B). (C) The retronecine-type
PAs jacobine and jacoline were reported in C. crepidioides. Pictures shown in (A) and (B): Courtesy of N.
Adebimpe Adedej.

6.3. Gynura

Gynura, a genus of the Asteraceae family, contains several edible species native to Asia like G.
bicolor, G. divaricata and G. procumbens which are used in Asian cuisine and traditional medicine.
The species G. bicolor for example, has great nutraceutical potential, containing high levels of
phenolic acids, flavonoids, carotenoids and anthocyanins and exhibits anti-oxidative as well as
anti-inflammatory properties [257]. Furthermore, it can be used for the treatment of diabetes
mellitus [258] and cancer [259,260]. Even though the use of Gynura may have numerous beneficial
effects on health, its consumption is not without risk because of the presence of PAs. Intergerrimine
and usaramine were first identified in G. divaricata by Roeder et al. [261]. Chen et al. [262] compared
the PA profiles of G. bicolor and G. divaricata collected from five different provinces of China. They
found 27 PAs consisting of five different types in the two species. Known PAs that were identified
are retrorsine, spartioidine, seneciphylline, integerrimine, senecionine, senkirkine, retrorsine N-oxide,
senecionine N-oxide, and seneciphylline N-oxide (Figure 19). Additionally, 18 other unidentified
PAs were detected in both species. G. divaricata collected in the Jiangsu province showed the highest
concentration (39.7 μg/g) of retronecine type PAs while G. bicolor from Fujian contained the lowest
concentration (1.4 μg/g). G. divaricata always contained higher amounts of retronecine type PAs in
comparison to G. bicolor from the same locality and harvest time. Both species collected from Jiangsu
contained the most diverse PA profile, while G. divaricata from Fujian showed the lowest variety of
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PAs. A weak cytotoxic activity was detected in alkaloid extracts of both species collected from Jiangsu.
These results show that the amount and variety of PAs in Gynura depends on the species as well
as the growing region, indicating that environmental factors likely play a role in PA accumulation
in Gynura. Another Gynura species traditionally used in Chinese medicine is Gynura segetum, also
known as Jusanqi. It has been shown to have anti-angiogenic [263] as well as antioxidative and
anti-inflammatory properties [264]. Its medicinal use is risky though as there have been several reports
of hepatic veno-occlusive disease linked to the consumption of G. segetum [265–268]. Liang and Roeder
were the first to characterize senecionine from G. segetum [269]. The presence of senecionine was
confirmed by Yuan et al. [270], who could additionally detect seneciphylline as well as seneciphyllinine
and E-seneciphylline. Qi et al. [271] analyzed whole plants of G. segetum collected from Zhejang
province of China and could unequivocally identify seneciphylline, senecionine, seneciphyllinine, and
seneciphyllinine N-oxide using HPLC / ITMS. 16 further PA or PANO structures were tentatively
assigned, among them E-seneciphylline, E-seneciphylline N-oxide, senecicannabine, senecicannabine
N-oxide, a yamataimine isomer, jacoline, and tetrahydrosenecionine, which has been reported for the
first time from a natural source. Considering the present research about PAs in Gynura indicates that
caution is required concerning its use for dietary and medicinal purposes.

Figure 19. Pyrrolizidine alkaloids observed in Gynura bicolor. (A) G. bicolor plant. (B) G. bicolor leaves
from the upper (green) and lower (ruby-colored) side. (B) Senecionine, seneciphylline and retrorsine
were reported in G. bicolor in both, their free forms (shown above) and as N-oxides, while intergerrimine,
spartiodine, and senkirkine were only found as free alkaloids.

6.4. Lolium

Lolium species, commonly known as ryegrass, are important pasture grass species serving as main
feed for grazing livestock in numerous countries and regions, for example Australia, New Zealand,
North America and Europe. These species can have toxic effects on mammals that graze them and are
related to a syndrome known as ryegrass staggers. Therefore, their chemical composition has been
analyzed intensively.

Interestingly, the originally identified toxins, lolitrem B [272], ergovaline [273], and loline
alkaloids are produced by endophytic fungi [5]. The loline alkaloids represent a special class of
PAs, which are characterized by the presence of an ether bridge (Figure 1). In contrast to classical
PAs, which are produced by plants, lolines are metabolic products of fungi, particularly of the genus
Epichloë [5,274,275].

In addition, several Lolium species can also produce PAs of the thesinine type themself.
Koulman et al. [54] were the first to isolate and elucidate the stereoisomers E-thesinine-O-4′-
α-rhamnoside and Z-thesinine-O-4′-α-rhamnoside from Lolium perenne (Figure 20), thereby providing
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the first report of PAs in the Poaceae family which are synthesized by the plant itself. Furthermore,
they could detect those two compounds together with the aglycone and a hexoside in Festuca
arundinacea, a species of grasses closely related to L. perenne. In L. perenne the highest concentrations
of E/Z-thesinine-O-4′-α-rhamnoside were found in sheath tissue, followed by blade tissue while
immature tissue contained the lowest amounts. Infection with the endophytic fungus Neotyphodium
lolii increased the concentrations only slightly. The authors analyzed plants grown in a greenhouse
and found variations in the ratios of E-thesinine-O-4′-α-rhamnoside to Z-thesinine-O-4′-α-rhamnoside
between 0.2 and 1. When clonal material was grown in a climate room under controlled conditions
the variation was severely reduced, indicating a strong environmental influence on the accumulation
of E/Z-thesinine-rhamnoside. Since the identified alkaloid conjugates do not possess a C-1/C-2
unsaturation and a hydroxy group at C-7, they likely exhibit a limited toxicity to mammals.
The common occurrence of these PAs in several widely used commercial L. perenne and F. arundinacea
cultivars further demonstrates their non-toxicity or low toxicity to grazing livestock, but detoxification
by rumen bacteria might play a role as well [276]. It is currently unknown if the thesinine-rhamnoside
PAs play any role in insect deterrence or if they enhance plant fitness by any other means.
Wesseling et al. [91] analyzed various Pooideae species grown under controlled conditions and found
that PA biosynthesis is restricted to a small group of species producing only a narrow range of
thesinine conjugates. The three closely related outbreeding Lolium species L. perenne, L. multiflorum,
and L. rigidum were shown to accumulate PAs while the inbreeding L. temulentum and L. remotum
do not. Furthermore, F. arundinacea contained PAs while in the closely related F. pratensis they were
absent. Potential explanations for this pattern might be the independent evolution of PA biosynthesis
in F. arundinacea or a secondary loss in the inbreeding Lolium species. Hybridization of PA producing
Lolium species with Festuca could be another possibility of how PA production was acquired in Festuca.
Additionally, the inter and intra-specific PA patterns are highly variable. L. rigidum contained the
highest average amounts of PAs, followed by L. perenne and F. arundinacea, while L. multiflorum showed
the lowest concentrations. F. arundinacea was the only species which contained the aglycone thesinine
in significant amounts. In L. perenne and L. multiflorum PAs were restricted to only a few of the tested
individuals, while all samples of L. rigidum and F. arundinacea were tested positive. It seems like PA
biosynthesis is a constitutive trait in some species, while in others it occurs only infrequently and might
possibly be induced by external stimuli or occur in later developmental stages. Gill et al. [76] identified
two putative HSS genes in perennial ryegrass, one of them (LpHSS1) occurring only sporadically.
A significant association of absence of the LpHSS1 gene with lower levels of thesinine-rhamnoside PAs
was found. This provides the possibility of developing genetic markers for future breeding efforts in
regard to PA presence and enables investigations about the role of PAs in deterring herbivore pests.
Further HSS-like gene sequences were identified in other Poaceae species, including tall fescue, wheat,
maize, and sorghum. Therefore, PA biosynthesis might be even more widespread in the grass family
than it is known to date with unknown PA structures still to be discovered.

 

Figure 20. Pyrrolizidine alkaloids reported for Lolium species. (A) Lolium perenne (ray grass). (B) Lolium
multiflorum (Italian rye-grass). (C) Structures of E- and Z-thesinine-4′-O-α-L-rhamnoside. Pictures
shown in (A) and (B): Courtesy of Leo Michels.
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Abstract: Tropane alkaloids (TA) are valuable secondary plant metabolites which are mostly found in
high concentrations in the Solanaceae and Erythroxylaceae families. The TAs, which are characterized
by their unique bicyclic tropane ring system, can be divided into three major groups: hyoscyamine
and scopolamine, cocaine and calystegines. Although all TAs have the same basic structure, they
differ immensely in their biological, chemical and pharmacological properties. Scopolamine, also
known as hyoscine, has the largest legitimate market as a pharmacological agent due to its treatment
of nausea, vomiting, motion sickness, as well as smooth muscle spasms while cocaine is the 2nd
most frequently consumed illicit drug globally. This review provides a comprehensive overview
of TAs, highlighting their structural diversity, use in pharmaceutical therapy from both historical
and modern perspectives, natural biosynthesis in planta and emerging production possibilities using
tissue culture and microbial biosynthesis of these compounds.

Keywords: tropane alkaloids; scopolamine; cocaine; calystegine; chemistry; pharmacology;
biosynthesis; biotechnological production

1. Introduction

Alkaloids are naturally occurring compounds containing one or more nitrogen atoms. The name
is derived from the basic nature of many members of this group, alkaloids from “alkaline-like”.
The definition of alkaloids is complex as many nitrogen-containing molecules do not necessarily
belong to this group. Biogenic amines or amino sugars, for example, are natural plant products and
N-containing but not defined as alkaloids. Tropane alkaloids (TAs) are a specific class of alkaloid and
can be more specifically defined as all molecules that possess a tropane ring system (Figure 1 Structure
of the tropane skeleton (green box) and the three major groups of TAs derived from, green box) [1].

TAs are either esters of 3α-tropanole (tropine) or, to a lesser extent, 3β-tropanole (pseudotropine)
and can be distinguished into three groups: TAs from Solanaceae plants like hyoscyamine and
scopolamine, coca alkaloids like cocaine from Erythoxylum coca and the recently discovered calystegines
group, which are polyhydroxylated nortropane alkaloids (NTAs) mainly occurring in Convolvulaceae,
Solanaceae, Moraceae, Erythrocylaceae and Brassicaceae (Figure 1 Structure of the tropane skeleton
(green box) and the three major groups of TAs derived from) [2]. In total, ~200 different TAs have been
described [3].

Biosynthesis of the tropane ring system is homologous in organisms which produce these three
TA classes. TA biosynthesis begins with the amino acids ornithine or arginine and their intermediate
putrescine, continuing to the common N-methyl-Δ1-pyrrolinium cation precursor of all TAs. This is the
branch point of cocaine, hyoscyamine/scopolamine and calystegine as well as nicotine biosynthesis [4].

Although all TAs have a high degree of structural similarity due to their tropane
ring, the pharmacological effects of these compounds differ significantly. Cocaine and
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hyoscyamine/scopolamine are able to pass the blood-brain barrier and commit dose-dependent
hallucination and psychoactive effects. Calystegines do not cause these effects due to their polarity as
well as hydrophilicity and consequent inability to pass this barrier.

Figure 1. Structure of the tropane skeleton (green box) and the three major groups of TAs derived from
this skeleton.

The cultivation of coca plants, the extraction of cocaine and production of other cocaine-containing
drugs as well as their trade, with a few exceptions, is illegal and cocaine is the 2nd most frequently
consumed illicit drug globally [5]. Due its legal designation, research has only been conducted on
pathway elucidation in order to understand cocaine biosynthesis, however, research of large-scale
commercial production has not been conducted (legally). As the calystegines are a newly discovered
group of TAs without any pharmaceutical, medicinal or economic interest, little research has thus far
been performed on this group of TAs. In contrast, the cultivation and production of scopolamine is of
major economic interest due to its miscellaneous pharmaceutical applications. Indeed, global demand
for this compound is increasing. Moreover, scopolamine is one of the Essential Medicines of the World
Health Organization (WHO) [6]. Hyoscyamine and scopolamine are extracted from the Duboisia plants
being cultivated on large plantations in Queensland, Australia [1]. Climate change and resulting new
biotic and abiotic factors challenge the pharmaceutical industry to produce consistently high volumes
of scopolamine. To overcome this issue, alternative production methods have been also tested.

This review seeks to provide a comprehensive overview of current knowledge on medicinal and
pharmaceutical applications of TAs, a comparative analysis of TA biosynthesis and future strategies
for elucidation of biosynthetic pathways, with special focus placed on the production of scopolamine
as well as derivatives and enhancement of their production.

2. History and Chemical Elucidation of Tropane Alkaloids

The TAs cocaine, scopolamine and calystegines share a common tropane moiety. Nevertheless,
these compounds cause very different physiological effects in humans. Cocaine manifests its effects in
the synaptic cleft by inhibiting the dopamine, noradrenaline and serotonin reuptake while scopolamine
acts as a competitive muscarinic receptor antagonist. The ingestion of both substances may lead to
hallucinations and psychoactive effects or death [7,8]. Calystegines, on the other hand, are not
absorbed into the central nervous system (CNS) due to their hydrophilicity and consequently, exhibit
no psychoactive effects in humans [9].
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2.1. Hyoscyamine and Scopolamine

TA producing Solanaceae plants are distributed globally. Duboisia plants are found in Australia
and New Caledonia, while Datura plants, which had their origin in Asia and America, grow worldwide
except in polar und subpolar climate zones. Members of the genus Atropa and Hyoscyamus have origins
in Europe, Asia, as well as North Africa and were introduced to the USA, Canada and Australia [10].
All plants are simple to cultivate and readily found in nature, highly potent, and, consequently, have a
long history in traditional medicines from different cultures. Until single compounds were isolated,
whole plant or herbal preparations of these plants including extracts, ointments or teas were used for
medicinal applications. Earliest reports of hyoscyamine or scopolamine-induced states of perception
reach back into antiquity. Over 3000 years ago, Mandragora extracts were added to beer in Egypt to
lower amounts of alcohol in these beverages. In Russia and China, Datura extracts and in Europe
Hyoscyamus was added to enhance the thrilling effect of beer. A physician in Babylonia documented
the analgesic property of the nightshades to reduce toothache [11]. In addition to hallucinogenic
and analgesic effects, nightshades have a history of being used as poisons, for example, a wave
of unexplainable mortality in the French high-society during was attributed to these plants [12].
In Australia, indigenous people exploited the TA-containing Duboisia plants for centuries for their
cholinergic activity [13]. Hopwoodii, also called pituri, produces the alkaloid nicotine, which is arguably
more widely popular for common use than the Duboisia plants leichhardtii and myoporoides [14].

Solanaceae plants have been given several names due to their historical and widespread use. These
names often reflect the type of application and respective pharmacological action. Datura stramonium,
which was introduced to European medicine by Romany immigrants, is called asthma herb due to
its application in mitigating the symptoms of asthma. If Datura herb is smoked, a bronchorelaxation
effect has been documented. Further names are “thornapple” after the hooked capsule or “horse
poison” due to the toxic effects after ingestion on equines that are particularly sensitive to TAs [15].
The common Datura name jimsonweed is derived from Jamestown, a town in Virginia (USA) and
it was reported that in 1676, settlers ingested this weed with fatal results. The intoxications were
described and documented vividly leading to this additional name [10,16]. Atropa is named after
the Greek goddess of fate and the goddess of the kingdom of the dead, Atropos. The species name
belladonna is derived from its pharmacological effect, the mydriasis. Applying the extract into the eye,
enflames beautiful eyes - with the disadvantage that the eye is unable to accommodate and one cannot
see properly [11]. Mandragora and Hyoscyamus plants have historically played essential roles as the
major active substances in the ointments of “witches” [17]. As TAs can easily be absorbed through
the skin, it has been documented that the witches’ flying ointment was rubbed onto broomsticks, so
the toxins were absorbed through the rectum and vagina. The intoxicating effects of these ointments
have been reported as a feeling of lightness of being, followed by strong and vivid delirium and
hallucinations. These effects were so pronounced that many users thought themselves to fly and
the skill to fly was associated with witchcraft [18]. Solanaceae TAs were also used for love potion,
exploiting the aphrodisiac qualities which could evoke sexual feelings [19].

The isolation and structural elucidation of TAs from Solanaceae plants began with the discovery
of atropine. In 1832, this alkaloid was isolated by the German pharmacist H. F. G. Mein, however,
he did not publish his results [20]. One year later, P. L. Geiger and O. Hesse (1833) published the
isolation of atropine, a nitrogen containing, alkaline substance, from Atropa belladonna and Hyoscyamus
niger. They described early investigations regarding the medicinal use, different isolation methods
and chemical properties [21]. The stereochemical relation between atropine and hyoscyamine was
elucidated by K. Kraut and W. Lossen almost fifty years later [22,23]. They were able to elucidate
the reaction mechanism of the alkaline hydrolyzation of hyoscyamine and detected that the cleavage
products of both, hyoscyamine and atropine, are tropic acid and tropine. From this it was concluded
that atropine is the racemate of hyoscyamine [23]. A. Ladenburg (1879) discovered that the reverse
reaction of the hydrolysis is possible by boiling the educts in hydrochloric acid and established a
frequently used method of esterifying tropine with numerous organic acids [24].
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2.2. Cocaine

The first reports of the use of cocaine date back to 3000 B.C. in Ecuador. The cultivation and
chewing of coca plant leaves is assumed to have originated on the Eastern slope of the Ecuadorian
or Peruvian Andes by the Inca peoples. Tribesmen traditionally chewed the leaves of the coca plant
together with lime to release the alkaloids, both for spiritual purposes such as burial ceremonies
or to give strength and energy and also to tolerate thin air high at high altitudes in the mountains.
The coca plant and its invigorating effect was believed to be a mysterious gift of the gods. Before
the Spanish soldiers entered South America, chewing coca leaves was reserved only for the tribal
leaders. After the Spanish conquest of South America, its use was spread of over the continent and no
longer socially limited. Cocaine was isolated for the first time in 1855 by F. Gaedecke. He published
his results in the journal Archiv der Pharmacie and called the substance, isolated from coca leaves,
Erythroxyline [25]. Working on cocaine was an interesting field but due to the limited access to plant
samples available in Europe, little research could be conducted. Albert Niemann, who received enough
supply of coca leaves for research, was able to proceed his study and improved the isolation process as
well as the general knowledge of cocaine and its mode of action [26]. The chemical formula of cocaine
was determined in 1862 by W. Lossen, who also dealt with the analysis of atropine. Subsequently, the
first chemical synthesis and the elucidation of its chemical structure was achieved by R. Willstätter in
1898. About fifty years later, the stereochemistry was elucidated by the Swiss chemists E. Hardegger
and H. Ott [27]. However, not all published reports on cocaine and its chemistry were scientifically
or ethically correct. In 1885, S. Freud published his work “Über Coca” and recommended cocaine
as an almost miracle medicine, with local anaesthetic properties, which is best for the treatment for
postnatal depression and morphine addiction—a dangerous application for a substance with such
high addictive potential [28].

2.3. Calystegines

Polyhydroxylated NTAs like calystegine do not show any psychoactive effects due to their
inability to pass the blood-brain barrier based on their hydrophilicity. In addition, they exhibit minimal
pharmacological activity. As a result, this class of NTAs have not found use in ancient medicines.
Recently, researchers proposed that these compounds inhibit mammalian and plant glucosidases,
although until now they do not have any pharmacological application and have received little research
attention [29]. The first structures of polyhydroxylated NTAs were published in 1990 [2].

3. Pharmacology of TAs and Their Role as Drug Lead Substances

3.1. Scopolamine, Hyoscyamine and Anisodamine and Their Derived Drugs

Hyoscyamine and scopolamine are widely used as anticholinergic drugs. They affect the central
and peripheral nervous system as competitive, non-selective muscarinic acetylcholine receptor
(mAChR) antagonists, that prevent binding of the physiological neurotransmitter acetylcholine.
In humans, two acetylcholine receptor types are known: Muscarinic and nicotinic receptors, which are
named after their agonists, muscarine (Figure 2) and nicotine. Muscarine is a poison of the toadstool
mushroom Amanita muscaria and acts on the mAChR of the synapses like acetylcholine, with the
difference that the acetylcholinesterase does not metabolize it.

The mAChRs are a subclass of the G-protein-coupled receptors (GPCRs) family, containing five
subtypes (M1–M5). M1, M3 and M5 that are coupled with the stimulating Gq receptors and generate
cytosolic calcium transients via the phospholipase C signalling pathway. M2 and M4, on the other
hand, couple with the Gi protein and inhibit the adenylyl cyclase [7]. In particular, M1 receptors occur
in the central nervous system and ganglia where they are involved in memory and learning processes.
M2 receptors are found in the heart and are lower in abundance than M1 receptors. M3 receptors
are involved in the contraction of the smooth muscles. M4 receptors were detected in the forebrain,
hippocampus and striatum, they are likely involved in pain processes [30]. The physiological action
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of M5 receptors is not yet elucidated, however, it is assumed that these receptors are involved in
brain microcirculation and mediate vasoconstriction, vasodilatation and activation of nitric oxide
synthase [31].

Figure 2. Comparison of the chemical structures of acetylcholine, muscarine and scopolamine.
Scopolamine is protonated in the body due to the physiological pH and is present as a quaternary
ammonium salt.

TAs are absorbed from the gastrointestinal tract, rapidly distributed into the tissues and excreted
predominantly through the renal system [32]. The short half-life in plasma and dose-dependent adverse
effects limit the administration of scopolamine to transdermal application [33]. After absorption,
scopolamine experiences a significant first-pass effect, because only a minor amount (2.6%) is excreted
in the urine in the pharmacologically active form [34]. Cytochrome P450 enzymes seem to be
especially involved in the metabolism of scopolamine by oxidative demethylation. Inhibition of
CYP3A by ingestion of grapefruit juice prolonged the tmax and increased the AUC0–24h value of
scopolamine metabolization [33]. Additionally, it has been observed that scopolamine and its apo-
and nor-metabolites are conjugated to glucuronide (glucuronidation) or sulphate during phase II
metabolism for excretion into urine. Scopolamine and hyoscyamine do not accumulate in the human
body, nor exhibit genotoxic or chronic toxicity, an adverse effect due to long-term exposure have not
been reported (EFSA, 2013).

Occurring side effects of anticholinergic drug substances occur from inhibition of the
parasympathetic nervous system. Symptoms include decelerated heart rate, dry mouth and reduced
perspiration. At higher therapeutic oral doses, increased heart rate, inhibition of the respiratory tract
secretory activity as well as bronchodilation and mydriasis have been observed. Sweating is also
inhibited which is accompanied by a consequent rise in body temperature.

A dysfunction of muscarinic cholinergic system has been drawn in various diseases like
depression, epilepsy, Parkinson’s and Alzheimer’s disease. Therefore, antagonists of the muscarinic
system such as the TAs remain of great interest as potential lead CNS drug substances. In addition
to the properties described above, hyoscyamine serves as an antidote against toxins such as
organothiophosphates, for example the pesticide parathion (E605) [35]. The organic phosphorous
derivates are used as insecticides and as nerve gases applied in military weapons. The antidote
against scopolamine and hyoscyamine intoxications is physostigmine, a pyrolo-indole alkaloid.
Physostigmine naturally occurs in the Calabar bean (Physostigma venenosum, Fabaceae) and acts
as parasympathomimetic drug by reversible inhibition of the cholinesterase [36].

3.1.1. Scopolamine

Scopolamine causes mydriatic, spasmolytic and local anaesthetics effects yet exhibits side effects
which can be hallucinogenic and even lethal. The most important mode of application for scopolamine
is transdermal, a technology which was developed as transdermal therapeutic systems (TTS) in 1981.
Scopoderm TTS® is the trade name for a scopolamine delivery system used in the treatment of motion
sickness. During the Second World War, scopolamine was used to treat shell shock, psychoactive side
effects and also motion sickness [13]. The drawbacks of scopolamine lay in the manifold peripheral
and central nervous system side effects. To overcome these issues, scopolamine derivates have been
developed, leading to its classification as a drug lead substance.
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3.1.2. Hyoscyamine and Atropine

Hyoscyamine and atropine have similar modes of action and effects as scopolamine.
The pharmacological action of TAs is stereoselective, due to the difference of the stereoisomers
concerning affinity and binding to muscarinic receptors. This results in different potency between
S-(–)- and R-(+)- isomers of hyoscyamine: The S-(–)- isomer is estimated to be 30–300 fold more
potent than the R-(+)- isomer [37]. The S-(−)-isomer of hyoscyamine is not stable and is racemized
rapidly to atropine, which is a 1:1 mixture of the two forms. Atropine is very stable over time and
hence, it used for medicinal applications instead of hyoscyamine. Both, atropine and scopolamine
have a characteristic, dose dependent action on the cardiovascular system, which is clinically useful
for resuscitation.

3.1.3. Anisodamine

Anisodamine, which is isolated from Anisodus tanguticus, a Tibetan regional plant, is less toxic than
atropine and scopolamine. It has a long tradition in folkloric Asian medicine especially in the treatment
of septic shock by improvement of blood flow in microcirculation and also in various circulatory as
well as gastric disorders with similar effects to atropine and scopolamine.

3.1.4. Homatropine, Cyclopentolate and Tropicamide

Homatropine, the mandelic acid ester of tropine, is used in ophthalmology to evoke a more rapid
and less paralytically effect than atropine. This is a major advantage over atropine and, consequently,
homatropine was launched as a new mydriatic by Merck Darmstadt in 1883 as one of the first synthetic
drugs [38]. Other modified mydriatic agents are cyclopentolate, which is used especially for paediatric
eye examinations and tropicamide, which has been approved in ophthalmology since 2005.

3.1.5. Trospium Chloride

Trospium chloride is a quaternary ammonium 3α-nortropane derivate esterified with benzylic
acid. This synthetic anticholinergic is not able to cross blood-brain barrier and relaxes the smooth
muscle in the bladder. Its main application is to treat urgency and reflex incontinence [39].

3.1.6. Tropisetron

Tropisetron possesses a tropane skeleton but due to its mechanism of action it belongs to the
serotonin receptor antagonist. It is applied to antiemetic therapy in cases of nausea and vomiting
during chemotherapy and additionally as analgesic in fibromyalgia [40].

3.1.7. N-butylscopolamine

To minimize adverse effects on the central nervous system, scopolamine has been modified by
N-butylation and, in this form, it cannot longer pass the blood-brain barrier. N-butylscopolamine is
used to treat abdominal pain from cramping, renal colic and bladder spasms [41]. Available dosage
forms are as tablets or film-coated tablets (also available in combination with paracetamol), rectal
suppositories (also available in combination with paracetamol) or solutions for injection and the
according drug products are Buscopan® or Buscofem®.

3.1.8. Tiotropium Bromide, Ipratropium Bromide and Oxitropium Bromide

In traditional medicine, smoking of Datura leaves have been frequently used to treat asthmatic
symptoms. Bronchodilation is caused by blocking of M3 receptors located on smooth muscle cells
in the bronchi. Scopolamine and hyoscyamine are the TAs responsible for this effect. To reduce
the adverse and intoxicating effects of this treatment, tiotropium bromide and ipratropium bromide
were developed and are also administered by inhalation. Tiotropium bromide (Spiriva®; released on
the market in 2005) is dominantly used in the treatment of chronic obstructive pulmonary disease
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(COPD) while ipratropium bromide (Atrovent®; released 1975) is used in the treatment of COPD (in
combination with salbutamol, a β2-adrenergic receptor agonist) and asthma [42]. Oxitropium bromide
is less known and less used than the previous ones but also acts as an anticholinergic bronchodilator
for the treatment of asthma and COPD.

3.1.9. Benzatropine

Benzatropine is a selective M1 muscarinic acetylcholine receptor antagonist with central nervous
effects. Chemically, it is a combination of the tropine skeleton of atropine and the benzohydryl skeleton
of diphenhydramine. It partially blocks cholinergic activity in the basal ganglia and increases the
availability of dopamine by blocking its reuptake. This increases dopaminergic activity, therefore,
it has found use in the treatment of early stages of Parkinson’s disease [43].

3.1.10. Scopolamine and Its Use as an Antidepressant

Scopolamine may also be suitable for the application in central nervous system (CNS) diseases.
It is known that scopolamine and other muscarinic receptor antagonists have an effect on the
cognition processes, sensory functions (for example pain perception) and stress responses. As there
is considerable evidence supporting the cholinergic-adrenergic hypothesis of mania and depression,
the clinical effects of scopolamine as a central acting inhibitor of the muscarinic receptor has been
tested. Several randomized double-blind studies have been performed and demonstrated contrasting
outcomes. Some studies found scopolamine to have a rapid and prominent effect [44] while
others found no benefit from scopolamine over placebo [45] for the treatment of these conditions.
The contrasting findings indicate that more extensive studies are needed to verify the use of
scopolamine for treatment of CNS diseases.

3.2. Cocaine Derived Drugs

Although cocaine has been used for a long time and by many people, little is known about it is
use in treatment of neurobiology and pharmacology. The application of cocaine is legally restricted
and consequently, the research is limited. It is known that cocaine exhibits different pharmaceutical
modes of action like local anaesthetic properties, CNS stimulating actions and cardiovascular effects.
However, these modes of action may alter according to the way of application—oral, nasal, by chewing,
inhalation or by injection [46].

The central nervous effects such as euphoria, relief of fatigue and boredom as well as psychic
stimulation are mainly explained by the resulting excess of dopamine after cocaine consumption.
Cocaine inhibits the reuptake of dopamine, noradrenaline and serotonin, thus increasing their
concentration in the synaptic cleft of the limbic system [8]. The intake of cocaine has an influence on
the brain which is detectible in an electroencephalogram (EEG). However, the effects are inconsistent
and may appear as increased or lowered signals in EEGs [47]. The local anaesthetic properties of
cocaine by topical application are achieved by blocking the ion channels in neural membranes. Cocaine
is absorbed by the mucosa after application and paralysis rapidly occurs in the peripheral ends of
sensory nerves. It was widely applied in dentistry as a local anaesthetic but has been substituted by
safer drugs. Nevertheless, it served as a lead substance for different local anaesthetics and painkillers.
Procaine was the first major analogue of cocaine which was mainly used in dentistry. Nowadays, more
potent local anaesthetics are available and so, its use has declined. A huge disadvantage of procaine
is instability of the ester to hydrolysis. Tetracaine, a further development of procaine, is used for
minor face surgeries and in ophthalmology. It is almost 10-times more potent than procaine, however,
its toxicity increased proportionately to its potency [48]. Lidocaine is an amino amide analogue to
the ester type of cocaine and was synthesized in 1943 by the Swedish chemists Nils Löfgren and
Bengt Lundqvist [49]. Its advantages are the better stability towards hydrolysis in aqueous solution or
esterase catalysis [48]. Beside its local anaesthetic properties, it is used as an Ib type antiarrhythmic
medication due to its positive cardiovascular effects.
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3.3. Calystegine Derived Drugs

Until now, no drug products derived from calystegines are available, although the inhibition of
mammalian glucosides by these compounds may be a promising lead in the development of new
active pharmaceutical ingredients.

4. TA Biosynthesis In Planta

4.1. Early Steps in TA Biosynthesis—A United Way

The different classes of TAs: cocaine, scopolamine/hyoscyamine and the calystegines share a
common precursor biosynthetic route (Figure 3) beginning with the amino acids L-ornithine (Orn)
and L-arginine (Arg). In planta, Orn and Arg are formed from glutamate (Glu), an amino acid which
is directly connected to the nitrogen assimilation. Ammonia (absorbed from the soil or synthesized
from nitrate) is incorporated into Glu via the glutamine synthetase-glutamate synthase (GS-GOGAT)
pathway. Glu is the precursor in several polyamine (PA) pathways. The regulation of PAs is very
complex and not fully elucidated due to their pleiotropic functions [50] and PA concentration in plants
can be used as indicators of various forms of abiotic stress.

In order to form putrescine (1,4-diaminobutane) from the amino acids Orn or Arg, Orn is
decarboxylated by the ODC (ornithine decarboxylase; EC 4.1.1.17) and Arg undergoes a three-step
reaction, including decarboxylation, hydrolysis of the imine functionality of guanidine and hydrolysis
of urea which is catalysed by the enzymes ADC (arginine decarboxylase; EC 4.1.1.19), AIH (agmatine
deiminase; EC 3.5.3.12) and CPA (N-carbamoylputrescine amidase; EC 3.5.1.53), respectively. The
activities of ADC and ODC were suppressed in Datura plants by using the specific irreversible inhibitors
DL-α-difluoromethylarginine and DL-α-difluoromethylornithine, respectively in order to probe the
nature of these two routes to putrescine biosynthesis. These experiments indicated that the two
routes do not act independently from each other and that the ADC exhibited a higher activity than
the ODC [51]. Putrescine (tetramethylenediamine) is an intermediate in several metabolic pathways.
It can be formed to spermidine by a spermidine synthase (SPDS; EC. 2.5.1.16) catalysed reaction using
S-adenosyl methioninamine (decarboxylated S-adenosyl methionine) and putrescine as substrates.

Putrescine can also be methylated to N-methylputrescine by the enzyme PMT (putrescine
N-methyltransferase; EC 2.1.1.53) [52] using SAM (S-adenosyl methionine). The next step in
TA biosynthesis is the oxidative deamination of N-methylputrescine to 4-methylaminobutanal
which is catalysed by a N-methylputrescine oxidase (MPO; EC 1.4.3.6) [53]. This diamine oxidase
requires copper as a cofactor. N-methyl-Δ1-pyrrolinium, a central intermediate, is formed by
spontaneous cyclization of N-methylputrescine. Chemically, this reaction is an intramolecular
Schiff base formation. N-methyl-Δ1-pyrrolinium cation is a branchpoint in TA and nicotine
biosynthesis [54]. In Figure 3. Joint steps of the early TA biosynthesis; ACD = arginine decarboxylase;
AIH = agmatine deiminase; OCD = ornithine decarboxylase; CPA = N-carbamoylputrescine amidase;
PMT = putrescine N-methyltransferase; SPDS = spermidine synthase; SMS = spermine synthase;
MPO = N-methylputrescine oxidase; * = spontaneous cyclization, the joint biosynthesis is depicted.
The condensation of nicotinic acid or more precisely its reactive derivate 2,5-Dihydropyrindine with
N-methyl-Δ1-pyrrolinium cation yields nicotine.
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Figure 3. Joint steps of the early TA biosynthesis; ACD = arginine decarboxylase;
AIH = agmatine deiminase; OCD = ornithine decarboxylase; CPA = N-carbamoylputrescine amidase;
PMT = putrescine N-methyltransferase; SPDS = spermidine synthase; SMS = spermine synthase;
MPO = N-methylputrescine oxidase; * = spontaneous cyclization.

4.2. Hyoscyamine and Scopolamine Biosynthesis

Originating from N-methyl-Δ1-pyrrolinium, the next steps in the scopolamine biosynthesis
(Figure 4) were not elucidated for a long time. Recently in 2018, Bedewitz et al. (2018) identified an
atypical polyketide synthase from A. belladonna which catalyses the formation of the intermediate
4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic acid [55]. This intermediate is subsequently formed
to tropinone by a malonyl-Coenzyme A mediated decarboxylative condensation catalysed by a
cytochrome P450 enzyme, named AbCYP82M3. Tropinone serves as substrate for two stereospecific
reductases: the tropinone reductase I (TR-I; EC 1.1.1.206) and the tropinone reductase II (TR-II; EC
1.1.1.236) [56]. TR-I catalyses its reduction to tropine (3α-tropanol), whereas TR-II catalyses tropinone
reduction to pseudotropine (3β-tropanol), respectively. Pseudotropine is the precursor of calystegine
biosynthesis while tropine is used to produce scopolamine.

Tropine is assumed to undergo condensation with activated (R)-phenyllactate (phenyllactyl-CoA),
which delivers the third ring intermediate to littorine. Phenyllactate is derived from phenylalanine, an
intermediate of the shikimate pathway, which is transaminated to phenylpyruvate. Bedewitz et al.
(2014) discovered the coding sequence of a distinct aromatic amino acid aminotransferase (ArAT)
that is co-expressed with known tropane alkaloid biosynthesis genes [57]. Silencing of ArAT4 in
A. belladonna disrupted scopolamine biosynthesis by reduction of phenyllactate levels. The next step,
the reduction of ketone function, is catalysed by a recently discovered phenylpyruvic acid reductase
(AbPPAR). This reductase exhibited cell-specific expression also and was detected in root pericycle as
well as the endodermis [58].

Although no enzymatic activity had been described, it is likely that an enzyme related to the
cocaine synthase may be involved [59,60] in the formation of littorine. Littorine is rearranged via
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the littorine mutase/monooxygenase (CYP80F1; EC 1.6.2.4) to hyoscyamine aldehyde, which is
subsequently reduced to the corresponding alcohol hyoscyamine [61]. Hyoscyamine is converted
via the enzyme H6H (hyoscyamine 6β-hydroxylase; EC 1.14.11.11). The H6H is a 2-oxoglutarate
dependent dioxygenase [62] which catalyses two reactions: first, the hydroxylation of hyoscyamine to
6β-hydroxy hyoscyamine and second, the epoxidation of 6β-hydroxy hyoscyamine to scopolamine.
The bifunctional dioxygenase exhibits a strong hydroxylase activity in comparison to the rate limiting
epoxidase activity [63].

 

Figure 4. Scopolamine biosynthesis, starting with the N-methylpyrrolinium cation; PYKS = polyketide
synthase; CYP82M3 = cytochrome P450 enzyme; TR-I/II = tropinone reductase I/II; littorine synthase
(sequence not known); littorine mutase/monooxygenase (CYP80F1); (* 1) = proposed mechanism of
littorine rearrangement; H6H = hyoscyamine 6β-hydroxylase.

4.2.1. Enzymes Involved in Scopolamine Formation and Their Regulation

Putrescine Methyltransferase

The amino acid sequence of putrescine methyltransferase (PMT) is evolutionary related to
those of plant spermidine and spermine synthases (SPMS, EC 2.5.1.22; converts spermidine into
spermine; cofactor: decarboxylated S-adenosyl methionine). These enzymes are grouped in the
spermidine synthase family by the Prosite database and contain a polyamine biosynthesis (PABS)
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domain. The PABS domain consists of two subdomains: I) N-terminal subdomain composed of six
β-strands and II) Rossmann-like C-terminal subdomain [64]. It is assumed that PMT evolved from
SPDS [65,66]. Teuber et al. (2007) performed a kinetic study of heterologous PMTs from different plants
and measured Kcat values between 0.16 and 0.39 s−1.

Tropinone Reductase I and Tropinone Reductase II

Tropinone reductase I and II (TR-I (EC 1.1.1.206) and TR-II (EC 1.1.1.236)) are small proteins
belonging to the short chain dehydrogenase/reductase (SDR) family and catalyze NADPH +
H+-dependent conversion of tropinone into tropine or pseudotropine, respectively. They share the
characteristic motifs of the SDR family, such as TGXXXGXG, a motif involved in NADPH binding,
a NNAG motif and the catalytic sequence motif SYK [67]. Kushwaha et al. (2013) expressed the cDNA
of tr-I from Withania coagulans in Escherichia coli and purified the protein to investigate its functional and
catalytic properties [68]. They investigated the pH optimum, the thermostability, substrate saturations
kinetics and specificity, as well as the effect of salts. A Kcat value of 16.74 s−1 for tropinone was
determined. Additional work was performed by Qiang et al. (2016) on TR-I from Brugmansia arborea
and D. stramonium [69]. The Kcat of BaTR-I for tropinone was 2.93 s−1 at pH 6.4 and the Kcat of DsTR-I
was determined to be 2.40 s−1 at pH 6.4.

Putative Littorine Synthase

In 2015, Schmidt et al. published that the final step in the cocaine biosynthesis in
Erythoxylum coca, the esterification of methylecgonine (2-carbomethoxy-3b-tropine) with benzoic
acid, is catalyzed by a member of the benzylalcohol O-acetyl-, anthocyanin-O-hydroxycinnamoyl-,
anthranilate-N-hydroxycinnamoyl/benzoyl- and deacetylvindoline 4-O-acetyltransferase (BAHD)
family. This cocaine synthase is a plant acyltransferase, capable of producing both cocaine and
cinnamoylcocaine via the activated benzoyl- or cinnamoyl-CoA thioesters. This esterification seems to
be similar to the esterification of tropine with phenyllactic acid from scopolamine biosynthesis and
hence, it can be assumed that the littorine synthase may also belong to the BAHD family. Enzymes of
the BAHD family utilize CoA thioesters and catalyse the formation of numerous plant metabolites
All identified members so far are monomeric, cytosolic enzymes with a molecular mass ranging from
48 to 55 kDa. The enzymes of this family share two conserved domains: The first is the HXXXDG
domain, which is located near the center portion of each enzyme and is responsible for the utilization
of CoA thioesters. The second highly conserved region is a DFGWG motif that is localized near the
carboxyl terminus. These two motifs were identified in almost every functional enzyme of the BAHD
family [70].

Littorine Mutase/Monooxygenase//CYP80F1

After the esterification of tropine with phenyllactic acid, the (R)-littorine formed is rearranged to
(S)-hyoscyamine. Although the substrates for this isomerization were already identified in 1995 [71],
the enzyme involved and its mechanism remained unknown until recently. Due to the similarity of
this step to rearrangement reactions of comparable substances, it was speculated that this reaction is a
coenzyme-B12 mediated isomerization. As no traces of vitamin B12 have ever been found in plants,
this idea has been rejected [72]. Moreover, it was discovered that SAM is involved in the rearrangement
of littorine to hyoscyamine. In 2006, Li et al. demonstrated in vitro that CYP80F1 (EC 1.6.2.4) converts
littorine mainly to hyoscyamine aldehyde. Moreover, they showed that the suppression of the CYP80F1
gene by virus-induced gene silencing and RNAi results in the accumulation of littorine and reduction
of hyoscyamine levels in planta.

Hyoscyamine 6β-hydroxylase

Hyoscyamine 6β-hydroxylase (H6H) is assumed to be the determining factor in many plants that
accumulate hyoscyamine instead of scopolamine. H6H (EC 1.14.11.11) is a monomeric α-ketoglutarate
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dependent dioxygenase and the final enzyme of the TA pathway. This enzyme catalyses a two-step
reaction, the hydroxylation of L-hyoscyamine to 6-hydroxy hyoscyamine and the epoxidation of
6-hydroxy hyoscyamine to scopolamine, exhibiting low epoxidase activity compared to hydroxylase
activity [73]. The enzyme has an average molecular mass of 41 kDa and exhibits maximum activity
at pH 7.8. L-hyoscyamine, oxygen and α-ketoglutarate are required for the enzyme activity, with
respective Km values of 35 μM and 43 μM. Iron ions (Fe2+), catalase and ascorbate (as a reductant)
increase reaction catalysis. H6H is inhibited by EDTA and completely by other divalent cations,
including Ca2+, Cd2+, Co2+, Cu2+, Hg2+, Mn2+, Ni2+, Zn2+, as well as by Fe3+. Several alkaloids which
are structurally related to L-hyoscyamine have also been shown to be hydroxylated at the C-6 position
of the tropane moiety by H6H. This enzyme also epoxidizes 6,7-dehydrohyoscyamine to scopolamine
(Km 10 μM) [74].

4.2.2. Localization and Organization of Scopolamine Biosynthesis in Plants

The spatial localization of TA biosynthesis and their organization is diverse and complex.
In Solanaceae plants, TA biosynthesis takes place in the roots and the alkaloids are then transported
to the aerial parts where they are stored. Not much information regarding the transport and
the transport form is available but it is assumed that the TAs are transported through the xylem.
Cell-specific compartmentalization of scopolamine biosynthesis was previously observed in the root
tissue pericycle, where expression of the genes pmt in A. belladonna [75] and h6h in Hyoscyamus niger [76]
were detected. The enzyme TR-I, however, resides in the endodermis and nearby cortical cells in
H. niger [56,77]. In potatoes, the TR-II, which provides pseudotropine for calystegine biosynthesis, was
detected in the cortex and phloem parenchyma of roots and stolons; in tuber spouts, the protein was
detected in companion cells. TR-I, whose function in potatoes is not yet elucidated, was also detected
in protein extracts of tuber tissue, however, in quantities too low to permit localization to single
cells [78]. The enzyme PMT also catalyses the first step in nicotine biosynthesis (discussed above).
In Nicotiana sylvestris, a nicotine producing plant, pmt is expressed in the endodermis, outer cortex and
found in root xylem [79]. This compartmentalization in biosynthesis in planta may complicate future
attempts at heterologous production in single-celled microbial systems (discussed below). It may
be that eukaryotic host cells such as yeasts or microalgae may be suitable host organisms for their
biosynthesis as these cells exhibit compartmentalization of organelles and have been used for effective
metabolic engineering of complex metabolites [80].

4.3. Cocaine Biosynthesis

Cocaine biosynthesis (Figure 5), past its branch point with common intermediates shared with
other TAs, is still under investigation and not fully elucidated. In literature, two different possibilities
of the pathway towards cocaine biosynthesis have been reported. According to the classical hypothesis,
the bridgehead carbon atom C-1 of methylecgonine is derived from an N-methyl-Δ1-pyrrolinium
cation and that of C-2 originates from acetoacetate. However, feeding experiments with labelled
N-methyl-Δ1-pyrrolinium cation were inconclusive in planta and could not confirm this theory.
It was, therefore, suggested that the observed regiochemistry of incorporation of the labelled
N-methyl-Δ1-pyrrolinium cation into cocaine was compatible with the stepwise introduction of
C2 units into the ecgonine skeleton, derived from acetate [81]. Consequently, this hypothesis
proposes a new intermediate in cocaine biosynthesis, N-methyl-2-pyrrolidineacetic acid. Although this
compound was detected in several plants, all attempts at incorporation of it into the ester or thioester
forms have been so far unsuccessful [82]. Chemically, nucleophilic addition of the first acetyl-CoA
moiety reaction is assumed to be a Mannich-like reaction using the enolate anion; the side-chain
extension occurs via Claisen condensation [48]. The (S)-enantiomer cyclizes and forms the bicyclic
structure of the cocaine tropane ring skeleton by an intramolecular Mannich reaction [83]. Hydrolysis
of the CoA-ester, followed by SAM-dependent methylation and reduction yield methylecgonine
(2-carbomethoxy-3β-tropine). Methylecgonine in its turn condenses with benzoyl-CoA, which is

74



Molecules 2019, 24, 796

derived from L-phenylalanine [84], to cocaine. Schmidt et al. (2015) described an enzyme catalysing
this reaction and termed it the cocaine synthase. This synthase belongs to the BAHD family, which
catalyses the transfer of CoA-activated acyl thioesters to oxygen- or nitrogen-containing acceptor
molecules [70].

 
Figure 5. Cocaine biosynthesis, starting with the intermediate N-methyl-Δ1-pyrrolinium cation; only
less information regarding the enzymatically involvement is proven. The iminium cation reacts with
two acetyl-CoA moieties to an intermediate that cyclizes in an intramolecular Mannich reaction. After
hydrolysis, methylation and reduction methylecgonine is formed. The cocaine synthase catalyses the
last step in the pathway: the condensation of methylecgonine with benzoyl-CoA.

Cocaine and scopolamine differ mainly in two structures: First, the retention of the C-1 carboxyl
group of acetoacetate, which is subsequently methylated and second, the different stereochemistry of
the C-3 hydroxy group.

4.4. Calystegine Biosynthesis

Comparable to the hyoscyamine/scopolamine and cocaine pathways, the detailed processes
of calystegine biosynthesis are not known. Tropinone is assumed to be involved and which should
be reduced to pseudotropine, a reaction catalysed by TR-II. No further information regarding the
biosynthesis is available so far [85]. To date, no attempts at elucidation of the hydroxylation or the
demethylation of these compounds has been reported. This may be due to the relatively recent
discovery of calystegines in 1990 [2] and reduced interest in medical applications compared to
scopolamine or cocaine. In contrast to cocaine and scopolamine, the calystegine skeleton (8-azabicyclo
[3.2.1] octane) is not N-methylated, rather, it is polyhydroxylated. These compounds are classified into
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different groups, depending on the number of hydroxy groups: subgroup A consists three, subgroup
B four and subgroup C have five [86].

5. Biotechnological Approaches of Scopolamine Production and Alternative Methods of Raw
Material Supply

5.1. Scopolamine Production in Cell Suspension and Hairy Root Cultures

The quality of Duboisia spp. plant material and the quantity of scopolamine in agricultural
production depends on different abiotic factors such as climate, sunlight, soil fertilization and biotic
factors [87,88]. In times of climate change, abiotic influences may become less predictable and more
extreme. This in turn influences the biomass and results in variability alkaloid content and production
potentials [89]. To establish a more independent production system, different plant cell cultures
have been developed—especially callus cultures, cell suspension cultures and hairy root cultures.
The advantage of these cell cultures is the possibility to control TA biosynthesis via process design
in order to achieve increased or altered tropane alkaloid yields. However, to date, the produced
amounts of TAs by tissue culture are not competitive to the production of scopolamine by agricultural
farming of Duboisia hybrids. This difference in production arises due to complicated scale-up of tissue
culture production and associated costs. Additionally, the cell-specific compartmentalization of TA
biosynthesis as discussed in previous sections likely reduces tissue-culture specific production as callus
and cell suspension cultures are totipotent, undifferentiated cells [90].

Hairy roots are disease manifestations developed by plants that are wounded and infected by
Agrobacterium rhizogenes [91]. In contrast to undifferentiated cell cultures, hairy root cultures can
usually synthesize the same metabolites as unmodified roots and may also produce desired secondary
metabolites [92]. In nightshades, TA biosynthesis is localized in the root and this plant organ has been
exploited for TA production. Early experiments were performed in the late 1980s and reports are
continuing to be published on this process. The hairy root system itself is stable for several years with
steady growth and alkaloid production rates [93], however, scale-up of this system remains technically
challenging. Table 1 presents a brief overview of TA concentrations in engineered and untreated hairy
root cultures from different plants:

Table 1. Overview of TA concentrations in engineered and untreated hairy cultures from different
plants. TAs content in leaves of regenerated plants; n.d. = not determined, DW = dry weight.

Plant Overexpression of
Amount

Citation
Hyoscyamine Scopolamine

Atropa belladonna

- 0.371 ± 0.013% DW 0.024 ± 0.010% DW Kamada et al., 1986 [94]

H. niger h6h 0.02% *) 0.45% *) Hashimoto et al., 1993b
[95]

- 2.1 + 0.2 mg g−1 DW n.d. Falk and Doran, 1996 [96]

**) 0.31 mg g−1 DW 0.27 mg g−1 DW Vakili et al., 2012 [97]

Hyoscyamus niger - 1.6 mg g−1 DW 5.3 mg g−1 DW Jaremicz et al., 2014 [98]

pmt, h6h n.d. 411 mg L−1 Zhang et al., 2004 [99]

Anisodus
acutangulus

h6h 0.789 ± 0.078 mg g−1 DW 0.070 ± 0.003 mg g−1 DW
Kai et al., 2012 [100]tr-I 2.479 ± 0.432 mg g−1 DW 0.023 ± 0.004 mg g−1 DW

tr-I, h6h 2.286 ± 0.46 mg g−1 DW 0.072 ± 0.018 mg g−1 DW

Brugmansia
candida **) - 0.35 ± 0.07 mg g−1 DW 1.05 mg g−1 DW Cardillo et al., 2010 [101]

Hyoscyamus
muticus h6h 287.7 mg L−1 14.41 mg L−1 Jouhikainen et al., 1999

[102]

Duboisia
myoporoides

pmt no increase observed Moyano et al., 2002 [103]

h6h n.d. 24.93 mg g−1 DW Palazón et al., 2003 [104]

*) TAs content in leaves of regenerated plants **) chromium treatment ***) B. candida hairy roots grown in a
special bioreactor.
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A further development of the hairy roots cultures is the exploitation of TAs by “milking the
plant.” After stimulation of aeroponically cultivated plants, roots were “extracted” by putting the roots
into physiological extraction medium without harming or destroying them and desired secondary
metabolites were isolated. After “milking,” plants are returned to their cultivation apparatus to
regenerate and produce more secondary metabolites which can be subsequently extracted in further
cycles. This promising approach still needs to be optimized to be economically competitive [105].

Transgenic plants have also been generated and cultivated for TA production. Recently, Xia et al.
(2016) overexpressed pmt from Nicotiana tabacum (NtPMT) and h6h from H. niger (HnH6H) in
A. belladonna and reached high scopolamine levels (2.94–5.13 mg g−1 DW) in field conditions [106].
Almost thirty years previously, Wang et al. (1985) also overexpressed pmt and h6h in A. belladonna,
although a scopolamine concentration of only 1.2 mg g−1 DW was achieved [107].

To date, cell suspension cultures, callus cultures or hairy root cultures have been demonstrated
to be competitive for TA production in comparison to agricultural means. In comparison to these
alternative production options, the conventional field cropping of Duboisia species in Australia provides
up to 15 tons fresh leaves per hectare, with three harvests annually. The total TA concentration
of these plants is about 2–4% (equivalent to 20–40 mg g−1 DW) with ca. 60% scopolamine [1].
Obtaining these yields in terms of concentration and total amount is not yet competitive with
biotechnological approaches.

5.2. Microbial Production of Scopolamine and Enzyme Engineering Approaches

Plants and plant cell suspension cultures are often slow growing and difficult to handle.
In comparison, microbial cultures such as bacteria, for example, E. coli or yeast, for example,
Saccharomyces cerevisiae, are straightforward to cultivate and are well characterized model organisms
with fully developed molecular toolkits. Cultivation of these organisms can be readily scaled in
existing fermentation infrastructure, which makes their cultivation more economically favourable than
plant tissue culture. Therefore, heterologous production of TAs such as scopolamine in these hosts
may represent an attractive alternative given transfer of the molecular pathways is possible.

Most research in this area has been performed on understanding and optimizing H6H by
metabolic engineering. Cardillo et al. (2017) expressed recombinant Brugmansia candida h6h in
S. cerevisiae and performed bioassays using isolated enzymes [108]. Untagged H6H was able to
produce 83.3% 6β-hydroxy hyoscyamine and 7.6% scopolamine from hyoscyamine after 15 h of
incubation. Additionally, specific hydroxylase and epoxidase activity: 2.60 ± 0.19 nKat mg−1

and 0.24 ± 0.02 nKat mg−1 for these two compounds were observed, respectively. The H6H from
Anisodus acutangulus was cloned and expressed in E. coli fused with either a His- or GST-tag at the
N-terminus [109]. A bifunctional assay revealed that both recombinant enzymes converted up to
80% of fed hyoscyamine to scopolamine, however, reaction kinetics were not analysed. Li et al.,
(2012) expressed h6h from A. belladonna (AbH6H) in E. coli and determined that the Km value for
hyoscyamine under optimal conditions was 52.1 ± 11.5 μM [110]. Compared with former experiments
it revealed that the Km of AbH6H is higher than that of HnH6H from H. niger (35 μM; [74]) and from
A. tanguticus AtH6H (15.1 ± 0.3 μM; [111]), which implies that AbH6H has lower affinity for the
substrate than HnH6H. Furthermore, it has been shown that epoxidation is slower than hydroxylation
by this enzyme [63]. Pramod et al. (2010) characterized the H6H from D. metel and obtained Km values
for hyoscyamine and 2-oxoglutarate to be 50 μM each. In 2018, Fischer et. al., published results of
SUMO-tagged H6H from Brugmansia sanguinea to have a Km value of ~60μM [112].

First promising results concerning protein engineering of H6H were published in 2015. Cao et al.
(2015) used random mutagenesis and site-directed saturation mutagenesis to increase the hydroxylation
activity of H6H from A. acutangulus [113]. They developed a double mutant, AaH6HM1 (S14P/K97A),
which has a 3.4-fold increased hydroxylation and 2.3 times higher epoxidase activity than the native
enzyme, a conversion rate of 97% was achieved in vitro.
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The main challenge of the heterologous TA production is that the native biosynthesis of most
target compounds in planta are not fully elucidated to date. It is not known if the condensation of
tropine with phenyllactic acid-CoA reacts spontaneously or is enzymatically catalysed. Therefore, it is
currently not yet possible to engineer the complete biosynthesis heterologously. The goal of microbial
production of scopolamine is still in its early stages and will require complete pathway elucidation
before it can be seriously considered as an alternative to conventional farming practices. Future efforts
will require intense bioinformatic analysis of genomes and transcriptomic data to aid in identification
of the complete biochemical pathways towards TA biosynthesis. Once identified, the pathways can be
engineered into heterologous hosts and optimized for the generation of these desired products. More
details on the application of bioinformatics in this field are discussed in Section 6.

5.3. Additional Methods of Scopolamine Production

To increase the scopolamine level in planta, polyploid plants have been developed TA yields
determined. An impressive example was published by Dehghan et al. (2017) [114]. The authors
produced stable tetraploid hairy root lines of H. muticus that exhibited lower biomass production
than diploids, however, higher scopolamine (13.87 mg L−1) and hyoscyamine levels (107.7 mg L−1),
up to 200% more scopolamine than in diploid plants. However, the total yield of scopolamine from
these plants was rather low due to the slow growth rates and results were only reported for growth
conditions in optimized Murashige and Skoog (MS) or Gamborg’s B5 media which are not competitive
to conventional field cultivation. And moreover, other Hyoscyamus species like H. senecionis exhibit
higher scopolamine then hyoscyamine levels in the leaves [115] which may be favourable for breeding
and optimization approaches. Nonetheless, these initial trials are promising and polyploid plants of
other species such as D. myoporoides may be interesting alternatives. In order for this strategy to realize
economic potential, a polyploid clone must be able to be cultivated under the same conditions as the
current plants, produce the same (or higher) biomass and be genetically is stable over a period of at
least 10 years.

In 2017, Naik et al. published the first report regarding TA producing endophytes, namely
Colletotrichum boninense, Phomopsis sp., Fusarium solani, Colletotrichum incarnatum, Colletotrichum
siamense and Colletotrichum gloeosporioides, that are found in D. metel and possess the enzymes PMT,
TR-I and H6H [116]. It was reported that these fungi produce a remarkable amount of scopolamine
(4.1 mg L−1) and hyoscyamine (3.9 g L−1). Perhaps independent cultivation of these fungal species
may represent a natural alternative to heterologous hosts or agricultural cultivation. It may also be
possible to identify the biosynthetic pathways of TAs in these hosts, which could either be optimized
in the fungi themselves and enhanced or transferred into heterologous microbial hosts.

6. Big Data—The Use of “Omics” in Plant Science and Pathway Elucidation

The biosynthesis of different TAs have not yet been fully elucidated. The further biosynthetic
steps starting from the shared precursor N-methyl-Δ1-pyrrolinium cation are still uncertain. The latter
stages of scopolamine biosynthesis are quite well elucidated, however, the formation of littorine is
still unknown. Considerable progress was achieved in the elucidation of the cocaine biosynthesis by
identification of the cocaine synthase, however many other steps in its biosynthesis have not yet been
described. Calystegine biosynthesis is poorly investigated and consequently, very little information is
known about its biosynthesis. Remaining metabolic steps may be elucidated through the concerted
efforts of genomic, transcriptomic, metabolomic and proteomic data analysis, together “omics” coupled
to biochemical and heterologous enzyme characterization.

The field of computational research is increasing and so are the potential applications and the
ability to support laboratory investigations. With the help of powerful computing power, it is possible
to process large amounts of data and filter relevant information. The four major disciplines—genomics,
transcriptomics, metabolomics and proteomics—investigate the genetics, transcripts (messenger
RNA/mRNA), complete proteins and metabolites in a biological sample, respectively. The four
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fields are connected indispensably: during protein biosynthesis or gene expression, which is a
multi-layered process, two major steps are performed. In the first step, the information in DNA,
the genes, is transferred to mRNA by transcription. The mRNA is then translated into proteins or
peptides. Parts of these proteins are involved in different biosynthetic pathways, which produce then
again different metabolites. The comprehensive data from these four disciplines are collected in a
variety of ways but they come together in the sense that an evaluation can only be done with the help
of computer science.

The genome of an organism usually remains constant throughout its lifetime; hence it is difficult to
receive new information regarding biotic and abiotic regulation. The transcriptome, however, changes
directly with the environmental conditions of the organism and so does the proteome and metabolome.
This opens the possibility to use controlled lines of the appropriate organism and evaluation of its
behaviour with respect to different parameters. Changing different parameters can for example provide
information about gene regulation, help to elucidate biosynthesis, identify candidate genes or even
possibilities for genetic engineering to enhance the production of desired metabolites. In literature,
several examples for successful pathway elucidation using new techniques are described. Comparative
transcript analyses identify candidate genes for secondary metabolism. In 2014, De Luca et al. reviewed
how candidate genes for the monoterpenoid indole alkaloids (MIA) biosynthesis were identified by
comparative transcript analyses [117]. Their roles in secondary metabolism were demonstrated by
virus induced gene silencing and corresponding changes in metabolic profiles. Subsequently, these
gene candidates could be heterologously expressed, purified and their biochemical roles characterized.
Another example is the identification of candidate genes involved in betalain (tyrosine-derived
pigments) biosynthesis. In this study, the authors combined transcriptomic analysis and metabolic
profiling in Mirabilis jalapa and other betalain-producing species [118]. As these research fields are
increasing, much more data also regarding other plants and the valuable secondary metabolites is
available. As mentioned, the TA biosynthesis is not elucidated completely and important steps like the
reaction of hygrine to tropinone as well as the synthase of littorine formation are not illuminated up to
now. The application of “omics” with regard to the candidate gene isolation and the understanding of
the process in detail will be enlightening.

7. Conclusions

TAs are a large and diverse group of plant secondary metabolites that can be divided into three
major groups: hyoscyamine and scopolamine, cocaine and calystegines. The cultivation of coca,
the source plant of cocaine, is illegal and no relevant pharmacological activity has been found for
calystegine, therefore, only the cultivation of scopolamine containing plants is currently of legitimate
economic interest. The demand for scopolamine is currently growing due to its various therapeutic
applications and increasing market demand. Unfortunately, climate change and consequent variable
abiotic and biotic stressors are resulting in challenges for agricultural production of this compound
at high quantities in adequate quality. Investigations have been conducted in alternative production
systems such as engineered plants, climate-independent production systems such as plant cell cultures
or heterologous microbial production. To date, none of these alternative approaches has been
economically competitive to the conventional scopolamine production from agricultural cultivation
of D. myoporoides plants. The main issue preventing these new approaches from being successful is
insufficient elucidation of the biosynthetic pathways towards different classes of TA biosynthesis.
Not all enzymes have been described yet, the corresponding genes are unknown, rate-limiting steps
have not been identified and the interaction of metabolic flux is not known. Newly available “omics”
techniques will assist in the elucidation of these pathways, a strategy which has already been applied
with other chemical classes from a variety of plant species.

Transfer of TA biosynthesis to heterologous hosts may present other challenges. For example,
for some TAs, the production site in planta is not the storage site and compartmentalized production
systems such as yeast or algal cells may be required to duplicate biosynthetic environments in
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microbial hosts. In addition, TA producing plant cells are specialized and only certain cells express
their biosynthetic pathways, limiting the applications of undifferentiated plant-cell culture for TA
production. Promising findings have recently been published which detail the potential for endophyte
fungi to produce TAs and may be an interesting new source of these compounds separate from their
plant hosts. Indeed, the production of scopolamine, in native plants or endophytes, in plant cell
cultures or heterologously in microbial hosts is an exciting and dynamic field in which many new
insights can be expected in the upcoming years, especially due to the application of modern “omics”
technologies for pathway elucidation.
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Abstract: The genus Erythroxylum contains species used by indigenous people of South America long
before the domestication of plants. Two species, E. coca and E. novogranatense, have been utilized
for thousands of years specifically for their tropane alkaloid content. While abuse of the narcotic
cocaine has impacted society on many levels, these species and their wild relatives contain untapped
resources for the benefit of mankind in the form of foods, pharmaceuticals, phytotherapeutic products,
and other high-value plant-derived metabolites. In this review, we describe the current state of
knowledge of members within the genus and the recent advances in the realm of molecular biology
and biochemistry.

Keywords: Erythroxylaceae; Erythroxylum coca; next generation sequencing; traditional medicine;
bioprospecting; tropane

1. Introduction

Humanity has an enduring and intimate relationship with medicinal plants. From prehistoric
times through to the modern era, the use of plant specialized metabolites has helped treat diseases, steer
religious ceremonies, and cosmetically augment the body. While modern synthetic chemical methods
often provide quicker, safer and more cost-effective production of economically important compounds,
many plants remain the sole source of such molecules [1,2]. In addition, several plants containing mind
altering hallucinogenic or narcotic chemicals have become infamous for the detrimental societal impacts
of illicit drugs derived from them [3]. Nonetheless, it is imperative to obtain a deeper understanding of
how these plants synthesize their compounds for the future prospects of synthetic biology, metabolic
engineering, and potential applications in as far-ranging fields as green medicine and space exploration.

Few plant genera are as rich as Erythroxylum L. in their contribution to both highly lucrative
legal industries (soft drinks) and one of the largest illicit markets on the planet (cocaine trafficking).
The integration of Erythroxylum species into the fabric of South American societies makes any discussion
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of eliminating these plants exceedingly controversial and difficult, with many counterproductive
consequences [4]. Indeed, after decades of seemingly fruitless eradication policies, it appears productive
and prudent to explore the development of the beneficial uses of these plants, which is an approach that
is already being implemented by communities, companies, and governments in South America, within
the growing scope of legality provided by the current laws in the Andean region [5]. This approach
appears to carry significant potential, given the promising applications indicated by both traditional
cultures and the scientific research available. Additionally, recent advances in our knowledge about the
biosynthesis of tropane alkaloids, and a growing body of molecular phylogeny studies are revealing
a dynamic system of interactions and compounds that justifies further research. Indeed, the use of
beneficial products from these plants for medicinal, nutritional, agricultural, and cosmetic purposes is
becoming the focus of several countries and scientific groups. In addition, with the ever-increasing
capabilities of chemical and genetic analyses, wild species of Erythroxylum are being described
and subjected to new studies identifying their potential for future development of medicines. In
this review, we consolidate the most recent advances and knowledge in species found within the
genus Erythroxylum.

2. History and Evolution of the Erythroxylum Genus

The genus Erythroxylum includes approximately 230 species, distributed across the tropics [6].
Two species in this genus, Erythroxylum coca Lam. and Erythroxylum novogranatense (D. Morris) Hieron.,
are particularly salient. They have been cultivated for thousands of years by traditional South American
societies and, more recently, have become sources for the production of the tropane alkaloid cocaine
(commonly diverted into the global illicit trade).

Each one of these two species commonly referred to as “coca” can be subdivided into two regionally
and phenotypically defined varieties, E. coca var. ipadu Plowman and E. novogranatense var. truxillense
(Rusby) Plowman. The typical variety of E. coca is also known as Huánuco or Bolivian Coca (E. coca
var. coca). According to Plowman (1986) [7] this variety probably originated from the eastern Andes of
Perú and Bolivia, particularly in the Huállaga Valley, where wild coca plants can be found. The typical
altitude of coca crops in this region is between 500 and 1500 m above sea level, but reaching 2000 m
in some areas [7]. E. coca var. coca is the most common cultivar used in cocaine production for the
drug trade in Perú and Colombia. Amazonian coca, or Ipadú coca (E. coca var. ipadu) is grown in the
Amazonian region, which includes Colombia, Brazil, and Perú. Colombian coca (E. novogranatense var.
novogranatense) is cultivated in the inter-Andean valleys of Colombia, and in the Sierra Nevada de
Santa Marta region. It can also be found as a domestic garden plant in urban settings. Finally, Trujillo
coca (E. novogranatense var. truxillense), which grows mainly in northern Perú, and is the variety best
adapted to the dry, arid climates of Perú’s coastal deserts.

Coca is among the oldest cultivated medicinal plant species, with evidence of its use dating back at
least 8000 years in South America [8,9]. Traditional coca consumption remains prevalent across scores
of Andean and Amazonian communities. In 2012, Bolivia’s traditional coca-using population was
estimated at around three million people [10], while in 2013, Perú’s coca-using population numbered
around 3.5 million [11]. In addition, significant traditional coca-using populations are also found in
Argentina, Brazil, Chile, and Colombia, although their numbers are unknown [12].

Coca leaves contain the highest amounts of cocaine and other tropanes in the plant [13]. The total
alkaloid content of coca leaves varies by variety and climate. For example, Bolivian coca contains on
average 0.63% dry weight cocaine in the leaves [14], whereas, E. coca var. ipadu (Amazonian coca)
contains between 0.11% and 0.41% cocaine content. No significant differences were witnessed between
laboratory and field grown Amazonian coca plants, suggesting that the biosynthesis of tropane alkaloids
is regulated at the molecular genetic level. The highest cocaine levels identified in common cultivars
of coca are obtained from the E. novogranatense varieties. In this species, cocaine levels vary from
an average of 0.77% in Colombian coca to 0.72% in Trujillo coca. A study by Acock et al. (1996) [15]
revealed that while light intensity (photosynthetic photon flux density) did not seem to have much

88



Molecules 2019, 24, 3788

of an effect on alkaloid production, temperature did have an effect. Lower temperatures seemed to
adversely affect alkaloid content in all studied cultivars.

Coca leaves are traditionally consumed by forming a quid in the cheek (i.e., in English this is called
“coca chewing”, although little chewing is involved). Frequently, the coca leaf quid is complemented
with a basified material or alkaline adjuvants. These are generally processed (usually burnt) from
diverse sources such as plant ashes (i.e., quinoa, tree leaves, and cinnamon), animal bones, seashells,
mineral deposits, and sodium bicarbonate. These alkaline adjuvants bear a multitude of names across
South America (i.e., cal, llipta, ilucta, mambe, tocra, lejía, etc.) [16]. The mode of traditional coca
consumption varies according to the coca variety and the alkaline substance used. For example,
Huánuco coca leaves are chewed directly following the addition of the alkaline powder (cal), which
is alternated with additional leaves and cal. The alkaline powder is often substituted with sodium
bicarbonate or other adjuvants, especially for non-native consumers. Colombian coca and Trujillo
coca are both chewed with ashes made from incinerated seashells, bones, or mineral deposits found
in limestone rock formations. Amazonian coca is processed more extensively, presumably with the
aim of strengthening the release of its lower alkaloid content, via a complex process that includes
the mild roasting and powdering of the leaves, followed by filtering with a fine mesh or fabric and
mixing with dried leaf ashes of the species Cecropia sciadophylla Mart. Other species of the Cecropiaceae,
such as Cecropia peltata L. and Pouruma cecropiifolia Mart. are occasionally used when C. sciadophylla
is unavailable [7,17]. Schultes (1981) [17] makes reference to the addition of other plants to the coca
powder to increase its effects or improve flavor. For example, several species within the genus Costus L.,
one species of Styrax L., and the palms Cocratea exorrhiza (Mart.) H.Wendl. and Astrocaryum gynacanthum
Mart. (=Astrocaryum munbaca Mart.) have all been documented for this purpose. The subjective effect
on human consumers is described as energizing and mood enhancing, as well as providing a sense of
well-being, while suppressing feelings of appetite and thirst [18].

Coca has a rich social, cultural and medicinal significance in the traditional South American
cultures where it is cultivated and used [12]. It is employed, disproportionately by adult men, to
promote individual work performance and self-discipline as well as to strengthen community ties via
work-related social gatherings, “town hall” style meetings, religious ceremonies, and important life
events (such as weddings and funerals), where sharing and using coca are central activities [19–21].
Coca also bears metaphysical significance, as it is used as an offering to nature, in divinatory practices,
and as part of rituals believed to help sustain the balance between the human and natural worlds [19].

In traditional medicine, coca is utilized as a remedy for a wide variety of conditions, ranging from
alleviating oral pains, digestive maladies, hunger, altitude sickness, muscular and skeletal aches, as well
as sadness and sexual impotence [22]. The uses and potential of coca in traditional and contemporary
medicine, nutrition, and agriculture are further explored in Section 4.

2.1. The Phylogeny of Erythroxylum and Related Genera

The families Erythroxylaceae and Rhizophoraceae make up a well-supported clade in the order
Malpighiales [23]. Both families share numerous morphological characteristics [24], as well as specific
types of alkaloids that are rare in other groups of angiosperms, such as hygroline, tropane alkaloids,
and pyrrolizidines [25]. In the Erythroxylaceae, Erythroxylum is placed adjacent to the clade formed by
the African genera Nectaropetalum Engl., Pinacopodium Exell and Mendonça, and Aneulophus Benth.
The clade formed by these three genera is sister to the genus Aneulophus Benth., also endemic to
Africa [26]. A phylogenetic framework of Erythroxylum has been recently reported by Islam (2011) [27]
and White et al. (2019) [28]. This work provides a greater understanding of the subgeneric relationships
within the genus and complements the original monograph written over 100 years ago [29]. Recent
phylogenetic studies agree with earlier work, suggesting that most of the sections proposed by
Schulz (1907) [29] are not monophyletic [14,30–32].

The phylogeny presented by Islam (2011) [27] is based on two loci, the intergenic spacer of the
chloroplast rpL32-trnL, and the intergenic spacer of the Ribosome (ITS), whereas the tree presented by
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White et al. (2019) [28] is based on 547 nuclear genes. These studies are consistent with each other
when considering the position of the cultivated species. In both phylogenies, E. novogranatense and
E. coca are not sister species, contradicting the results from Bohm et al. (1982) [33]. According to
White et al. (2019) [28], cultivated species stay in a clade with approximately 24 species (see Figure 1),
distributed mainly in the northwestern region of the Neotropics, which in turn includes a mainly
Caribbean clade, with species such as, Erythroxylum brevipes DC., Erythroxylum carthagenense Jacq.,
Erythroxylum cumanense Jacq., and Erythroxylum havanense Jacq., and a mainly Amazonian and Andean
clade which includes the two cultivated species, as well as Erythroxylum cataractarum Spruce ex Peyr.,
and Erythroxylum gracilipes Peyr.

Erythroxylum species, with current or potential biomedical applications, belong to a variety of
clades within the genus’s phylogeny. The American species are grouped in sections of Erythroxylum,
Archerythroxylum, and Macrocalyx. Archerythroxylum is a paraphyletic grouping, containing at least
seven American sections [28]. Macrocalyx is polyphyletic and nested within the Archerythroxylum
species [30]. Species belonging to Archerythroxylum include Erythroxylum vacciniifolium Mart. which
is located in clade I (sensu [28]), Erythroxylum caatingae Plowman which is a sister species in clade
V (also containing the cultivated species), and Erythroxylum ovaliifolium Peyr. whose phylogenetic
location is unknown. Erythroxylum subsessile (Mart.) O.E. Schulz belongs to Erythroxylum and is located
also in clade I. Erythroxylum suberosum A.St.-Hill., A.Juss. and Cambess has not been included in
molecular phylogenies, but there is morphological and anatomical evidence to place it near Erythroxylum
macrophyllum var. savannarum Plowman in clade III [30].

Few African species have been included in phylogenetic analyses, however, it can be inferred
from White et al. (2019) [28] that these species do not constitute a monophyletic grouping. At least
one of these groups, which includes Erythroxylum nitidulum Baker, is sister to the rest of the genus.
The African species with biomedical applications belongs in two sections as follows: Erythroxylum
macrocarpum O.E. Schulz and Erythroxylum laurifolium Lam. can be found in the Pachylobus section
and Erythroxylum pervillei Baill. belongs to the Eurysepalum section. Finally, the Asian Erythroxylum
cuneatum (Miq.) belongs to the Coelocarpus section, which is morphologically diverse and possibly not
monophyletic, with species present in Australia, Southeast Asia, and West Africa.

Most Erythroxylum species are distyle, featuring individuals whose flowers have short styles and
long stamens (brevistyles) and long styles and short stamens (longistyles). This characteristic was
first described by Darwin [34]. Such floral dimorphism is associated with self-incompatibility in the
genus, which has been shown experimentally to be stronger in E. coca than in E. novogranatense [33,35].
Crossing has been successful between E. novogranatense varieties, whereas crossing is only successful
between species when one of the individuals is a staminated E. coca. Crosses are much more frequent
when they involve E. novogranatense var. truxillense [33].

In studies of wild and distyle species in the genus, it has been shown that Erythroxylum havanense
Jacq. is self-incompatible [36], while Erythroxylum amazonicum Peyr. is self-compatible [37]. More
detailed E. havanense analyses have proven the existence of sharp pollen fertility differences across
flower types, suggesting an active evolutionary transition toward dioicity [38–40]. A similar loss of the
distyle condition, expressed as seed production without pollination (agamospermy), was detected for
Erythroxylum undulatum Plowman at the embryological level [41].

2.2. Domestication of the Coca Plant

The first explicit hypothesis about coca domestication was based mainly on the results of
hybridization experiments and flavonoid profiles of the cultivated varieties [33]. Under this hypothesis,
Bohm et al. (1982) [33] proposed a linear process of domestication of the cultivated varieties. This
postulated series of domestication events started with E. coca, which is thought to have originated
from a wild relative, presumably in the Amazonian foothills of Perú and Bolivia. In this domestication
model, the Amazonian variety Ipadú originated from the Andean-adapted species. Trujillo Coca was
then developed independently as an adaptation to the dryer conditions of the northern regions of Perú.
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Finally, Colombian coca was selected from Trujillo coca, with an adaptation to the wetter environments
of the inter-Andean valleys of Colombia.

Phylogenies based on amplified fragment length polymorphism (AFLP) fingerprinting [42,43],
support the monophyly of each cultivated species, E. coca and E. novogranatense. Johnson et al. (2005) [43]
reported that both cultivated species are genetically well separated and have similar intraspecific
variability, which is a pattern that contradicts the linear hypothesis of domestication. This genetic
structure pattern, combined with the allopatric distribution of both species, suggests an independent
origin, which makes both species sister groups. At the intraspecific level, AFLP data showed little
variation in E. coca var. ipadu, which is consistent with the clonal mode of propagation in this
variety [9,44,45], and with the domestication hypothesis of Bohm et al. (1982) [33]. Genetic distance
between varieties of E. novogranatense was negligible, however, because differences in ecological
preferences and leaf flavonoid chemotypes are clearly distinguished, taxonomic status of these varieties
was not rejected [46–49].

The most robust taxonomically-sampled phylogenies produced by Islam et al. (2011) [27] and
White et al. (2019) [28] indicate that the cultivated species of coca are not sister groups, contradicting
the results of the studies mentioned above. According to White et al. (2019) [28] E. coca is located in
a clade that includes E. gracilipes (paraphyletic) and E. cataractarum (Figure 1), while E. novogranatense is
the sister species of the clade formed by these three species. Under this scenario, White et al. (2019) [28],
proposed a new hypothesis, with independent domestication events, one of these from E. cataractarum
to produce E. novogranatense, and the second one from E. gracilipes to produce E. coca. This view is
supported by the phylogenetic position of the taxa, and by the geographical distribution of the potential
ancestor species, with E. cataractarum closer to E. novogranatense, and E. gracilipes closer to E. coca. More
genetic evidence at the population level could help produce a more conclusive hypothesis of coca
domestication. In addition, improving the taxonomic sampling in section Archerythroxylum would also
help resolve the question of the proper placement of species in this clade.

Figure 1. Phylogeny of the Erythroxylum genus. Colors on the map and the bars next to the names
indicate the biogeographic regions where the species are naturally distributed. Numbers on the nodes
indicate bootstrap support, which is 100% where not indicated. Modification of the phylogeny, inferred
by White et al. (2019) [28] in the American Journal of Botany, 106(1), p. 158, is republished with
permission from the Botanical Society of America.
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2.3. Omic Studies on Erythroxylum to Shed Light on Evolution and Functional Background

Next-generation sequencing (NGS) technologies have revolutionized the acquisition of genetic
information and the understanding of molecular processes. Recovering high-throughput genetic
data in Erythroxylum can provide an integral perspective regarding key components of its genome.
For instance, this data can uncover the basis of current diversification patterns by shedding light
on the functional meaning (i.e., the function of DNA sequences), structural organization (including
the genetic mapping and sequencing of entire chromosomes or genomes), and the scale of genomic
differences (such as constructing multiple genome alignments to assess major evolutionary events
such as chromosomal rearrangements). Population and phylogenetic studies are migrating from
traditional molecular markers such as microsatellites and AFLP [42,43], to screening methodologies
coupled to NGS platforms. To date, few efforts have been reported regarding the use of omic data for
Erythroxylum species. Noteworthy exceptions are the Sanger library of sequenced cDNA and the 454
transcriptome data both made from biosynthetically active young leaf tissue [50,51], which characterize
the biosynthesis of alkaloids. In addition, there is a reported chloroplast genome for E. novogranatense
(NCBI accession number NC_030601.1), produced from whole genome sequencing using a short-read
high-throughput strategy via an Illumina platform. Finally, there is the previously mentioned
study of White et al. (2019) [28] across Acherythroxylum members, which utilized a gene-target
sequencing strategy (exome sequencing) and a draft genome assembly for E. coca as a reference for
phylogenetic purposes.

A cost-effective strategy to obtain genomic information is reduced representation sequencing
(RRS), where thousands of single nucleotide polymorphisms (SNP) are homogeneously screened with
genotype neutral loci and adaptive loci detected as outliers from the genomic background (for extended
literature see [52–54]). Neutral loci can provide a measure of genetic differentiation to address several
questions in demography, phylogeography, or population genetics based on how the genetic diversity
is partitioned across individuals, populations, and species in Erythroxylum. In addition to supporting
our knowledge of evolutionary processes, these types of studies can provide new approaches for
tracing gene flow dynamics, allowing the development of marker-based tools. These can help the
identification of new cultigens, as well as the loci involved in the biosynthesis of compounds of interest
(such as alkaloids).

Omics data also have the potential to produce useful information for several bioprospecting
targets in Erythroxylum, such as the ones referenced in the next two chapters. This information can
serve as a platform for gene discovery, the development of breeding programs (where phenotypic traits
are linked to specific sites or genes, using strategies such as marker assisted selection, MAS), and even
the development of pharmaceutical products using gene editing tools. Nevertheless, limited published
data on these efforts is available, particularly in comparison to other species that produce specialized
metabolites and are also used as illicit substances. The most conspicuous example is the research on
Cannabis, which is at least a decade ahead in available omic information (genomes, transcriptomes,
genetic maps, metabolic pathways, etc.) and is already succeeding in using this data to generate
desirable plant characteristics for industrial purposes. This includes the development of plant lines
where the biosynthesis of tetrahydrocannabinol (THC, the molecule producing psychoactive effects) is
minimized, and cannabidiol (CBD, with broad medical applications) biosynthesis is enhanced [55,56],
boosting a growing pharmaceutical and phytotherapeutic market.

Cannabis research demonstrates the importance of modern omics technologies in deciphering
and making productive use of genetic resources. Within the bioprospection studies in Erythroxylum,
such endeavors involve reconstructing the overall metabolic network of tropane biosynthesis, where
association studies between particular phenotypes of E. coca and E. novogranatense are coupled with
whole genomes (both assembled and annotated), transcriptional profiles, SNP screens (for putative
genes of interest), and whole metabolomic data. This type of biological information could serve as
a knowledge platform with multiple productive applications. These range from detailing the history
and evolution of Erythroxylum species to identifying the metabolic pathways (as well as promoters
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and inhibitors) of key compounds (such as alkaloids and flavonoids) to enabling more effective crop
management strategies.

3. An Overview of Bioprospection and Pharmacological Research in the Erythroxylum Genus

The widespread distribution of the Erythroxylum genus has led its member species to face diverse
climates, herbivore pressures, and soil nutrient conditions, resulting in a wide array of adaptations.
These include the evolution of multiple general and specialized metabolites with nutritional and
biomedical potential. Such a large reservoir of molecules offers an opportunity for the use of
up-to-date “screening” tools that can help identify the productive applications of this genus across
many biochemical pathways. Table 1 summarizes the applications of Erythroxylum metabolites found
across the health literature.

Table 1. Bioactive properties within some members of the genus Erythroxylum.

Species Distribution Type of Study
Bioactive
Properties

Extract
Source

Active Compounds References

Erythroxylum
vacciniifolium

Mart.

Brazilian northeast,
Atlantic Forest

Pre-clinical testing:
Lymphotropic virus

type I (HTLV-1) positive
MT-4 cells and mice

- Aphrodisiac
- Tonic

- Antimicrobial
- Anticancer

Stem bark

C-3 α ester; C-3 3,4,5
trimethoxybenzoic acid;

pyrrole-2-carboxylic acid;
cinchonains 1a and 1b

Zanolari et al.
(2003)

Graf et al. (1978)
Manabe et al.

(1992)
Satoh et al. (2000)

Erythroxylum
ovalifolium

Peyr.

Restinga
(sandbanks) in the

state of Rio de
Janeiro (Brazil)

Pre-clinical testing:
Swiss mice

- Neutralize
toxicity of snake

venom
- Treat edemas and

hemorrhages
- Anti-fungal

Stem bark Friedelin and Lupeol
Coriolano de
Olivero et al.

(2016)

Erythroxylum
pervillei Baill.

Endemic to
Madagascar

Testing: Human
ovarian

adenocarcinoma
(SKVLB) cells and

multidrug-resistance
oral epidermoid

carcinoma (KB-V1) cells

- Anticancer
- Treat abdominal

pain

Stem bark
and roots

- Previlleine A, G and H
- Aromtic sters

Chin et al. (2006)
Silva et al. (2001)

Erythroxylum
macrocarpum
O.E. Schulz

Endemic to
Mauritius

Pre-clinical testing:
Swis albino rats

- Antibacterial
- Diuretic

Leaves and
twigs

- Tannins
- Flavonoids

- Tropan-3α-ol
- tropan-3β-ol

- 6β-diol

Mahomoodally et
al. (2005)

Al-said et al.
(1986)

Erythroxylum
caatingae
Plowman

Dry forest in
northeastern Brazil
known as Caatinga

Pre-clinical testing:
Swiss mice and human

cancer cells from
leukemia (K562), lung
(NCI-H292) and larynx

(Hep-2)

- Anticancer
- Antimicrobial Stem - 6β-Benzoyloxy-3α-

(3,4,5-trimethoxybenzoyloxy)
Aguiar et al.

(2012)

Erythroxylum
suberosum
A.St.-Hill.,
A.Juss &
Cambess.

Savannahs in Brazil,
Bolivia, Paraguay,
Venezuela and the

Guyanas.

Testing: Human cancer
cells of oral squamous

carcinoma (SCC-9),
hypopharynx

squamous carcinoma
(FaDu) and human

keratinocyte (HaCaT)

- Antidiarrhea
- Astringent

- Antirheumatoid
- Anesthetic

- Antioxidant

Leaves

- Coumarins
- Flavonoids

- Isoquercitrin
- Catechin

Riberio et al.
(2015)

Barros et al. (2017)
Macedo et al.

(2016)

Erythroxylum
laurifolium

Lam.

Endemic to
Mauritius

Testing: Kidney
epithelial cells (VERO)

- Anti-diabetic
-

Anti-hypertension
- Effects against
Herpes I virus

Leaves

- Afzelin
- Quercitrin

- Tannins
- Flavonoids

Picot et al. (2014)
Hansen et al.

(1996)
Lohezic et al.

(1999)
Jelager et al.

(1998)

3.1. Erythroxylum vacciniifolium Mart.

E. vacciniifolium is a popular medicinal plant in Brazil. An infusion made with this plant is called
“catuaba” (a name also applied to infusions of plants belonging to other genera). E. vacciniifolium
stands out for having tonic and aphrodisiac properties. According to Zanolari et al. (2003) [57],
these effects are linked to the plant’s tropane content, including catuabines A, B, and C. Extensive
research has been conducted on E. vacciniifolium and other species in this genus to identify bioactive
compounds with medicinal properties. These bioactive properties are linked to the compounds’
chemical structure, such as the presence of C-3 α ester, a moiety not often found in tropanes of the
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Erythroxylaceae. For catuabines A and B, this is C-3 3,4,5 trimethoxybenzoic acid and for catuabine C
it is pyrrole-2-carboxylic acid [58]. Novel tropane alkaloids are shown in Figure 2.

Figure 2. Example of novel tropane alkaloids found in extracts of E. vacciniifolium. Structural data was
determined using high-resolution electrospray ion cyclotron resonance mass spectroscopic analysis [57].

Indigenous people utilize the leaves of the plant as a stimulant. In addition, its bark is used as
a remedy for erectile dysfunction. Alkaline extracts and teas made with E. vacciniifolium appear to act
on the human immunodeficiency virus (HIV) and against opportunistic infections [57]. This may stem
from the antimicrobial activity of the E. vacciniiifolium extract against Escherichia coli and Staphylococcus
aureus, which can cause lethal infections especially in patients with compromised immune systems [59].
Catuaba’s cytotoxic activity has also been studied, as it yields two cytotoxic flavonoids, cinchonains
[DR1] 1a (4) and 1b (5). Applying these flavonoids to L1210 mouse leukemia cell cultures results in
a significant reduction in the number of cancerous cells. [60] (Figure 3).

Figure 3. Cinchonains 1a (4) and 1b (5) as reported in Satoh et al. (2000) [60].

94



Molecules 2019, 24, 3788

3.2. Erythroxylum ovalifolium Peyr.

E. ovalifolium is a woody shrub extensively distributed along Brazil’s coastal plains. As with
other species in the genus, this shrub has attracted research interest due to its medicinal bioactive
properties. E. ovalifolium extracts can significantly neutralize the toxic effects of snake venom, such as
the one produced by the Southern American bushmaster Lachesis muta. Additionally, these extracts
also minimize edemas and hemorrhages, symptoms associated with snake venom exposure. Pure
E. ovalifolium extracts have been noted for their antifungal properties against fibrous fungi such as
Fusarium guttiforme and Chalara paradoxa. Along with other species in the genus, E. ovalifolium can
produce tropane alkaloids. Medicinal triterpenoids, such as friedelin (6) and lupeol (7) Figure 4,
and a host of flavonoids have also been detected in E. ovalifolium extracts [61].

Figure 4. The triterpenoids friedelin (6) and lupeol (7) isolated and described in E. ovalifolium
extracts [61].

3.3. Erythroxylum pervillei Baill.

E. pervillei stands out in its genus for having the most applications across both biotechnology
and medicine. Several isolated compounds from E. pervillei are used to counteract drug resistance in
tumor-based diseases [62].

For instance, pervilleines such as pervilleine A (8) with N-oxide are used to revert pharmacological
resistance in small tumor panels. These compounds are known for their trimethoxycinnamate
group at C-6, which confers the cytotoxic and antitumor properties commonly found in these plants.
Additionally, these compounds restore vinblastine and colchicine sensitivity in several cell lines.
Furthermore, methanolic extracts and tropane alkaloids from E. pervillei preparations are used in
traditional medicine for their cytotoxic properties and as antineoplastic agents, inhibiting malignant
tumor growth [52]. In traditional medicine, E. pervillei preparations are used for their cytotoxic
properties and as antineoplastic agents, inhibiting malignant tumor growth. Traditional communities
also use E. pervillei roots for treating abdominal pain. Among certain cultures, this plant is known as
“Tsivano” and is employed as a fish poison [63,64]. This research resulted in the identification of novel
aromatic esters shown in Figure 5.
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Figure 5. Pervilleine A (8) and other aromatic esters isolated from extracts of E. pervillei [64].

3.4. Erythroxylum macrocarpum 0.E. Schulz

Several studies have produced descriptions of E. macrocarpum’s components and medicinal
properties. The plant is rich in tannins, phenols, flavonoids, and alkaloids, with the latter displaying
antimicrobial activity. Aqueous extracts of E. macrocarpum feature a wide spectrum antibiotic activity
against test organisms like Staphylococcus aureus, however, there are no reports of antifungal properties
associated with these extracts. It is noteworthy that most of the antibacterial compounds are found in
the plant’s leaves, and less frequently in branches or roots [65].

Several studies suggest that E. macrocarpum displays a notable diuretic effect (i.e., it augments the
flow of urine), which may have clinical value in several kidney disorders. This activity is achieved by
means of compounds that limit the Na+ permeability of enterocytes, reducing the electrochemical
gradient and minimizing the force that propels fluid through the small intestine. In this manner,
the liquid reabsorption is inhibited across the nephron’s proximate, distal and collector ducts, which
leads to the production of high urine quantities [66]. The plant’s main alkaloids are benzoyl esters of
tropan-3α-ol, tropan-3β-ol and tropan-3α, 6β-diol, as well as their Nor-derivates, which contribute to
this plant’s medicinal characteristics [67]. Examples of these structures can be found in Figure 6.
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Figure 6. Examples of tropanes found in Erythroxylum macrocarpum [67].

3.5. Erythroxylum caatingae Plowman

E. caatingae, another species found in Brazil was reported to have antifungal and antimicrobial
activity with little cytotoxic activity in mice [63]. In particular, the tropane catuabine B,
6β-benzoyloxy-3α-(3,4,5-trimethoxybenzoyloxy), elucidated by De Oliveira et al. (2011) [68], induced
a rise in early apoptosis in cells from 53.0% to 74.8% [63].

3.6. Erythroxylum Suberosum A.St.-Hill., A.Juss and Cambess

E. suberosum is a small and woody shrub popular in Brazil as a medicinal plant. It is claimed to
have anti-diarrhea, astringent, anti-rheumatoid, and anesthetic properties among others. There has
been little research to ascertain the chemistry behind these effects. Nonetheless, Ribeiro et al. 2015 [69]
highlights some of the properties of E. suberosum extracts and suggests the presence of alkaloids,
coumarins, flavonoids, anthocyanins, tannins, and tri-terpenes as causal agents. He also mentions
that the E. suberosum extract displays high antioxidant effects through DPPH reduction, mediated by
the phenolic compounds from this plant [69]. This last claim is confirmed in Barros et al. 2017 [70],
wherein he isolates isoquercitrin, quercetin, catechin, and epicatechin isomers displaying antioxidant
activities. Additionally, extracts from this plant show cytotoxic activity from these compounds in head
and neck cancers, particularly tongue and hypopharynx carcinomas [71].

3.7. Erythroxylum laurifolium Lam.

Found in the Mauricio region in Brazil, this plant is thought to have antidiabetic medicinal
properties. One mechanistic study reported the plant’s inhibitory effect on important carbohydrate
hydrolysis enzymes, including amylase and α-glucosidase. Additionally, the plant’s extracts appear to
trap glucose via its kinetic effect on amylosis. These extracts show stronger medicinal effects if prepared
with methanol rather than water [72]. Ethanol extracts from E. laurifolium inhibit angiotensin enzymes,
an effect used in treating arterial hypertension from heart and kidney failure. The effect is linked to
E. laurifolium’s proanthocyanidins or condensed tannins and flavonoids quercitrin and afzelin [73].
Additionally, its oligomeric and polymeric proanthocyanidins act against the Herpes simplex type I
virus, by disrupting its replication via enzyme inhibition [74]. Similarly, the plant extracts’ antimicrobial
activity has been evaluated against Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Salmonella typhi. These effects are attributed to the isolated tannins found in E. laurifolium extracts [75].
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4. Erythroxylum coca and E. novogranatense: Coca’s Productive Uses

4.1. Context of Coca’s Uses

Coca’s traditional use as a natural stimulant among native South Americans prompted a boom
in scientific interest during the 19th and early 20th century. This history is extensively researched by
Gootemberg (2008) [76]. This initial scientific interest led to the isolation of cocaine and its derivatives,
the first anesthetics identified by science, contributing to the rise of modern anesthetic-assisted surgery
and pharmaceuticals, as well as the emergence of the soft-beverage industry (including Coca Cola,
which still contains decocainized coca leaf extracts).

Nevertheless, the early 20th century backlash against cocaine, due to its toxicity and potential for
addiction, drove the stigmatization of whole coca [76] and has held back research and development
activity regarding its potential applications. Indeed, legal hurdles, stigma, and conflation with cocaine,
compounded by the lack of awareness regarding coca’s unique characteristics, have impeded research
on whole coca and its non-cocaine components [77,78]. To this day, the science regarding whole coca’s
risk profile and productive applications remains limited, both due to the paucity of research on this
topic and the need to replicate and enhance existing studies [79]. For instance, the available articles
on coca’s physiological and health effects (referenced throughout this section) consist of case studies
rather than clinical trials. This is unsurprising given the obstacles to performing coca research thus
far. That said, traditional medicine, the incipient research available on coca, and the findings from
related Erythroxylum species indicate that there is potential for addressing the coca research gap and
developing coca’s productive applications.

4.2. Whole Coca versus Isolated Cocaine

Coca’s safety profile, due to its cocaine content, is a key consideration when pondering the
development of coca’s productive applications. The Biondich and Joslin (2016) [79] review explores
coca’s safety profile and finds several factors that may contribute to the safety of whole coca leaf
products as compared to the health risks associated with cocaine isolates. First, whole coca leaf
products expose humans to significantly lower cocaine content. Whole leaves average 0.1% to 0.9%
cocaine weight and, typically, traditional coca chewers consume 60 g of leaf over the span of a day,
resulting in gradual, partial absorption of coca’s alkaloids. Secondly, because the cocaine present in
whole leaf is not as readily absorbed as cocaine isolates (particularly, the soluble cocaine hydrochloride
salt), peak cocaine concentrations in the blood are approximately 50 times lower than when cocaine
isolates are consumed. Third, whole coca is believed to contain three endogenous alkaloids, as well as
yield some 17 other alkaloids [80,81], belonging to the tropanes, pyrrolidines, and pyridines. According
to Novák et al. (1984) [82], coca’s other alkaloids are significantly less toxic and active than cocaine
and, based on Rubio et al. (2015) [83], at least some of these are also significantly absorbed. Potentially,
these alkaloids interact with similar receptors as cocaine and may contribute to different, and possibly
milder, pharmacological outcomes.

A topic that has not received significant scientific attention is the pharmacokinetic activity of
whole coca alkaloids. As whole coca’s endogenous cocaine and related alkaloids are not stabilized
as a cocaine salt (i.e., cocaine hydrochloride), whole coca’s endogenous cocaine may react in the
presence of saliva and alkali solutions in the oral mucus. This could result in the partial breakdown of
cocaine into other alkaloids that also contribute to different pharmacological outcomes vis-à-vis cocaine
isolates. Similarly, the presence of other phytochemicals (such as flavonoids) with significant metabolic
activity is poorly documented and their effects and interactions with coca’s other components remains
unexamined in the literature.

Nersesyan et al. (2013) [84] produced a case study of whole coca’s oral cancer risk and found
indications that it was potentially lower than other psychoactive plants used orally. Nersesyan et al.
(2013) [84] detected no nuclear DNA damage resulting from coca use, however, they noted some acute
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cytotoxicity when coca is accompanied with alkaline adjuvants [84]. The extent to which these effects
may or may not increase cancer risk is unknown.

The multiple factors that reduce coca’s risks vis-à-vis isolated cocaine may explain the absence of
reports regarding whole coca harms. The WHO/UNICRI Cocaine Project 1995 [85], which allegedly
reviewed coca and cocaine, could not identify evidence of negative health consequences for coca leaf
chewing or whole coca product formats [85], however, this review went unpublished due to political
pressures and was only recovered for general dissemination after lobbying efforts by civil society
organizations [86]. It should be noted that this WHO project did not conduct extensive epidemiological
research on coca leaf consumption, which remains a gap in the scientific evidence.

4.3. Potential Uses in Contemporary Medicine

The potential value of coca leaf in contemporary medicine is hypothesized based on both traditional
medicine reports and the small number of studies that have managed to overcome the legal constraints,
logistic barriers, and stigma surrounding this plant. As mentioned earlier, the literature is limited
in volume and constitutes a low level of evidence across all of coca’s applications but may indicate
a significant opportunity to use updated techniques exploring hypotheses about coca. Additionally,
more work is needed to explore the molecules and interactions behind the physiological effects
observed (Figure 7). Though coca’s alkaloids may well drive many of the observations, other chemical
families (such as flavonoids) could play an important part as well, however, a full characterization of
coca’s alkaloid and nutrient content with contemporary techniques remains absent and thus hinders
further research studies in this area.

Figure 7. Potential biomedical uses of the coca plant across mental health, dental health, physical
performance, and intestinal tract.

It is worth noting that some of the available research on whole coca does not appear to account for
the challenge that novice coca chewers may encounter in mastering the techniques of traditional coca
consumption. This may limit research participants’ ability to fully realize coca’s effects. Anthropological
reports point out that learning these techniques takes time, even among members of traditional
cultures [16,19]. Future research may require methods or product formats that facilitate product
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adoption to assess the full effects of coca and the variation of these effects among novice and
experienced users.

4.3.1. Coca and Physical Performance: Metabolic and Cardiovascular Effects

Among the areas of interest for contemporary medicine, a key topic explored in the literature has
been coca’s value as a stimulant and its effect on physical performance, which is the application most
akin to coca’s traditional use.

The available literature explores several whole coca effects on the endocrine and vascular systems,
associated with physical performance enhancement. First, there is the presumed increase in glucose
availability, especially during physical exertion [87–92], which may be achieved via coca’s effects on
promoting fatty acid metabolism [93]. Secondly, Weil’s (1981) [22] review identified a subjectively
reported temporary appetite suppression, which may be linked to coca’s promotion of higher glucose
availability. Third, there are hypotheses that coca use is associated with improved blood flow and
reduced heat loss [94,95], possibly connected with mild vasoconstriction, higher hemoglobin levels,
and blood thinning effects [96]. These may stem from coca’s alkaloids atropine-like behavior, that
temporarily reduces the rate of red blood cell production, resulting in lower blood viscosity [97].

Overall, coca’s physical performance effects are relatively mild, but potentially clinically significant.
Biondich and Joslin (2015) [98] and Biondich and Joslin (2016) [79] indicated that coca’s impact on
glucose availability appears to be coca’s most scientifically-validated metabolic effect [93]. They
reported the value of using coca in reducing the symptoms of altitude sickness. The effects on glucose
metabolism may provide a basis for the appetite suppression that Weil (1981) [22] hypothesizes could
support coca’s use in weight management regimes, as well as, potentially, diabetes management.
Coca’s blood thinning effects, speculated in Fuchs (1978) [97], may also contribute to the low incidence
of thrombosis in native Bolivian populations, as noted by Rodriguez (1997) [96]. This would indicate
the potential of coca products for stroke prevention, as long as coca’s vasoconstrictive effects are
properly accounted for and managed.

4.3.2. Coca and Digestive and Oral Health

Weil (1981) [22] reported coca’s digestive health application in traditional Andean medicine, where
it was used for alleviating gastric tract ulcers, lesions, spasms and pains, nausea, and diarrhea. It can be
hypothesized that coca’s tropane alkaloids may employ similar metabolic pathways as hyoscine, with
proven clinical value in managing digestive symptoms. Montesinos (1965) [99] and Weil (1981) [22]
speculated that coca’s anesthetic alkaloids may disrupt the negative feedback loops between the central
nervous system and the digestive tract that generate these symptoms, thereby improving secretions,
relaxing digestive muscles and regulating acidity.

Traditional Andean cultures ascribe positive dental effects to coca, claiming it whitens teeth,
improves gum health, and treats tooth aches, oral infections, and sores [22], however, the potentially
corrosive effect on tooth enamel of the lime often used as an adjuvant in coca chewing may undermine
this effect. Indeed, archeological analysis in Odin (1996) [100] indicates that ancient coca chewing
populations displayed worse dental health than their non-coca chewing counterparts, although other
factors, such as differences in diet, may have played an important role. Initial case studies indicated
that coca extracts kill the main bacteria responsible for gingivitis [101] and has general antiseptic
effects [102]. Less corrosive alkaline adjuvants, such as sodium bicarbonate and calcium carbonate
from ash, are also common in many coca cultures [16] and may prevent dental harm. To settle this
controversy, additional research is required on coca’s composition (especially tooth-staining tannin
content), its antimicrobial effects, and the role of alkaline adjuvants.

4.3.3. Sexual Impotence

Though there is no confirmatory research on coca’s impact on sexual performance, there
are ample anecdotal and documented reports claiming coca’s value for this application [103,104].
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The improvement in sexual performance may be linked to coca’s effect on glucose metabolism, mood,
and blood flow linked to its alkaloid, flavonoid, and nutrient content. In any case, aphrodisiac
properties, such as improved erectile function, have also been claimed for congener species like
E. vacciniifolium [57].

4.3.4. Mental Health and Problematic Drug Use

There are initial proposals for coca’s role in providing tools for several important mental health
conditions. Weil (1981) [22] indicated that coca may act as a fast-acting antidepressant, owing
to the mood-enhancing effects of its main alkaloids. This would imply the potential value of
integrating whole coca products into depression treatment pathways. In terms of attention deficit
and hyperactivity disorder (ADHD), it can be hypothesized that coca may provide analogous clinical
benefits to current treatments available. As whole coca contains several stimulants in the tropane family,
whole coca products and isolated alkaloids could well provide similar outcomes to those achieved
by methylphenidate and amphetamines, which are currently used in ADHD management [105],
however, it may be necessary to determine whether coca and coca alkaloids act on both dopamine and
noradrenaline neuron receptors, which are key targets in the pharmacological treatment of ADHD [106].

Finally, Hurtado Gumucio (1995) [107] reported the potential value in using coca leaf products to
treat addictions to stimulants. This study featured a case study with 50 subjects displaying problematic
use of insufflated cocaine hydrochloride and smoked cocaine sulphates (coca paste). Subjects were
given psychotherapeutic support and whole coca products as part of a harm reduction strategy aimed
at improving participants’ social functionality. The case study indicated significantly higher scores on
social functionality measures after interventions using whole coca products.

4.4. Potential Uses in Nutrition

Several studies have provided insight into coca’s comparatively high nutritional contents [108–110].
Particularly, coca leaf contains significant quantities of protein, carbohydrates, fiber, minerals (especially
calcium, phosphorus, and iron), and vitamins, such as thiamine, riboflavin, and carotene [108,109,111].
When consumed as tea, coca provides minerals such as calcium, magnesium, potassium, iron,
manganese, zinc, phosphorus, copper, sulfur, sodium, and aluminum. Potentially harmful minerals
are found in such low quantities that they do not appear to pose a health risk [110].

Despite coca’s high nutritional density, Penny et al. (2009) [111] questioned coca nutrient
bioavailability, due to the presence of absorption inhibitors common across green vegetables and
leaves like coca. Although research on bioavailability of coca minerals and protein is limited, Collazos,
Uriquieta, and Alvistur (1965) [108], one of the few reported clinical studies, provides an initial basis
for assessing the bioavailability of coca’s vitamins. It found that coca chewing extracted 100% of
thiamine, 37% of riboflavin, and 62% of carotene available in the leaf. Additionally, absorption capacity
can be improved via certain additives. Extrapolating from Hallberg and Huthén (2000) [112], ascorbic
acid can be used as an additive to promote the absorption of plant minerals, such as iron, and this
strategy may be applicable to whole coca-based products.

Although coca’s nutritional contents are insufficient for a whole diet, they may be valuable in
dietary supplementation [109,110]. These may be particularly relevant in traditional and indigenous
communities in South America, where malnutrition remains a concern. To fully establish the potential
of whole coca products as a dietary supplement, it would also be necessary to confirm the low risk of
coca’s alkaloid contents and their effect on nutritional outcomes [111].

4.5. Potential Uses in Agriculture

There are reports of coca’s potential for organic fertilizers, animal feed, and pesticides. The case
for using coca for plant and animal nutrition is based on its high macro- and micronutrient contents,
particularly its significant amounts of vegetable protein. Several rural initiatives for turning coca leaf
into organic fertilizers are mentioned in the media across the Andean region. Coca-based fertilizers are
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proposed as a strategy for rural communities to improve local food production and reduce fertilization
costs [113]. In terms of animal feed, a rodent case study found coca protein to be less nutritious than
cow’s milk protein, but of sufficient quality to provide adequate rodent nutrition [114]. This contrasts
with research cited in Penny et al. (2009) [111], which observed that rodents did not gain sufficient
weight and showed liver abnormalities when offered whole coca-based diets. Further work on coca
animal feed is required to settle the controversy. Finally, Nathanson et al. (1993) [115] claimed coca
alkaloids act as a pesticide with insecticidal effects at naturally-occurring concentrations. This indicates
that coca-based insecticidal sprays may provide crop protection against pests.

4.6. Legality and Development of the Coca Industry in the Andean Region and Beyond

The coca plant and ecgonine-bearing Erythroxylum species are prohibited globally for cultivation,
transformation, and consumption under the UN’s international drug control regime [77], despite their
potential for productive applications. The only exemptions are medical and scientific uses of coca, as
well as decocainized coca leaf extracts (utilized by Coca Cola) [76]. However, the main coca growing
countries, Bolivia, Colombia, and Perú, have invoked international laws guaranteeing indigenous
people their right to defend and promote their cultural practices and have thereby created a space of
legality for coca products [116]. Indeed, fully legal markets for whole coca products have operated
in Bolivia and Perú for decades [117], while in Colombia these markets operate in a more tenuous
grey area [77]. In all three countries, the space of legality coexists alongside eradication and crop
substitution policies targeting coca farmers and aimed at curtailing coca cultivation for the trade in
illicit cocaine. The legitimacy of these policies is questioned, as they are associated with exacerbating
violence and causing social, public health, and environmental harms. These policies are also considered
ineffective, as they focus a disproportionate amount of resources on the least lucrative and most readily
replaceable section of the illicit cocaine supply chain [118].

Despite the legal barriers, numerous formal and informal companies have emerged across the
Andean region selling whole coca products, across food and personal care categories. These are
registered by or operate through government agencies in Perú and Bolivia [12,117,119] or are licensed
via indigenous authorities in Colombia [77]. In terms of food products, coca is sold as whole dried leaf,
pulverized leaf, or as an infusion. It is also used as an ingredient in soft drinks, alcoholic beverages,
breads, pastries, and confectionery (including coca chocolates and sweets). There are also a variety of
personal care products, such toothpastes, gels and ointments in which coca is used as an ingredient.

Licit and illicit coca market data are patchy, however, the data available indicate coca represents
a significant agricultural market that impacts a sizeable population. The United Nations Office on
Drugs and Crime reported the 2017 coca crop in the Andean region covered 245,500 hectares [120]. On
the basis of Colombian and Peruvian data [121], lot sizes per coca-growing household are estimated at
roughly one hectare. This means that perhaps a quarter of a million households across the Andean
region are engaged in coca farming. The UNODC estimated that the total 2017 Andean coca crop
yielded about one million metric tons of leaf. With average leaf prices per kilo of about USD 2, the coca
harvest in the Andean region generated some USD 2 billion in revenue (UNODC 2019) [120]. This is
significant for the region’s agricultural economies. In Bolivia alone, for instance, the coca harvest is
estimated at USD 375 to 461 million and may represent 8% to 10% of its agricultural gross domestic
product [122].

Much coca leaf today is processed into illicit cocaine. In Perú, it is estimated that over 90% of
coca harvested is directed into the illicit market [12]. In Colombia, the share of the illicit market is
likely even higher, as its traditional coca consuming population is thought to be vastly smaller than
either Perú’s or Bolivia’s. In contrast, the data available for Bolivia indicate a smaller share of the illicit
cocaine market there, as 19,000 tons of Bolivia’s coca leaf is said to be used for traditional consumption
out of a total 35,500 to 44,200 metric tons produced [122].

Once the coca leaf from across the Andean region is processed into cocaine, it yields nearly 2000
metric tons [120], estimated to reach a global black market value of USD 94 to 143 billion once it is
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shipped around the world [123]. This represents an enormous source of illicit profits linked to crime,
violence, and environmental degradation in the Andean region and beyond.

Increasing the research and innovation of coca’s applications could, therefore, constitute
a high-impact social, economic, and environmental opportunity. For instance, if the evidence of
coca’s safety could be scientifically established, it would be viable to strengthen and extend legal
supply chains for coca products both in the Andean region and internationally. Indeed, scientific
research and innovation on nutritional, medicinal, and agricultural coca products could help coca
compete as a less harmful alternative to current illicit stimulants, while increasing the size of coca’s
legal market opportunity. Overall, this would help divert money away from the illicit drug trade,
while generating legal economic options for coca farmers.

5. Inclusive and Equitable Research and Commercialization of Erythroxylum Species

To advance the coca research agenda, it is important to note that the main coca growing countries,
Bolivia, Colombia, and Perú, are all party to the 2010 Nagoya Protocol. This international legal
framework sets out to prevent undue appropriation and exploitation of cultural and genetic resources,
while attempting to ensure benefits are fairly distributed among stakeholders, particularly, indigenous
and traditional small farmer communities from which they are derived [124]. Each country has laid
out its own approaches to comply with the Nagoya Protocol commitments, including community
consultation mechanisms, collective branding, and appellation of origin, among others. In addition to
legal compliance, there are ethical considerations in ensuring indigenous and small farmer communities
stand to gain significantly from coca research activities. Not only have these communities experienced
a disproportionate amount of the burden created by the policies against coca cultivation [118], but
they have also safeguarded coca cultural knowledge and practices [76], making it possible for science
to continue conducting research on these plants. It is, therefore, both a legal and ethical priority for
research and commercialization models involving species in the genus Erythroxylum to enable the
active participation, leadership, and fair benefit sharing of indigenous and farmer communities.

6. Tropane Alkaloid Biosynthesis in E. coca

Early research into the pharmaceutically active components of the coca leaf began in the mid
1800s with the first description and crystallization of cocaine [125]. The original pioneering research in
tropane alkaloid biosynthesis was performed by the chemist Edward Leete, starting in the early 1960s.
During this early period, the main methods used to elucidate intermediates in the biosynthetic pathway
relied upon the use of feeding radiolabeled potential precursors to whole plants, followed by chemical
degradation analyses [126,127]. In a variety of tropane producing plants, [2-14C] ornithine feeding has
produced conflicting results. A symmetrical incorporation of ornithine is reported for Erythroxylum coca,
whereas unsymmetrical incorporation is evident in solanaceous plants [128–132]. Ornithine and
arginine are converted into putrescine directly by either ornithine decarboxylase or indirectly by
arginine decarboxylase, agmatine iminohydrolase, and N-carbamoylputrescine amidohydrolase,
respectively [133]. Remote isotope labelling of N-methylputrescine shows stereoselective incorporation
into the first ring in both E. coca and multiple species from the Solanaceae [134,135]. The committed step
in tropane alkaloid biosynthesis in solanaceous plants is the formation of N-methylputrescine catalyzed
by an S-adenosyl-L-methionine (SAM) dependent methyltransferase. The responsible enzyme was
first isolated from tobacco [136] and other orthologs have been isolated from both the Solanaceae
and the Convolvulaceae [137,138]. The [6-14C] spermidine feeding to solanaceous plants led to the
symmetrical distribution of radioactivity of the first ring, however, no further experiments were
performed that investigated spermidine as the main polyamine involved [139]. The first ring closure
occurs spontaneously from 4-methylaminobutanal to form the N-methyl-Δ1-pyrrolinium cation [140].
This ring structure was shown to be incorporated into the final bicyclic alkaloid cocaine by feeding
labeled [2-14C]-1-methyl-Δ1-pyrrolinium chloride and [1-13C, 14C, 15N]-4methylaminobutanal diethyl
acetate to intact E. coca plants [141].
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Many hypotheses have been formed as to the origins of the second ring closure in tropane alkaloids.
For many years, the compound hygrine was thought to be a direct intermediate based on feeding studies,
but more recent studies using stable isotopes demonstrate that previous results are artifactual [142–144].
In solanaceous plants the best incorporation into the second ring has been achieved from racemic ethyl
[2,3-13C2]-4-(N-methyl-2-pyrrolidinyl)-3-oxobutaboate [142,145]. Further evidence is demonstrated by
the feeding of methyl (RS)-[1,2-13C2,1-14C]-4-(1-methyl-2pyrrolidinyl)-3-oxobutanoate to the leaves of
Erythroxylum coca [146]. This strongly implicates the involvement of acetate derived metabolites in the
formation of the second ring in tropane alkaloids.

Historically, the sole sources of data regarding enzymes involved in tropane alkaloid biosynthesis
were derived from studies of members in the Solanaceae, however, a recent report has identified and
characterized ornithine and arginine decarboxylases in Erythroxylum coca. The catalytic activity of ODC
was confirmed through a yeast ODC deficient spe1Δ mutant complementation with EcODC. The spe1Δ
mutant transformed with EcODC showed 80 times more spermidine than the untransformed spe1Δ
mutant [50]. The committed step in tropane alkaloid biosynthesis is thought to be the formation
of N-methylputrescine catalyzed by an S-adenosyl-L-methionine (SAM) dependent putrescine
methyltransferase (PMT). Oxidative deamination of N-methylputrescine by methylputrescine oxidase
(MPO) gives rise to a reactive intermediate (4-methylaminobutanal) which is thought to spontaneously
cyclize, generating a five-membered ring, the N-methyl-Δ1-pyrrolinium cation. In solanaceous species,
the MPO belongs to a copper-dependent class of diamine oxidases [147,148].

To date, there have not been any reported ring closure enzymes characterized for tropane
alkaloids in Erythroxylum coca, however, in Atropa belladonna, the formation of the tropane ring
is catalyzed by two enzymes. First, a non-canonical type III polyketide synthase (AbPYKS)
utilizes the N-methyl-Δ1-pyrrolinium cation as a starter substrate and undergoes two rounds of
malonyl-CoA-mediated chain elongation to yield 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic acid. Then
the 4-(1-methyl-2-pyrrolidinyl)-2-oxobutanoic acid undergoes a cyclization reaction mediated by
tropinone synthase (AbCYP82M3), a cytochrome p450 enzyme to form tropinone [149]. The tropane
biosynthetic pathway in coca differs from the pathway in solanaceous plants in that the decarboxylation
at the 2-position does not occur and instead the carboxy group is methyl esterified to form
2-carboxymethyl-3-tropinone (methylecgonone). No information regarding the protection and retention
of this function is available, however, the discovery of methyl salicylate in the essential oil of coca
leaves suggests that carboxymethyl transferases are active in this tissue [150]. It is clear, however, that
formation of this second ring results in the production of a bicyclic alkaloid containing an α-keto group
at position C-3. While the biosynthetic pathway of tropane alkaloids in E. coca has varied from A.
belladonna it would be reasonable for homologous enzymatic reactions to be shared in the formation of
the tropane alkaloid backbone.

Reduction of the keto group is catalyzed by a member of the aldo-keto reductase family in E. coca
which is in contrast with the use of a short chain dehydrogenase/reductase enzyme used by members
of the Solanaceae [138,151]. This finding supports the theory that the ability to produce tropane
alkaloids has evolved more than once during the evolution of the angiosperms [127]. Methylecgonone
reductase (MecgoR) transcript levels and enzyme activity were analyzed and found to be highest
in the young leaves. Immunolocalization experiments show that MecgoR is mainly localized in the
palisade and spongy mesophyll tissue of leaves and sepals [151]. Methylecgonone is reduced at the
C-3 position to yield methylecgonine. MecgoR is believed to be stereospecific in its reduction of
the ketone, yielding exclusively the β-hydroxy isomer. In fact, attempts to use tropine (containing
the α-OH) as a substrate in the reverse reaction were unsuccessful. The free β-hydroxy moiety is
esterified via a BAHD acyltranferase known as cocaine synthase. This enzyme uses benzoyl CoA as
the acyl donor and results in the formation of a benzoyl ester at the C-3 position yielding the final
product benzoylmethylecgonine [51]. Cocaine synthase is also capable of using a multitude of alternate
acyl-CoA donors, providing an explanation for the presence of alternative tropane alkaloid esters in
coca leaves [152,153]. This includes the use of cinnamoyl-CoA to produce the compound cinnamoyl
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cocaine, a metabolite that can be present at higher levels than cocaine under certain developmental
conditions [154]. Immunolocalization of cocaine synthase and cocaine were found to have the highest
levels in the palisade layer, however, enzyme and product were also detected at lower levels in the
spongy mesophyll and in the upper and lower epidermis [51]. The theoretical tropane alkaloid pathway
is presented in Figure 8.

Figure 8. The theoretical tropane alkaloid biosynthetic pathway in E. coca. The name of each enzyme,
along with their respective acronyms, and corresponding GenBank accession numbers are described.
Enzymes with GenBank accession numbers have been reported and characterized. Enzymes without
GenBank accession numbers have not yet been described in E. coca. The following enzymes are depicted
in the figure above: Arginase, arginine decarboxylase (ADC) (accession no. JF909553), ornithine
decarboxylase (ODC) (accession no. JF909554), agmatine iminohydrolase AIH, N-carbamoylputrescine
amidohydrolase (NCPAH), putrescine methyltransferase (PMT), N-methylputrescine oxidase (MPO),
pyrrolidine ketide synthase (PYKS), cytochrome p450 (p450), methylecgonone reductase (MecgoR)
(accession no. GU562618), and cocaine synthase (CS) (accession no. KC140149).

Current molecular data on tropane alkaloid biosynthesis in Erythroxylum coca is limited as
compared with other known tropane alkaloid producing species [155]. In Erythroxylum coca,
cocaine and cinnamoylcocaine are stored in the vacuoles of the plants and are complexed with
hydroxycinnamoyl quinate esters (HQAs). Chlorogenic acid is the main hydroxycinnamoyl quinate
ester responsible for complexing with cocaine and cinnamoylcocaine in the vacuole. A BAHD
acyltransferase enzyme (EcHQT) was characterized as the final enzymatic step of hydroxycinnamoyl
quinate ester biosynthesis [156].

Plant tissue cultures are useful for biotechnological applications to investigate specialized
metabolite pathways due to their facile and scalable nature. Calli tissue cultures are advantageous
because, once properly established, they can be maintained indefinitely on solid gel medium by
regularly transferring the calli to fresh medium [157]. E. coca calli cultures are important to study
compounds that can influence and elicit any changes in tropane alkaloid biosynthesis. It has been
demonstrated that E. coca calli cultures produce cocaine and can be influenced by the type of media the
calli tissues are cultivated on, however, known chemical elicitors such as salicylic acid or coronalon
had no significant effect on increasing the amount of tropane alkaloids. E. coca calli tissue cultures
are useful tools to aid in gene discovery and identify unknown enzymatic reactions via stable isotope
feeding of known precursors [158].
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7. Perspectives

This new look at the Erythroxylum genus and its phytochemicals reveals a mostly untapped,
potentially vast interdisciplinary research opportunity that could result in transformative social and
economic outcomes. To begin with, Erythroxylum species could benefit from the rapid pace of technology
development in omics research. This may clarify the evolutionary history and domestication process
of species with high cultural significance, while assisting the development of new pharmaceutical,
phytotherapeutic, nutritional, and industrial products. For instance, ongoing molecular studies using
Erythroxylum coca and other relatives are yielding novel genes and enzymes that differ from the
previously characterized solanaceous sequences. The potential to modularize these enzymes for
metabolic engineering projects shows great promise. Already, studies incorporating both E. coca and
solanaceous tropane pathway enzymes have been used together in yeast and bacteria to produce the
simple tropanes tropine and pseudotropine [159]. Another study also combined several structural genes
from both coca and solanaceous species to produce the compound cinnamoyltropine [160]. Indeed,
key intermediates such as the N-methyl-Δ1-pyrrolinium cation have been made in microorganisms
suggesting a new system for the manipulation and combination of novel sequences for the purposes of
drug design and rapid screening of novel alkaloids [161]. The discovery of convergent evolution in
tropane biosynthetic pathways between the Erythroxylaceae and Solanaceae can provide insights into
the building blocks of specialized metabolic pathways and how evolutionary pressures have harnessed
these blocks to expand chemical diversity in living organisms.

Omics and molecular investigations could be complemented with applied research regarding
the safety and value of nutritional, medical, and industrial applications based on coca and other
Erythroxylum species. A main priority for this research should be the establishment and publicly
available release of whole and diverse genomic data from members of the genus, as well as more detailed
metabolomic databases both untargeted and targeted towards critical classes of compounds. These
resources would then provide a basis for clinical research on coca-derived nutritional, phytotherapeutic
and pharmacological metabolites and could help generate novel tools to address pressing public
health challenges, such as stimulant addiction, depression, obesity, and malnutrition. Furthermore,
these innovations could help strengthen the case for establishing (or strengthening) legal markets for
controlled plants like E. coca and E. novogranatense. This could eventually help shrink the illicit drug
trade and its negative effects, while providing licit economic opportunities for populations that are still
experiencing the consequences of both illicit markets and harmful drug policies.
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Abstract: A new alkaloid, Canthin-6-one, Huberine (1), together with three known compounds
including 1-Hydroxy-canthin-6-one (2), Canthin-6-one (3) and stigma sterol (4), were isolated from
the stem bark of Picrolemma huberi. The isolation was achieved by chromatographic techniques and
the purification was performed on a C18 column using acetonitrile/water (90:10, v/v) with 0.1%
formic acid as the mobile phase. The structural elucidation was performed via spectroscopic methods,
notably 1D- and 2D-NMR, UV, IR, MS and HRMS. The antiplasmodial activity of the compounds
was studied.

Keywords: canthin-6-one; Picrolemma huberi; Simaroubaceae; antiplasmodial activity

1. Introduction

Plants of the family Simaroubaceae are widely used in traditional medicine for the treatment
of diseases in different countries around the world. Species belonging to the genus Picrolemma
(Simaroubaceae) have long been used in traditional medicine for their antitumoral and antimalarial
properties [1]. Previous phytochemical investigations of Picrolema huberi revealed the presence of
terpenoids and alkaloids. Among these compounds, quassinoids and canthin-6-ones are principal
constituents of the Picrolemma species [2–5]. Canthin-6-ones are a subclass of tryptophan-derived
β-carboline alkaloids, and are characterized by an additional ring, D, giving the 6H-Indolo(3,2,1-de)
(1,5) naphthyridin backbone. A general biosynthetic pathway of canthin-6-one alkaloids starts from
tryptophan as a precursor and produces tryptamine which condense with acetic or ketoglutarate units,
giving rise to a series of β-carboline intermediates, each time more oxidized. Except canthin-6-one
itself, which has a simple structure, all the canthin-6-one alkaloids isolated from plants are
oxidized at any position from C-1 to C-11 of the skeleton to form hydroxy and/or methoxy
derivatives [1,6–9]. Meanwhile, more than 60 canthin-6-one alkaloids have been isolated from
natural sources, mainly plants from the Rutaceae and Simaroubaceae families [10]. A broad range of
biological activities has been reported for canthin-6-ones, such as antitumor, antibacterial, antifungal,
antiparasitic, antiviral, anti-inflammatory, antiproliferative, and aphrodisiacal properties [11]. In this
paper, we report the results of an investigation of the stem barks of Picrolemma huberi. Three canthinone
alkaloids have been isolated; one of which is new, Figure 1. All of these alkaloids are reported for the
first time from the genus Picrolemma.
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Figure 1. Canthin-6-one alkaloids isolated from Picrolemma huberi bark.

2. Results and Discussion

2.1. Identification of Isolated Compounds

Identification of compound 1 from the Picrolemma huberi bark. Compound 1, named Huberine,
was isolated as an amorphous, pale-yellow solid. The HR LCMS spectrum of 1 showed a
pseudomolecular ion peak, [M + H] at m/z 281.0926, corresponding to a molecular formula
C16H12N2O3. A positive Dragendorff test was obtained, suggesting that 1 was an alkaloid.
IR absorption bands of conjugated carbonyl group were observed at 1664 cm−1 and unsaturation
1630 and 1598 cm−1. The UV spectrum of 1 displayed absorption maxima at 227, 296, 356, and 376 nm,
which were similar to those reported for canthin-6-one alkaloids [12]. The 13C-NMR and DEPT-NMR
spectra for 1 indicated the presence of 16 carbon signals, including two methoxyls, six methines and
eight quaternary carbon signals. All the proton and protonated carbon signals of 1 were assigned
unambiguously by an 2D-HSQC (Heteronuclear Single-Quantum Correlation) experiment. In the
1H-NMR spectrum (Table 1), four mutually coupled aromatic protons at δ 8.67 (1H, d, J = 8.1 Hz, H-8),
δ 7.66 (1H, t, J = 7.6 Hz, H-9), δ 7.51 (1H, t, J = 7.7 Hz, H-10) and δ 8.22 (1H, d, J = 7.6 Hz, H-11) were
observed in the 1H-1H COSY spectrum, meaning that the ring A of compound 1 is not substituted.

Table 1. 1H-NMR (600 MHz) and 13C-NMR (125 MHz) spectral data of compound 1 in CDCl3 (δ, in ppm,
J in Hz).

Position 1H (ppm), J (Hz) 13C (ppm) COSY Coupling HMBC Coupling(2,3J)

1 141.3 OCH3
2 155.1 OCH3
4 7.83(d, 9.6) 138.2 H-5 H-5
5 6.82(d, 9.6) 125.6 H-4
6 160.1 H-4
8 8.67(d, 8.1) 117.4 H-9 H-9
9 7.66 (t, 7.6) 130.4 H-8, H-10 H-11
10 7.51 (t, 7.7) 125.8 H-9, H-11
11 8.22(d, 7.6) 124.9 H-10 H-9
12 123.5 H-10
13 140.1 H-9, H-11
14 130.3
15 130.3 H-4
16 126.4 H-5

OCH3 4.15 (s) 54.7
OCH3 4.20 (s) 61.3

Isolated vicinal doublets at δ 7.83 (1H, J = 9.6 Hz, H-4) and δ 6.82 (1H, J = 9.6 Hz, H-5) were
characteristic of cis-coupled protons on the conjugated lactam ring of a canthin-6-one. A 2D-HMBC
(Heteronuclear Multiple Bond Correlation) experiment further confirmed the structure of alkaloid 1.
In the spectrum, cross-peaks were found for H-4 (δ 7.83) with C-6 (δ 160.1) and C-15 (δ 130.3),
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H-5 (δ 6.82) with C-16 (δ 126.4), showing that these are the quaternary carbons that join the C and
D rings.

The placement of the methoxy groups was deduced from the HMBC experiments. The methoxy
signals showed clear HMBC correlations with the C at 141.1 and 154.9, assigned as C-1 and C-2.
The assignment of quaternary carbons was established by HSQC and HMBC spectral data. Thus,
the structure of Huberine 1 was established as 1,2-dimethoxycanthin-6-one, which is reported here
for the first time. The new compound 1 showed no effective antiplasmodial activity at concentrations
evaluated (from 100 μg/mL to 1.56 μg/mL) in Plasmodium falciparum strain FCR-3.

Identification of compound 2 and 3 from the Picrolemma huberi bark. The structures of the known
compounds 2 and 3 were identified as 1 hydroxycanthin-6-one (2) [13,14] and canthin-6-one (3) [15],
by spectroscopic data (1H-NMR,13C-NMR, 2D-NMR, and MS) and by comparison with published
values. Although 1-hydroxycanthin-6-one (3) was isolated from the Simaroubaceae family, it has not
been reported from P. huberi. Stigmasterol (4) was also isolated.

2.2. Antiplasmodial Activity In Vitro

The antiplasmodial activity of compounds 1, 2 and 3 was evaluated in vitro against the
multi-resistant strain of FCR-3 of P. falciparum. In the concentrations evaluated (from 100 μg/mL
to 1.5 μg/mL), they did not show any activity.

3. Materials and Methods

3.1. General Procedures

Spectra were recorded on the following instruments: UV: Shimadzu UV-250 UV-Visible
spectrophotometer (Canby, OR, USA); IR: Perkin Elmer 1600 (Waltham, MA, USA); NMR: BRUKER
600 MHz (Silberstreifen, Rheinstetten, DE); HRMS to compound (1) were measured on a Xevo
Q-Tof Waters® spectrometer (Milford, MA, USA) and MS of compounds 2, 3 and 4 were measured
on a Nermag-Sidar R10-10C spectrometer (Argenteuil, FR) with a quadrupolar filter. All solvents,
except those used for bulk extraction, were AR grade. Silica gel 60 F254 was used for column
chromatography. Glass and aluminum-supported silica gel 60 F254 plates were used for preparative
TLC. TLC spots were visualized under UV light (254 and 365 nm) after spraying with Dragendorff’s
reagent for alkaloid detection.

3.2. Plant Material

The stem bark of P. huberi was collected from the village, La Guada Reserve, [coordinates:
06◦52′006′ ′ N to 75◦08′49.9′ ′ W, (1.662 msnm)], close to Amalfi, Antioquia, Colombia, in January 2017.
A voucher specimen (Tobón Juan Pablo 2392) has been deposited in the Herbarium JAUM (Joaquín
Antonio Uribe Botanic Garden of Medellín, Antioquia, Colombia).

3.3. Extraction and Isolation

Dried stem bark (1.5 kg) of P. huberi was defatted with n-hexane (3 L). The marc was extracted
with MeOH-H2O (90:10) (6 L) by percolation for 72 h and the same material was re-extracted in
the same manner. The extract was filtered and concentrated up to 1 L under reduced pressure,
and then partitioned with EtOAc (2 L). The EtOAc layer was dried over anhydrous Na2SO4 and then
concentrated under reduced pressure (0.5 L). This extract (30 g) was initially subjected to an acid-base
extraction [11] to give CHCl3 alkaloid (2.0 g).

The crude alkaloid (2.0 g) was subjected to column chromatography over silica gel using CH2Cl2
gradually enriched with methanol as eluent to yield ten fractions (A−J).

Fraction A (102 mg) was chromatographed on a silica gel column and eluted with DCM-AcOEt
(1:1) to give six subfractions, A1−A6. Fraction A1 (75 mg) was chromatographed by preparative
TLC with CH2Cl2-MeOH (95:5) and further purified by preparative RP-HPLC using the mobile phase
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CH3CN/H2O (90:10), 0.1% formic acid to yield compound 1 (10 mg). Similar HPLC of fraction A2
(15.0 mg) yielded compound 2 (1.3 mg) eluting at 13.2 min, and HPLC of fraction A3 (38.0 mg) yielded
compound 3 (1.0 mg) eluting at 9.5 min.

Antiplasmodial in vitro activity assay of each compound (from 100 μg/mL to 1.5 μg/mL) was
evaluated in FCR3 strain. The diphosphate salt of chloroquine (≥98%, SIGMA C6628), evaluated in a
range of 2000 nM to 2.3 nM, was used as a treatment control in each assay [16].

3.4. Spectral Data

Huberine: 1,2-Dimethoxy-canthin-6-one (1). Yellow amorphous powder; UV (MeOH, max, nm): 207, 266,
294, 354, 369. IR (KBr, n, cm−1): 1664, 1550, 1439, 1214, 1086, 753; 1H- and 13C-NMR data, see Table 1; MS:
Waters LCT Premier (ESI-TOF) spectrometer at m/z 281.0926 [M + H]+; calcd. for C16H12N2O3, 281.0926.

1-Hydroxy-canthin-6-one (2). Yellow amorphous powder. UV (MeOH, nm): 210, 249, 256,288, 341, 415.
IR (KBr, cm−1): 3276, 1567, 1600, 1629. 1H-NMR (600 MHz, MeOD-d4, δ in ppm, J), 8.60 (d, 1H, 8.4Hz),
8.35 (s, 1H), 8.27 (d, 1H, 7.7Hz), 8.02 (d, 1H, 9.7Hz), 7.69 (t, 1H, 8.4Hz), 7.58 (t, 1H, 8.0Hz), 6.80 (d, 1H,
9.7Hz). 13C-NMR (150 MHz, DMSO-d6, δ in ppm): 151.39 (C-1), 135.55 (C-2), 139.48 (C-4), 123.38 (C-5),
159.66 (C-6), 123.60 (C-8), 125.79 (C-9), 129.16 (C-10), 116.22 (C-11), 137.61 (C-12), 137.5 (C-13), 114.31(C-14),
133.32 (C-15), 128.11 (C-16). MS TOF ES+ spectrometer at m/z 237.0708 [M + H]+.

Canthin-6-one (3). Yellow amorphous powder. UV (MeOH, nm): 210, 249, 256,288, 341, 415. IR (KBr,
cm−1): 3276, 1567, 1600, 1629. 1H-NMR (600 MHz, DMSO-d6, δ, ppm, J/Hz): 8.35 (1H, d, J = 4.8 Hz, H-1,
8.86 (1H, d, J = 4.8 Hz, H-2), 8.7 (1H, d, J = 9.7 Hz, H-4), 7.02 (1H, d, J = 9.7 Hz, H-5), 8.55 (1H, d, J = 8.1 Hz,
H-8), 7.79 (1H, t, J = 7.6 Hz, H-9), 7.62 (1H, t, J = 7.6 Hz, H-10), 8.42 (1H, d, J = 7.8 Hz, H-11). MS TOF ES+

spectrometer at m/z 221.0715 [M + H]+. Supplementary material is available online.

4. Conclusions

Huberine, a new canthin-6-one alkaloid (1) and 3 known compounds (2, 3 and 4) were isolated
from the stem bark of P. huberi. The structure of the new compound (1) was elucidated by spectroscopic
data Huberine (1); it was isolated from this plant for the first time. The isolates were screened for
inhibitory activity against Plasmodium falciparum strains. Compounds 1, and 2 showed no effective
antiplasmodial activity.

Supplementary Materials: The following are available online. Figure S1: Huberine: 1,2-Dimethoxy-canthin-6-one (1).
1H-NMR (CDCl3, 600 MHz); Huberine: 1,2-Dimethoxy-canthin-6-one (1). 13C-NMR (CDCl3, 150 MHz); Huberine:
1,2-Dimethoxy-canthin-6-one (1). COSY H-H (CDCl3); Huberine: 1,2-Dimethoxy-canthin-6-one (1). HSQC (CDCl3);
Huberine: 1,2-Dimethoxy-canthin-6-one (1). HMBC (CDCl3); Huberine: 1,2-Dimethoxy-canthin-6-one (1). HRMS;
Huberine: 1,2-Dimethoxy-canthin-6-one (1). FT-IR, 1-Hydroxy-canthin-6-one (2). 1H-NMR (MeOD-d4, 600 MHz);
1-Hydroxy-canthin-6-one (2). 13C-NMR (DMSO-d6, 150 MHz); 1-Hydroxy-canthin-6-one (2). COSY H-H (MeOD-d4);
1-Hydroxy-canthin-6-one (2). HSQC (MeOD-d4); 1-Hydroxy-canthin-6-one (2). HRMS; Canthin-6-one (3). 1H-NMR
(DMOS-d6, 600 MHz); Canthin-6-one (3). HRMS.
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Abstract: Three new steroidal alkaloids with an unusual 3α tigloylamide group, named
sarchookloides A–C (1–3), were isolated along with four known compounds (4–7) from the roots
of Sarcococca hookeriana. Their structures and relative configuration were elucidated on the basis of
spectroscopic methods including MS, UV, IR, 1D, and 2D NMR data. The isolated compounds were
evaluated for their cytotoxicity against five human cancer cell lines: Hela, A549, MCF-7, SW480,
and CEM in vitro. All three amide substituted steroidal alkaloids exhibited significant cytotoxic
activities with IC50 values of 1.05–31.83 μM.

Keywords: Sarcococca hookeriana; sarchookloides A–C; steroidal alkaloid; cytotoxicity

1. Introduction

The genus Sarcococca (Buxaceae) includes about 20 species, eight of which are found in
China [1]. Some of them are used in TCM and traditional folk medicine to treat stomach
pain, rheumatism, swollen sore throat, and bruises [2–4]. Previous studies on this genus
revealed that the steroidal alkaloids were the main chemical components, and possessed a range
of bioactivities (e.g., cholinesterase inhibiting, antitumor, antibacterial, antiulcer, antiplasmodial,
and antidiabetic) [5–20]. For the search of bioactive metabolites from this genus, our previous
investigation on Sarcococca ruscifolia resulted in the discovery of two new steroidal alkaloids [16].
As part of our continuous exploration of active alkaloids, three new steroidal alkaloids, namely
sarchookloides A–C (1–3) along with four known compounds, pachysamine G (4), pachysamine H
(5), sarcovagine B (6), and pachyaximine A (7) (Figure 1), were isolated from the roots of Sarcococca
hookeriana. The new compounds, sarchookloides A–C (1–3), were shown to possess a 3α substituent,
which has rarely been reported [17]. The cytotoxicity assay on human cancer cell lines Hela, A549,
MCF-7, SW480, and CEM in vitro demonstrated that these steroidal alkaloids exhibited potent
antitumor activities. This paper describes the isolation, structure elucidation, and cytotoxicity activities
of the isolates.

2. Results and Discussion

2.1. Structure Elucidation of Compounds

Compound 1 showed a quasi-molecular ion peak [M + H]+ at m/z 461.3731 (calculated to be
461.3738) in the HR-ESI-MS (spectrum showed in Supplementary material), which corresponds to
the molecular formula C28H48N2O3. The IR spectrum showed absorption bands at 3424 (hydroxyl
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group), 1662 (amide carbonyl group), and 1623 (double bond) cm–1. The 1H and 13C NMR (DEPT)
spectra (Table 1) displayed 28 carbon resonances due to four quaternary carbons, 10 methines,
seven methylenes, and seven methyl groups, which revealed one amide carbonyl group and one
double bond. The presence of five methyl signals [δH 0.67 (3H, s, H-18), 1.21 (3H, s, Me-19), 0.92
(3H, d, J = 6.4 Hz, Me-21), 2.23 (6H, s, N,N-dimethyl)] and one nitric proton signal [δH 6.09 (1H, d,
J = 5.1 Hz, NH-3)] in the 1H NMR (CDCl3) spectrum in combination with 2D NMR data suggested that
compound 1 belongs to the 20α-dimethylamino-3-amino-5α-pregnane type steroidal alkaloids [21].

Table 1. 1H (600 MHz) and 13C (150 MHz) NMR data of compounds 1−3 in CDCl3.

Position
1 2 3

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC

1 1.67, 1.69, m 44.2 1.16, 1.87, m 40.6 0.95, 1.56, m 33.6
2 3.88, ddd (13.4, 6.7, 6.8) 69.0 3.97, brs (W1/2 14.8) 69.6 1.64, 1.71, m 26.2
3 3.99, ddd (7.8, 6.8, 5.1) 58.4 4.03, m 50.8 4.14, m 44.8
4 3.78, dd, (7.8, 3.9) 76.3 1.23, 2.04, m 28.8 1.39, 1.55, m 33.0
5 1.26, m 45.5 1.07, m 41.8 1.11, m 41.5
6 1.41, 1.79, m 24.4 1.48, 1.85, m 27.9 1.48, 1.87, m 27.8
7 1.01, 1.77, m 32.2 0.91, 1.68, m 32.1 0.88, 1.68, m 32.1
8 1.37, m 35.3 1.39, m 34.9 1.36, m 35.5
9 0.71, m 57.0 1.05, m 56.8 0.68, m 54.7
10 - 36.0 - 35.9 - 36.2
11 1.35, 1.44, m 21.0 1.30, 1.50, m 21.0 1.22, 1.51, m 20.9
12 1.12, 1.90, m 39.9 1.09, 1.90, m 40.0 1.08, 1.88, m 40.0
13 - 42.1 - 41.8 - 41.5
14 1.03, m 56.8 0.66, m 55.6 1.04, m 56.8
15 1.10, 1.60, m 24.2 1.06, 1.58, m 24.2 1.03, 1.57, m 24.2
16 1.50, 1.84, m 27.9 1.35, 1.44, m 28.4 1.19, m 28.6
17 1.34, m 54.8 1.32, m 54.8 1.33, m 54.7
18 0.67, s 12.6 0.64, s 12.6 0.63, s 12.5
19 1.21, s 19.3 1.02, s 14.5 0.79, s 11.6
20 2.50, m 61.6 2.45, m 61.6 2.45, m 61.6
21 0.92, d, (6.4) 10.2 0.89, d, (6.4) 10.2 0.88, d, (6.4) 10.3

NMe2 2.23, s 39.8 2.20, s 39.9 2.20, s 39.9
C=O - 170.6 - 169.2 - 168.8

2′ - 131.4 - 132.2 - 132.6
3′ 6.45, q, (6.9) 132.1 6.37, q, (6.9) 130.8 6.36, q, (6.9) 130.2
4′ 1.76, d, (6.9) 14.3 1.75, d, (6.9) 14.2 1.73, d, (6.9) 14.1
5′ 1.84, s 12.6 1.84, s 12.7 1.83, s 12.7

NH 6.09, d, (5.1) - 5.82, d, (7.4) - 5.93, d, (6.6) -
2-OH 2.84, d, (7.2) - - - - -
4-OH 4.40, d, (3.0) - - - - -

The presence of two methyl [δH 1.76 (3H, d, J = 6.9 Hz, H-4′), 1.84 (3H, s, H-5′)] and an olefinic
proton [δH 6.45 (1H, q, J = 6.9 Hz, H-3′)] signals in the 1H NMR spectrum together with two methyl
[δC 14.3 (C-4′), 12.6 (C-5′)], one double bond [δC 131.4 (C-2′), 132.1 (C-3′)], and one carbonyl [δC 170.6
(C-1′)] signals in the 13C NMR spectrum led to the deduction of a tigloyl moiety, which was supported
by the 1H–1H COSY-correlated signal of H-4′/H-3′ and the HMBC correlations of H-5′/C-3′, C-1′

and H-3′/C-1′ (Figure 2). Furthermore, the HMBC correlations of NH/C-2′ (Figure 2) proposed that
the location of the tigloyl group was at N-3. In addition, the two hydroxyl groups assigned at the
C-2 (δC 69.0) and C-4 (δC 76.3) positions were deduced from the 1H NMR [δH 2.84 (1H, d, J = 7.2 Hz,
OH-2), 4.40 (1H, d, J = 3.0 Hz, OH-4)] and 13C NMR [δC 69.0 (C-2), 76.3 (C-4)] data in combination with
the 1H–1H COSY [OH-2 /H-2 (δH 3.88) and OH-4 /H-4 (δH 3.78)] and HMBC [OH-2/C-1 (δC 44.2),
C-3 (δC 58.4) and OH-4/C-3, C-5 (δC 45.5)] experiments. Therefore, the planar structure of compound
1 was constructed.

The 13C NMR data of the ring A, coupling constants of H-2, H-3 and H-4 and NOESY data clearly
indicated that compound 1 differs from the previously reported compounds of hookerianamide M [10]
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and sarcovagine A [18] with respect to the stereochemistry at C-2, C-3, and C-4 positions. In the ROESY
spectrum (Figure 2), the correlations of H-19 [δH 1.21 (3H, s)] with OH-2 and OH-4 indicated the β

orientations of the two hydroxyl groups. Furthermore, the obvious ROESY correlations (Figure 2)
of HN with H-2, H-4 and H-5 [δH 1.26 (1H, m)] implied the α orientation of the tigloylamide group.
The ring A of compound 1 may exist mainly as a stable boat conformation due to the substitution
of 3α tigloylamide group [17]. Consequently, the structure and relative configuration of compound
1 was determined as (20S)-20-N,N-dimethylamino-2β,4β-dihydroxyl-3α-tigloylamino-5α-pregnane,
which was named sarchookloide A (Figure 1).

Figure 1. Structures of compounds 1−7.

Compound 2 had a molecular formula of C28H48N2O2, which was determined by HR-ESI-MS (m/z
445.3775 [M + H]+), suggesting six degrees of unsaturation. The IR spectrum displayed absorptions
indicating a hydroxyl group (3443 cm–1), amide carbonyl group (1664 cm−1) and double bond (1629
cm−1). In the 13C NMR and DEPT spectra (Table 1), 28 carbon signals were observed, including 23
carbon resonances assigned to a 20α-dimethylamino-3-amino-5α-pregnane type steroidal alkaloid
skeleton and 5 carbon resonances for a tigloyl group [21]. The 1H–1H COSY correlated signal of H-4′

[δH 1.75 (3H, d, J = 6.9 Hz)]/H-3′ [δH 6.37 (1H, q, J = 6.9 Hz)] and the HMBC correlations of H-5′

[δH 1.84 (1H, s)]/C-3′ [δC 130.8], C-1′ [δC 169.2], H-3′/C-1′ and HN [δH 5.82 (1H, d, J = 7.4 Hz)]/C-1′

(Figure 2) suggested that the tigloyl group were attached to N-3. The COSY correlations of H-2 [δH

3.97 (1H, brs)]/H-1 [δH 1.16, 1.87 (2H, m)], H-3 [δH 4.03 (1H, m)] proposed that the location of the
hydroxyl group was at C-2.

The similarity of the NMR data of compounds 2 and 20α-dimethylamino-2α-hydroxyl-
3β-tigloylamino-5α-pregnane [16] suggested that they possessed the same planar structure. The ROESY
correlations (Figure 2) of HN with H-2 and H-5 [δH 1.07 (1H, m)] implied the α orientation of the
tigloylamide group and the β orientation of the hydroxyl group. This was also supported by the
discrepant W1/2 (14.8) of H-2 [10] and the 13C NMR data of the ring A in 2 compared with the data of
reported compounds [16]. The substitution of 3α tigloylamide group led to the main boat conformation
of the ring A in compound 2. Consequently, the structure and relative configuration of compound 2 was
determined as (20S)-20-N,N-dimethylamino-2β-hydroxyl-3α-tigloylamino-5α-pregnane, which was
named sarchookloide B (Figure 1).

Compound 3 was given the molecular formula C28H48N2O according to its HR-ESI-MS data at
m/z 429.3829 [M + H]+ (calculated as 429.3839), corresponding to six degrees of unsaturation. The IR
spectrum of compound 3 included the absorption bands for amide carbonyl group (1665 cm−1) and
double bond (1625 cm−1). The 13C NMR and DEPT spectra (Table 1) of compound 3 exhibited 28 carbon
signals corresponding to four quaternary carbons, eight methines, nine methylene, and seven methyl
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groups, of which 23 carbon resonances were ascribed to 20α-dimethylamino-3-amino-5α-pregnane
type steroidal alkaloid skeleton and five carbon resonances were attributed to a tigloyl group [21].

Compound 3 and pachysamine G [19] exhibited the same planar structure, which was supported
by the similar NMR data found for both of them. The α-orientations of the tigloylamide group was
assigned by the ROESY correlations (Figure 2) of HN [δH 5.93 (1H, d, J = 6.6 Hz)] with H-5 [δH 1.11
(1H, m)] in combination with the different shift of the ring A in compound 3 compared with the data of
pachysamine G in 13C NMR spectrum. Similar to compounds 1 and 2, the boat conformation of the ring
A in compound 3 was the main conformation [17]. Therefore, the structure and relative configuration
of compound 3 was determined as (20S)-20-N,N-dimethylamino-3α-tigloylamino-5α-pregnane,
which was named sarchookloide C (Figure 1).

The known compounds 4–7 were identified as pachysamine G (4) [19], pachysamine H (5) [19],
sarcovagine B (6) [18], and pachyaximine A (7) [20] through a comparison of their spectroscopic data
with those reported in the literature.

 

 

Figure 2. Key 1H−1H COSY (-), HMBC (→) and ROESY (↔) correlations of compounds 1–3.

2.2. Results of the Cytotoxicity Test

All compounds were evaluated using a MTT cytotoxicity assay against human cervical cancer
cell line Hela, lung adenocarcinoma cell line A549, breast cancer cell line MCF-7, colon cancer cell line
SW480, and leukemia CEM cells (adriamycin was used as the positive control). The IC50 values of
all compounds against the indicated cancer cells are summarized in Table 2. Compound 5 had the
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greatest cytotoxicity to all cells, as its range of IC50 values was approximately 1.05–2.23 μM. All three
amide-substituted compounds, except for pachyaximine A, exhibited significant cytotoxic activity on
all cells, which suggests that the amide group of these compounds was the necessary group for the
cytotoxicity. In addition, Hela and A549 were the more sensitive cell lines to these types of compounds
compared to all tested cancer cells because the IC50 values of all compounds were less than 10 μM.
Furthermore, all active compounds showed effects that were comparable to the chemotherapeutic drug
adriamycin in inhibiting the growth of all cancer cells, which suggests that three amide-substituted
pregnane-type steroidal alkaloids might have the potential to be anticancer agents.

Table 2. Cytotoxicity of compounds 1−7 a against Hela, A549, MCF-7, SW480, and CEM cells in vitro
(IC50

b, μM).

Compounds
Cell Lines

Hela A549 MCF-7 SW480 CEM

1 4.13 ± 0.14 2.53 ± 0.15 4.47 ± 0.06 6.42 ± 0.10 4.26 ± 0.11
2 7.93 ± 0.09 8.73 ± 0.16 28.53 ± 0.17 8.97 ± 0.10 31.83 ± 0.25
3 1.24 ± 0.10 2.87 ± 0.14 2.53 ± 0.12 3.08 ± 0.14 3.43 ± 0.13
4 2.43 ± 0.11 2.98 ± 0.17 3.70 ± 0.26 26.04 ± 0.21 3.05 ± 0.13
5 1.06 ± 0.14 1.18 ± 0.11 2.23 ± 0.15 1.49 ± 0.10 1.05 ± 0.06
6 1.38 ± 0.09 4.96 ± 0.12 1.65 ± 0.09 3.76 ± 0.14 6.06 ± 0.16
7 >100 >100 >100 >100 >100

Adriamycin c 0.62 ± 0.08 0.77 ± 0.06 1.26 ± 0.05 1.19 ± 0.11 0.98 ± 0.08
a All results are expressed as mean ± SD; n = 3 for all groups. b IC50: 50% inhibitory concentration. c Adriamycin
was the positive control.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were obtained on a JASCO model 1020 polarimeter (Horiba, Tokyo, Japan).
UV spectra were measured on a Shimadzu UV-2401PC spectrophotometer (Shimadzu, Kyoto, Japan).
IR (KBr) spectra were measured on a Bio-Rad FTS-135 spectrometer (Bio-Rad, Hercules, CA, USA).
The 1D and 2D NMR spectra were recorded on Bruker AVANCE III-600 spectrometers with TMS used
as an internal standard (Bruker, Bremerhaven, Germany). The mass spectra were obtained on a Waters
AutoSpec Premier P776 (Waters, NY, USA). The silica gel (200–300 mesh) for column chromatography
and the TLC plates (GF254) were obtained from Qingdao Marine Chemical Factory (Qingdao, Shandong,
China). The Sephadex LH-20 (20–150 μm) used for chromatography was purchased from Pharmacia
Fine Chemical Co. Ltd. (Pharmacia, Uppsala, Sweden). Fractions were visualized by heating silica gel
plates sprayed with Dragendorff’s reagent. The cell lines Hela, A549, MCF-7, SW480, and CEM were
obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), while MTT were
obtained from Sigma Company.

3.2. Plant Material

The plants of Sarcococca hookeriana Baill. were collected in Hezhang County, Guizhou Province,
China, in April 2012 and identified by Prof. Qingwen Sun, Guiyang College of Traditional Chinese
Medicine. A voucher specimen (No. 20120401401) was deposited at the Key Laboratory of Miao
Medicine of Guizhou Province, Guiyang College of Traditional Chinese Medicine.

3.3. Extraction and Isolation

The air-dried and powdered roots of S. hookeriana Baill. (2.5 kg) were extracted with 95% (25 L)
EtOH under reflux three times, with an extraction time of 2 h. The combined extracts (443 g) were
concentrated and suspended in H2O (3 L). The suspension was extracted with CHCl3 to obtain the
CHCl3 fraction (94 g). The CHCl3 fraction was subjected to silica gel column chromatography (Si CC)
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and eluted with petroleum ether-diethylamine (100:1, 95:5, 9:1, 8:2) to yield four fractions (Fractions
A−D). Fraction B (1.6 g) was subjected to Si CC and eluted with petroleum ether-diethylamine (100:2,
9:1) to yield the fractions B1−B3. Fraction B2 (330 mg) was chromatographed using Si CC and was
developed with petroleum ether-diethylamine (100:2) to yield compounds 3 (21 mg) and 4 (35 mg).
Si CC was performed on Fraction C (12.3 g) with a gradient eluent of petroleum ether-diethylamine
(100:5, 9:1, 8:2) to yield four fractions (fractions C1−C4). Fraction C2 (1.4 g) was first subjected to Si
CC (petroleum ether-diethylamine, 100:5), before being purified on Sephadex LH-20. This yielded
compounds 2 (26 mg), 5 (30 mg) and 7 (31 mg). Fraction C4 (985 mg) was purified on Sephadex LH-20,
before Si CC was used (petroleum ether-diethylamine, 9:1) to separate compounds 1 (33 mg) and 6

(19 mg).

3.3.1. Sarchookloide A (1)

This was a white amorphous powder with a HR-ESI-MS m/z of 461.3731 [M + H]+ (calculated
for C28H49N2O3, 461.3738). The [α]22

D was +52.99 (c 0.58, MeOH); UV (MeOH) had a λmax of 209.4 nm;
and IR (KBr) had a νmax of 3424, 2931, 2867, 1662 and 1623 cm–1. The 1H and 13C NMR data are shown
in Table 1.

3.3.2. Sarchookloide B (2)

This was a white amorphous powder with a HR-ESI-MS m/z of 445.3775 [M +H]+ (calculated
for C28H49N2O2, 445.3789). The [α]22

D was +30.18 (c 0.57, MeOH); UV (MeOH) had a λmax of 205.8 nm;
and IR (KBr) had a νmax of 3442, 2930, 2966, 1664 and 1629 cm–1. The 1H and 13C NMR data are shown
in Table 1.

3.3.3. Sarchookloide C (3)

This was a white amorphous powder with a HR-ESI-MS m/z of 429.3829 [M + H]+ (calculated
for C28H49N2O, 429.3839). The [α]22

D was +7.10 (c 0.62, MeOH); UV (MeOH) had a λmax of 207.2 nm;
and IR (KBr) had a νmax of 3454, 2930, 2853, 1665 and 1625 cm–1. The 1H and 13C NMR data are shown
in Table 1.

3.4. Cytotoxicity Assay

The cytotoxicity of compounds 1–7 was tested on the human cervical cancer cell line Hela,
lung adenocarcinoma cell line A549, breast cancer cell line MCF-7, colon cancer cell line SW480
and leukemia CEM cells. All cells were cultured in a RPMI-1640 or DMEM medium (Hyclone,
Logan, UT, USA), which was supplemented with 10% fetal bovine serum (Hyclone) in 5% CO2 at
37 ◦C. The cytotoxicity assay was performed using the MTT method in 96-well microplates [22].
Briefly, the adherent cells (100 μL) were seeded into each well of 96-well cell culture plates and allowed
to adhere for 12 h before the addition of the drug. The suspended cells were seeded just before the
addition of the drug at an initial density of 1 × 105 cells/mL. Each tumor cell line was exposed to the
tested compound at different concentrations for 48 h. The experiments were performed in triplicate.
Adriamycin (Sigma, St. Louis, MO, USA) was used as a positive control. After treatment, cell viability
was measured and the cell growth curve was plotted. The IC50 values were calculated by the Reed and
Muench method [23].

4. Conclusions

We obtained three new pregnane-type steroidal alkaloids, sarchookloides A–C (1–3), along with
four known compounds, pachysamine G (4), pachysamine H (5), sarcovagine B (6), and pachyaximine
A (7), from the roots of Sarcococca hookeriana. The new compounds, sarchookloides A–C (1–3),
were shown to possess a 3α substituent, which has rarely been reported. By performing a cytotoxic
assay on Hela, A549, MCF-7, SW480 and CEM cell lines in vitro, all three amide substituted compounds
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exhibited significant cytotoxic activities on all cells, which suggests that the three amide group of these
compounds was the necessary group for the cytotoxicity. The most active compound, pachysamine H
(5), inhibited all cancer cells with IC50 values in the range of approximately 1.05–2.23 μM. The results
suggested that these types of steroidal alkaloids merit further biological evaluation of their cytotoxic
activities and might have the potential to be studied for anticancer activity.

Supplementary Materials: The following 1H NMR, 13C NMR, 2D NMR, HR-ESI-MS spectra and the RAW data
of the new compounds are available as supporting data. Supplementary materials are available online.
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Abstract: Amaryllidaceae plants are the commercial source of galanthamine, an alkaloid approved for
the clinical treatment of Alzheimer’s disease. The chemistry and bioactivity of Chilean representatives
of Rhodophiala genus from the family of Amaryllidaceae have not been widely studied so far.
Ten collections of five different Chilean Rhodophiala were analyzed in vitro for activity against enzymes
such as acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) as well as for their alkaloid
composition by GC-MS. To obtain an insight into the potential AChE and BuChE inhibitory activity of
the alkaloids identified in the most active samples, docking experiments were carried out. Although
galanthamine was found neither in aerial parts nor in bulbs of R. splendens, these plant materials were
the most active inhibitors of AChE (IC50: 5.78 and 3.62 μg/mL, respectively) and BuChE (IC50: 16.26
and 14.37 μg/mL, respectively). Some 37 known alkaloids and 40 still unidentified compounds were
detected in the samples, suggesting high potential in the Chilean Amaryllidaceae plants as sources of
both novel bioactive agents and new alkaloids.

Keywords: Rhodophiala; alkaloids; molecular docking; AChE; BuChE; GC-MS

1. Introduction

The vast structural and chemical diversity of natural products gives them a significant role in drug
discovery [1]. Alkaloids are of particular interest in biomedicine and drug discovery research [2] due
to their structural diversity and specific biological potential [3]. The Amaryllidaceae is a plant family
that contains an exclusive, large and still expanding alkaloid group known as the Amaryllidaceae
alkaloids, which are characterized by unique skeleton arrangements and a broad spectrum of biological
activities [4,5]. Amaryllidaceae plants have been used in folk medicine for their therapeutic and
toxic properties [6]. Hippocrates of Kos (460–370 BP), considered the father of modern medicine,
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recommended the oil of Narcissus (Amaryllidaceae) species for the treatment of symptoms that today
would be recognized as cancer [7].

The Amaryllidaceae alkaloids are classified mainly into nine skeleton types: norbelladine,
lycorine, homolycorine, crinine, haemanthamine, narciclasine, tazettine, montanine and galanthamine
(Figure 1) [4]. The most important Amaryllidaceae alkaloid is galanthamine, which was isolated for
the first time from Galanthus woronowii in the 1950s and was approved for the clinical treatment of mild
to moderate Alzheimer’s disease (AD) by the Food and Drug Administration (FDA) at the beginning
of this century [8,9]. Alzheimer’s disease (AD), characterized by severe and progressive memory loss,
is the most common form of dementia and is becoming increasingly prevalent in people older than
65 years [10,11]. It is estimated that 47 million people live with dementia in the world today, with an
economic impact estimated at 818 billion dollars [12]. Known factors involved in the development of
AD include a reduced cholinergic neurotransmission level, oxidative stress, amyloid-β-peptide (Aβ)
and tau protein aggregation [13].

Figure 1. Amaryllidaceae alkaloid types.

Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) are involved in the hydrolysis
of the neurotransmitter acetylcholine (ACh) [14]. Acetylcholinesterase is highly selective for ACh
hydrolysis, and BuChE can metabolize different substrates [15]. In the brain of AD patients,
AChE activity tends to decrease while that of BuChE increases [16]. Consequently, cholinesterase
inhibitors that suppress both AChE and BuChE may provide a better therapeutic response rather than
AChE-selective agents [17].

Little is known on the chemistry and bioactivity of the South American endemic Amaryllidaceae
genus Rhodophiala. The Rhodophiala species have high ornamental potential due to its attractive red,
yellow, white or orange flowers [18–22]. The approximately 40 species described at present occur in
Argentina, Bolivia, southern Brazil, Chile and Uruguay [22]. Rhodophiala plants have a tunicate bulb of
4–6 cm diameter, which is set 20–30 cm underground, a single umbel holding up to six flowers, each
flower being 4–6 cm wide and a flower stem 35 to 50 cm long [18].

Rhodophiala species are well known ornamental plants. Propagation of the Chilean species was
reported [19] as well as phylogenetic [20] and morphological studies [21,22]. The renewed interest on
galanthamine sources including the search for additional alkaloids with inhibitory activity towards
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the enzymes AChE and BuChE has prompted research work on the South American species of this
family. Brazilian [23] and Argentinean wild Amaryllidaceae [24] showed high structural diversity in
the alkaloid patterns and encouraged work on the Chilean species of this family. The knowledge of
the chemical composition and anti-cholinesterase activity of the Chilean species belonging to genus
Rhodophiala is limited. The comparative studies of their chemical composition are needed to identify
the best potential sources of bioactive alkaloids in the South American species.

The aim of this work was to disclose the potential of Chilean Rhodophiala species as inhibitors of
the enzymes AChE and BuChE as well as to analyze the alkaloid content and composition of native
species by gas chromatography coupled to mass spectrometry (GC-MS) looking for galanthamine
sources and searching for other compounds with effect of AChE and BuChE. Molecular docking
studies were also carried out to investigate the affinity of the alkaloids identified in the most promising
sample at the active sites of AChE and BuChE.

2. Results and Discussion

Twenty alkaloid extracts from five different Chilean Rhodophiala species (Figures 2 and 3) were
assessed for inhibitory activity towards the enzymes AChE and BuChE. The alkaloid composition of
the extracts was analyzed by GC-MS and the single alkaloid content was quantified and reported as
mg GAL/g alkaloid extract (AE). The extracts have been obtained as described in Section 2.2. Briefly,
the (fresh) plant material was lyophilized to obtain the dry tissues content (values included in the
Table) of the different plant parts investigated. The extraction yields are calculated and reported from
the lyophilized plant material.

Figure 2. Map of Chile showing the collection sites of the Rhodophiala species. 1: Arcos de Calán;
2: Laguna del Maule; 3: Nevado de Chillán; 4: Las Trancas; 5: Volcán Lonquimay; 6: Malalcahuello;
7: Sierra Nevada. Map source: Google Earth.
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Figure 3. Flowering Rhodophiala species from central-southern Chile. (A) R. andicola (Poepp.) Traub;
(B) R. araucana (Phil.) Traub; (C) R. montana (Phil.) Traub; (D) R. splendens (Renjifo) Traub; (E) R. pratensis
(Poepp.) Traub.; (F) R. pratensis white flowers and (G) R. pratensis plants with red and white flowers.

2.1. AChE and BuChE Inhibitory Activities

The crude alkaloid samples from the different Chilean Rhodophiala were tested in vitro for AChE
and BuChE-inhibitory activity. The percent dry weight of the samples, w/w extraction yields, and
cholinesterase inhibition are summarized in Table 1. Galanthamine was used as a control and presented
AChE and BuChE inhibition with IC50 values of 0.48 ± 0.07 and 3.70 ± 0.24 μg/mL, respectively. All
the alkaloid extracts tested were active against AChE. The highest AChE inhibitory potential was found
in bulbs of R. pratensis (sample Q) followed by R. splendens (sample S) with IC50 values of 3.32 ± 0.26
and 3.62 ± 0.02 μg/mL, respectively. Lowest activity was measured for the aerial part of R. pratensis
(sample N) (IC50 value: 102.27 ± 6.61 μg/mL). Nearly 50% of the samples showed some activity
against BuChE, with better effect for the bulbs of R. splendens (sample S) (IC50 14.37 ± 1.94 μg/mL).

The bulb (I) and leaf (J) extracts of R. montana presented moderate activity against both enzymes
with better effect of (I) against AChE and (J) towards BuChE. The differences in the chemical profiles
of I and J could explain these results. However, the high number of unknown alkaloids in the extracts
precludes further discussion. The bulb (Q) and leaf (R) extracts of white flowering R. pratensis were
active towards AChE, with IC50 of 3.32 and 8.39 μg/mL, respectively but with mild to low effect
against BuChE (Table 1), reducing the pharmacological interest of this species. The high AChE and
BuChE inhibitory activity of R. splendens bulb (S) and aerial parts/leaves (T) renders this plant as the
most promising species in the search for active molecules for AD therapy (Table 1).
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Table 1. Percent dry weight, w/w extraction yields from dry starting material, percent alkaloid extract
(from the crude extract), acetyl-(AChE) and butyryl- (BuChE) cholinesterase inhibitory activity of
alkaloid-enriched extracts from Chilean Rhodophiala.

Scientific Names, Abbreviated Collection
Place and Reference Letter

% Dry
Weight *a

w/w Extraction
Yield *b

% Alkaloid
Extract *c

AChE
IC50 (μg/mL) *d

BuChE
IC50 (μg/mL) *d

Aerial parts

R. andicola, SN (B) 15.46 30.63 3.16 18.16 ± 2.94 138.27 ± 6.83
R. andicola, NC (D) 18.70 22.10 2.86 12.30 ± 0.74 43.41 ± 2.64
R. andicola, VL (F) 20.00 17.50 2.07 74.44 ± 5.53 >200
R. araucana, M, (H) 17.70 25.30 3.78 *e *e

R. montana, LM (J) 21.40 9.40 1.14 33.57 ± 2.16 16.38 ± 0.78
R. pratensis, AC, RF, nl, sand dunes (L) 14.84 27.08 1.93 72.59 ± 4.26 >200
R. pratensis, AC, RF, L (N) 14.53 10.10 3.72 102.27 ± 6.61 >200
R. pratensis, AC, RF, nl (P) 11.68 32.39 2.87 31.97 ± 3.24 >200
R. pratensis, AC, WF (R) 10.67 16.47 1.15 8.39 ± 0.27 >200
R. splendens, LT, (T) 14.81 44.26 1.53 5.78 ± 0.93 16.26 ± 3.34

Bulbs

R. andicola, SN (A) 25.41 7.53 2.15 13.29 ± 1.01 45.76 ± 9.72
R. andicola, NC (C) 28.90 6.00 2.23 7.26 ± 0.16 47.38 ± 4.08
R. andicola, VL (E) 23.50 7.40 2.37 22.77 ± 1.57 113.24 ± 2.77
R. araucana, M, (G) 19.80 7.90 2.73 6.23 ± 0.24 45.71 ± 3.51
R. montana, LM, (I) 28.00 3.26 1.50 18.13 ± 0.51 40.05 ± 9.03
R. pratensis, AC, RF, nl, sand dunes (K) 18.87 19.73 1.50 11.81 ± 0.17 >200
R. pratensis, AC, RF, L (M) 20.98 11.73 2.84 44.23 ± 4.08 >200
R. pratensis, AC, RF, nl (O) 18.76 7.36 2.33 47.66 ± 1.78 >200
R. pratensis, AC, WF (Q) 19.64 4.84 2.29 3.32 ± 0.26 52.16 ± 0.57
R. splendens, LT, (S) 21.35 35.05 1.60 3.62 ± 0.02 14.37 ± 1.94

*a after lyophilization; *b from lyophilized material; *c from the crude extract; *d all IC50 were calculated using R2

≥ 0.99; *e insufficient sample; WF: white flowers; RF: red flowers; L: with leaves; nl: no leaves; Collection place:
AC: Arcos de Calán, Región del Maule; LM: Laguna del Maule; LT: Las Trancas; M: Malalcahuello, Región de la
Araucanía; NC: Nevado de Chillán; SN: Sierra Nevada; VL: volcan Lonquimay.

2.2. Alkaloid Identification by GC-MS

The activity of the Chilean Rhodophiala towards acetylcholinesterase is a consequence of the
chemical composition of the extracts. Therefore, the alkaloid composition is a key point to understand
the chemical diversity of these plants as a source of potential therapies for AD. The alkaloids occurring
in the different extracts were identified by comparing their GC-MS spectra and Kovats Retention Index
(RI) values with those of authentic samples. Thirty-seven known alkaloids were identified in these
samples (Figure 4). About 50% of them belong to three different alkaloid types, namely: lycorine,
haemanthamine and crinine. The others belong to six different alkaloid types: tazettine, homolycorine,
galanthamine, montanine, mesembrenone and narciclasine. Two unusual alkaloids known as ismine
and galanthindole were also found. The occurrence and quantification of the alkaloids in the samples
is summarized in Table 2: (A) (aerial parts) and (B) (bulbs). The number of alkaloids detected varied
among extracts, ranging from 8 in the aerial parts of R. andicola collected in Sierra Nevada (B) to
23 in the bulb of R. pratensis (K). Forty structures found in these samples could not be identified,
suggesting high potential of Chilean Rhodophiala species in the search for new alkaloids. The number
of unidentified compounds ranged from 3 in aerial parts of R. andicola (A, B and D), R. pratensis (P) and
R. splendens (T) to 12 in aerial parts of R. montana (J). Representative chromatograms of the samples are
shown in Figures 5–9.
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Figure 4. Alkaloids identified in Chilean Rhodophiala species by GC-MS.
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The highest alkaloid concentration was detected in the aerial parts of R. andicola (F) and in the
aerial parts of R. pratensis (R) (311.1 and 274.1 mg GAL/g AE, respectively). Lowest content was
found in the aerial parts of R. andicola (B) and in the aerial parts of R. pratensis (P) (133.2 and 138.1 mg
GAL/g AE, respectively). In 70% of the samples, lycorine-, haemanthamine/crinine- and tazettine-type
alkaloids were predominant. Lycorine-type alkaloids were present in all species with higher content in
R. araucana (G) and R. montana bulbs (I) (79.0 and 78.6 mg GAL/g AE, respectively) and lowest values
in the aerial parts of R. andicola (B) and (D) (8.6 and 7.5 mg GAL/g AE, respectively).

Haemanthamine/crinine-alkaloids occur in all samples except the aerial parts of R. andicola
(B). However, the higher content was found in the bulbs of R. andicola from the same collection
place (A) and in the aerial parts of the plant collected at Volcan Lonquimay (F). Compounds from
the tazettine-type were not detected in the aerial parts and bulbs of R. montana (I and J). From the
different Amaryllidaceae alkaloids groups, tazettine-type alkaloids were the main compounds in
several samples, occurring in highest concentration in R. andicola (E, F) with values of 85.9 and 95.8 mg
GAL/g AE of tazettine-type alkaloids in bulbs and aerial parts, respectively.

Galanthamine-type alkaloids were detected in low quantities in three species, namely R. andicola,
R. araucana and R. montana (samples C, D, E, F, G, H and J) ranging between 5.1 to 19.0 mg GAL/g
AE. Montanine-type alkaloids were present in all species, except R. andicola. The highest level of
montanine-type compounds was detected in R. pratensis (K) (41.7 mg GAL/g AE), which presented
three different alkaloids: pancratinine C, montanine and pancracine (5.3, 29.8 and 6.6 mg GAL/g
AE, respectively). Mesembrenone-type was the least representative alkaloid-type. It was represented
by demethylmesembrenol, detected in low quantities in three different samples of R. pratensis (K, M
and Q) (7.2, 5.2 and 5.1 mg GAL/g AE, respectively). Narciclasine-type occurs in most samples in a
range between 5.1 mg GAL/g AE in bulbs of R. splendens (S) to 44.5 and 32.2 mg GAL/g AE in aerial
parts of R. pratensis with red flowers and leaves (N) and aerial parts of R. splendens (T), respectively.
All species investigated presented ismine and/or galanthindole alkaloids, except R. montana. Forty
structures occurring in the extracts could not be identified using the available databases. Three of the
unidentified compounds were highly representative among the samples.

The compound with m/z 252 [M+ = 253] (RI 2405.0) occurs in 60% of the samples. The m/z 109
with [M+ = 331] (RI 2557.5), which probably belongs to the homolycorine-type alkaloids, was detected
in 40% of the samples and in high amounts in bulbs of R. pratensis with white flowers (46.7 mg GAL/g
AE). Finally, m/z 261 with [M+ = 345] (RI 2662.6) was detected in 45% of the samples and in high
quantity in aerial parts of R. andicola collected at Volcan Lonquimay (24.6 mg GAL/g AE).

The highest content of non-identified alkaloids was detected in the aerial parts of R. montana (J)
and in the bulbs of R. pratensis (red flowers and without leaves) collected in the sand dunes at the sea
shore (K) (126.9 and 92.6 mg GAL/g AE, respectively). The lowest content was detected in aerial parts
of R. pratensis with red flowers and without leaves (P) and in aerial parts of R. splendens (T) (20.6 and
21.8 mg GAL/g AE, respectively).

2.3. Molecular Docking

In this study, R. splendens was the most active inhibitor of AChE and BuChE. Alkaloid analysis
by GC-MS allowed the identification of 17 compounds in the leaf extract of R. splendens (T) including
two unidentified constituents (Table 2). The 15 alkaloids identified in the extract were evaluated
for their theoretical AChE and BuChE inhibitory potential by molecular docking (Tables 3 and 4).
As expected, no alkaloid identified in sample T presented better theoretical AChE inhibitory activity
than galanthamine. Molecular simulation of six alkaloids identified in sample T on the 4BDS structure
theoretically showed higher enzymatic inhibition against BuChE than galanthamine by 0.80 kcal/mol.
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Table 3. AChE and BuChE inhibitory activities of some alkaloids identified in the aerial parts of
R. splendens (T) and the reference compound galanthamine. Values are expressed as IC50 (μg/mL).

Alkaloid AChE BuChE

11-hydroxyvittatine (20a) 122.17 ± 22.03 >200
lycorine (9) 101.70 ± 23.79 >200
8-O-demethylmaritidine (16) 113.21 ± 8.21 127.87 ± 2.45
hamayne (20b) 135.09 ± 15.33 48.40 ± 1.13
deacetylcantabricine (17) >200 >200
haemanthamine (18a) 184.68 ± 11.58 >200
galanthamine (28) 0.48 ± 0.07 3.70 ± 0.24

Table 4. Estimated free energy binding of molecular docking between alkaloids identified in aerial
parts of R. splendens and cholinesterases (AChE and BuChE). Values are expressed in kcal/mol.

Alkaloid AChE *a BuChE *b

11-hydroxyvittatine (20a) −8.43 −9.03
lycorine (9) −8.82 *c −8.94

8-O-demethylmaritidine (16) −8.74 *d −8.93
hamayne (20b) −8.28 −8.54

deacetylcantabricine (17) −7.90 −8.43
haemanthamine (18a) −8.80 −8.34

galanthamine (28) −9.55 *c −8.23 *c

epimacronine (25) −9.36 *c −7.63
tazettine (24) −8.66 *c −7.87

O-methyltazettine (23) −8.54 −7.87
11,12-dehydroanhydrolycorine (4) −8.41 −7.44

galanthindole (37) −7.81 −7.41
trisphaeridine (34) −7.38 −7.27

dihydrobicolorine (35) −7.33 −7.38
ismine (36) −6.78 −7.08

*a PBD code: 1DX6; *b PBD code: 4BDS; *c Cortes et al., 2015; *d Cortes et al., 2017.

To gain further insight into the molecular docking results, an experiment was carried out
to check the AChE and BuChE inhibitory activities of 11-hydroxyvittatine (20), lycorine (9),
8-O-demethylmaritidine (16), hamayne (20b), deacetylcantabricine (17) and haemanthamine (18a)
(Table 3). The best AChE and BuChE inhibitory activities were obtained for lycorine (9) (IC50

101.70 ± 23.79 μg/mL) and hamayne (20b) (IC50 48.40 ± 1.13 μg/mL), respectively. However, their
theoretical BuChE inhibition was not supported by the experimental assays. The difference in origin of
the BuChE structure used in the molecular docking (human) and experimental assays (equine serum),
as well as the inability of these compounds to arrive at the BuChE active site of the enzyme could help
to explain the difference between theoretical and practical results.

Two important regions in the active sites of the hBuChE enzymes have been located: the first
corresponding to the catalytic triad composed by the residues His438, Ser198, and Glu325 [25], while
the second corresponds to a choline binding site (α-anionic site), composed principally by the residues
Trp82 and Phe329 [25]. A graphical representation of molecular binding of 11-hydroxyvittatine
(20a) and hamayne (20b) alkaloids with the hBuChE protein is presented in Figure 10. The alkaloid
11-hydroxyvittatine (20a) shows two strong interactions, hydrogen bonds, with the residues Trp82 and
Trp430; however, this molecule does not present any interactions close to the catalytic triad His438,
Ser198, and Glu325. On the other hand, hamayne (20b) shows one hydrogen bond interaction with the
residue Gly115, an amino acid located close to the catalytic triad His438, Ser198, and Glu325. In the
case of the interactions at the choline binding site (α-anionic site), both alkaloids show the same π–π
stacking interaction with the residue Trp82. These molecular interactions suggest that the β-orientation
of the hydroxyl group at C-3 in 11-hydroxyvittatine (20a) could theoretically increase the BuChE
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inhibition on the 4BDS structure by 0.49 kcal/mol, compared to the α-orientation of the hydroxyl
group at the C-3 position in hamayne (20b). However, in the experimental assays, hamayne (20b)
showed BuChE inhibitory activity (48.40 ± 1.13 μg/mL). It can be hypothesized that the β-orientation
of the hydroxyl group at C-3 in 11-hydroxyvittatine (20a) probably makes it difficult for the compound
to arrive at the catalytic triad in the active site of the BuChE.

Figure 10. Graphical representations of the binding of (a) 11-hydroxivittatine (20a) and (b) hamayne
(20b) in the gorge of the active site of hBuChE.

Studies on alkaloid composition associated with cholinesterase inhibition and binding-mode
prediction have been reported [26,27]. A work on Argentinean Amaryllidaceae [24] reported the
composition and acetylcholinesterase inhibition of four wild growing species, including Rhodophiala
mendocina. Two R. mendocina samples collected in different locations presented similar activity
towards AChE with IC50 values of 2.0 μg/mL but with relevant differences in the qualitative and
quantitative alkaloid composition. The sample from the Provincia de San Juan showed high content of
haemanthamine/crinamine (31.2%), tazettine (32.9%) and lycorine (13.3%) while the plant collected
in the Provincia de Neuquen presented 6.8% haemanthamine/crinamine and 20.4% of lycorine,
respectively. Galanthamine was found in both samples with 0.6 and 0.8% for the San Juan and
Neuquen plants, respectively. In a report from acetylcholinesterase inhibitory alkaloids from Brazilian
Amaryllidaceae [23] the bulbs of Rhodophiala bifida (Herb.) Traub were investigated. The activity on
AChE was moderate with an IC50 value of 8.45 μg/mL, being lower than that from R. mendocina [24].
The alkaloid extract of R. bifida bulbs contained high amounts of montanine (91.94%). The alkaloid
composition of the Chilean Rhodophiala ananuca (formerly: Hippeastrum ananuca) was described [28,29].
The bulbs contained phenantridine alkaloids, including hippeastidine and epi-homolycorine.

The alkaloid montanine isolated from R. bifida showed activity towards a panel of eight human
cancer cell lines. According to [30], montanine at 2.5 μg/mL was more active than doxorubicine on the
multi-drug resistant breast cell line NCLADR. Montanine also showed antimicrobial effect with MIC
of 5 μg/mL against S. aureus ATCC 6538 and E. coli ATCC 24922 and 20 μg/mL against P. aeruginosa
ATCC 27853, respectively [31]. In a screening towards Trichomonas vaginalis, dichloromethane and
n-butanol extracts from Brazilian Hippeastrum species and Rhodophiala bifida showed activity against
the protozoa [32]. The most active fractions contained the alkaloids lycorine and lycosinine.

In a study on the alkaloids of Zephyranthes robusta (Amaryllidaceae), the compounds isolated
were evaluated as inhibitors of human cholinesterases [33]. The authors used human erythrocye
AChE and serum BuChE. The compounds were tested in a range of 0.5–500 μg/mL and the inhibition
was reported as IC50 values in μMolar concentration. While the activity of the reference compound
galanthamine was similar in both studies, 11-hydroxyvitattine, lycorine and haemanthamine were
not active on the human AChE and BuChE. 8-O-demethylmaritidine and hamayne were inactive
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on human BuChE but presented activity on erythrocyte AChE. The differences in the results can be
explained by the biological source of the enzymes (human cholinesterases for [33] and electric eel
AChE and horse (equine serum) BuChE in this work. For a better comparison of results, the use of
enzymes from the same biological source should be recommended.

In summary, the AChE and BuChE inhibitory activity of the Chilean Rhodophiala species
investigated led to an interesting source of inhibitors that do not contain the alkaloid galanthamine.
Our results suggest that Chilean Rhodophiala could be a promising source of new alkaloids with effect
towards cholinesterases. The difficulty in finding a species with high activity against AChE and BuChE,
the similarity of the AChE and BuChE inhibitory values, the low complexity of the alkaloid profile of
aerial parts of R. splendens, together with the absence of galanthamine-type alkaloids in this sample,
prompted us to further explore the results.

3. Materials and Methods

3.1. Plant Material

The samples were collected in central-southern Chile and were identified following the
reference [19,34]. Rhodophiala andicola (Poepp.) Traub, was collected at Sierra Nevada (Región de
la Araucanía, 27 January 2016), the slopes of Volcán Lonquimay (Región de la Araucanía, Provincia del
Malleco, 19 December 2016) and the slopes of Nevado de Chillán (Región del Bio-Bio, 30 December
2016). Rhodophiala araucana (Phil.) Traub was collected at Malalcahuello, Región de la Araucanía
(19 December 2016), and Rhodophiala montana (Phil.) Traub at the roadside to Laguna del Maule, Región
del Maule (2 January 2017). Samples from Rhodophiala pratensis (Poepp.) Traub were collected at
Arcos de Calán, Región del Maule (12 December 2016) including plants growing on sand dunes and
grasslands close to the sea. Plants with red and white flowers were collected separately. According
to [34], the plant with red flowers fits the description of R. pratensis. Rhodophiala splendens (Renjifo)
Traub was collected at Las Trancas, Región del Bio-Bio (2 January 2016). The plants were identified
by Dr. Patricio Peñailillo, Herbario de la Universidad de Talca. Voucher herbarium specimens have
been deposited at the Universidad de Talca as follows: R. andicola (N◦ 4081); R. araucana (N◦ 4083);
R. montana (N◦ 4080); R. pratensis (N◦ 4084); R. pratensis (white flower) (N◦ 8085); R. splendens (N◦ 4082).
A map with the collection places is shown in Figure 2. Pictures of the species investigated are illustrated
in Figure 3.

3.2. Extraction

The freshly collected plant material was cleaned and separated into bulbs and aerial parts, frozen
and lyophilized before extraction. The dry weight percentage was determined. The lyophilized plant
material was extracted with MeOH under sonication for 10 min (3×) changing the solvent each time.
The plant to solvent ratio ranged from 1:10 to 1:60 and was selected according to the volume of plant
material for extraction. The combined MeOH solubles were taken to dryness under reduced pressure
to afford the crude extracts. The crude extracts were then acidified to pH 3 with diluted H2SO4 (2%,
v/v) and the neutral material was removed with Et2O. The aqueous solutions were basified up to pH
9–10 with NH4OH (25%, v/v) and extracted with EtOAc to provide the alkaloid extracts which were
used for all experiments (enzyme inhibition assays and chemical analysis by GC-MS).

3.3. Acetylcholinesterase (AChE) and Butyrylcholinesterase (BuChE) Inhibitory Activity

Cholinesterase inhibitory activities were determined according to [35] with some
modifications [36]. Stock solutions with 518U of AchE from Electrophorus electricus (Merck,
Darmstadt, Germany) and BuChE from equine serum (Merck, Darmstadt, Germany), respectively,
were prepared and kept at −20 ◦C. Acetylthiocholine iodide (ATCI), S-butyrylthiocholine iodide
(BTCI) and 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) were obtained from Merck (Darmstadt,
Germany). Fifty microliters of AChE or BuChE (both enzymes used at 6.24 U) in phosphate buffer
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(8 mM K2HPO4, 2.3 mM NaH2PO4, 0.15 NaCl, pH 7.5) and 50 μL of the sample dissolved in the same
buffer were added to the wells. The plates were incubated for 30 min at room temperature. Then,
100 μL of the substrate solution (0.1 M Na2HPO4, 0.5 M DTNB, and 0.6 mM ATCI or 0.24 mM BTCI in
Millipore water, pH 7.5) was added. After 10 min, the absorbance was read at 405 nm in a Labsystem
microplate reader (Thermo Fischer, Waltham, MA, USA). Enzyme activity was calculated as percent
compared to a control using buffer without any inhibitor. Galanthamine served as positive control.
In a first step, samples were assessed at 10, 100 and 200 μg/mL towards both enzymes. Samples with
an IC50 > 200 μg/mL were considered inactive. Samples with an IC50 < 200 μg/mL were further
analyzed to determine the IC50 values. The cholinesterase inhibitory data were analyzed with the
software Microsoft Office Excel 2010 (Microsoft, Redmond, WA, USA).

3.4. Alkaloids Identification and Quantification

3.4.1. Equipment

The equipment used for the identification and quantification of the alkaloids was a GC-MS 6890N
apparatus (Agilent Technologies, Santa Clara, CA, USA) coupled with MSD5975 inert XL operating
in the electron ionization (EI) mode at 70 eV. A Sapiens-X5 MS column (30 m × 0.25 mm i.d., film
thickness 0.25 μm) was used. The temperature gradient was as follows: 12 min at 100 ◦C, 100–180 ◦C at
15 ◦C/min, 180–300 ◦C at 5 ◦C/min and 10 min hold at 300 ◦C. The injector and detector temperatures
were 250 and 280 ◦C, respectively, and the flow-rate of carrier gas (He) was 1 mL/min. Two mg of
each alkaloid extract was dissolved in 1 mL of MeOH:CHCl3 (1:1, v/v) and 1 μL was injected using the
splitless mode. Codeine (0.05 mg/mL) was used as an internal standard in all the samples.

3.4.2. Alkaloids Identification

Amaryllidaceae alkaloids occurring in the samples were identified by comparison of the Rt,
fragmentation patterns and data interpretation of the spectra. The database used was built using single
alkaloids previously isolated and identified by spectroscopic and spectrometric methods (NMR, UV,
CD, IR, MS) in the Natural Products Laboratory, Universidad de Barcelona, the NIST 05 Database and
literature data [37–42].

3.4.3. Alkaloid Quantification

To quantify the single constituents, a calibration curve of galanthamine (10, 20, 40, 60, 80 and
100 μg/mL) was used. The same amount of codeine (0.05 mg/mL) was added to each solution
sample as an internal standard. The peak areas were manually obtained considering selected ions
for each compound (usually the base peak of their MS, i.e., m/z at 286 for galanthamine, at 299 for
codeine). The ratio between the values obtained for galanthamine and codeine in each solution was
plotted against the corresponding concentration of galanthamine to obtain the calibration curve and
its equation (y = 0.0224x − 0.2037; R2 = 0.9977). All data were standardized to the area of the internal
standard (codeine) and the equation obtained for the calibration curve of galanthamine was used to
calculate the amount of each alkaloid. Results are expressed as mg GAL, which was finally related
to the alkaloid extract weight. As the peak area does not only depend on the corresponding alkaloid
concentration but also on the intensity of the mass spectra fragmentation, the quantification is not
absolute. However, the methodology is considered suitable to compare the specific alkaloid amount
between samples [39,42].

3.5. Molecular Docking

The molecular docking simulations for the alkaloids identified in Rhodophiala splendens, the most
promising species found in this study, were performed to investigate the binding mode into the active
site of two different enzymes, namely Torpedo californica AChE (TcAChE) and hBuChE: proteins with
PDB codes 1DX6 [43] and 4BDS [44], respectively. The 3D-structures of the alkaloids were drawn
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using the Chemcraft program [45], and then submitted to a geometrical optimization procedure at
PBE0 [46]/6-311+g* [47] level of theory using the Gaussian 09 program [48]. All optimized alkaloids
were confirmed as a minimum on the potential energy surface. The docking simulations for the set
of optimized ligands were performed using the AutoDock v.4.2 program [49]. AutoDock combines
a rapid energy evaluation through pre-calculated grids of affinity potentials with a variety of search
algorithms to find suitable binding positions for a ligand on a given macromolecule. To compare the
results from the docking simulations, the water molecules, cofactors, and ions were excluded from
each X-ray crystallographic structure. Likewise, the polar hydrogen atoms of the enzymes were added,
and the non-polar hydrogen atoms were merged. Finally, the enzyme was treated as a rigid body.
The grid maps of interaction energy for various atom types with each macromolecule were calculated
by the auxiliary program AutoGrid, choosing a grid box with dimensions of 70 × 70 × 70 Å around
the active site, which was sufficiently large to include the most important residues of each enzyme.
The docking searches for the best orientations of the ligands binding to the active site of each protein
were performed using the Lamarckian Genetic Algorithm (LGA) [50]. The LGA protocol applied a
population size of 2000 individuals, while 2,500,000 energy evaluations were used for the 50 LGA runs.
The best conformations were chosen from the lowest docked energy solutions in the cluster populated
by the highest number of conformations. The best docking complex solutions (poses) were analyzed
according to the potential intermolecular interactions (ligand/enzyme), such as hydrogen bonding
and the cation–π, π–π stacking.
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Abstract: A novel isoquinoline alkaloid, mahimbrine A, possessing a rare benzotropolone framing
scaffold, was isolated from the endemic plant of Mahonia imbricata. Its structure was established on
the basis of extensive spectroscopic analysis. A plausible biosynthetic route of mahimbrine A was
proposed. Mahimbrine A showed no antimicrobial activity at the concentration of 1 mg/mL.
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1. Introduction

Mahonia imbricata Ying et Boufford, as one of the endemics of seed plants in China, is a perennial
shrub of the family Berberidaceae, distributed only in Guizhou and Yunan provinces of Southwest
China [1]. Plants of the genus Mahonia have long been used as a traditional medicine to treat
tuberculosis, periodontitis, dysentery, pharyngolaryngitis, eczema, and wounds [2]. Previous chemical
investigations on this genus have involved a series of chemical constituents. Among these constituents,
alkaloids are principal constituents of the genus Mahonia [3–5]. As part of an ongoing research
program to isolate and determine structures of secondary metabolites from medicinal endemic plants
of southwestern China [6,7], we performed a phytochemical study on M. imbricate. As a result, a
novel isoquinoline alkaloid, possessing a rare benzotropolone substituent, was isolated (Figure 1).
Its structure was established by means of spectroscopic analysis including one- and two-dimensional
NMR spectroscopy. Moreover, the hypothetical biosynthetic route was proposed. Mahimbrine A was
tested against four gram-positive bacterial strains and four gram-negative bacteria.

Figure 1. Structure of mahimbrine A.
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2. Results and Discussion

2.1. Structure Elucidation of Mahimbrine A

Mahimbrine A was obtained as a brown gum. Its molecular formula was established as
C24H23NO5 on the basis of the HR-ESI-MS ([M + H]+ at m/z 406.1632, calcd. 406.1649 and [2M + H]+

at m/z 811.3226, calcd. 811.3225), which requires 14 degrees of unsaturation. The IR absorptions at
3434 and 1633 cm−1 suggested the presence of hydroxyl and carbonyl groups in the molecule. UV
absorptions at λmax 230 and 288 nm deduced the presence of an α, β-unsaturated carbonyl moiety [8].
The 1H, 13C NMR and HSQC spectra of mahimbrine A (Table 1) showed 24 carbon resonances due to a
methine at δH 2.91 (2H, m), δC 25.8; four methoxyl groups at δH 3.60 (3H, s), 3.93 (6H, s), 3.94 (3H, s),
δC 56.2, 56.2, 56.2, 61.8; a methine at δH 3.90 (1H, m), 4.03 (1H, m), δC 47.9; a 1,2,3,4-tetrasubstituted
phenyl ring moiety at δH 7.04 (1H, d, J = 9.1 Hz), 7.28 (1H, d, J = 9.1 Hz), δC 153.7, 148.4, 1131.5, 129.2,
128.8, 114.5; a 1,2,4,5-tetrasubstituted phenyl ring moiety at δH 6.57 (1H, s), 6.78 (1H, s), δC 151.8,
147.9, 131.4, 121.9, 110.6, 110.6; a carbonyl at δC 188.4; and an unsaturated system at δH 8.20 (1H, d,
J = 13.0 Hz), 6.87 (1H, dd, J = 13.0, 2.7 Hz), 6.74 (1H, d, J = 2.7 Hz), δC 168.4, 148.8, 134.9, 133.6, 133.5.

Table 1. 1H and 13C NMR data for mahimbrine A (400/100 MHz, in CDCl3).

Position δH δC Position δH δC

1 168.4 1′ 148.4

3 4.03,
3.90, m 47.9 2′ 153.7

4 2.91, m 25.8 3′ 7.04, d (9.1) 114.5
4a 131.4 4′ 7.28, d (9.1) 128.8
5 6.78, s 110.6 4′a 129.2
6 151.8 5′ 148.8
7 147.9 6′ 6.74, d (2.7) 133.5
8 6.57, s 110.6 7′ 188.4

8a 121.9 8′ 6.87, dd
(13.0, 2.7) 134.9

6-OCH3 3.94, s 56.2 9′ 8.20, d
(13.0) 133.6

7-OCH3 3.60, s 56.2 9′a 131.5
1′-OCH3 3.93, s 61.8
2′-OCH3 3.93, s 56.2

The obvious HMBC correlations (Figure 2) from H-3 to C-1, C-4a, H-4 to C-5, C-4a, C-8a, H-5
to C-4, C-7, C-8a, H-8 to C-1, C-4a, C-6, OCH3 to C-6 and OCH3 to C-7 evidenced the presence of a
dihydroisoquinoline unit with two methoxyl groups located at C-6 and C-7, respectively. The HMBC
correlations of H-9′ to C-7′ (δC 188.4), C-4′a, H-8′ to C-6′, C-9′a (δC 131.5), and H-6′ to C-4′a (δC 129.2),
C-8′a, established the presence of a tropolone moiety, which was further verified by the vicinal coupling
constants of H-8′/H-9′ (J = 13.0 Hz) [9]. Moreover, the HMBC correlations of H-9′ to C-1′, C-4′a, H-4′

to C-2′, C-5′, C-9′a confirmed the tropolone moiety and 1,2,3,4-tetrasubstituted phenyl ring moiety
connected via a bridged bond at C-4′a and C-9′a. Similarly, two methoxyl groups at C-1′ and C-2′

were also assigned. The HMBC correlations of H-6′ to C-1, C-4′a and H-4′ to C-5 indicated that the
dihydroisoquinoline unit and benzotropolone unit were connected to each other by C-1 and C-5′. Thus,
the final structure of this compound was determined and named mahimbrine A.
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Figure 2. Key COSY, HMBC and NOESY correlations of mahimbrine A.

2.2. Plausible Biogenetic Pathway

A plausible biogenetic pathway for mahimbrine A was postulated (Scheme 1). As a precursor,
naphthylacetic acid and dopamine via condensation reaction to give an amide intermediate 1 [10],
which subsequently undergoes a Bischler-Napieralski reaction to generate intermediate 2 [11].
Intermediate 2 is then oxidized to yield intermediate 3 [12]. Intermediate 3 can spontaneously
convert to its enol form. This enol intermediate then undergoes ring expansion rearrangement to give
intermediate 4 [13], which is finally methylated to get mahimbrine A.

Scheme 1. Proposed Biogenetic Pathway of mahimbrine A.

2.3. Antimicrobial Activity

The antimicrobial activity of mahimbrine A was evaluated against four gram-positive bacterial
strains Staphylococcus aureus ATCC 6538, Micrococcus luteus CMCC 28001, Staphylococcus epidermidis
ATCC 12228, and Bacillus subtilis ATCC 21332; and four gram-negative bacteria Pseudomonas aeruginosa
ATCC 27853, Escherichia coli ATCC 25922, Salmonella typhimurium ATCC 14028, and Enterobacter
aerogenes ATCC 13048, by a microdilution titre technique; neither was active [14]. Gentamicin and
streptomycin were used as positive controls. Discs containing 10 μL DMSO solutions were used as a
negative control. All tests were performed in triplicate.
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3. Experimental Section

3.1. General Procedures

UV spectra were recorded on a Perkin-Elmer Lambda 35 UV-VIS spectrophotometer (Perkin-Elmer,
Waltham, MA, USA). IR spectra were measured on a PerkinElmer one FT-IR spectrometer (KBr)
(Perkin-Elmer, Waltham, MA, USA). 1D and 2D-NMR spectra were recorded on a Bruker-Ascend-400
or an Agilent DD2400-MR instrument using TMS as the internal reference. HR-ESI-MS spectra
were measured on a LTQ Orbitrap XL mass spectrometer (Thermo Scientific, Waltham, MA,
USA). Column chromatography was performed using silica gel (300–400 mesh, Qingdao marine
Chemical Ltd., Qingdao, China). Semi-preparative HPLC was performed on LC3000 system (Beijing
ChuangXingTongHeng Science And Technology Co., Ltd., Beijing, China) equipped with an ODS
column (5 μm, i.d. 10 mm × 250 mm, YMC). Original raw data of 1D, 2D NMR spectra and HR-ESI-MS
of mahimbrine A are available in the supplementary materials.

3.2. Plant Material

The plant was collected from Loushanguan in Zunyi City, People’s Republic of China, in
October 2013, and identified as Mahonia imbricata by Prof. Jian-Wen Yang, Zunyi Medical University.
A voucher specimen (20131020) was deposited with the Herbarium of the School of Pharmacy, Zunyi
Medical University.

3.3. Extraction and Isolation

The air-dried and finely ground stems of Mahonia imbricata (30 kg) were extracted with 90%
ethanol for three times at room temperature (5 days each). The ethanol extract was evaporated under
reduced pressure to get a crude extract (2 kg), which was further suspended in acidic water (pH 3–4)
and then filtered to obtain the filtrate. The filtrate was alkalized to pH 9–10 and extracted successively
with CHCl3 and n-BuOH (each 3 times), respectively. The CHCl3 extract was subjected to silica
gel column chromatography (80 mm × 600 mm, 1400 g, 300–400 mesh), eluted with a gradient of
CHCl3/MeOH (v/v = 100:1–1:100) to afford ten fractions (A–J). Fraction C was separated by Sephadex
LH-20 column chromatography (CHCl3/MeOH = 1:1) and divided into 15 subfractionses (fraction
A.1–A.15). Mahimbrine A (3.8 mg) was obtained from fraction A.6 by sempipreparative HPLC
(MeOH/H2O = 55:45, flow rate 4 mL/min).

3.4. Spectral Data

Mahimbrine A: brown gum; UV (CH3OH): 230 (2.68), 288 (2.43); IR (KBr): 3434, 2920, 1633, 1590,
1512, 1384, 1292, 1026, 810; 1H and 13C NMR data, Table 1. HR-ESI-MS: m/z 406.1632 [M + H]+,
C24H24NO5

+, calcd. 406.1649; m/z 811.3226 [2M + H]+, calcd. 811.3225.

4. Conclusions

In conclusion, mahimbrine A has been isolated from the endemic plant of Mahonia imbricate and its
chemical structure has been elucidated. It displays an interesting structure with a dihydroisoquinoline
moiety bound to a rare benzotropolone ring system. The structure of mahimbrine A was elucidated by
HR-ESI-MS, 1D, 2D NMR and a biosynthetic pathway was proposed. Mahimbrine A did not show
antimicrobial activity at the tested concentration of 1 mg/mL. The interesting structural architecture of
this natural product might find further applications.

Supplementary Materials: 1D, 2D NMR spectra and HR-ESI-MS of mahimbrine A are available online.
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Abstract: Veratrum californicum is a rich source of steroidal alkaloids such as cyclopamine, a known
inhibitor of the Hedgehog (Hh) signaling pathway. Here we provide a detailed analysis of the alkaloid
composition of V. californicum by plant part through quantitative analysis of cyclopamine, veratramine,
muldamine and isorubijervine in the leaf, stem and root/rhizome of the plant. To determine whether
additional alkaloids in the extracts contribute to Hh signaling inhibition, the concentrations of these
four alkaloids present in extracts were replicated using commercially available standards, followed by
comparison of extracts to alkaloid standard mixtures for inhibition of Hh signaling using Shh-Light II
cells. Alkaloid combinations enhanced Hh signaling pathway antagonism compared to cyclopamine
alone, and significant differences were observed in the Hh pathway inhibition between the stem and
root/rhizome extracts and their corresponding alkaloid standard mixtures, indicating that additional
alkaloids present in these extracts are capable of inhibiting Hh signaling.

Keywords: hedgehog signaling; Veratrum californicum; cyclopamine; HPLC-MS; Shh-Light II cells

1. Introduction

The Hedgehog (Hh) signaling pathway plays a vital role in embryonic development [1,2].
In mammals, the Hh signaling pathway consists of the secreted ligands Sonic hedgehog (Shh), Desert
hedgehog (Dhh) and Indian hedgehog (Ihh); the transmembrane receptor proteins Patched (Ptch1 and
Ptch2), the transmembrane signal transducer Smoothened (Smo), and the Gli transcription factors
(Gli1, Gli2, Gli3) [3]. In the absence of Hh ligands, Ptch1 prevents the translocation of Smo to the
primary cilia, thereby inhibiting the nuclear localization of Gli and suppressing transcriptional activity.
Upon binding of Hh ligands to Ptch1, Smo suppression is abolished and downstream pathway activity
proceeds, resulting in nuclear translocation and activation of Gli. Although the Hh ligand proteins
all act as morphogens and have similar physiological effects, each Hh ligand performs specialized
functions due to the spatial and temporal differences in their expression [4]. The Shh signaling
pathway is a major regulator of various processes, including cell differentiation and proliferation,
and tissue polarity [2,5]. Inhibition of Shh signaling is widely researched because aberrant Shh
signaling is a hallmark of many cancers [6–8], including prostate, gallbladder, pancreatic, and basal
cell carcinoma [9–12]. Basal cell carcinoma (BCC) is the most common human cancer and is driven
predominantly by the hyperactivation of the Hh pathway [13–15]. For this reason, a significant number
of BCC patients experience a clinical benefit from vismodegib (Erivedge®), a Smo inhibitor approved
by the US Food and Drug Administration (FDA) to treat metastatic or reoccurring BCC [16]. In phase 2
trials in BCC patients, a majority experienced clinical benefit with vismodegib treatment that included
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30% of metastatic BCC patients demonstrating a 30% decrease in visible tumor dimension, and 64%
experiencing stable tumor size. In patients with locally advanced BCC, 43% showed a 30% decrease
in visible tumor dimension, and 38% demonstrating stable tumor size. However, development
of resistance to vismodegib in up to 20% of advanced BCC patients within one year of treatment
represents a significant limitation [15,17]. Various studies have implicated amino acid mutations in
the vismodegib binding-site in Smo as a mechanism underlying acquired resistance [15,18,19]. Due to
adverse side effects and the potential for acquired resistance to vismodegib there is a continued need
to investigate novel compounds that target the Hh signaling pathway, and identification of natural
products that act as Hh signaling inhibitors continues to be investigated [20–23].

Veratrum californicum (V. californicum) is native to the western United States and is rich in steroidal
alkaloids, including cyclopamine, veratramine, isorubijervine and muldamine [6,24]. Of these alkaloids,
the most notorious is cyclopamine, a teratogen antagonist of the Shh signaling pathway [25]. Interest in
V. californicum arose in the 1950s when unsettling high incidences of craniofacial birth defects in
lambs were observed by shepherds in Idaho. Numerous review articles have recounted the history
of scientific interest in V. californicum, the efforts undertaken by researchers at the Poisonous Plant
Research Laboratory in Logan, UT to identify and validate the causative agents of the observed
birth defects, and the chronological order of the isolation and structural elucidation of individual
steroidal alkaloids [6,26,27]. However, few reports in the literature have used modern, highly sensitive
analytical techniques to examine the full array of steroidal alkaloids in V. californicum [28]. Our lab
has implemented extraction techniques of the root and rhizome of V. californicum aimed at isolating
these steroidal alkaloids and characterizing their bioactivity towards Hh signaling using Shh-Light
II cell assays [28,29]. In the current study, we used ethanol extraction of the leaves, stems and
roots of V. californicum to determine if alkaloid ratios in the extract yield synergistic amplification of
Hh signaling suppression as compared to traditional single alkaloid activity. The extracts were
characterized using liquid chromatography and high resolution electrospray ionization time of
flight tandem mass spectrometry, and their biological activity was tested using Shh-Light II cells.
The concentrations of cyclopamine, veratramine, isorubijervine and muldamine were determined,
and mixtures of commercially available standards were prepared in the same ratios as found in the
extracts derived from the leaf, stem and root/rhizome of V. californicum. We sought to test whether
well-characterized steroidal alkaloids, at ratios consistent with native plant content, exhibited a
synergistic effect to inhibit Hh pathway signaling commensurate with plant extract. Additionally,
we sought to determine if additional alkaloids present in the V. californicum contribute to Hh
signaling inhibition. Earlier investigations of V. californicum alkaloids may have failed to identify
less abundant alkaloids that are biologically significant and potentially valuable novel Hh pathway
signaling antagonists.

2. Results

2.1. Qualitative Comparison of V. californicum Alkaloids by Plant Part

Qualitative variation is observed in the alkaloid composition of V. californicum by plant part.
The alkaloid profiles of the extracts from the leaf, stem and root/rhizome of V. californicum are shown
in Figure 1a–c. Identification of each alkaloid peak was achieved by high resolution mass spectrometry
and verified by elution time compared to commercially available standards. Data for the most
prominent peaks labelled in Figure 1a–c including retention time, m/z, molecular formula (MF) and
alkaloid identity are summarized in Table 1. Mass spectra showing the m/z for each alkaloid used to
estimate molecular formulas listed in Table 1 are shown in Supplemental Figure S1.
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Figure 1. Alkaloid chromatograms for biomass extracts from the (a) leaf, (b) stem, and (c) root/rhizome
of V. californicum. Common and unique alkaloids identified by MS are observed in each extract. Labelled
peaks correspond to the data summarized in Table 1. Additional observed peaks that are not labelled
did not have molecular formulas consistent with jervine-type alkaloids. Extracted ion chromatograms
(EIC) are shown in (d,g) demonstrating the presence of veratramine and cyclopamine isomers in stem
and root/rhizome extracts, respectively. The total ion chromatogram is shown in (d) for the stem
extract (black) and EIC (grey) generated using the m/z window 410.3023 ± 0.01. The mass spectra for
the peaks indicated by * in (d) are shown in (e,f). The total ion chromatogram is shown in (g) for the
root extract (black) and the EIC (grey) generated m/z window 412.3186 ± 0.02. The mass spectra for
the peaks indicated by * in (g) are shown in (h–j).

Table 1. Summary of the data corresponding to peaks identified in Figure 1a–c. N/A is used
to designate alkaloids with identity not available; N/A1 may be etioline or another isomer of
isorubijervine; N/A2 may be an isomer of veratramine, and N/A3 may be an isomer of cyclopamine.

Peak Retention Time (min) m/z Molecular Formula Alkaloid

1 12.8 576.3836 C33H53NO7 N/A
2 13.9 572.3530 C33H49NO7 Veratrosine
3 14.6 574.3699 C33H51NO7 Cycloposine
4 14.9 414.3337 C27H43NO2 N/A 1

5 15.7 430.3282 C27H43NO3 N/A
6 16.6 428.3136 C27H41NO3 N/A
7 16.7 576.3846 C33H53NO7 N/A
8 16.9 410.3021 C27H39NO2 Veratramine
9 17.4 410.3023 C27H39NO2 N/A 2

10 18.7 412.3186 C27H41NO2 Cyclopamine
11 19.5 412.3184 C27H41NO2 N/A 3

12 19.7 414.3342 C27H43NO2 Isorubijervine
13 21.1 458.3587 C29H47NO3 Muldamine
14 23.4 400.3550 C27H45NO N/A
15 24.5 456.3446 C29H45NO3 N/A
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Cyclopamine (Peak 10, m/z 412.3186) and veratramine (Peak 9, m/z 410.3023) were observed
in each of the three plant part extracts. Alkaloids present in both the stem and leaf extracts include
cycloposine (Peak 3, m/z 574.3699) and veratrosine (Peak 4, m/z 572.3530), which are glycosylated
cyclopamine and veratramine, respectively. Peak 1 is a glycosylated alkaloid observed only in stem
extract, with an m/z of 576.3836, corresponding to molecular formula C33H53NO7. In the stem and
root/rhizome extracts, isorubijervine (Peak 12, m/z 414.3342) and muldamine (Peak 13, m/z 458.3587)
are both observed.

Peaks 4, 5, 6, 14 and 15 in Figure 1c correspond to unique alkaloids present only in the
root/rhizome extract. These alkaloids have m/z of 414.3337, 430.3282, 428.3136, 400.3550 and
456.3446 and correspond to the estimated molecular formulas of C27H43NO2, C27H43NO3, C27H41NO3,
C27H45NO and C29H45NO3, respectively. Potential cyclopamine isomers were observed in the root
extract, with a m/z consistent with cyclopamine observed to elute with three distinct retention times.
Figure 1g shows the extracted ion chromatogram (EIC) for cyclopamine generated using the m/z
window 412.3186 ± 0.02, and the corresponding mass spectra are shown in Figure 1h–j. Figure 1d
shows the EIC for veratramine using the m/z window 410.3023 ± 0.01, and the corresponding mass
spectra are shown in Figure 1e,f.

2.2. Quantitative Analysis of V. californicum Alkaloids

Quantification of cyclopamine, veratramine, isorubijervine and muldamine in alkaloid extracts
were determined using charged aerosol detection and calibration curves generated from commercially
available standards, with values of R2 greater than 0.99. Extractions were preformed three times,
and alkaloid concentrations are shown by plant part in Table 2 as mg of each alkaloid extracted per
g of initial biomass ± the standard deviation of the concentration observed in triplicate quantities.
The quantity of cyclopamine was determined to be 0.21 ± 0.02 mg/g, 3.23 ± 0.16 mg/g, and 7.38 ±
0.08 mg/g for the leaf, stem and root/rhizome, respectively.

Table 2. Quantification of cyclopamine, veratramine, muldamine and isorubijervine by plant part.
Alkaloid quantities are reported as mg of alkaloid per g of plant biomass.

Plant Part Cyclopamine Veratramine Muldamine Isorubijervine

Leaf 0.21 ± 0.02 0.09 ± 0.01 Not Detected Not Detected
Stem 3.23 ± 0.16 1.33 ± 0.13 0.36 ± 0.06 1.00 ± 0.08

Root/Rhizome 7.38 ± 0.08 3.07 ± 0.14 3.47 ± 0.23 2.92 ± 0.09

2.3. Bioactivity Evaluation of Combined Standards and Plant Extracts

Alkaloid standard mixtures were created using commercially available standards in the same
ratios as observed in the three plant parts. HPLC was used to validate that the alkaloid standard
mixtures matched the concentrations of the ethanolic extract, as is shown for the root/rhizome
extract and root standard mixture in Supplemental Figure S2. The bioactivity of these alkaloid
standard mixtures were quantified using Shh-Light II cells, and compared to cyclopamine alone at
the same concentration, and to V. californicum extracts derived from leaf, stem, and root/rhizome
of the plant. The treatment conditions evaluating Hh signaling inhibition in Shh-Light II cells are
summarized in Supplemental Table S1 with extracts and alkaloid standard mixtures normalized
to cyclopamine concentrations of 0.5 and 0.1 μM, referred to as “high concentration” and “low
concentration” treatments herein. The results of the biological assays are shown in Figure 2. There is
no significant difference between cyclopamine, the alkaloid standard mixtures, and the plant extracts
at high concentration treatments shown in Figure 2a. In the low concentration treatments shown in
Figure 2b, there is no significant difference observed between cyclopamine standard, and the leaf
standard mixture or the leaf extract, indicating that the addition of 0.04 μM veratramine in the standard
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mixture did not enhance Hh signaling inhibition. No difference is observed between the leaf extract at
low concentration and the corresponding combined standard cocktail.

Figure 2. Bioactivity data for cyclopamine alone, the alkaloid standard mixtures, and the plant extracts
at (a) high concentration (0.5 μM) and (b) low concentration (0.1 μM). No significant difference was
observed between treatment conditions at high concentration. Statistically noteworthy differences
were observed in the low concentration treatments, and * indicates p < 0.05, and ** indicates p < 0.01.
The inhibitory activity of veratramine, isorubijervine and muldamine in the absence of cyclopamine in
the same concentrations as the high concentration treatment conditions is shown in (c).

The alkaloid standard mixtures of the stem and root/rhizome samples were significantly different
(p < 0.05) than cyclopamine alone at the same concentration, with relative Gli-reporter activity determined
to 23.56 ± 1.86% and 20.59 ± 1.50% for the stem and root/rhizome, respectively, compared to 36.31 ± 5.13%
for 0.1 μM cyclopamine. The inhibitory activity of these compounds was tested in the absence of
cyclopamine in the same concentrations as the high concentration treatment conditions, and the results are
shown Figure 2c. No Hh inhibition was shown for the leaf standards mixture minus cyclopamine (0.2 μM
veratramine), indicating that veratramine does not inhibit the Hh signaling pathway. Modest Hh inhibition
was demonstrated for the stem and root/rhizome standard mixtures minus cyclopamine, indicating that
isorubijervine and muldamine exhibit Hh antagonism. There is a significant difference (p < 0.01) between
the stem and root/rhizome extracts and their corresponding alkaloid standard mixtures, signifying that
additional alkaloids present in the extracts are capable of inhibiting Hh signaling.

3. Discussion

The current investigation sought to achieve three objectives. The first was to provide a detailed
analysis of the alkaloid composition of V. californicum based on plant part by performing a quantitative
comparison of the alkaloids present in the leaf, stem and root/rhizome of the plant. The second
was to evaluate the potential synergistic activity of cyclopamine, veratramine, isorubijervine and
muldamine at ratios consistent with alkaloids present in three plant parts, and determine if the alkaloid
combinations resulted in more effective Hh pathway antagonism than cyclopamine alone. The third
was to determine if additional alkaloids present in the extracts contribute to Hh signaling inhibition by
comparing the inhibitory potential of the plant extracts to alkaloid standard mixtures with identical
concentrations of cyclopamine, veratramine, isorubijervine and muldamine.

Qualitative differences were observed in the alkaloid composition of V. californicum by plant part.
Using high resolution mass spectrometry, we identified alkaloids that have previously been unreported
for V. californicum. The molecular formula and mass of Peak 1 is consistent with that expected for
glycosylated isorubijervine or etioline. Glycosylate etioline has previously been reported in the root
of Solanum spirale [30]. Additional investigation beyond the scope of the current project is required
to definitely determine the identify of this alkaloid in V. californicum. Etioline is an intermediary
in the biosynthetic pathway of cyclopamine, and its presence in the extract may be expected [6].
Peak 4, observed solely in the root/rhizome extract has an m/z and predicted molecular formula
consistent with etioline. In this study, potential cyclopamine isomers (see Figure 1g) were observed
in the root/rhizome extract analyzed by LC-MS. One of these potential cyclopamine isomers may
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be dihydroveratramine, which has previously been identified in Veratrum album by Wilson, et al. [31].
However, the relative retention time between dihydroveratramine and cyclopamine, observed
by Wilson, et al., does not support this conclusion, because dihydroveratramine (RT: 13.66 min)
was observed to elute prior to cyclopamine (RT: 15.09 min), whereas the purported cyclopamine
isomer observed in this study elutes after cyclopamine (see Table 1) under similar HPLC conditions.
No naturally occurring isomers of cyclopamine have been previously observed in V. californicum.

In Shh-Light II cells using the Dual-Glo® Luciferase Assay System, we evaluated the inhibition of
Hh signaling of cyclopamine alone, combinations of alkaloid standards, and the inhibitory potential
of extracts from each plant part. As shown in Figure 2a, there is no significant difference between
cyclopamine, the alkaloid standard mixtures, and the plant extracts at high concentration treatments.
There are trends that indicate enhanced inhibition of alkaloid standard mixtures and extracts compared
to cyclopamine alone, but these do not amount to statistically significant differences. The reason for
this result may be due to low levels of Gli reporter activity observed in each treatment. However, as
demonstrated in Figure 2b, it was determined that addition of 0.1 μM muldamine, veratramine and
isorubijervine enhance Hh signaling inhibition significantly when compared to cyclopamine alone,
as demonstrated by the stem and root/rhizome standard mixtures compared to cyclopamine alone.
Addition of veratramine to cyclopamine does not enhance Hh signaling inhibition as demonstrated by
the leaf standard mixture compared to solely cyclopamine. By replicating concentrations of cyclopamine,
veratramine, isorubijervine and muldamine observed in plant extracts using commercially available
standards and comparing the inhibitory potential of the plant extracts to alkaloid standard mixtures,
we determined that additional alkaloids present in the crude stem and root/rhizome extracts inhibit
Hh signaling. The alkaloids present in the leaf extract include cycloposine, veratrosine, cyclopamine,
veratramine, and the potential veratramine isomer labeled Peak 8 in Figure 1. No difference is observed
between the leaf extract at low concentration and the corresponding combined standard mixture.
This result indicates that cycloposine, veratrosine and Peak 8 do not contribute to Hh signaling inhibition
in this model system. However, it has been proposed that hydrolysis of the glycosidic linkage in
glycosylated alkaloids during digestion contributed to the teratogenic effects of V. californicum alkaloids
when consumed by foraging sheep [32]. Furthermore, no significant difference is observed between
cyclopamine alone, the leaf standard mixture or the leaf extract, indicating that the addition of 0.04 μM
veratramine in the standard mixture, or the additional alkaloids present in the leaf extract did not
enhance Hh signaling inhibition. We observed a significant difference between the alkaloid standard
mixtures of the stem and root/rhizome samples and cyclopamine alone. This indicates the addition of
veratramine, isorubijervine and muldamine enhance Hh inhibition. However, the modest enhancement
of Hh inhibition seems to be additive rather than synergistic, with the addition of these alkaloids
providing additional, albeit more weakly inhibitory compounds. No Hh inhibition was demonstrated
for 0.2 μM veratramine in the leaf standard minus cyclopamine treatment, indicating veratramine does
not inhibit the Hh signaling pathway. This corroborates feeding trials in which veratramine was shown
to cause teratogenic malformations in sheep distinct from cyclopia, such as hypermobility of the knee
joints leading to bow-legged lambs unable to stand [33]. The stem and root/rhizome standard mixtures
containing veratramine, isorubijervine and muldamine indicate that muldamine and/or isorubijervine
inhibit the Hh pathway. Muldamine has been shown to result in craniofacial defects in hamsters in
feeding studies that may be attributed to interruption of normal Hh signaling [34]. Further investigation
to isolate, characterize, and assess the bioactivity of individual, less abundant alkaloids present in the
stem and root/rhizome extracts is underway.

4. Materials and Methods

4.1. Chemicals and Solvents

Cyclopamine (>99% purity) was purchased from Alfa Aesar (Ward Hill, MA, USA), veratramine
(>98% purity) was purchased from Abcam Biotechnology Company (Cambridge, UK), and
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isorubijervine (99% purity) and muldamine (99% purity) were purchased from Logan Natural Products
(Plano, TX, USA). The purity of the reference standards was verified in house by HPLC-MS. Extraction
and purification solvents, 95% ethanol, ammonium hydroxide and chloroform were purchased from
Fisher Scientific (Pittsburgh, PA, USA). High pressure liquid chromatography (HPLC) mobile phases
included 0.1% formic acid and HPLC grade acetonitrile (>99% purity, Fisher Scientific).

4.2. Sample Extraction and Preparation

A complete specimen of V. californicum was harvested in the Boise National Forest, Idaho at an
elevation of 2134 m. The leaf, stem and roots/rhizomes of the plant were separated, and all plant
parts were cut into smaller pieces to fit into quart size sealable bags. The specimens were placed in a
cooler on a bed of ice for transportation. The biomass was collected at a late stage in the plant’s life
cycle; the plant had noticeable brown edges along its leaves and top indicating annual deterioration
of above ground material in preparation for winter. Within two hours and upon arrival in the lab,
the plant material was chopped into 2 cm segments and dried for 14 h using a LabConco Freezone
4.5 freeze drying unit (Labconco Corporation, Kansas City, MO, USA), followed by storage at −20 ◦C.
The biomass was flash frozen in liquid nitrogen, and pulverized into a fine powder using a mortar and
pestle. Approximately 2.0 g of powdered biomass was added to a 250 mL round bottom flask followed
by 100 mL of 95% ethanol. The resultant slurry was sonicated for 1 h and then agitated for 24 h on
a stir plate. The biomass was removed by vacuum filtration (Whatman filter paper, 0.45 μm), and
solvent removed by rotary evaporation. The dried crude extract was dissolved in 10 mL of ethanol,
and the solution was warmed to 40 ◦C and sonicated to achieve complete dissolution. Addition of 35%
aqueous ammonia achieved alkaline solvent conditions (pH ≥ 10). The aqueous alkaline solution was
added directly to a supported liquid extraction (SLE) column (Chem Elut, Agilent, Santa Clara, CA,
USA) and allowed to adsorb for 10 min, followed by elution of alkaloids with chloroform (3 × 10 mL)
using a vacuum manifold set to a pressure of 2 mbar. The chloroform fractions were combined, filtered,
and evaporated to dryness. All samples were dissolved in 1 mL ethanol as a mixture of alkaloids.

4.3. Alkaloid Quantification

The concentrations of cyclopamine, veratramine, isorubijervine and muldamine in alkaloid
extracts were determined using an UltiMate 3000 HPLC (Thermo Scientific, Waltham, MA, USA)
equipped with a Corona Veo RS charge aerosol detector (CAD) and MSQ Plus mass spectrometer (MS).
HPLC separation of alkaloids was achieved using a Thermo Acclaim 120 C18 column (2.1 × 150 mm,
3 μm), and mobile phases consisting of 0.1% formic acid (v/v) in water (Buffer A) and 0.1% formic acid
(v/v) in acetonitrile (Buffer B) with a flow rate of 0.3 mL/min. A linear gradient method beginning at
95% Buffer A and 5% Buffer B, up to 60% Buffer B over a 25 min run time achieved desired separation
of alkaloids from the extracts. Cyclopamine, veratramine, isorubijervine and muldamine standards
were used to create a calibration curve at concentrations of 0.1, 0.5, 1.0, 5.0 and 10.0 mM with detection
recorded by a CAD with the power function set to pA 1.70. Calibration curves were generated in
triplicate for each alkaloid at each of the five alkaloid concentrations. The quantity of these alkaloids
were determined from the alkaloid mixtures obtained from the leaf, stem and root extracts in triplicate.

4.4. Alkaloid Identification

In order to identify the steroidal alkaloids in V. californicum leaf, stem and root/rhizome extracts,
samples were analyzed by HPLC-MS, where the mass spectrometer was an ultra-high resolution
Quadrupole Time of Flight (QTOF) instrument (Bruker maXis, Billerica, MA, USA). The electrospray
ionization (ESI) source was operated under the following conditions: positive ion mode, 1.2 bar
nebulizer pressure, 8 L/min flow of N2 drying gas heated to a temperature of 200 ◦C, 3000 V to −500 V
voltage between HV capillary and HV end-plate offset, mass range set from 80 to 800 m/z, and the
quadrupole ion energy at 4.0 eV. Sodium formate was used to calibrate the system in this mass range
of 80 to 800 m/z. HPLC separation was achieved using a XTerra MS C18 column, 3.5 μm, 2.1 × 150 mm
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(Waters, Milford, MA, USA). The flow rate was 250 μL/min. The mobile phases were 5% acetonitrile
and 0.1% formic acid in water (Buffer A) and acetonitrile and 0.1% formic acid (Buffer B). The linear
gradient method was used to separate analytes starting at 5% Buffer B and increasing to 60% Buffer B
over 25 min. A 1 μL sample injection was used. Data were analyzed with the Compass Data Analysis
software package (Bruker Corporation).

4.5. Cell Culture

Shh-Light II cells (JHU-068) were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco, Carlsbad, CA, USA) supplemented with 0.4 mg/mL geneticin, 0.15 mg/mL Zeocin™
(Invitrogen, Carlsbad, CA, USA), and 10% bovine calf serum. The cells were grown at 37 ◦C in
an atmosphere of 5% CO2 in air and 100% relative humidity. This mouse embryonal NIH 3T3 cell line
contains a stably transfected luciferase reporter with eight copies of the consensus Gli binding site [35].
Alkaloid treatment conditions were dissolved in ethanol and added to DMEM media containing 0.5%
bovine calf serum.

4.6. Biological Assays

Cell density was determined using Trypan Blue (Stemcell Technologies, Vancouver, BC, Canada)
and a hemocytometer. Shh-Light II cells were seeded in a 96-well plate with 10,000 cells per well, and
grown to complete confluence in the media described above. When cells were confluent, the media
was replaced with DMEM supplemented with 0.5% bovine calf serum, and treated with 0.1 ng of
N-terminal mouse recombinant Shh (R&D Systems, Minneapolis, MN, USA) dissolved in DMEM, and
select alkaloid treatment. In each experiment, the controls and treatment wells contained all vehicles,
with a final ethanol concentration of 0.05%. Gli activity in the Shh-Light II cell line was assayed 48 h
after treatment with Shh protein and select compounds using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA). The Gli-activity was measured by luminescence emitted from
cells using a Synergy H1m Microplate reader (BioTek, Winooski, VT, USA). The Gli-activity determined
in the biological assay is presented as a relative response ratio (RRR) as described in the Dual-Luciferase
Reporter Assay System manual. Each experiment was performed three times.
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Abstract: Our successful work for the synthesis of cyclopropanated vinblastine and its derivatives
by the Simmons–Smith reaction was followed to build up further three-membered rings into the
14,15-position of the vindoline part of the dimer alkaloid. Halogenated 14,15-cyclopropanovindoline
was prepared by reactions with iodoform and bromoform, respectively, in the presence of diethylzinc.
Reactions of dichlorocarbene with vindoline resulted in the 10-formyl derivative. Unexpectedly,
in the case of the dimer alkaloids vinblastine and vincristine, the rearranged products containing an
oxirane ring in the catharanthine part were isolated from the reactions. The attempted epoxidation
of vindoline and catharanthine also led to anomalous rearranged products. In the epoxidation
reaction of vindoline, an o-quinonoid derivative was obtained, in the course of the epoxidation of
catharanthine, a hydroxyindolenine type product and a spiro derivative formed by ring contraction
reaction, were isolated. The coupling reaction of vindoline and the spiro derivative obtained in the
epoxidation of catharanthine did not result in a bisindole alkaloid. Instead, two surprising vindoline
trimers were discovered and characterized by NMR spectroscopy and mass spectrometry.

Keywords: halogencyclopropane; dichlorocarbene; epoxidation; vindoline; catharanthine; dimer
alkaloids; vindoline trimer

1. Introduction

The “dimer alkaloids” vinblastine (vincaleukoblastine, VLB, 1) and vincristine (VCR, 2) (Figure 1),
isolated from the Madagascar periwinkle Catharanthus roseus, belong to the family of the so-called
“bisindole” alkaloids [1–5]. Their structure comprises two indole-related “monomers”: derivatives of
catharanthine (3) and vindoline (4). VLB (1), VCR (2) and some of their analogs are anti-microtubule
drugs that have been playing an important role in cancer chemotherapy for decades [6–10], and there
are still many ongoing medicinal chemistry projects targeted at synthesizing new derivatives to
improve the therapeutic effect of this family of drugs by increasing their selectivity or reducing their
toxicity [11,12].
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Figure 1. The alkaloids vinblastine (1), vincristine (2), catharanthine (3) and vindoline (4).

It is interesting to note that relatively minor changes in the bisindole structure can result
in major changes in the biological activity. For example, one of the simplest such modification
is the catalytic hydrogenation of the olefinic bond in the vindoline part of VLB (1), leading to
14,15-dihydrovinblastine (5), whose antitumor activity is significantly lower than that of VLB (1)
(Figure 2) [13]. On the other hand, if instead of only being saturated, there is also a methylene bridge
connecting C-14 and C-15, the resulting compound’s bioactivity changes dramatically. In our previous
work [14–16] we synthesized different kinds of bisindole alkaloids condensed with a cyclopropane ring
at position 14,15 of the vindoline part, namely cyclopropanovinblastine (6), cyclopropanovincristine,
cyclopropanovinorelbin, and other derivatives. We reported their significant tumor cell inhibiting
activity on different tumor types and tumor cell lines.

 

Figure 2. The alkaloids 14,15-dihydrovinblastine (5) and 14,15-cyclopropanovinblastine (6).

As a continuation of that work, our objective is the synthesis of further derivatives of potentially
cytotoxic dimer alkaloids condensed with, e.g., a halogen substituted cyclopropane or oxirane ring.
In our research group, these molecules have been a missing link in the analysis of the structure-activity
relationship of the Vinca alkaloids. Synthetic studies were not only performed on the dimer alkaloids,
but also on their building blocks, i.e., catharanthine (3) and vindoline (4).

2. Results and Discussion

2.1. Generation of Halogencyclopropane Ring with the Simmons–Smith Reaction

Our first purpose was to build up the halogencyclopropane ring in place of the C(14)=C(15)
carbon-carbon double bond of the vindoline ring (4). Based on the work of Beaulieu et al. [17],
vindoline (4) was reacted with bromoform and iodoform in the presence of diethylzinc
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in dichloromethane (Scheme 1). The Simmons–Smith reaction resulted stereospecifically in 8

14,15-bromocyclopropanovindoline (31% yield) and 10 14,15-iodocyclopropanovindoline (9% yield).
By achieving the reaction with 10-bromovindoline (7) [18], the 9 bromocyclopropane and 11

iodocyclopropane derivatives were obtained in yields of 40% and 22%. The configurations of the 14,
15, and 22 carbon atoms were determined by NMR spectroscopy (14:(S), 15:(R), and 22:(S)).

 
Scheme 1. The formation of the bromo- and iodocyclopropane ring.

2.2. Reactions with Dichlorocarbene

The following step of our current work was the investigation of the reactions of Vinca alkaloids
with dichlorocarbene. Dichlorocyclopropano derivatives of monomeric and dimeric alkaloids were
aimed at as an extension of our previous work.

First, the classical method of the reaction of dichlorocarbene with alkenes [19] was tried on
vindoline (4) as a model compound (Scheme 2). A chloroform solution of vindoline (4) was treated
with an aqueous solution of sodium hydroxide at room temperature in the presence of the phase
transfer catalyst benzyltriethylammonium chloride (TEBAC). Unexpectedly, the dichlorocyclopropano
derivative (12) could not be detected in the reaction. However, a formyl group was built in at position
10, resulting in 10-formylvindoline (13), a compound that is already known in the literature [20–22].
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Scheme 2. The classical method of the dichlorocarbene reaction was tried on vindoline (4) first.

The above-mentioned dichlorocarbene reaction on the dimeric alkaloids vinblastine (1) and
vincristine (2) was also investigated. In these reactions, instead of the expected dichlorocarbene
adducts 14 and 16, interesting ring-opened oxirane derivatives (15 and 17) were isolated in various
yields (Scheme 3).

 
Scheme 3. The dichlorocarbene reactions on the dimeric alkaloids vinblastine (1) and vincristine (2)
led to ring-opened oxirane derivatives (15 and 17).
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A plausible interpretation of the oxirane formation is outlined in Scheme 4 (where V can
represent non-modified and different kinds of modified “vindoline” units as well). First, electrophilic
dichlorocarbene attacks the nucleophilic tertiary amine nitrogen at position 4’, leading to an ammonium
compound as the intermediate. Then the hydroxyl group at C-20’ might become deprotonated under
basic reaction conditions, the anionic moiety attacks C-21’, and N-4’ is neutralized during a heterolytic
cleavage of a carbon-nitrogen bond. Finally, one of the chloro groups may undergo substitution with
OH, and a formyl group forms by the elimination of hydrogen chloride.

 

Scheme 4. The proposed mechanism for oxirane formation.

2.3. Attempted Epoxidation of Vinca Alkaloid Building Blocks

Another objective of our research was the exploration of the reactivity of “monomeric” alkaloids
(e.g., vindoline, catharanthine) towards epoxidizing agents. In the literature, only few oxirane
derivatives of Vinca alkaloids are known. For instance, the 3-oxo derivative of catharanthine could
be epoxidized with m-chloroperoxybenzoic acid [23]. Another example, mehranine, the 14,15-epoxi
derivative of aspidospermidine, was isolated from Tabernaemontana bovina and its total synthesis was
recently presented [24].

The vindoline and catharanthine derivatives bearing an oxirane ring were also tried to be obtained
in similar reactions, and they it was attempted to use them in coupling reactions to afford epoxidized
bisindole alkaloids.

First, the oxidation of 10-bromovindoline (7) with m-chloroperoxybenzoic acid (m-CPBA) was
studied. The reaction could be performed either in the presence or absence of perchloric acid,
which may influence the outcome of the oxidation [25]. When carrying out the reaction in methanol
without HClO4, none of the oxidated products could be isolated. Surprisingly, when HClO4 was used
in the reaction, the debromination and demethylation at the aromatic ring occurred. An o-quinoidal
compound (19) was isolated in 27% yield, but the desired oxirane 18 could not be obtained (Scheme 5).
Starting from compound 19, the reaction has been described in a short article published last year by
us [26].
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Scheme 5. The attempted epoxidation of 10-bromovindoline (7) in the presence of perchloric acid.

Hereafter the above-mentioned two methods of oxidation with m-CPBA were also tried on
catharanthine (3). In the absence of perchloric acid, the oxidation led to a mixture of two products:
catharanthine N4-oxide (20) in 34% yield (a similar preparation of 20 is known from the literature [18]),
and a new compound (N4-oxide of 7-hydroxyindolenine catharanthine, 21) in 35% yield (Scheme 6).

N-Oxide 20 is known to be unstable, it easily undergoes a [2,3]-sigmatropic rearrangement,
leading to isoxazolidine 22 [27,28]. This kind of rearrangement during the NMR measurements (room
temperature, CDCl3 as solvent) was also observed. Although Langlois et al. provided 1H and 13C NMR
spectral data for 22 [19], they could not give an unequivocal assignment of the NMR peaks. In this
paper, we report the unambiguous 1H and 13C-NMR assignments for 22, which has become achievable
because of the advancements in NMR instrumentation and measurement techniques since 1976.

 

Scheme 6. The oxidation with m-chloroperoxybenzoic acid was tried on catharanthine (3) without
perchloric acid for the first time.

On the other hand, when perchloric acid is applied during the oxidation of catharanthine
(3) with m-CPBA, two anomalous products were obtained. The major product (58% yield) was
7β-hydroxyindolenine catharanthine (23), the minor product (12% yield) was the spiro derivative 24

(Scheme 7).
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Scheme 7. The oxidation with m-chloroperoxybenzoic acid was tried on catharanthine (3) in the
presence of perchloric acid as well.

The synthesis of 7β-hydroxyindolenine catharanthine (23) is already known [29]. The authors
used singlet oxygen to oxidize catharanthine (3). They determined the configuration of compound 23

at C-7 by NMR spectroscopy using nuclear Overhauser effect (NOE) measurements. Our independent
NMR assignments, including the determination of the relative stereochemistry of our product, were in
full agreement with those reported in Reference [29]. Hydroxyindolenines are also natural products,
e.g., the 15,20-dihydro derivative of 23 is known as coronaridine hydroxyindolenine and was isolated
from Ervatamia coronaria var. plena [30].

To utilize 23 in an oxidative coupling reaction [22] with vindoline (4) with the purpose of obtaining
new bisindole alkaloids, the double bond at N-1–C-2 has to be saturated, supposing that the coupling
reaction requires a secondary amino group (i.e., R1R2NH) on the catharanthine site. Thus, a reduction
of 23 was aimed at with sodium borohydride to obtain its 1,2-dihydro derivative, but the reaction
resulted in the elimination of the hydroxyl group, returning it to catharanthine (3).

Rosamine, a natural product isolated from Catharanthus roseus, was reported by
Atta-ur-Rahman et al. with the same constitution as 24 [31], although they did not specify the
configuration of any of the stereogenic centers. We determined the relative configuration of 24 based
on NOE measurements (Figure 3), but we could not decide if 24 was rosamine. The reason for that was
the unavailability of reliable spectral data for rosamine (in Reference [31], only the 1H NMR chemical
shifts and coupling constants for the methyl groups and H-21 were given), so a reliable comparison of
the spectral data of 24 with those of rosamine was not possible.

The stereogenic centers of 24 are C-2, N-4, C-14, C-16 and C-21 (Figure 3). Since 24 has a rigid cage
structure (2-azabicyclo[2.2.2]octane) condensed with a six-membered ring, the relative configurations
of N-4, C-14, C-16, and C-21 are fixed (the configuration at C-21 can be arbitrarily established as R, then
N-4, C-14, and C-16 must be R,R,R). With this in mind, the configuration of C-2 was determined as
follows. The NOESY correlation between NH-1 (6.60 ppm) and one of the protons at C-17 (1.95 ppm)
implies that the configuration of C-2 is R (otherwise we would expect correlations between NH-1 and
the protons at C-5), and the actual three-dimensional structure is supported by several other NOESY
correlations (Figure 3).
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Figure 3. The three-dimensional structure of the spiro derivative of catharanthine (24).

2.4. Coupling Reaction of the Spiro Derivative of Catharanthine and Vindoline

The coupling reaction of 24 with vindoline (4) was carried out according to a general procedure
formerly used by our research group in the course of synthesizing VLB derivatives [14,15], which is an
oxidation in the presence of trifluoroethanol and FeCl3 in acidic medium, followed by the reduction of
the intermediate with sodium borohydride (Scheme 8).

Instead of the desired bisindole 26, only unexpected products were found in the reaction mixture.
We encountered that vindoline coupled to itself: a cationic trimeric vindoline (27) and a trimeric
vindoline ketone (28) were isolated. The presence of a third product, N-methyl quaternary salt of
a spiro derivative 29 suggests that the role of the spiro derivative 24 in the reaction might be the
demethylation of the mesomer 27. To support our assumption, the reaction was repeated without
adding the spiro derivative of catharanthine (24). This way, only O-methylated trimeric vindoline
(27) could be isolated and ketone 28 was not found in the reaction mixture, which substantiates
our hypothesis.
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Scheme 8. The coupling reaction of the spiro derivative of catharanthine (24) and vindoline (4) led to
similar trimeric vindoline derivatives.

3. Experimental Section

3.1. General

Vinblastine, vincristine, and catharanthine were derived from the corresponding sulfate salts;
the bases were released directly before using them in the reactions. m-Chloroperoxybenzoic acid
(m-CPBA) of 77% assay was purchased from Sigma-Aldrich (Budapest, Hungary) and was used as
received. Melting points were measured on a VEB Analytik Dresden PHMK-77/1328 apparatus
(Dresden, Germany) and are uncorrected. IR spectra were recorded on the Zeiss IR 75 and
80 instruments (Thornwood, NY, USA). NMR measurements were performed on a Varian
VNMRS 800 MHz NMR spectrometer equipped with a 1H{13C/15N} Triple Resonance 13C Enhanced
Salt Tolerant Cold Probe, a Varian VNMRS 500 MHz NMR spectrometer equipped with a 1H {13C/15N}
5 mm PFG Triple Resonance 13C Enhanced Cold Probe (Varian, Inc., Palo Alto, CA, USA), and a Bruker
Avance III HDX 500 MHz NMR spectrometer equipped with a 1H {13C/15N} 5 mm TCI CryoProbe
(Bruker Corporation, Billerica, MA, USA). 1H And 13C chemical shifts are given on the delta scale as
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parts per million (ppm) with tetramethylsilane (TMS) (1H, 13C) or dimethylsulfoxide-d6 (13C) as the
internal standard (0.00 ppm and 39.4 ppm, respectively). 1H-1H, direct 1H-13C, and long-range 1H-13C
scalar spin-spin connectivites were established from 2D COSY, TOCSY, HSQC, and HMBC experiments.
1H-1H spatial proximities were determined using either two-dimensional NOESY/ROESY experiments
or their selective 1D counterparts. All pulse sequences were applied by using the standard spectrometer
software package. All experiments were performed at 298 K. NMR spectra were processed using VnmrJ
2.2 Revision C (Varian, Inc. Palo Alto, CA, USA), Bruker TopSpin 3.5 pl 6 (Bruker Corporation, Billerica,
MA, USA) and ACD/Spectrus Processor version 2017.1.3 (Advanced Chemistry Development, Inc.,
Toronto, ON, Canada). HRMS and MS analyses were performed on an LTQ FT Ultra as well as an LTQ
XL (Thermo Fisher Scientific, Bremen, Germany) system. The ionization method was ESI operated in
the positive ion mode. For the CID (collision-induced dissociation) experiment, helium was used as
the collision gas, and the normalized collision energy (expressed in percentage), which is a measure
of the amplitude of the resonance excitation RF voltage applied to the endcaps of the linear ion trap,
was used to induce fragmentation. The protonated molecular ion peaks were fragmented by CID at a
normalized collision energy of 35–55%. The samples were dissolved in methanol. Data acquisition
and analysis were accomplished with Xcalibur software version 2.0 (Thermo Fisher Scientific, Bremen,
Germany). TLC was carried out using Kieselgel 60F254 (Merck, Budapest, Hungary) glass plates.

3.2. Bromocyclopropanation of Vindoline (4)

Vindoline (4) (228 mg, 0.50 mmol) was dissolved in dichloromethane (5 mL) and under Ar with
1.28 mL (1.28 mmol in 1 M hexane solution) of diethylzinc and then 88 μL (1.00 mmol) bromoform was
injected to the solution. After stirring for 2 h at room temperature the reaction mixture was filtered and
the filtrate was diluted with dichloromethane (50 mL) and washed with water (100 mL). The aqueous
phase was extracted with dichloromethane (4 × 50 mL) and the combined organic phase was dried
over magnesium sulfate, filtered, and the filtrate was evaporated to dryness. The crude product was
separated by preparative TLC (dichloromethane-methanol 19:1) and 86 mg (31%) of product (8) was
isolated. Mp 118–119 ◦C.

TLC (dichloromethane-methanol 20:1); Rf = 0.71.
IR (KBr) 2963, 1744, 1617, 1502, 1230, 1039 cm−1.
1H NMR (499.9 MHz, CDCl3) δ (ppm) 0.68 (t, J = 7.3 Hz, 3H, H3-18), 0.97 (dd, J = 9.7, 3.8 Hz, 1H,

H-15), 1.00 (dq, J = 14.4, 7.3 Hz, 1H, Hx-19), 1.62 (dddd J = 9.7, 3.8, 3.5, 0.7 Hz, 1H, H-14), 1.91 (dq,
J = 14.4, 7.3 Hz, 1H, Hy-19), 2.21 (s, 3H, C(17)-OC(O)CH3), 2.22–2.40 (m, 5H, H2-6, H-21, Hx-3, Hx-5),
2.63 (s, 3H, N(1)-CH3), 3.23–3.33 (br m, 1H, Hy-5), 3.44 (br d, J = 11.4 Hz, 1H, Hy-3), 3.52 (t, J = 3.8 Hz,
1H, H-22), 3.57 (s, 1H, H-2), 3.78 (s, 3H, C(11)-OCH3), 3.81 (s, 3H, C(16)-COOCH3), 5.53 (s, 1H, H-17),
6.07 (d, J = 2.2 Hz, 1H, H-12), 6.30 (dd, J = 8.2, 2.2 Hz, 1H, H-10), 6.84 (d, J = 8.2 Hz, 1H, H-9), 7.96 (br s,
1H, C(16)-OH).

13C NMR (125.7 MHz, CDCl3) δ (ppm) 8.2 (C-18), 21.6 (C(17)-OC(O)CH3), 23.3 (C-14),
23.5 (C-22), 28.0 (C-15), 34.4 (C-19), 38.7 (N(1)-CH3), 41.8 (C-20), 44.6 (C-6), 51.9 (C-3), 52.2 (C-7),
52.7 (C(16)-COOCH3), 53.5 (C-5), 55.6 (C(11)-OCH3), 69.6 (C-21), 76.3 (C-17), 78.9 (C-16), 83.7 (C-2),
95.9 (C-12), 105.1 (C-10), 122.7 (C-9), 125.6 (C-8), 153.7 (C-13), 161.2 (C-11), 171.2 (C(17)-OC(O)CH3),
171.9 (C(16)-COOCH3).

HRMS: M + H = 549.15965 (C26H34O6N2Br, Δ = 0.3 ppm). HR-ESI-MS-MS (CID = 35%, rel. int. %):
489(100); 457(1); 429(1); 314(1).

3.3. Bromocyclopropanation of 10-Bromovindoline (7)

The compound 10-Bromovindoline (7) (268 mg, 0.50 mmol) was dissolved in dichloromethane
(5 mL) and under Ar with 1.28 mL (1.28 mmol in 1 M hexane solution) of diethylzinc and then 88 μL
(1.00 mmol), the bromoform was injected to the solution. After stirring for 3 h at room temperature
the reaction mixture was diluted with dichloromethane (40 mL) and washed with water (100 mL).
The aqueous phase was extracted with dichloromethane (2 × 50 mL) and the combined organic phase
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was dried over magnesium sulfate, filtered and the filtrate was evaporated to dryness. The crude
product was purified by preparative TLC (dichloromethane-methanol 30:1) and 126 mg (40%) of
product (9) was isolated. Mp 144–146 ◦C.

TLC (dichloromethane-methanol 30:1); Rf = 0.54.
IR (KBr) 2965, 1743, 1604, 1498, 1232, 1041 cm−1.
1H NMR (799.7 MHz, CDCl3) δ (ppm) 0.73 (t, J = 7.3 Hz, 3H, H3-18), 0.96–1.01 (m, 2H, H-15,

Hx-19), 1.66 (dt, J = 9.7, 3.5 Hz, 1H, H-14), 1.93 (dq, J = 14.4, 7.3 Hz, 1H, Hy-19), 2.22–2.33 (m, 7H,
C(17)-OC(O)CH3, H-21, H2-6, Hx-3), 2.35–2.40 (m, 1H, Hx-5), 2.66 (s, 3H, N(1)-CH3), 3.26–3.38 (br m,
1H, Hy-5), 3.44–3.50 (br m, 1H, Hy-3), 3.51 (br t, J = 3.5 Hz, 1H, H-22), 3.59 (s, 1H, H-2), 3.83 (s, 3H,
C(16)-COOCH3), 3.90 (s, 3H, C(11)-OCH3), 5.53 (s, 1H, H-17), 6.10 (s, 1H, H-12), 7.07 (s, 1H, H-9), 7.98
(br, 1H, C(16)-OH).

13C NMR (201.1 MHz, CDCl3) δ (ppm) 8.1 (C-18), 21.7 (C(17)-OC(O)CH3), 23.2 br (C-14), 23.3
br (C-22), 27.9 (C-15), 34.5 (C-19), 38.7 (N(1)-CH3), 41.8 (C-20), 44.4 (C-6), 51.9 (C-3), 52.1 (C-7), 52.5
(C(16)-COOCH3), 53.4 (C-5), 56.3 (C(11)-OCH3), 69.5 (C-21), 76.1 (C-17), 78.7 (C-16), 83.6 (C-2), 94.5
(C-12), 100.2 (C-10), 126.1 (C-9), 126.5 br (C-8), 152.9 (C-13), 156.8 (C-11), 171.1 (C(17)-OC(O)CH3), 171.7
(C(16)-COOCH3).

HRMS: M + H = 627.07035 (C26H33O6N2Br2, Δ = 0.6 ppm), HR-ESI-MS-MS (CID = 35%; rel. int. %):
567(100); 507(2).

3.4. Iodocyclopropanation of Vindoline (4)

Vindoline (4) (228 mg, 0.50 mmol) was dissolved in dichloromethane (20 mL) and under an Ar
at 0 ◦C 1.28 mL (1.28 mmol in 1 M hexane solution) of diethylzinc, it was injected to the solution.
Then 394 mg (1.00 mmol) of iodoform was added and the reaction mixture was stirred for 30 min
at 0 ◦C and then for 6 h at room temperature. After allowing the solution to stand overnight,
the addition of diethylzinc (1.28 mL) and iodoform (394 mg) was repeated at 0 ◦C. After stirring
for 7 h at room temperature, the reaction mixture was filtered and the filtrate was diluted with
dichloromethane (30 mL) and washed with water (100 mL). The aqueous phase was extracted with
dichloromethane (5 × 60 mL) and the combined organic phase was dried over magnesium sulfate,
filtered, and the filtrate was evaporated to dryness. The crude product was separated by preparative
TLC (dichloromethane-methanol 19:1) and 28 mg (9%) of product (10) was isolated. Mp 116−117 ◦C.

TLC (dichloromethane-methanol 20:1); Rf = 0.75.
IR (KBr) 2963, 1742, 1615, 1502, 1231, 1039 cm−1.
1H NMR (499,9 MHz, CDCl3) δ (ppm) 0.68 (t, J = 7.3 Hz, 3H, H3-18), 0.93 (dd, J = 9.2, 4.3 Hz, 1H,

H-15), 0.99 (dq, J = 14.3, 7.3 Hz, 1H, Hx-19), 1.52–1.57 (m, 1H, H-14), 1.89 (dq, J = 14.3, 7.3 Hz, 1H,
Hy-19), 2.21–2.31 (m, 7H, Hx-3, H2-6, C(17)-OC(O)CH3, H-21), 2.32–2.41 (m, 1H, Hx-5), 2.63 (s, 3H,
N(1)-CH3), 3.13 (dd, J = 4.3, 3.7 Hz, 1H, H-22), 3.23–3.35 (m, 1H, Hy-5), 3.42–3.50 (m, 1H, Hy-3), 3.56 (s,
1H, H-2), 3.78 (s, 3H, C(11)-OCH3), 3.81 (s, 3H, C(16)-COOCH3), 5.53 (s, 1H, H-17), 6.07 (d, J = 2.3 Hz,
1H, H-12), 6.30 (dd, J = 8.2, 2.3 Hz, 1H, H-10), 6.83 (d, J = 8.2 Hz, 1H, H-9), 8.03 (br, 1H, C(16)-OH).

13C NMR (125.7 MHz, CDCl3) δ (ppm) -9.5 (C-22), 8.1 (C-18), 22.4 (C(17)-OC(O)CH3), 24.3
(C-14), 29.0 (C-15), 34.5 (C-19), 38.6 (N(1)-CH3), 42.1 (C-20), 44.6 (C-6), 52.2 (C-3), 52.3 (C-7), 52.4
(C(16)-COOCH3), 53.3 (C-5), 55.4 (C(11)-OCH3), 69.7 (C-21), 76.5 (C-17), 78.9 (C-16), 83.8 (C-2), 95.9
(C-12), 105.0 (C-10), 122.5 (C-9), 125.5 (C-8), 153.6 (C-13), 161.2 (C-11), 171.2 (C(17)-OC(O)CH3), 171.9
(C(16)-COOCH3).

HRMS: M + H = 597.14664 (C26H34O6N2I, Δ = 1.7 ppm). HR-ESI-MS-MS (CID = 35%) (rel. int. %):
537(100); 505(1); 477(2); 441(1); 381(3); 362(2); 188(2).

3.5. Iodocyclopropanation of 10-Bromovindoline (7)

The compound 10-Bromovindoline (7) (268 mg, 0.50 mmol) was dissolved in dichloromethane
(20 mL) and under Ar at 0 ◦C with 1.28 mL (1.28 mmol in 1 M hexane solution) of diethylzinc being
injected into the solution. Then 394 mg (1.00 mmol) of iodoform was added and the reaction mixture

183



Molecules 2018, 23, 2574

was stirred for 30 min at 0 ◦C and then for 8 h at room temperature. After allowing the solution to
stand overnight, the addition of diethylzinc (1.28 mL) and iodoform (394 mg) was repeated at 0 ◦C.
After stirring for 6 h at room temperature, the reaction mixture was filtered and the filtrate was diluted
with dichloromethane (30 mL) and washed with water (100 mL). The aqueous phase was extracted
with dichloromethane (5 × 60 mL) and the combined organic phase was dried over magnesium sulfate,
filtered and the filtrate was evaporated to dryness. The crude product was separated by preparative
TLC (dichloromethane-methanol 19:1) and 74 mg (22%) of product (11) was isolated. Mp > 350 ◦C.

TLC (dichloromethane-methanol 20:1); Rf = 0.86.
IR (KBr) 3444, 2927, 1740, 1228, 742 cm−1.
1H NMR (499,9 MHz, CDCl3) δ (ppm) 0.71 (t, 3H, J = 7.3 Hz, H3-18), 0.93 (dd, J = 9.2, 4.3 Hz,

1H, H-15), 0.93–1.01 (m, 1H, Hx-19), 1.54–1.58 (m, 1H, H-14), 1.89 (dq, J = 14.6, 7.3 Hz, 1H, Hy-19),
2.22–2.27 (m, 4H, Hx-3, H2-6, H-21), 2.27 (s, 3H, C(17)-OC(O)CH3), 2.32–2.39 (m, 1H, Hx-5), 2.64 (s, 3H,
N(1)-CH3), 3.10 (t, J = 4.3 Hz, 1H, H-22), 3.24–3.30 (m, 1H, Hy-5), 3.43–3.47 (m, 1H, Hy-3), 3.57 (s, 1H,
H-2), 3.81 (s, 3H, C(16)-COOCH3), 3.88 (s, 3H, C(11)-OCH3), 5.51 (s, 1H, H-17), 6.09 (s, 1H, H-12), 7.05
(s, 1H, H-9), 8.01 (br, 1H, C(16)-OH).

13C NMR (125.7 MHz, CDCl3) δ (ppm) -9.7 (C-22), 8.1 (C-18), 22.4 (C(17)-OC(O)CH3), 24.2
(C-14), 28.9 (C-15), 34.7 (C-19), 38.7 (N(1)-CH3), 42.1 (C-20), 44.5 (C-6), 52.17 (C-3), 52.22 (C-7), 52.5
(C(16)-COOCH3), 53.1 (C-5), 56.3 (C(11)-OCH3), 69.6 (C-21), 76.3 (C-17), 78.7 (C-16), 83.8 (C-2), 94.5
(C-12), 100.1 (C-10), 126.2 (C-9), 126.4 (C-8), 152.8 (C-13), 156.7 (C-11), 171.2 (C(17)-OC(O)CH3), 171.7
(C(16)-COOCH3).

HRMS: M + H = 675.05411 (C26H33O6N2BrI, Δ = –2.9 ppm). ESI-MS-MS (CID = 35%) (rel. int. %):
615(100); 555(2); 459(1).

3.6. Attempted Dichlorocyclopropanation of Vindoline (4)

Vindoline (4) (256 mg, 0.56 mmol) and TEBAC (9 mg, 0.04 mmol) were dissolved in chloroform
(1.4 mL), then a solution of sodium hydroxide (0.6 g, 15.00 mmol) in water (0.6 mL) was added
dropwise to the reaction mixture, and stirred at room temperature for 2 h. The pH of the reaction
mixture was adjusted to 7 using 1 M hydrochloric acid. Water was added and the mixture was extracted
with chloroform. The combined organic phase was washed with water, dried over magnesium
sulfate, and evaporated under reduced pressure. The residue was purified by preparative TLC
(dichloromethane-methanol 20:1) and 24 mg (9%) of product (13) [20−22] was obtained.

3.7. Attempted Dichlorocyclopropanation of Vinblastine (1)

Vinblastine (1) (120 mg, 0.15 mmol) was dissolved in chloroform (0.4 mL), TEBAC (3 mg,
0.013 mmol) was added, and 200 mg (5.00 mmol) of NaOH in water (0.2 mL) was added dropwise.
After stirring at room temperature for 2 h, the pH of the reaction mixture was neutralized using
1 M hydrochloric acid. Water (20 mL) was added and the mixture was extracted with chloroform
(2 × 10 mL). The combined organic phase was dried over magnesium sulfate and evaporated under
reduced pressure. The residue was purified by preparative TLC (dichloromethane-methanol 10:1) and
20 mg (16%) of product (15) was obtained. Mp 205−207 ◦C.

TLC (dichloromethane-methanol 10:1); Rf = 0.60.
IR (KBr) 3470, 2964, 1740, 1669, 1614, 1501, 1461, 1371, 1227, 1040, 742 cm−1.
1H NMR (799.7 MHz, CDCl3) δ (ppm) 0.39 (t, J = 7.5 Hz, 3H, H3-18’), 0.82 (t, J = 7.4 Hz, 3H,

H3-18), 0.91 (dd, J = 13.8, 12.3 Hz, 1H, Hx-15’), 1.06 (dq, J = 14.7, 7.5 Hz, 1H, Hx-19’), 1.36 (dq, J = 14.4,
7.4 Hz, 1H, Hx-19), 1.46 (dd, J = 13.8, 3.4 Hz, 1H, Hy-15’), 1.66 (dq, J = 14.7, 7.5 Hz, 1H, Hy-19’), 1.83
(dq, J = 14.4, 7.4 Hz, 1H, Hy-19), 1.99–2.05 (m, 1H, H-14’), 2.11 (s, 3H, C(17)-OC(O)CH3), 2.14 (ddd,
J = 14.0, 8.7, 7.4 Hz, 1H, Hx-6), 2.30 (br d, J = 16.5 Hz, 1H, Hx-17’), 2.43 (d, J = 4.9 Hz, 1H, Hx-21’),
2.44–2.47 (m, 1H, Hx-5), 2.48 (dd, J = 13.2, 11.2 Hz, 1H, Hx-3’), 2.55–2.56 (m, 1H, Hy-21’), 2.62–2.66 (m,
2H, H-21, Hy-6), 2.66 (s, 3H, N(1)-CH3), 2.79–2.83 (m, 1H, Hx-3), 3.01–3.09 (br m, 1H, Hy-17’), 3.15–3.20
(m, 1H, Hx-6’), 3.31–3.35 (m, 1H, Hy-5), 3.37–3.42 (m, 2H, Hx-5’, Hy-3), 3.50–3.61 (m, 2H, Hy-6’, Hy-5’)
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overlapped with 3.56 (br s, 3H, C(16’)-COOCH3), 3.73 (s, 1H, H-2), 3.80 (s, 3H, C(16)-COOCH3), 3.81
(s, 3H, C(11)-OCH3), 3.84–3.87 (m, 1H, Hy-3’), 5.28–5.31 (m, 1H, H-15), 5.52 (s, 1H, H-17), 5.87 (ddd,
J = 10.4, 4.8, 0.8 Hz, 1H, H-14), 6.11 (s, 1H, H-12), 6.65 (s, 1H, H-9), 7.10–7.14 (m, 2H, H-10’, H-12’),
7.16–7.19 (m, 1H, H-11’), 7.35 (br s, 1H, N(4’)-CHO), 7.51–7.53 (m, 1H, H-9’), 7.95 (br, 1H, NH-1’), 9.85
(br, 1H, C(16)-OH).

13C NMR (201.1 MHz, CDCl3) δ (ppm) 8.4 (C-18’), 8.5 (C-18), 21.2 (C(17)-OC(O)CH3), 24.9 (C-19’),
25.1 (C-6’), 28.8 (br, C-14’), 30.9 (C-19), 38.5 (N(1)-CH3), 39.1 (C-17’), 42.6 (C-15’), 42.7 (C-20), 43.6 (C-6),
49.5 (C-5’), 50.5 (C-3), 51.37 (C-5), 51.40 (C-3’), 52.2 (C(16)-COOCH3), 52.4 (C(16’)-COOCH3), 53.3 (C-7),
54.5 (C-21’), 55.7 (C(11)-OCH3), 56.4 (br, C-16’), 58.7 (C-20’), 66.4 (C-21), 76.6 (C-17), 79.7 (C-16), 84.0
(C-2), 94.0 (br, C-12), 110.8 (C-12’), 111.1 (br, C-7’), 117.6 (C-9’), 119.3 (C-10’), 120.0 (br, C-10), 122.5
(C-11’), 123.8 (br, C-8), 124.6 (C-14), 125.3 (C-9), 128.3 (C-8’), 129.9 (C-15), 133.0 (br, C-2’), 135.3 (br,
C-13’), 153.3 (C-13), 157.9 (C-11), 163.4 (N(4’)-CHO), 171.0 (C(17)-OC(O)CH3), 171.8 (C(16)-COOCH3),
174.4 (br, C(16’)-COOCH3).

HRMS: M + Na = 839.41764 (C45H60O10N4Na, Δ = –3.0 ppm). ESI-MS-MS (CID = 35%, rel. int. %):
821(12), 779(100), 761(4), 747(4), 677(7), 570(45).

3.8. Attempt to Dichlorocyclopropanation of Vincristine (2)

Vincristine (2) (130 mg, 0.16 mmol) was dissolved in chloroform (1 mL) and TEBAC (7 mg,
0.031 mmol) was added. Then 230 mg (5.75 mmol) of NaOH in water (0.23 mL) was added dropwise.
After stirring at room temperature for 2 h, the pH of the reaction mixture was neutralized with 1 M
hydrochloric acid. Water (10 mL) was added and the mixture was extracted with dichloromethane
(2 × 10 mL). The combined organic phase was dried over magnesium sulfate and evaporated under
reduced pressure. The residue was purified by preparative TLC (dichloromethane-methanol 10:1) and
49 mg (36%) of product (17) was obtained. Mp 233–235 ◦C (decomp.).

TLC (dichloromethane-methanol 10:1); Rf = 0.53.
IR (KBr) 3469, 1738, 1668, 1460, 1232, 744 cm−1.
NMR: two signal sets in a ratio of ca. 2:1 (conformational isomers due to hindered rotation of

N-formyl group on the vindoline subunit of 2).
Major signal set:
1H NMR (499.9 MHz, CDCl3) δ (ppm) 0.35–0.41 (m, 3H, H3-18’), 0.77 (br t, J = 7.3 Hz, 3H,

H3-18), 0.97–1.06 (m, 2H, Hx-19’, Hx-15’), 1.26–1.43 (m, 3H, Hx-19, Hy-19’, Hy-15’), 1.59–1.69 (m,
1H, Hy-19), 1.88–1.98 (br m, 1H, H-14’), 2.01–2.08 (br m, 1H, Hx-6) overlapped with 2.07 (br s, 3H,
C(17)-OC(O)CH3), 2.33–2.44 (m, 2H, Hx-17’, Hx-21’), 2.45–2.54 (m, 2H, Hy-21’, Hx-3’), 2.54–2.70 (m,
2H, Hy-6, Hx-5), 2.84–2.93 (m, 2H, Hx-3, H-21), 3.00–3.10 (br m, 1H, Hy-17’), 3.17–3.22 (m, 1H, Hx-6’),
3.35–3.43 (m, 3H, Hy-3, Hy-5, Hx-5’), 3.46–3.53 (m, 1H, Hy-6’), 3.53–3.60 (m, 1H, Hy-5’), 3.62 (s, 3H,
C(16’)-COOCH3), 3.73 (s, 3H, C(16)-COOCH3), 3.81 (br d, J = 13.7 Hz, 1H, Hy-3’), 3.89 (br s, 3H,
C(11)-OCH3), 4.76 (br s, 1H, H-2), 5.25 (br s, 1H, H-17), 5.42–5.46 (m, 1H, H-15), 5.91–5.95 (m, 1H, H-14),
6.80 (br s, 1H, H-12), 6.93 (br s, 1H, H-9), 7.09–7.15 (m, 1H, H-10’), 7.15–7.22 (m, 2H, H-12’, H-11’), 7.36
(br s, 1H, N(4’)-CHO), 7.51–7.55 (m, 1H, H-9’), 7.94 (br, 1H, NH-1’), 8.74 (s, 1H, N(1)-CHO), 9.23 (br,
1H, C(16)-OH).

13C NMR (125.7 MHz, CDCl3) δ (ppm) 8.1 (C-18, C-18’), 21.1 (C(17)-OC(O)CH3), 24.9 (C-19’),
25.0 (C-6’), 28.7 (br, C-14’), 30.7 (C-19), 38.6 (br, C-17’), 40.3 (C-6), 42.3 (C-20), 42.5 (C-15’), 49.5 (C-5’),
49.7 (C-5), 49.9 (C-3), 51.6 (C-3’), 52.6 (C(16’)-COOCH3), 52.9 (C(16)-COOCH3), 53.5 (C-7), 53.8 (C-21’),
56.1 (C(11)-OCH3), 56.7 (br, C-16’), 58.4 (C-20’), 65.0 (C-21), 72.6 (C-2), 77.0 (C-17), 79.8 (C-16), 94.8
(br, C-12), 111.1 (C-12’), 111.9 (C-7’), 117.7 (C-9’), 119.6 (C-10’), 122.8 (C-11’), 124.6 (C-8), 125.0 (C-14),
126.6 (br, C-10), 126.9 (C-9), 128.3 (C-8’), 129.6 (C-15), 132.1 (C-2’), 135.6 (C-13’), 141.7 (C-13), 157.7
(C-11), 160.1 (N(1)-CHO), 163.4 (N(4’)-CHO), 170.5 (C(17)-OC(O)CH3), 170.7 (C(16)-COOCH3), 173.6
(br, C(16’)-COOCH3).

Minor signal set:
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1H NMR (499.9 MHz, CDCl3) δ (ppm) 0.35–0.41 (m, 3H, H3-18’), 0.64–0.70 (m, 3H, H3-18), 0.97–1.06
(m, 2H, Hx-19’, Hx-15’), 1.26–1.43 (m, 3H, Hx-19, Hy-19’, Hy-15’), 1.59–1.69 (m, 1H, Hy-19), 1.88–1.98
(br m, 1H, H-14’), 2.01–2.08 (br m, 1H, Hx-6), 2.10 (br s, 3H, C(17)-OC(O)CH3), 2.33–2.44 (m, 2H, Hx-17’,
Hx-21’), 2.45–2.54 (m, 2H, Hy-21’, Hx-3’), 2.54–2.70 (m, 2H, Hy-6, Hx-5), 2.84–2.90 (m, 1H, Hx-3), 2.95
(br s, 1H, H-21), 3.00–3.10 (br m, 1H, Hy-17’), 3.17–3.22 (m, 1H, Hx-6’), 3.35–3.43 (m, 3H, Hy-3, Hy-5,
Hx-5’), 3.46–3.53 (m, 1H, Hy-6’), 3.53–3.60 (m, 1H, Hy-5’), 3.62 (s, 3H, C(16’)-COOCH3), 3.78 (s, 3H,
C(16)-COOCH3), 3.81 (br d, J = 13.7 Hz, 1H, Hy-3’), 3.90 (br s, 3H, C(11)-OCH3), 4.52 (br s, 1H, H-2),
5.29 (br s, 1H, H-17), 5.42–5.46 (m, 1H, H-15), 5.92–5.96 (m, 1H, H-14), 6.86 (br s, 1H, H-9), 7.09–7.15 (m,
1H, H-10’), 7.15–7.22 (m, 2H, H-12’, H-11’), 7.36 (br s, 1H, N(4’)-CHO), 7.51–7.55 (m, 1H, H-9’), 7.80
(br s, 1H, H-12), 7.96 (br, 1H, NH-1’), 8.21 (s, 1H, N(1)-CHO), 9.23 (br, 1H, C(16)-OH).

13C NMR (125.7 MHz, CDCl3) δ (ppm) 7.9 (C-18), 8.1 (C-18’), 21.1 (C(17)-OC(O)CH3), 25.0 (C-19’,
C-6’), 28.7 (br, C-14’), 30.7 (C-19), 38.6 (br, C-17’), 40.0 (C-6), 42.3 (C-20), 42.4 (C-15’), 49.6 (C-5, C-5’),
50.0 (C-3), 51.7 (C-3’), 52.6 (C(16)-COOCH3), 52.9 (C(16’)-COOCH3), 53.1 (C-7), 53.8 (C-21’), 56.1
(C(11)-OCH3), 56.7 (br, C-16’), 58.4 (C-20’), 64.3 (C-21), 74.4 (C-2), 76.0 (C-17), 81.5 (C-16), 101.7 (br,
C-12), 111.1 (C-12’), 111.7 (C-7’), 117.6 (C-9’), 119.5 (C-10’), 122.7 (C-11’), 124.3 (C-8), 125.1 (C-14),
125.7 (C-9), 126.6 (br, C-10), 128.2 (C-8’), 129.6 (C-15), 132.5 (C-2’), 135.6 (C-13’), 141.6 (C-13), 157.2
(C-11), 160.5 (N(1)-CHO), 163.4 (N(4’)-CHO), 170.3 (C(16)-COOCH3), 170.4 (C(17)-OC(O)CH3), 173.7
(C(16’)-COOCH3).

HRMS: M + Na = 853.39557 (C45H58O11N4Na, Δ = –4.5 ppm). ESI-MS-MS (CID = 35%, rel. int. %):
835(19), 811(7), 793(100), 775(4), 733(18), 705(3).

3.9. Epoxidation of 10-Bromovindoline (7)

To a solution of 10-bromovindoline (7) (300 mg, 0.56 mmol) in methanol (5 mL) and 72% perchloric
acid (0.17 mL), m-CPBA (306 mg, 1.37 mmol) in methanol (2 mL) was added dropwise at 0 ◦C, and the
reaction mixture was stirred at reflux for 5 h. Methanol was evaporated, 10% aqueous sodium carbonate
solution (20 mL) was added to the residue, and the mixture was extracted with dichloromethane
(3 × 20 mL). The combined organic phase was dried over magnesium sulfate and evaporated under
reduced pressure. The residue was purified by preparative TLC (dichloromethane-methanol 15:1) and
70 mg (27%) of product (19) was obtained. Mp. 365 ◦C (decomp.).

TLC (dichloromethane-methanol 20:1); Rf = 0.30.
IR (KBr) 3445, 1745, 1677, 1589, 1414, 1254 cm−1.
1H NMR (499.9 MHz, CDCl3) δ (ppm) 0.71 (t, J = 7.4 Hz, 3H, H3-18), 1.47 (dq, J = 14.8, 7.4 Hz, 1H,

Hx-19), 1.75 (dq, J = 14.8, 7.4 Hz, 1H, Hy-19), 2.08 (s, 3H, C(17)-OC(O)CH3), 2.22 (ddd, J = 13.6, 11.2,
5.0 Hz, 1H, Hx-6), 2.46 (ddd, J = 13.6, 9.0, 6.2 Hz, 1H, Hy-6), 2.74 (ddd, J = 11.2, 9.8, 6.2 Hz, 1H, Hx-5),
2.92–2.98 (m, 5H, H-21, N(1)-CH3, Hx-3), 3.48–3.54 (m, 2H, Hy-5, Hy-3), 3.82 (s, 3H, C(16)-COOCH3),
4.18 (s, 1H, H-2), 5.16 (s, 1H, H-17), 5.35 (br d, J = 10.2 Hz, 1H, H-15), 5.51 (s, 1H, H-12), 5.96 (ddd,
J = 10.2, 5,1, 1.3 Hz, 1H, H-14), 6.38 (s, 1H, H-9).

13C NMR (125.7 MHz, CDCl3) δ (ppm) 7.5 (C-18), 20.8 (C(17)-OC(O)CH3), 31.1 (C-19), 35.3
(N(1)-CH3), 42.2 (C-6), 42.8 (C-20), 50.3 (C-3), 50.7 (C-5), 51.5 (C-7), 52.9 (C(16)-COOCH3), 66.8 (C-21),
74.7 (C-17), 79.2 (C-16), 82.1 (C-2), 94.7 (C-12), 123.8 (C-9), 124.7 (C-14), 129.4 (C-15), 157.6 (C-8), 157.9
(C-13), 170.1 (C(17)-OC(O)CH3), 170.6 (C(16)-COOCH3), 174.6 (C-11), 180.7 (C-10).

HRMS: M + H = 457.19636 (C24H29O7N2, Δ = –1.2 ppm). ESI-MS-MS (CID = 45%, rel. int. %):
439(23), 429(34), 415(34), 411(3), 397(100), 379(10), 369(9), 368(10), 347(6), 337(27), 295(15), 290(7), 190(7).

3.10. Epoxidation of Catharanthine (3)

Method A. Without perchloric acid. To a solution of catharanthine (3) (160 mg, 0.48 mmol) in dry
methanol (10 mL), m-CPBA (184 mg, 0.82 mmol) was added, and the reaction mixture was stirred at
room temperature for 1 h. The reaction mixture was diluted with 10% aqueous sodium carbonate
(10 mL) and extracted with dichloromethane (3 × 10 mL). The combined organic phase was dried over
magnesium sulfate and evaporated under reduced pressure. The residue was purified by preparative
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TLC (dichloromethane-methanol 4:1) and products 20 (57 mg, 34%) and 21 (62 mg, 35%) were isolated.
N-oxide 20 is prone to rearrangement and transforms into isoxazolidine 22, which is a stable compound.

20 and 22; mp 116–117 ◦C. TLC (dichloromethane-methanol 4:1); Rf (N-oxide form (20)) = 0.76
and Rf (neutral form (22)) = 0.90.

IR (KBr) 3378, 3185, 2960, 1735, 1460, 1435, 1237, 744 cm−1.
NMR: (chemical shifts might vary slightly with concentration, pH and the exact ratio of 20 and 22)
N-oxide 20:
1H NMR (499.9 MHz, CDCl3) δ (ppm) 1.04 (t, J = 7.4 Hz, 3H, H3-18), 1.58–1.62 (m, 1H, Hx-17),

2.12–2.19 (m, 1H, Hx-19), 2.44–2.50 (m, 1H, Hy-19), 2.83–2.88 (m, 1H, Hy-17), 2.92–2.96 (m, 1H, H-14),
2.96–3.02 (m, 1H, Hx-6), 3.40–3.48 (m, 2H, Hx-3, Hy-6), 3.67 (s, 3H, C(16)-COOCH3), 3.74–3.79 (m, 1H,
Hy-3), 3.92 (ddd, J = 13.2, 8.3, 1.6 Hz, 1H, Hx-5), 4.27–4.34 (m, 1H, Hy-5), 4.72–4.74 (m, 1H, H-21),
6.07–6.10 (m, 1H, H-15), 7.06–7.09 (m, 1H, H-10), 7.11–7.15 (m, 1H, H-11), 7.21–7.24 (m, 1H, H-12),
7.41–7.43 (m, 1H, H-9), 7.88 (br s, 1H, NH-1).

13C NMR (125.7 MHz, CDCl3) δ (ppm) 10.4 (C-18), 19.8 (C-6), 28.3 (C-19), 30.0 (C-14), 32.3 (C-17),
51.0 (C-16), 53.2 (C(16)-COOCH3), 73.5 (C-3), 74.4 (C-21), 76.9 (C-5), 111.1 (C-12), 111.7 (C-7), 118.2
(C-9), 120.3 (C-10), 122.8 (C-11), 124.3 (C-15), 127.4 (C-8), 133.7 (C-2), 134.9 (C-13), 145.9 (C-20), 171.5
(C(16)-COOCH3).

Isoxazolidine 22:
1H NMR (499.9 MHz, CDCl3) δ (ppm) 1.14 (t, J = 7.5 Hz, 3H, H3-18), 1.98 (dd, J = 14.2, 6.1 Hz, 1H,

Hx-17), 2.18–2.26 (m, 1H, Hx-19), 2.26–2.30 (m, 1H, Hy-17), 2.36–2.45 (m, 1H, Hy-19), 2.58 (dd, J = 10.6,
5.2 Hz, 1H, Hx-3), 2.75–2.80 (m, 1H, Hx-6), 2.94–3.01 (m, 1H, Hx-5), 3.13–3.20 (m, 1H, H-14), 3.29–3.37
(m, 3H, Hy-3, Hy-5, Hy-6), 3.77 (s, 3H, C(16)-COOCH3), 4.53 (d, J = 10.0 Hz, 1H, H-15), 6.19–6.20 (m,
1H, H-21), 7.00–7.04 (m, 1H, H-10), 7.10–7.13 (m, 1H, H-11), 7.24–7.26 (m, 1H, H-12), 7.39–7.42 (m, 1H,
H-9), 8.67 (br s, 1H, NH-1).

13C NMR (125.7 MHz, CDCl3) δ (ppm) 11.3 (C-18), 23.7 (C-6), 27.4 (C-19), 32.5 (C-17), 39.9 (C-14),
46.7 (C-16), 53.1 (C(16)-COOCH3), 55.5 (C-3), 55.8 (C-5), 76.6 (C-15), 110.8 (C-12), 113.6 (C-7), 118.4
(C-9), 119.5 (C-10), 121.9 (C-21), 122.7 (C-11), 127.9 (C-2), 128.0 (C-8), 135.2 (C-13), 141.5 (C-20), 174.9
(C(16)-COOCH3).

HRMS:
N-oxide 20:
M+H = 353.18559 (C21H25O3N2, Δ = –1.1 ppm). ESI-MS-MS (CID = 45%, rel. int. %): 336(100),

321(7), 303(6), 294(4), 293(3), 275(2), 266(6), 229(2), 189(2), 171(2), 144(12).
Isoxazolidine 22:
M+H = 353.18567 (C21H25O3N2, Δ = –0.9 ppm). ESI-MS-MS (CID = 45%, rel. int. %): 335(100),

321(36), 303(36), 294(22), 293(15), 275(11), 266(38), 171(5), 144(4).
21; mp 146–147 ◦C. TLC (dichloromethane-methanol 4:1); Rf = 0.52.
IR (KBr) 3581, 3365, 2959, 1744, 1570, 1242, 774 cm−1.
1H NMR (499.9 MHz, DMSO-d6:CDCl3 = 1:1 + 5 v/v% CF3COOH) δ (ppm) 1.07 (t, J = 7.4 Hz, 3H,

H3-18), 1.99–2.11 (m, 2H, Hx-17, Hx-19), 2.16–2.25 (m, 1H, Hx-6), 2.25–2.34 (m, 1H, Hy-19), 2.49–2.56
(m, 1H, Hy-6), 2.87–2.93 (m, 1H, Hy-17), 3.11–3.15 (m, 1H, H-14), 3.34–3.40 (m, 1H, Hx-3), 3.67 (s,
3H, C(16)-COOCH3), 3.90–3.95 (m, 1H, Hy-3), 4.14–4.29 (m, 1H, Hx-5), 4.54–4.63 (m, 1H, Hy-5), 5.59
(d, J = 1.4 Hz, 1H, H-21), 6.24–6.27 (m, 1H, H-15), 7.28–7.32 (m, 1H, H-10), 7.36–7.40 (m, 1H, H-11),
7.44–7.46 (m, 1H, H-12), 7.47–7.49 (m, 1H, H-9).

13C NMR (125.7 MHz, DMSO-d6:CDCl3 = 1:1 + 5 v/v% CF3COOH) δ (ppm) 10.2 (C-18), 26.9 (C-19),
29.0 (C-14), 30.0 (C-6), 34.6 (C-17), 52.3 (C-16), 53.3 (C(16)-COOCH3), 64.3 (br, C-3), 65.2 (br, C-5), 70.8
(C-21), 82.8 (C-7), 120.6 (C-12), 122.5 (C-9), 125.9 (C-15), 126.9 (C-10), 129.7 (C-11), 140.2 (br, C-8), 141.4
(C-20), 152.0 (C-13), 168.1 (C(16)-COOCH3), 184.0 (C-2).

HRMS: M + H = 369.18063 (C21H25O4N2, Δ = –0.7 ppm). ESI-MS-MS (CID = 45%, rel. int. %):
351(16), 335(9), 324(29), 307(100), 292(5), 264(14), 205(3), 187(4), 160(6).
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Method B. Using perchloric acid. To a solution of catharanthine (3) (247 mg, 0.73 mmol) in methanol
(10 mL) and 72% perchloric acid (0.10 mL), m-CPBA (184 mg, 0.82 mmol) was added at 0 ◦C, and the
reaction mixture was stirred at room temperature for 18 h. The reaction mixture was diluted with 10%
aqueous sodium carbonate (10 mL) and extracted with dichloromethane (3x10 mL). The combined
organic phase was dried over magnesium sulfate and evaporated under reduced pressure. The residue
was purified by preparative TLC (dichloromethane-methanol 10:1) and products 23 (149 mg, 58%) and
24 (30 mg, 12%) were isolated.

Compound 23; mp 87–89 ◦C. TLC (dichloromethane-methanol 10:1); Rf = 0.55.
IR (KBr) 3436, 2960, 1741, 1459, 1222, 1078, 757 cm−1.
1H NMR (499.9 MHz, DMSO-d6) δ (ppm) 0.96 (t, J = 7.4 Hz, 3H, H3-18), 1.73 (dd, J = 13.2, 2.3 Hz,

1H, Hx-17), 1.75–1.83 (m, 1H, Hx-6), 1.87–1.96 (m, 2H, Hy-6, Hx-19), 2.07 (dqd, J = 16.1, 7.4, 2.0 Hz,
Hy-19), 2.52 (dt, J = 8.3, 2.6 Hz, 1H, Hx-3), 2.55–2.58 (br m, 1H, H-14), 2.59 (br d, J = 8.3 Hz, 1H, Hy-3),
2.73–2.78 (m, 1H, Hy-17), 2.79–2.84 (m, 1H, Hx-5), 3.50 (s, 3H, C(16)-COOCH3), 3.61 (ddd, J = 14.3,
12.4, 2.3 Hz, 1H, Hy-5), 4.57 (~d, J = 1.1 Hz, 1H, H-21), 5.75–5.77 (m, 1H, H-15), 6.01 (d, J = 0.9 Hz, 1H,
C(7)-OH), 7.18–7.22 (m, 1H, H-10), 7.28–7.32 (m, 1H, H-11), 7.33–7.36 (m, 1H, H-12), 7.36–7,39 (m, 1H,
H-9).

13C NMR (125.7 MHz, DMSO-d6) δ (ppm) 11.2 (C-18), 25.9 (C-19), 30.7 (C-14), 32.9 (C-6), 39.2 (C-17),
46.7 (C-5), 47.6 (C-3), 52.0 (C(16)-COOCH3), 57.4 (C-16), 57.8 (C-21), 87.1 (C-7), 119.9 (C-12), 121.9 (C-9),
122.4 (C-15), 126.1 (C-10), 128.8 (C-11), 143.0 (C-8), 148.1 (C-20), 152.4 (C-13), 171.6 (C(16)-COOCH3),
190.3 (C-2).

HRMS: M + H = 353.18553 (C21H25O3N2, Δ = –1.2 ppm). ESI-MS-MS (CID = 35%, rel. int. %):
335(80), 321(100), 303(3), 189(4), 171(8).

Compound 24; mp 99–101 ◦C (decomp.). TLC (dichloromethane-methanol 10:1); Rf = 0.13.
IR (KBr) 1730, 1693, 1618, 755 cm−1.
1H NMR (499.9 MHz, DMSO-d6:CDCl3 = 2:1 (v/v)) δ (ppm) 1.03 (t, J = 7.4 Hz, 3H, H-18), 1.71

(br d, J = 14.8 Hz, 1H, Hx-6), 1.95 (br d, J = 13.3 Hz, 1H, Hx-17), 2.06 (dqd, J = 16.4, 7.4, 1.6 Hz, Hx-19),
2.30–2.43 (m, 3H, Hy-19, Hy-6, Hy-17), 2.83 (br d, 1H, J = 10.8 Hz, Hx-3), 2.90–2.94 (m, 1H, H-14),
3.03–3.08 (m, 2H, Hy-3, Hx-5), 3.24 (s, 3H, C(16)-COOCH3), 4.10 (td, J = 12.9, 3.2 Hz, 1H, Hy-5), 4.92
(br s, 1H, H-21), 6.17 (br d, J = 6.4 Hz, 1H, H-15), 6.55–6.64 (br, 1H, NH-1), 6.72–6.77 (m, 1H, H-10),
6.79–6.82 (m, 1H, H-12), 7.37–7.42 (m, 1H, H-11), 7.49–7.52 (m, 1H, H-9).

13C NMR (125.7 MHz, DMSO-d6:CDCl3 = 2:1 (v/v)) δ (ppm) 10.7 (C-18), 23.4 (C-6), 26.5 (C-19),
28.9 (C-14), 30.3 (C-17), 44.7 (C-5), 50.3 (C-3), 51.9 (C-16), 52.0 (C(16)-COOCH3), 54.0 (C-21), 65.0 (C-2),
112.1 (C-12), 118.5 (C-10), 119.4 (C-8), 124.2 (C-9), 128.0 (C-15), 137.3 (C-11), 144.2 (C-20), 159.9 (C-13),
171.2 (C(16)-COOCH3), 202.2 (C-7).

HRMS: M + H = 353.18512 (C21H25O3N2, Δ = –2.4 ppm). ESI-MS-MS (CID = 45%, rel. int. %):
335(3), 321(2), 276(2), 189(100), 172(6), 160(38), 146(23).

3.11. Reduction of the 7-Hydroxy Derivative of Catharanthine (23)

To a solution of 7-hydroxyindolenine catharanthine (23) (300 mg, 0.85 mmol) in methanol (20 mL),
700 mg of 10% Pd/C and NaBH4 (483 mg, 12.77 mmol) was added at 10 ◦C. The reaction mixture was
stirred under an argon atmosphere for 30 min. After filtering the catalyst, a few drops of acetic acid
was added, the filtrate was diluted with dichloromethane (50 mL) and washed with 10% aqueous
sodium carbonate. The aqueous phase was extracted with dichloromethane (2 × 20 mL), the combined
organic phase was washed with water (50 mL), dried over magnesium sulfate and evaporated under
reduced pressure. The residue was purified by preparative TLC (dichloromethane-methanol 9:1) and
catharanthine (3) was obtained (111 mg, 39%).

3.12. Coupling of the Catharanthine Derivative (24) with Vindoline (4)

Compound 24 (210 mg, 0.60 mmol) and vindoline (271 mg, 0.59 mmol) (4) were added to a mixture
that consisted of water (21.3 mL), 1 M hydrochloric acid (1.1 mL) and 2,2,2-trifluoroethanol (2.2 mL).
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Under an argon atmosphere, FeCl3·6 H2O (802 mg, 2.97 mmol) was added. The reaction mixture
was stirred at room temperature for 2 h. At 0 ◦C, sodium borohydride (24 mg, 0.63 mmol) in water
(1.9 mL) was added dropwise. After 30 min of stirring, the pH was adjusted to 8 with cc. ammonium
hydroxide. The reaction mixture was extracted with dichloromethane (2 × 60 mL), the combined
organic phase was washed with water (100 mL), dried over magnesium sulfate and evaporated under
reduced pressure. The residue was purified by preparative TLC (dichloromethane-methanol 6:1).
A cationic vindoline trimer (27) (18 mg, 7%), a vindoline trimer ketone (28) (26 mg, 10%), and the
N-methyl-spiro derivative of catharanthine (29) (24 mg, 11%) were obtained.

Compound 27:
TLC (dichloromethane-methanol 7:1), Rf = 0.27.
NMR: two signal sets in a ratio of ca. 3:2 (conformational isomers). Chemical shifts vary slightly

with pH, temperature, and the composition of the NMR solvent. The three vindoline subunits of 27

are denoted as A, B, and B’. The two subunits that have the same constitution (vindoline-10-yl) are
called B and B’.

Major signal set:
1H NMR (799.7 MHz, CD3OD:CD3CN:D2O = 1:1:1 (v/v)) δ (ppm) 0.35 (t, J = 7.4 Hz, 3H, H3-18B),

0.52 (t, J = 7.4 Hz, 3H, H3-18B’), 0.57 (t, J = 7.4 Hz, 3H, H3-18A), 1.15–1.20 (m, 1H, Hx-19B’),
1.25–1.30 (m, 1H, Hx-19B), 1.47–1.53 (m, 1H, Hx-19A), 1.53–1.58 (m, 1H, Hy-19A), 1.55–1.61 (m,
1H, Hy-19B’), 1.58–1.63 (m, 1H, Hy-19B), 1.62–1.67 (m, 1H, Hx-6A), 2.02 (s, 6H, C(17B)-OC(O)CH3,
C(17B’)-OC(O)CH3), 2.06 (s, 3H, C(17A)-OC(O)CH3), 2.15–2.20 (m, 1H, Hx-6B’), 2.20–2.24 (m, 2H,
Hy-6A, Hy-6B’), 2.26–2.30 (m, 2H, Hx-6B, H-21B), 2.32–2.35 (m, 1H, Hx-5B), 2.37–2.41 (m, 1H, Hy-6B),
2.54–2.58 (m, 1H, Hx-5B’), 2.64 (s, 3H, N(1B)-CH3), 2.65 (s, 1H, H-21B’), 2.67–2.71 (m, 1H, Hx-5A), 2.71 (s,
3H, N(1B’)-CH3), 2.73–2.77 (m, 1H, Hx-3B), 2.85–2.89 (m, 1H, Hx-3B’), 2.94–2.98 (m, 1H, Hx-3A), 3.12 (s,
1H, H-21A), 3.28 (s, 3H, N(1A)-CH3), 3.30–3.34 (m, 1H, Hy-5A), 3.37–3.43 (m, 3H, Hy-5B’, Hy-5B, Hy-3A),
3.45–3.53 (m, 2H, Hy-3B’, Hy-3B), 3.66 (s, 1H, H-2B), 3.69 (s, 1H, H-2B’), 3.73 (s, 3H, C(11B’)-OCH3),
3.74 (s, 3H, C(11B)-OCH3), 3.78 (s, 3H, C(16B’)-COOCH3), 3.79 (s, 3H, C(16B)-COOCH3), 3.83 (s, 3H,
C(16A)-COOCH3), 3.97 (s, 3H, C(11A)-OCH3), 4.39 (s, 1H, H-2A), 5.08 (s, 1H, H-17A), 5.08–5.11 (m, 1H,
H-15B), 5.19–5.22 (m, 1H, H-15B’), 5.32 (s, 1H, H-17B’), 5.38–5.41 (s, 1H, H-15A), 5.43 (s, 1H, H-17B),
5.79–5.82 (m, 1H, H-14B), 5.87–5.90 (m, 1H, H-14B’), 5.94–5.97 (m, 1H, H-14A), 6.27 (s, 1H, H-12B), 6.36
(s, 1H, H-12B’), 6.39 (s, 1H, H-12A), 6.42 (s, 1H, H-9B’), 6.63 (s, 1H, H-9B), 7.29 (s, 1H, H-9A).

13C NMR (201.1 MHz, CD3OD:CD3CN:D2O = 1:1:1 (v/v)) δ (ppm) 7.6 (C-18A), 9.2 (C-18B),
9.5 (C-18B’), 21.0 (C(17B)-OC(O)CH3, C(17A)-OC(O)CH3, C(17B’)-OC(O)CH3), 30.8 (C-19A), 31.9
(C-19B’), 32.7 (C-19B), 37.3 (N(1A)-CH3), 38.3 (N(1B’)-CH3), 38.7 (N(1B)-CH3), 43.2 (C-6A), 43.3
(C-20A), 44.0 (C-6B, C-6B’), 44.1 (C-20B’), 44.4 (C-20B), 49.2 (C-5A), 50.6 (C-3A), 51.6 (C-3B’), 51.9
(C-3B, C-7A), 52.1 (C-5B’), 53.3 (C(16B’)-COOCH3), 53.4 (C(16B)-COOCH3), 53.7 (C-7B), 53.8 (C-5B),
54.0 (C(16A)-COOCH3), 54.1 (C-7B’), 56.5 (C(11B’)-OCH3), 57.2 (C(11B)-OCH3), 59.3 (C(11A)-OCH3),
59.4 (C-10A), 63.4 (C-21A), 67.8 (C-21B’), 69.2 (C-21B), 76.8 (C-17A), 76.9 (C-17B’), 77.0 (C-17B), 80.1
(C-16B, C-16A), 80.5 (C-16B’), 83.8 (C-2B’), 84.0 (C-2B), 84.6 (C-2A), 91.3 (C-12A), 95.1 (C-12B’), 95.5
(C-12B), 115.9 (C-10B), 116.9 (C-10B’), 124.0 (C-9B’), 126.0 (C-14B), 126.1 (C-9B), 126.2 (C-14B’), 126.4
(C-14A), 126.5 (C-8B’), 126.6 (C-8B), 130.2 (C-15A), 130.6 (C-15B, C-15B’), 132.3 (C-8A), 145.9 (C-9A),
155.3 (C-13B), 155.7 (C-13B’), 159.9 (C-11B), 160.9 (C-11B’), 169.9 (C-13A), 172.0 (C(16A)-COOCH3), 172.2
(C(17A)-OC(O)CH3), 172.8 (C(17B’)-OC(O)CH3), 173.0 (C(17B)-OC(O)CH3), 173.4 (C(16B’)-COOCH3),
173.7 (C(16B)-COOCH3), 190.6 (C-11A).

Minor signal set:
1H NMR (799.7 MHz, CD3OD:CD3CN:D2O = 1:1:1 (v/v)) δ (ppm) 0.29 (t, J = 7.4 Hz, 3H, H3-18A),

0.46 (t, J = 7.4 Hz, 3H, H3-18B’), 0.61 (t, J = 7.4 Hz, 3H, H3-18B), 0.85–0.89 (m, 1H, Hx-19A), 1.09–1.14 (m,
2H, Hx-19B, Hx-19B’), 1.41–1.45 (m, 1H, Hy-19A), 1.50–1.54 (m, 1H, Hy-19B’), 1.57–1.61 (m, 1H, Hy-19B),
2.00 (s, 3H, C(17A)-OC(O)CH3), 2.01 (s, 3H, C(17B)-OC(O)CH3), 2.02 (s, 3H, C(17B’)-OC(O)CH3),
2.07–2.11 (m, 2H, Hx-6B’, Hx-6B), 2.19–2.26 (m, 3H, Hy-6B, Hx-6A, Hy-6B’), 2.43–2.47 (m, 1H, Hx-5B’),
2.47–2.51 (m, 1H, Hy-6A), 2.57 (s, 1H, H-21B’), 2.63–2.66 (m, 1H, Hx-5B), 2.68 (s, 3H, N(1B’)-CH3), 2.72
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(s, 3H, N(1B)-CH3), 2.77–2.80 (m, 1H, Hx-5A), 2.79–2.83 (m, 1H, Hx-3B’), 2.87 (s, 1H, H-21B), 2.90–2.96
(m, 2H, Hx-3A, Hx-3B), 2.98 (s, 1H, H-21A), 3.23 (s, 3H, N(1A)-CH3), 3.37–3.42 (m, 2H, Hy-5B’, Hy-5B),
3.42–3.45 (m, 1H, Hy-5A), 3.44–3.49 (m, 3H, Hy-3A, Hy-3B, Hy-3B’), 3.62 (s, 3H, C(11B’)-OCH3), 3.65 (s,
1H, H-2B’), 3.67 (s, 1H, H-2B), 3.73 (s, 3H, C(11B)-OCH3), 3.75 (s, 3H, C(16B)-COOCH3), 3.76 (s, 3H,
C(16B’)-COOCH3), 3.80 (s, 3H, C(16A)-COOCH3), 4.01 (s, 3H, C(11A)-OCH3), 4.50 (s, 1H, H-2A), 4.95
(s, 1H, H-17A), 5.19 (s, 1H, H-17B), 5.22–5.26 (m, 2H, H-15B’, H-15A), 5.24 (s, 1H, H-17B’), 5.35–5.38 (m,
1H, H-15B), 5.87–5.90 (m, 1H, H-14B’), 5.90–5.93 (m, 2H, H-14A, H-14B), 6.20 (s, 1H, H-12A), 6.23 (s,
2H, H-12B, H-12B’), 6.52 (s, 1H, H-9B), 6.55 (s, 1H, H-9B’), 7.39 (br s, 1H, H-9A).

13C NMR (201.1 MHz, CD3OD:CD3CN:D2O = 1:1:1 (v/v)) δ (ppm) 7.6 (C-18A), 8.1 (C-18B), 8.7
(C-18B’), 20.8 (C(17A)-OC(O)CH3), 21.0 (C(17B)-OC(O)CH3), 21.1 (C(17B’)-OC(O)CH3), 31.4 (C-19B),
31.6 (C-19B’), 32.1 (C-19A), 37.2 (N(1A)-CH3), 38.2 (N(1B)-CH3), 38.3 (N(1B’)-CH3), 42.7 (C-6A), 43.4
(C-20A), 43.8 (C-20B), 43.9 (C-20B’), 44.3 (C-6B’), 44.9 (C-6B), 50.1 (C-5A), 50.7 (C-5B), 50.9 (C-3A), 51.2
(C-3B), 51.4 (C-7A), 51.6 (C-3B’), 51.9 (C-5B’), 53.2 (C(16B)-COOCH3), 53.3 (C(16B’)-COOCH3), 53.9
(C(16A)-COOCH3), 54.1 (C-7B’), 54.4 (C-7B), 56.5 (C(11B)-OCH3), 56.7 (C(11B’)-OCH3), 58.0 (C-10A),
59.5 (C(11A)-OCH3), 65.2 (C-21A), 66.1 (C-21B), 67.1 (C-21B’), 76.6 (C-17A), 76.9 (C-17B), 77.2 (C-17B’),
79.6 (C-16A), 80.8 (C-16B’), 81.2 (C-16B), 83.3 (C-2B), 83.4 (C-2B’), 84.9 (C-2A), 89.4 (C-12A), 94.7
(C-12B), 95.6 (C-12B’), 115.9 (C-10B), 117.3 (C-10B’), 124.3 (C-9B), 125.2 (C-8B), 125.3 (C-9B’), 125.4
(C-8B’), 125.7 (C-14B), 125.9 (C-14B’), 126.1 (C-14A), 130.1 (C-15A), 130.8 (C-15B’), 131.0 (C-15B), 132.5
(C-8A), 147.2 (br, C-9A), 154.6 (C-13B), 154.9 (C-13B’), 159.8 (C-11B), 160.7 (C-11B’), 169.9 (C-13A), 171.7
(C(17A)-OC(O)CH3), 172.1 (C(16A)-COOCH3), 172.5 (C(17B)-OC(O)CH3), 172.9 (C(17B’)-OC(O)CH3),
173.0 (C(16B)-COOCH3), 173.3 (C(16B’)-COOCH3), 191.8 (C-11A).

HRMS: M + H = 1365.65951 (C75H93O18N6, Δ = 3.97 ppm). ESI-MS-MS (CID = 35%, rel. int. %):
1347(17), 1305(73), 1245(9), 1203(10), 1096(100), 1036(17).

Compound 28:
TLC (dichloromethane-methanol 10:1), Rf = 0.35.
IR (KBr) 3433, 1749, 1619, 1289, 1207, 1151, 1025, 821 cm−1.
NMR: The three vindoline subunits of 28 are denoted as A, B, and B’. The two subunits that have

the same constitution (vindoline-10-yl) are called B and B’. A minor signal set (ca. 10%) can also be
detected due to conformational isomerism. The assignment of the major signal set is given below.

1H NMR (799.7 MHz, DMSO-d6:CD3CN:D2O = 3:1:1 (v/v)) δ (ppm) 0.30 (t, J = 7.3 Hz, 3H, H3-18A),
0.43 (t, J = 7.3 Hz, 3H, H3-18B), 0.50 (t, J = 7.3 Hz, 3H, H3-18B’), 0.82–0.86 (m, 1H, Hx-19B’), 0.92–0.96
(m, 1H, Hx-19A), 1.21 (dq, J = 15.2, 7.3 Hz, 1H, Hx-19B), 1.39–1.43 (m, 1H, Hy-19A), 1.43–1.50 (m, 2H,
Hy-19B’ Hy-19B), 1.91 (s, 3H, C(17A)-OC(O)CH3), 1.94 (s, 3H, C(17B’)-OC(O)CH3), 1.93–1.97 (m, 1H,
Hx-6B), 1.96 (s, 3H, C(17B)-OC(O)CH3), 2.08–2.16 (m, 3H, Hy-6B, Hx-6B’, Hy-6B’), 2.16–2.20 (m, 2H,
Hx-5B, Hx-6A), 2.31 (s, 1H, H-21B), 2.34–2.38 (m, 1H, Hy-6A), 2.55–2.59 (m, 2H, Hx-5A, Hx-5B’), 2.58 (s,
3H, N(1B)-CH3), 2.61–2.65 (m, 8H, N(1B’)-CH3, Hx-3B, N(1A)-CH3, H-21A), 2.73 (br s, 1H, H-21B’),
2.79 (br d, J = 16.4 Hz, 1H, Hx-3A), 2.85 (br d, J = 16.7 Hz, 1H, Hx-3B’), 3.23–3.27 (m, 1H, Hy-5B),
3.29–3.35 (m, 2H, Hy-5A, Hy-5B’), 3.37–3.42 (m, 3H, Hy-3B’, Hy-3B, Hy-3A), 3.49 (s, 1H, H-2B), 3.53 (s,
3H, C(11B)-OCH3), 3.55 (s, 1H, H-2B’), 3.58 (s, 3H, C(11B’)-OCH3), 3.65 (s, 3H, C(16A)-COOCH3), 3.67
(s, 3H, C(16B’)-COOCH3), 3.68 (s, 3H, C(16B)-COOCH3), 3.91 (s, 1H, H-2A), 4.97 (s, 1H, H-17A), 5.09
(s, 1H, H-12A), 5.10–5.12 (m, 2H, H-15A, H-17B’), 5.16 (br d, J = 9.6 Hz, 1H, H-15B), 5.20–5.23 (m, 2H,
H-17B, H-15B’), 5.81–5.83 (m, 2H, H-14B, H-14A), 5.83–5.86 (m, 1H, H-14B’), 6.12 (s, 1H, H-12B), 6.18 (s,
1H, H-9B), 6.20 (s, 1H, H-12B’), 6.80 (s, 1H, H-9B’), 7.17 (s, 1H, H-9A).

13C NMR (201.1 MHz, DMSO-d6:CD3CN:D2O = 3:1:1 (v/v)) δ (ppm) 7.2 (C-18B’), 7.7 (C-18A), 8.1
(C-18B), 20.6 (C(17A)-OC(O)CH3), 20.77 (C(17B’)-OC(O)CH3), 20.81 (C(17B)-OC(O)CH3), 30.7 (C-19B’),
30.9 (C-19B), 31.2 (C-19A), 34.4 (N(1A)-CH3), 38.2 (N(1B)-CH3), 38.8 (N(1B’)-CH3), 42.6 (C-20A), 42.7
(C-20B’), 42.8 (C-6A), 43.0 (C-20B), 43.2 (C-6B), 44.4 (C-6B’), 50.3 (C-7A), 50.4 (C-3A), 50.5 (C-5B’),
50.6 (C-3B’), 50.9 (C-5A), 51.0 (C-3B), 51.8 (C-5B), 52.1 (C(16B’)-COOCH3), 52.3 (C(16B)-COOCH3),
52.5 (C(16A)-COOCH3), 52.9 (C-7B), 53.1 (C-7B’), 55.3 (C(11B)-OCH3), 55.4 (C(11B’)-OCH3), 59.6
(C-10A), 65.6 (C-21B’), 67.1 (C-21B), 67.2 (C-21A), 75.7 (C-17A), 76.1 (C-17B’), 76.2 (C-17B), 78.7
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(C-16A), 79.5 (C-16B), 79.7 (C-16B’), 81.7 (C-2A), 82.6 (C-2B), 83.4 (C-2B’), 92.1 (C-12A), 93.8 (C-12B),
94.3 (C-12B’), 118.5 (C-10B’), 123.0 (C-10B), 123.36 (C-8B), 123.42 (C-8B’), 124.56 (C-14A), 124.67
(C-14B’), 124.73 (C-9B’), 124.88(C-9B), 124.89 (C-14B), 129.9 (C-15A), 130.3 (C-15B), 130.6 (C-15B’), 133.4
(C-8A), 140,0 (C-9A), 152.4 (C-13B), 152.6 (C-13B’), 158.3 (C-11B), 159.5 (C-11B’), 162.2 (C-13A), 170.1
(C(17A)-OC(O)CH3), 170.5 (C(17B’)-OC(O)CH3), 171.1 (C(17B)-OC(O)CH3), 171.79 (C(16A)-COOCH3),
171.83 (C(16B’)-COOCH3), 172.1 (C(17B)-COOCH3), 199.1 (C-11A).

HRMS: [(M + 2H)/2]2+ = 676.32271 (C74H92O18N6, Δ = –0.2 ppm). ESI-MS-MS (CID = 45%, rel.
int. %): 646(100), 637(14), 616(17), 595(45), 565(16), 542(39), 512(16), 457(16).

Compound 29:
TLC (dichloromethane-methanol 7:1), Rf = 0.11.
1H NMR (799.7 MHz, DMSO-d6:CD3CN:D2O = 3:1:1 (v/v)) δ (ppm) 1.02 (t, J = 7.3 Hz, 3H, H3-18),

1.93–1.97 (m, 1H, Hx-6), 2.04–2.09 (m, 1H, Hx-19), 2.07–2.10 (m, 1H, Hx-17), 2.18–2.24 (m, 1H, Hy-19),
2.27–2.31 (m, 1H, Hy-17), 2.55–2.60 (m, 1H, Hy-6), 2.92–2.95 (m, 1H, Hx-3), 3.04 (s, 3H, N(4)-CH3),
3.14–3.16 (m, 1H, H-14), 3.23 (s, 3H, C(16)-COOCH3), 3.58–3.61 (m, 1H, Hx-5), 3.65–3.68 (m, 1H, Hy-3),
4.10–4.14 (m, 1H, Hy-5), 4.94 (d, J = 1.6 Hz, 1H, H-21), 6.41–6.44 (m, 1H, H-15), 6.80–6.84 (m, 1H, H-10),
6.87–6.90 (m, 1H, H-12), 7.48–7.50 (m, 1H, H-9), 7.50–7.53 (m, 1H, H-11).

13C NMR (201.1 MHz, DMSO-d6:CD3CN:D2O = 3:1:1 (v/v)) δ (ppm) 10.5 (C-18), 25.0 (C-6), 27.1
(C-19), 28.2 (C-17), 29.1 (C-14), 52.6 (C-16), 52.9 (C(16)-COOCH3), 55.6 (N(4)-CH3), 56.8 (C-5), 60.5 (C-3),
63.5 (C-2), 63.7 (C-21), 112.8 (C-12), 118.9 (C-8), 119.2 (C-10), 124.6 (C-9), 130.7 (C-15), 138.9 (C-11), 140.8
(C-20), 160.8 (C-13), 169.9 (C(16)-COOCH3), 213.1 (C-7).

HRMS: M + H = 367.20122 (C22H27O3N2, Δ = –1.1 ppm). ESI-MS-MS (CID = 55%, rel. int. %):
203(100), 160(7).

4. Conclusions

Halogenated 14,15-cyclopropanovindoline derivatives were prepared by Simmons–Smith
reactions with iodoform and bromoform in the presence of diethylzinc. Reactions of dichlorocarbene
and catharanthine (3), vindoline (4), vinblastine (1) and vincristine (2) resulted in unexpected products.
In the case of VLB (1), an interesting ring-opened oxirane derivative (15) was obtained with two
different methods. Our attempt to produce epoxidized monomeric alkaloids also led to anomalous
derivatives without an oxirane ring. It could have been easily noticed that the presence or absence
of perchloric acid had had a crucial role in the outcome of these reactions. Eventually, we were
surprised to discover two similar vindoline trimers (27,28) in the coupling reaction of vindoline (4)
and a spiro derivative of catharanthine (24). Only the O-methylated trimeric vindoline derivative (27)
was managed to be obtained when vindoline (4) was put in itself into the conditions of the formerly
mentioned coupling reaction attempt without a catharanthine derivative (24).
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Abstract: Eight alkaloids (1–8) were isolated from Ruta graveolens, and their herbicide activities
were evaluated through in vitro, semivivo, and in vivo assays. The most relevant results were
observed for Compounds 5 and 6–8 at 150 μM, which decreased dry biomass by 20% and 23%,
respectively. These are significant results since they presented similar values with the positive control,
commercial herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Based on the performed
assays, Compound 5 (graveoline) is classified as an electron-transport inhibitor during the light phase
of photosynthesis, as well as a plant-growth regulator. On the other hand, Compounds 6–8 inhibited
electron and energy transfers, and are also plant-growth inhibitors. These phytotoxic behaviors based
on acridone and quinolone alkaloids may serve as a valuable tool in the further development of a new
class of herbicides since natural products represent an interesting alternative to replace commercial
herbicides, potentially due their low toxicity.

Keywords: Ruta graveolens; photosystem II; Chl a fluorescence; Hill reaction inhibitors; acridone alkaloids

1. Introduction

Ruta graveolens L. (Rutaceae) is a medicinal plant whose roots and aerial parts contain more
than 120 special metabolites as coumarins, flavonoids, acridones, and furoquinoline alkaloids [1,2].
Many of these metabolites have attracted biological and pharmacological interest, demonstrating
antifungal, phytotoxic, and antidotal activities [3–9]. In this context, the effect of the natural products
as photosynthesis inhibitors has been efficiently evaluated [10–12]. The photosynthetic process is
divided into three parts: the initial light-harvesting process and local charge separation, proton-coupled
electron transfer, and multielectronic redox catalysis [13]. During the phenomenon, light absorption by
antenna molecules is followed by efficient charge separation across the membrane via photosynthetic
reaction centers [14]. The antenna system absorbs and converts light into chemical energy at P680.
Accordingly, charge recombination is prevented by the presence of an electron-transport chain
driving electrons towards P700; a second light-harvesting process occurs at photosystem I (PSI),
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providing additional energy to electrons for their final purpose: production of adenosine triphosphate
(ATP) and dihydronicotinamide-adenine dinucleotide phosphate (NADPH), which are used for CO2

fixation through the Calvin cycle (biochemistry phase) [13,14]. Therefore, we analyzed chlorophyll a
fluorescence kinetic transients to verify the damage on photosynthetic apparatus, demonstrating the
quantitative and qualitative effects of herbicides on both photosystems [15,16]. From this perspective,
the main goal of this report was to investigate the effects of alkaloids (1–8) isolated from Ruta graveolens
L. (Figure 1) on photosynthetic activities through polarography, chlorophyll (Chl) a fluorescence,
and in vivo plant-growth experiments. Our results suggested that these techniques are powerful
and sensitive enough to localize, in detail, the mechanisms of action related to such a complex
target, photosynthesis.

Figure 1. Alkaloids isolated from Ruta graveolens.

2. Results and Discussion

2.1. Effect of Alkaloids 1–8 on Noncyclic Electron Transport and H+-ATPase Activity

Compounds 2 and 3 did not present an effect on noncyclic electron transport in preliminary
tests. On the other hand, the other alkaloids inhibited noncyclic electron transport from H2O
to methylviologen (MV) in chloroplasts isolated from Spinacea oleracea L. Arborinine (1) inhibited
phosphorylating and uncoupled electron flow by 100% at 100 μM, which demonstrated that (1) behaves
as a potent electron-transport inhibitor (Figure 2A). The basal electron flow was increased at low
concentrations (around 15 μM), but electron flow at concentrations higher than 25 μM was decreased,
inhibiting electron flow by 20% at 100 μM, which means that (1) binds to the CF1CF0-ATPase complex,
suggesting inhibitory activity on ATP synthesis. The results found, with regard to electron-transport
reaction, a increment of the step as well as a decrease in the phosphorylating and uncoupled steps,
indicating that (1) exhibited a dual effect by inhibiting both energy transfer and electron transport [17].

Compound 4 increased basal and phosphorylating electron transports by 80% and 40%,
respectively, at the beginning of the illumination, and then decreased them, since the concentrations
were higher than 80 μM (Figure 2B). As well as Compound (1), (4) decreased the uncoupled phase
at concentrations close to 80 μM. Therefore, (4) did not demonstrate electron-transport inhibition,
but rather acted as a decoupling agent. Graveoline (5) inhibited the basal, phosphorylating,
and uncoupled electron transport by 40% at 300 μM, which suggested Hill reaction inhibitory behavior
(Figure 2C).

Homolog mixture 6–8 inhibited energy transfer at 25 μM and showed slight inhibitory activity on
electron-transport reactions at concentrations up to 100 μM (Figure 2D). Compounds 6–8 increased
basal and phosphorylating electron transport by 230% and 140%, respectively. The uncoupled
electron transport showed a small increase in concentrations below 100 μM. In this way, the mixture
behaved mainly as an energy-transfer inhibitor and showed electron-transport inhibitory activity at
higher concentrations.
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Figure 2. Effect of the alkaloids isolated from R. graveolens on electron flow. Control-rate values
for electron transport from basal, phosphorylating, and uncoupled conditions were 450, 620,
and 1200 μequiv e− h−1 mg−1 chlorophyll (Chl)−1, respectively. Panel (A): Compound 1; Panel (B):
Compound 4; Panel (C): Compound 5; and Panel (D): Mixtures 6–8.

When there is a significant increase on the basal electron-transport step, as observed for
Compounds 1, 4, and 6–8, this is an indication that the compounds are acting on the ATP–synthase
complex [17]. Cyclic electron transport is happening normally, as can be observed in the basal reaction,
due the behavior of the chloroplasts in the reaction medium. The percentage of the basal curve means
that the effect is happening over the ATP–synthase complex once the basal reaction works harder to
equilibrate this damage, thus increasing the speed of action.

Due to this, ATPase analysis for Compounds 1, 4, and 6–8 was needed to confirm if they interfere
on the CF1CF0-ATPase complex, acting by direct inhibition of ATP synthesis. The experiments (Table 1)
revealed that Compound 4 binds to CF1CF0-ATPase complex exerting a direct inhibition of the H+

gradient dissipation and the Compounds 1 and 6–8 act as energy transfer inhibitors (H+-ATPase
inhibitor) [17].

The electron-transport increase on the basal reaction up to 100% indicates that the compounds
acted on the ATP–synthase complex, blocking the energy transfer or acting as proton-transfer
decoupling. This behavior was observed for Compounds 1 and 6–8 through the increase of the
basal step for Compound 4 by the increment of the basal and phosphorylating reactions [18,19].

To confirm if Compounds 1 and 6–8 act as energy-transfer inhibitors, and if Compound 4 acts
as a decoupling agent, we performed H+-ATPase assays to verify their effect on the catalytic unit of
the H+-ATPase complex (CF0-CF1) [17]. Compounds 1 and 6–8 inhibited the energy transfer, as they
decreased the inorganic phosphate (Pi) concentrations in the reaction medium by 25% at 100 μM and
300 μM, respectively. Corroborating the electron-transport data, both compounds are inhibitors of
the CF0-CF1 enzymatic site of the ATPase complex (Table 1). In its turn, Compound 4 increased Pi
concentration by 18% at 100 μM, which confirmed its proton-gradient uncoupling profile.
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Table 1. Effect of Compounds 1, 4, and 6–8 on inorganic phospate (Pi).

Compound (μM) Pi (%)

Control 0 100

1

25 90
50 78

100 77

4

25 104
50 108

100 118

6–8

100 93
200 88
300 77

2.2. Uncoupled PSI and PSII Electron-Flow Determination

To localize the inhibition sites of the alkaloids on the thylakoid electron-transport chain, their
effects on PSI and PSII (including partial reactions) were evaluated employing artificial donors and
acceptors of electrons, as well as appropriate inhibitors [20]. Arborinine (1) inhibited uncoupled
electron transport on PSII from water to DCBQ (from H2O to QB) and the partial reactions from water
to sodium silicomolybdate (SiMo) (from H2O to QA) by 60% at 400 μM (Table 2). There were no
significant results (<4%) for the reactions from DPC to 2,6-dichlorophenolindophenol (DCPIP) (from
P680 to QB).

Table 2. Effects of arborinine (1) on photosynthetic electron transport on photosystem II (PSII). Note:
DCPIP, 2,6-dichlorophenolindophenol.

(μM) H2O to DCBQ H2O to Sodium Silicomolybdate (SiMo) DPC to DCPIP

a b A b C b

0 547.5 ± 2.74 100 511.0 ± 2.56 100 256.0 ± 1.28 100
50 - - - - 283.0 ± 1.42 110.6

100 401.5 ± 2.00 74 328.5 ± 1.64 65 268.0 ± 1.34 104.5
200 292.0 ± 1.46 54 255.5 ± 1.28 50 268.0 ± 1.34 104.5
300 255.5 ± 1.28 47 237.3 ± 1.19 47 - -
400 219.0 ± 1.09 40 219.0 ± 1.09 43 - -

a (μequiv e− h−1 mg−1 Chl−1), b (%), c (μM DCPIPred mg−1 Chl−1).

The polarographic measures indicated that 1 inhibited the passage from H2O to QA, that is,
on both sides of the electron transport on PSII. The first inhibition site (H2O to SiMo) occurs in the
enzyme where water photo-oxidation happens, and the other at DPC (donates electron at P680) to
DCPIPox (accepts electrons at QB site), located at the water-splitting enzyme complex (OEC) and
between the range of electron flow from P680 to QA. These results indicated that 1 inhibited PSII at
the span of electron transport from H2O to QA due the fact that SiMo accepts electrons exactly at the
QA site. Table 2 shows that the span of electron transport from P680 to QB was not inhibited in all
concentrations. Compound 1 inhibited the PSI uncoupled electron transport from reduced DCPIP
to MV by 50% at 200 μM (Table 3). However, no changes were observed on inhibitory activity at
higher concentrations.
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Table 3. Effects of arborinine (1) on photosynthetic uncoupled electron transport at PSI.

(μM) DCPIPred a Methylviologen (MV)

a b

0 1467.4 ± 7.34 100
100 867.1 ± 4.34 59.1
200 733.7 ± 3.67 50
400 667.0 ± 3.34 46

a (μequiv e− h−1 mg−1 Chl−1) b (%).

2.3. Chl a Fluorescence Measurements in Spinach Leaf Discs

The Chl a fluorescence assay is a widely used tool to evaluate the photosynthetic apparatus in
plants submitted to different stresses, as well as to provide detailed information about the structure
and function of PSII [10,20]. For this experiment, all alkaloids were evaluated at 150 and 300 μM.
Compounds 1–4 showed very low activity during the experiment, less than 20% compared to negative
control (data not shown).

Compound 5 increased dV/dt0 and decreased PIabs, both parameters by 60% at 150 μM,
which represents a stressful event occurring in the plant. The association of these parameters suggests
that the natural redox process of photosynthesis was interfered with (Figure 3A). Parameters PSI0,
PHI(E0), Sm, ET0/CS0, and ET0/RC were reduced by 40%, which directly represents that electron
transport on the redox process was interrupted, indicating damage to PSII. The decrease in Sm
demonstrates that not all absorbed energy was used, and then it was eliminated from the process.
Energy dissipation was confirmed through the increase of the nonphotochemical “de-excitation”
constant (Kn) by 40% and the quantum yield (t = 0) of dissipation energy (PHI(Do)) by 20%.
Thus, the energy contained in the system was released as heat or transferred to another molecule.

Compounds 6–8 were active at both concentrations during the leaf-disc fluorescence assay
(Figure 3A,B). The PIabs parameter showed a decrease of 70% at 150 μM, indicating a nontraditional
photosynthesis process. Parameters PSI0, PHI(E0), ET0/CS0 and ET0/RC were reduced by 40, 40,
60 and 40%, respectively, at 150 μM. These decrements represent damage in electron transport on
PSII, showing that the calculated quantum-yield values for the electron transport decreased in the
process of the flux being inhibited. The reduction of ET0/CS0, ET0/RC, and RC/CS0 parameters by
30% indicated that the electron transport was being blocked, as well as a reduction in reaction centers
participating in the process. Like Compound 5, the increment was promoted by the mixture of analogs
on the dV/dt0, SmK, Kn, and PHI(D0) parameters.

Figure 3. Radar plot of Compounds 5 and 6–8 effects on Chl a fluorescence parameters calculated from
an OJIP transient curve. Panel (A) 150 μM, and Panel (B) 300 μM.
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A J band (2 ms) was observed at the OJIP transient curve for Compound 5 (150 μM),
which indicates inhibition at the quinone level, on the acceptor side of PSII (Figure 4A). An increase at J
step can be understood as evidence for reduced-form QA accumulation (QA−) due electron-transport
deceleration beyond QA [21]. Since the PSII electron flux was inhibited, the maximum PSII
microelectrons field carries less QA−. This aspect corroborated the reduction of the PSI0 and PHI(E0)
quantum parameters. The results of the fluorescence emission on spinach-leaf discs confirm the in vitro
electron transport results, which revealed Compound 5 acting as a Hill reaction inhibitor.

The same J band was observed when the mixture of quinolone alkaloids was submitted to the
assays (Figure 4B), which confirms that Compounds 6–8 also behave like 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU), inhibiting the acceptor side of the PSII [10]. The Chl a experiment also
showed the appearance of the I band near 30 ms (Figure 4C), which exclusively refers to the efficiency of
the quinone pool. This event indicates whether plastoquinones are active or not during the QA reduction
process. When the I band is found in negative values (on the graph), it suggests that the QA pool is
functioning excellently, and an increase in the J band is also observed, that is, this indicates that the
interaction site is the reaction center (P680). The transient bands show exactly this effect (Figure 4A,B).
Phase I appears when a dynamic equilibrium is reached between the reduction of the plastoquinone
pool by the electron flow from the PSII and its oxidation due to PSI activity [22].

Figure 4. Panel (A) Appearance of the J-band in the presence of Compound 5 at 150 μM. Panel (B)
Appearance of the J-band in the presence of Compounds 6–8 at 150 and 300 μM. Panel (C) Appearance
of the I-band in the presence of 6–8 at 150 and 300 μM. Panel (D) Radar plot of Compounds 5 and 6–8

effects on Chl a fluorescence parameters calculated from OJIP curve of sprayed Lolium perenne plants
after 72 h.

200



Molecules 2018, 23, 2693

2.4. In Vivo Assays: Chl a Fluorescence Determination in Intact L. Perenne Leaves

The in vivo Chl a fluorescence experiment represents a powerful tool to evaluate the performance
of the photosynthesis system in living plants without causing any damage to them [23]. To evaluate
compound activity, solutions at 150 and 300 μM were sprayed on the leaves of L. perenne plants.
However, only Compound 5 and the mixture 6–8 were tested because they presented the best results
on a semivivo assay. After 24, 48, and 72 h of treatment, Chl a fluorescence transients were measured
and the OJIP parameters were calculated employing Biolyser HP software.

Data showed that 5 and 6–8 on plants after 24 and 48 h were insignificant, but a small variation on
photosynthetic parameters was observed after 72 h at 150 μM (Figure 4D). In short, the in vivo results
are less significant than the results observed on the semivivo assay. We justify this because there are
many natural obstacles that the compounds have to transcend to reach their target (the chloroplast),
for example, cell walls and membranes [23].

2.5. Dry Biomass Determination

Dry biomass results were obtained using L. perenne plants 15 days after compound application.
Compound 5 and the mixture 6–8 were evaluated at 150 and 300 μM. The other compounds were not
tested, as they did not present any activity in the previously assays. DCMU, a herbicide, was used
as positive control (Table 4). Fortunately, the best results were observed for the lowest concentration,
150 μM. Treatments 5 and 6–8 decreased dry biomass by 20% and 23%, respectively, compared to
negative control. These are significant results since they behaved like DCMU, which reduced 23% of
the biomass of the target plant.

Table 4. Dry biomass assay for Compounds 5 and 6–8. Note: DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.

Treatment (μM) Dry Biomass (mg) Percentage (%)

Control 0 400.0 ± 2.00 100

DCMU 10 307.0 ± 1.54 77

5
150 320.0 ± 1.60 80
300 327.0 ± 1.64 82

6–8
150 310.0 ± 1.55 77
300 350.0 ± 1.75 87

Based on in vitro, semivivo, and in vivo approaches, Compound 5 acts as a photosynthetic
electron-transport inhibitor and as a plant-growth regulator. Mixture 6–8, on the other hand, acts as an
electron-transport and energy-transfer inhibitor, as well as plant-growth regulator. Our results showed
that almost all alkaloids behaved as photosynthesis inhibitors once some of them acted as Hill reaction
inhibitors. Through fluorescence measurement, we could observe the presence of transient bands J and
I (obtained from OJIP-test). These steps suggest that compounds isolated from R. graveolens inhibited
electron flow on the acceptor side of PSII, exactly like DCMU does. Therefore, the aim of our work was
to present that natural products still could be employed on programs to lead to new scaffold models
for herbicides in the future, since natural products remains an interesting alternative to replace the
commercial herbicides.

3. Materials and Methods

3.1. Alkaloid Isolation from Ruta Graveolens

The ethanolic extract (203.6 g) from Ruta graveolens leaves was solubilized in CH3OH:H2O (1:3, v:v)
and extracted by liquid–liquid partition with hexane and dichloromethane to obtain the partitioned
extract fractions.
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The dichloromethane fraction (14.6 g) from Ruta graveolens leaves was subjected to a
chromatographic column using silica gel 60 (70–230 mesh), employing as a mobile phase increasing
hexane, dichloromethane, acetone, and methanol concentrations to obtain 6 fractions (1–6). Fraction
5 (0.746 g) was subjected to a new chromatographic procedure using Sephadex LH-20 with isocratic
elution formed by dichloromethane:methanol (1:1, v:v) to afford arborinine (1, 18.4 mg) and
1,4-dihydroxy-2,3-dimethoxy-N-methylacridone (2, 16.5 mg) [24].

1-hydroxy-3-methoxy-N-methylacridone (3, 17.9 mg) was obtained from the dichloromethane:hexane
fraction of Ruta graveolens leaves using silica gel (70–230 mesh) and solvents of increasing polarity (hexane,
dichloromethane, acetone, and methanol), followed by a second chromatographic purification over
Sephadex LH-20 with isocratic elution dichloromethane: methanol (1:1, v:v) [25].

From the methanol fraction of Ruta graveolens leaves, the N-methyl-4-methoxy-2-quinolone
(4, 19.3 mg) and graveoline (5, 14.1 mg) compounds were purified using a chromatographic column
with silica gel as support, and hexane, dichloromethane, acetone, and methanol as the mobile
phase [26].

The ethanolic extract (7.0 g) from the Ruta graveolens roots was solubilized with methanol:water
(1:3 v:v), and subjected to liquid–liquid extraction with hexane to provide the respective fraction (1.53 g).
The hexanic fraction was subjected to purification using silica gel (70–230 mesh). The mobile phase
was composed of increasing portions of hexane, dichloromethane, acetone, and methanol to obtain 8
fractions (I–VIII). Fraction II (0.105 g) was subjected to new chromatographic purification by Sephadex
LH-20 with isocratic elution dichloromethane:methanol (3:7, v:v) to obtain a homolog mixture of 6, 7,
and 8. The mixture was analyzed with GC-MS. The instrument was set to an initial temperature of
150 ◦C, and maintained at that temperature for 1 min. At the end of this period, the oven temperature
was increased to 300 ◦C, at the rate of 10 ◦C/min, and maintained for 20 min. The chromatogram
presented 3 peaks at retention times (tR) 11.5 min (6, m/z 313), 12.0 min (7, m/z 327), and 13.0 min
(8, m/z 341). Based on the GC-MS experiment, a ratio of 8:1:1 (based on the peak areas) was estimated
for 6, 7, and 8 [27].

Compound 1. 1H-NMR (200 MHz, CDCl3) δ: 3.81 (s, 3H, N-Me), 3.92 (s, 3H, 3-OMe), 4.00 (s, 3H,
2-OMe), 6.23 (s, 1H, H-4), 7.23 (ddd, J = 8.0, 6.8 and 0.7 Hz, 1H, H-7), 7,50 (dl, J = 8.0 Hz, 1H, H-5),
7.73 (ddd, J = 8.0, 6.8 and 1.4 Hz, 1H, H-6), 8.42 (dd, J = 8.0 and 1.4 Hz, 1H, H-8), 14.75 (s, 1H, OH).
13C-NMR (100 MHz, CDCl3) δ: 34.1 (N-Me), 56.0 (C3-OMe), 60.8 (C2-OMe), 86.8 (C-4), 105.8 (C-9a),
114.5 (C-5), 120.8 (C-8a), 121.5 (C-7), 126.2 (C-8), 130.2 (C-2), 134.6 (C-6), 140.5 (C-4a), 142.0 (C-5a),
156.2 (C-1), 159.3 (C-3), 180.8 (C-9).

Compound 2. 1H-NMR (200 MHz, CDCl3) δ: 3.96 (s, 3H, N-Me), 3.99 (s, 3H, 2-OMe), 4.03 (s, 3H,
3-OMe), 7.32 (ddd, J = 8.0, 7.5 and 1.6 Hz, 1H, H-7), 7.48 (dl, J = 8.7 Hz, 1H, H-5), 7.76 (ddd, J = 8.7,
7.5 and 1.6 Hz, 1H, H-6), 8.36 (dd, J = 8.7 and 1,6 Hz, 1H, H-8), 14.69 (s, 1H, 1-OH). 13C-NMR (50 MHz,
CDCl3) δ: 44.0 (N-Me), 61.0 (C2-OMe), 61.5 (C3-OMe), 109.4 (C-9a), 116.6 (C-5), 121.3 (C-8a), 122.1 (C-8),
126.2 (C-7), 134.6 (C-6), 134.7 (C-2), 140.0 (C-3), 146.1 (C-5a), 151.5 (C-4), 155.8 (C-1), 157.0 (C-4a),
182.3 (C-9).

Compound 3. 1H-NMR (200 MHz, CDCl3) δ: 3.77 (s, 3H, N-Me), 3.90 (s, 3H, OMe), 6.30 (s, 2H, H-2 and
H-4), 7.30 (ddd, J = 8.0, 7.2 and 1.6 Hz, 1H, H-7), 7.40 (dl, J = 8.0 Hz, 1H, H-5), 7.73 (ddd, J = 8.0, 7.2 and
1.6 Hz, 1H, H-6), 8.44 (dd, J = 8.0 and 1.6 Hz, 1H, H-8), 14.75 (s, 1H, OH), 13C-NMR (50 MHz, CDCl3)
δ: 33.3 (N-Me), 55.6 (OMe), 90.1 (C-4), 94.1 (C-2), 105.0 (C-9a), 114.4 (C-5), 121.0 (C-8a), 121.4 (C-7),
126.7 (C-8), 134.1 (C-6), 142.0 (C-5a), 144.0 (C-4a), 166.0 (C-1), 166.1 (C-3), 180.0 (C-9).

202



Molecules 2018, 23, 2693

Compound 4. 1H-NMR (200 MHz, CDCl3) δ: 3.64 (s, 3H, N-Me), 3.92 (s, 3H, OMe), 6.23 (s, 1H, H-3),
7.96 (dd, J = 8.0 and 1.5 Hz, 1H, H-5), 7.21 (ddd, J = 8.0, 7.1 and 1.5 Hz, 1H, H-6), 7.34 (dl, J = 8.0 Hz,
1H, H-8), 7.58 (ddd, J = 8.0, 7.1 and 1.5 Hz, 1H, H-7). 13C-NMR (50 MHz, CDCl3) δ: 28.8 (N-Me),
55.3 (OMe), 96.1 (C-3), 113.8 (C-8), 116.2 (C-4a), 121.4 (C-6), 123.1 (C-5), 131.0 (C-7), 139.4 (C-8a),
162.4 (C-4), 163.6 (C-2).

Compound 5. 1H-NMR (400 MHz, CDCl3) δ: 3.59 (s, 3H, N-Me), 5.99 (s, 2H, H-7′), 6.26 (s 1H, H-3),
6.78 (dd, J = 1.6 and 0.4 Hz, 1H, H-2′), 6.81(dd, J = 8.0 and 1.6 Hz, 1H, H-6′), 6.84 (dd, J = 8.0 and 0.4 Hz,
1H, H5′), 7.34 (ddd, J = 8.0, 6.8 and 1.6 Hz, 1H, H-6), 7.49 (dl, J = 8.4 Hz, 1H, H-8), 7.64 (ddd, J = 8.4,
6.8 and 1.6 Hz, 1H, H-7), 8.37(dd, J = 8.0 and 1.6 Hz, 1H, H-5).

Compounds 6–8. 1H-NMR (400 MHz, CDCl3) δ: 0.87 (t, J = 8.0 Hz, 3H, CH3-9′), 1.26–2.37 (2H-2′ to
2H-8′, overlapping with the signals of 7 and 8), 3.05 (qt, J = 8.0 Hz, 2H, H-1′), 4.12 (s, 3H, N-Me),
6.70 (s, 1H, H-3), 7.54 (tl, J = 8.0 Hz, 1H, H-8), 7.77 (tl, J = 8 Hz, 1H, H-6), 8.19 (tl, J = 8.0 Hz, 1H, H-5),
8.19 (tl, J = 8.0 Hz, 1H, H-7).

3.2. Chloroplast Isolation and Chlorophyll Quantitative Determination

Intact chloroplasts were isolated from spinach leaves (Spinacea oleracea L.), as previously
described [12,22,25]. Chlorophyll concentration was measured spectrophotometrically through a
chloroplast suspension in a solution of 400 mM sucrose, 5 mM MgCl, 10 mM KCl, 30 mM tricine-KOH,
and pH 8.0 [12].

3.3. Measurement of Noncyclic Electron Transport Rate

The light-induced noncyclic electron-transport activity from water to MV was determined
polarographically employing a Clark-type electrode in the presence of 50 μM of MV [19]. Basal electron
transport was quantified by illuminating a solution of chloroplasts (20 μg Chl/mL) in 3 mL of 100 mM
sorbitol, 10 mM KCl, 5 mM MgCl2, 0.5 mM KCN, 15 mM tricine-KOH, and 50 μM MV at pH 8.0 for
1 min. The phosphorylating electron-transport rate was estimated for the basal electron transport from
water to MV, adding 1 mM of ADP and 3 mM KH2PO4. In turn, uncoupled electron transport was
evaluated in the same solution used for basal step, with 6 mM NH4Cl added as an uncoupler [12].

3.4. Uncoupled PSI and PSII Electron-Flow Determination

Electron-flow activities were monitored by an oxygen monitor yellow spring instrument model
5300A using a Clark-type electrode. All reaction mixtures were illuminated with filtered light (5 cm
filter of 1% CuSO4 solution) from a projector lamp (GAF 2660) at room temperature. For each
reaction, a blank experiment was performed with chloroplasts in the reaction medium. Uncoupled
PSII from H2O to DCPIP was measured through the reduction of DCPIP-supported O2 evolutions,
monitored polarographically. The reaction medium for assaying PSII activity was composed by
the same basal electron-transport medium, but in the presence of 1 μM 2,5-dibromo-3-methyl-6-
isopropyl-1,4-p-benzoquinone (DBMIB), 100 μM DCPIP, and 300 μM K3[Fe(CN)6] and 6 mM NH4Cl [28].

To determine the uncoupled partial reaction of PSII from water to SiMo, solutions of 200 μM
of SiMo and 10 μM of DCMU were added to the solution used for the PSII reactions (3 mL),
then chloroplasts (20 μg Chl/mL) were added and illuminated for 1 min [29].

Uncoupled PSI electron transport from the reduced DCPIP with sodium ascorbate to MV was
determined in a similar form in a basal noncyclic electron-transport medium. However, the following
reagents were added: 10 μM DCMU, 100 μM DCPIP, 50 μM MV, 300 μM sodium ascorbate, and 6 mM
NH4Cl [30]. All measurements were performed in triplicate and compared to negative control (solvent,
dimethyl sulfoxide (DMSO)).
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3.5. H+-ATPase Activity Measurements

Intact chloroplasts isolated from S. oleracea L. were resuspended in a solution of 0.35 M sorbitol,
2 mM EDTA, 1 mM MgCl2.6H2O, 1 mM MnCl2, and 50 mM Hepes medium at pH 7.6. H+-ATPase
activity was measured as reported [24]. NH4Cl and DMSO were employed as positive and negative
controls, respectively. Pi was quantified using a UV spectrophotometer with measurements in
λ = 660 nm.

3.6. Chlorophyll A Fluorescence Measurements in Spinach-Leaf Discs

Ten 7 mM leaf discs were placed in Petri dishes with 10 mL of a modified Krebs medium
containing 115 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 1.2 mM KH2PO4, 1.2 mM Na2SO4, 2.5 mM
CaCl2, and 25 mM NaHCO3 (pH 7.4). The Petri dishes were maintained in orbital stirring for 12 h
at room temperature. All alkaloids, 1–8, were added to the system for a new period of stirring
(12 h). The discs were dark-adapted for 30 min and chlorophyll a fluorescence was measured at room
temperature through a Hansatech Fluorescence Handy PEA (Plant Efficiency Analyzer, King’s Lynn,
UK) [16,25].

3.7. Plant Material for In Vivo Assays

A suspension of Lolium perenne seeds prepared with 10% sodium hypochlorite solution was kept
in an orbital shaker for 15 min. Then, the sodium hypochlorite solution was removed and the seeds
were washed 3 times with distilled water; 100 seeds were placed in 12 cm diameter pots containing a
mixture of 50:25:25 (w/w/w) soil/peat-moss/agrolite. All pots were watered daily and maintained in a
greenhouse at 25–30 ◦C under normal day/night illumination (12/12 h). L. perenne plants were selected
by uniformity after being 15 days old. The plants were separated in 3 groups: negative control (DMSO),
positive control (50 μM of DCMU), and plants treated with each alkaloid at 150 and 300 μM [12] by
being manually sprayed.

3.8. Chlorophyll a Fluorescence Determination in Intact L. Perenne Leaves and Dry Biomass Determination

Chl a fluorescence was measured in leaves from the control plants and those treated with alkaloids
1–8 at 150 and 300 μM. After 24, 48, and 72 h of spraying, the leaves that adapted to the dark for 15 min
were excited by light from an array of 3 light-emitting diodes delivering 3000 μmol m−2 s−1 of red
light (650 nm). The Chl a fluorescence induction curves were measured at room temperature with
a portable Hansatech Fluorescence Handy PEA apparatus. Photosynthetic parameters like as PIabs,
dV/dt0, Sm, ABS/RC, TR0/RC, ET0/RC, TR0/ABS, ET0/TR0, ET0/ABS, PHI(D0), ABS/CS0, TR0/CS0,
ET0/CS0, kp, kn, and Sumk were represented in a radar plot [12]. For the dry-biomass experiment,
15 days old L. perenne plants treated with alkaloids 1–8 at 150 and 300 μM were dried in an oven at
65 ◦C to reach a constant weight. Then, the dry biomass was measured using analytical balance [12].
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Abbreviations

ATP adenosine triphosphate
Chl chlorophyll
DBMIB 2,5-dibromo-3-methyl-6-isopropyl-1,4-p-benzoquinone
DCMU 3-(3,4-dichlorophenyl)-1,1-dimethylurea
DCPIP 2,6-dichlorophenolindophenol
DMSO dimethyl sulfoxide
MV methylviologen
NADPH dihydronicotinamide-adenine dinucleotide phosphate
Pi inorganic phospate
PSI photosystem I
PSII photosystem II
RC reaction center
SiMo sodium silicomolybdate
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Abstract: 8-Oxo-9-dihydromakomakine is a tetracyclic indole alkaloid extracted from leaves of
the Chilean tree Aristotelia chilensis. The present study investigated the effects of this alkaloid
on vascular response in tissues isolated from aortic segments obtained from normotensive rats.
Our results showed that 8-oxo-9-dihydromakomakine induced a dose-dependent relaxation of
aortic rings pre-contracted with phenylephrine (PE; 10−6 M). The vasorelaxation induced by
8-oxo-9-dihydromakomakine in rat aortic rings is independent of endothelium. The pre-incubation of
aortic rings with 8-oxo-9-dehydromakomakine (10−4 M) significantly reduced the contractile response
to KCl (p < 0.001) more than PE (p < 0.05). The highest dose of 8-oxo-9-dehydromakomakine (10−4 M)
drastically reduced the contraction to KCl (6·10−2 M), but after that, PE (10−6 M) caused contraction
(p < 0.05) in the same aortic rings. The addition of 8-oxo-9-dihydromakomakine (10−5 M) decreased
the contractile response to tetraethylammonium (a voltage-dependent potassium channels blocker;
TEA; 5 × 10−3 M; p < 0.01) and BaCl2 (a non-selective inward rectifier potassium channel blocker;
5 × 10−3 M; p < 0.001) in rat aorta. 8-oxo-9-dihydromakomakine (10−5 M) decreased the contractile
response to PE in rat aorta in the presence or absence of ouabain (an inhibitor of Na,K-ATPase;
10−3 M; p < 0.05). These results could indicate that 8-oxo-9-dihydromakomakine partially
reduces plasma membrane depolarization-induced contraction. In aortic rings depolarized by PE,
8-oxo-9-dihydromakomakine inhibited the contraction induced by the influx of extracellular Ca2+ in a
Ca2+ free solution (p < 0.01). 8-oxo-9-dihydromakomakine reduced the contractile response to agonists
of voltage-dependent calcium channels type L (Bay K6844; 10−8 M; p < 0.01), likely decreasing the
influx of extracellular Ca2+ through the voltage-dependent calcium channels. This study provides the
first qualitative analysis indicating that traditional folk medicine Aristotelia chilensis may be protective
in the treatment of cardiovascular pathologies.

Keywords: Aristotelia chilensis Molina Stuntz; vascular activity; endothelium-independent; indole
alkaloid; 8-oxo-9-dihydromakomakine; voltage-dependent calcium channels
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1. Introduction

Maqui (Aristotelia chilensis (Molina) Stuntz, Elaeocarpaceae) is a Chilean native tree sacred to the
Araucanian people. Nowadays, maqui fruits have aroused special interest due to their beneficial
properties for human health, such as antioxidant, cardioprotective, anti-inflammatory, and enzymatic
activities [1–3]. These bioactivities could be useful for the treatment of vascular diseases such as
hypertension, myocardial ischemia, and cerebral infarction, which have become worldwide epidemics
in modern society [4].

Aristotelia chilensis produce various active components including a high concentration of
flavonoids in fruits [1,2]. Chemical analysis have reported that maqui leaves consists of non-iridoid
monoterpene indole alkaloids and polyphenolic compounds [5,6]. It is known that several pure
compounds from plants may modulate the vascular response, and therefore act as antihypertensives.
In fact, some flavonoids (quercetin or myricetin) cause vasoconstriction because they activate Cav1.2
channel, while flavonols (kaempferol and galangin), a flavone (chrysin), and an isoflavone (genistein)
inhibit Cav3.1 channel by producing vasorelaxation [7]. In addition, galangin and chrysin can inhibit
Cav1.2 channel [8].

However, there are a paucity of data and studies about the vascular response of alkaloids from
A. chilensis. In order to have a more comprehensive idea of the pharmacological activity of alkaloids
produced by A. chilensis on the cardiovascular system, the main component of leaves of maqui was
purified and chemically characterized by NMR spectroscopy as 8-oxo-9-dihydromakomakine. Then,
its activity was determined by the induction of tension change in vascular tissue isolated from aortic
segments obtained from normotensive rats. The potential mechanisms were evaluated from the
endothelium and nitric oxide (NO) production, together with the role of cytosolic calcium, and its
modulation by calcium channels, potassium channels, and Na,K-ATPase.

2. Results

2.1. 8-Oxo-9-Dihydromakomakine Induced Vasodilation in Rat Aorta

8-Oxo-9-dehydromakomakine induced vascular relaxation on aortic rings pre-contracted
with PE (10−6 M). In fact, 8-oxo-9-dehydromakomakine caused relaxation in intact
aorta and endothelium-denuded aorta (Figure 1A). This result was confirmed because
8-oxo-9-dehydromakomakine also produced relaxation in aortic rings pre-incubated with 10−4 M
Nω-nitro-L-arginine methyl ester (L-NAME) (Figure 1B).

Figure 1. Vasorelaxation effect of 8-oxo-9-dihydromakomakine in intact (Endo) and
denuded-endothelium (Endo-denuded) aortic rings (A), and in presence of 10−4 M L-NAME
in the intact aorta (B). Values are mean ± standard error of the mean of 6 experiments. Two-way
ANOVA followed by Bonferroni’s post-hoc test.
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2.2. 8-Oxo-9-Dihydromakomakine Reduced the Contractile Response to KCl and PE

The effect of 8-oxo-9-dihydromakomakine on contractile response induced by KCl and PE was
studied in a new experiment (Figure 2).

Figure 2. Original trace showing the time course of the concentration–response curves to KCl in
intact aortic rings from male rats pre-incubated with M2 (8-oxo-9-dihydromakomakine; 10−4 M) for
20 min. Phenilephrine (PE; 10−6 M) increased drastically the contraction after the contractile response
to 60 mM KCl.

Aortic rings were pre-incubated in absence and the presence of 8-oxo-9-dihydromakomakine
(10−5 M and 10−4 M), before the addition of cumulative concentration of KCl (10 to 60 mM) and
PE (10−10 to 10−5 M) (Figure 3). Results showed that the pre-incubation of aortic rings with
8-oxo-9-dihydromakomakine reduced the contractile response to KCl and PE. The pre-incubation
with 8-oxo-9-dihydromakomakine decreased the maximal contraction (Emax) to 60 mM KCl (130 ± 3%
control vs. 26 ± 1% with 10−4 M 8-oxo-9-dihydromakomakine; p < 0.001; Figure 3A). The maximal
response to PE (10−5 M) decreased from 170 ± 7% for control to 137 ± 24% in rings pre-incubated with
8-oxo-9-dihydromakomakine (10−4 M, p < 0.05; Figure 3C).

Figure 3. 8-Oxo-9-dihydromakomakine (M2) decreased the contraction induced with KCl and PE in
aortic rings of rat. Contractile responses to KCl (A) and PE (C) are expressed in relation to the maximal
response of 60 mM of KCl. 10−6 M PE induced a contraction after 60 mM KCl-induced contraction
in aortic rings pre-incubated with 10−4 M 8-oxo-9-dehydromakomakine (B). The aortic rings were
pre-incubated with 10−4 M 8-oxo-9-dehydromakomakine or 2 × 10−2 M caffeine for 20 min. Values are
mean ± standard error of the mean of 5–10 experiments. Significant differences (SEM) are represented
with * p < 0.05, ** p < 0.01, *** p < 0.001 versus the control. Two-way ANOVA followed by Bonferroni’s
post-hoc or test Student’s t-test.

Interesting, we observed that the addition of 10−6 M PE significantly increased (p < 0.05)
a 52 ± 11% contractile response in aortic rings pre-contracted with 60 mM KCl in presence of 10−4 M
8-oxo-9-dehydromakomakine (Figures 2 and 3). Also, caffeine (a methylxanthine alkaloid) significantly
decreased the maximal contraction (Emax) to 60 mM KCl (33 ± 5 % with 2 × 10−2 M caffeine; p < 0.001;
Figure 3A) and 10−5 M PE (1 ± 2 % with 2 × 10−2 M caffeine; p < 0.001; Figure 3C).
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2.3. Role of Potassium Channels in the Vascular Response to 8-Oxo-9-Dihydromakomakine

To study the role of potassium channels on the depolarization-induced contraction to KCl, BaCl2,
and TEA, aortic rings of rat were pre-incubated with 8-oxo-9-dihydromakomakine. The contraction
was induced by 30 mM KCl, 5 × 10−3 M BaCl2, and 5 × 10−3 M TEA for 10 min. The aortic rings
were pre-incubated with 8-oxo-9-dihydromakomakine (10−5 M) for 20 min, and showed a significantly
lower contractile response to KCl (p < 0.001; Figure 4A), BaCl2 (p < 0.001; Figure 4B), and TEA (p < 0.01;
Figure 4C) than the control.

Figure 4. Effect of 8-oxo-9-dihydromakomakine on potassium channels. The pre-incubation of aortic
rings with 10−5 M 8-oxo-9-dihydromakomakine significantly decreased the contractile response to
30 mM KCl (A), 5 × 10−3 M BaCl2 (B), and 5 × 10−3 M TEA (C). Values are mean ± standard error of
the mean of 6 experiments. Significant differences (SEM) are represented with ** p < 0.01, *** p < 0.001
versus the control. Student’s t-test.

2.4. Role of Na,K-ATPase in the Vascular Response to 8-Oxo-9-Dihydromakomakine

To evaluate the role of the plasma membrane depolarization caused by the inhibition of
Na,K-ATPase on the contractile response to PE, aortic rings were pre-incubated with ouabain (Figure 5).
Cumulative doses of 8-oxo-9-dihydromakomakine (10−9 M to 10−4 M) were added to intact aortic
rings pre-contracted with 10−6 M PE in the presence or absence of ouabain 10−3 M (Figure 5B).
The pre-incubation of aortic rings with 10−3 M ouabain (an inhibitor of Na,K-ATPase) did not reduce
the relaxation of 10−4 M 8-oxo-9-dihydromakomakine in aortic rings pre-contracted with 10−6 M PE.

Figure 5. Effect of 8-oxo-9-dihydromakomakine on Na,K-ATPase function. Contractile response
to Ouabain, PE and PE+Ouabain before adding 8-oxo-9-dihydromakomakine (A). The aortic rings
were pre-incubated with 10−3 M ouabain for 20 min, and 8-oxo-9-dihydromakomakine was added in
cumulative doses on aortic rings pre-contracted with 10−6 M PE (B). Values are mean ± standard error
of the mean of 4 experiments. Significant differences (SEM) are represented with * p < 0.05, ** p < 0.01,
*** p < 0.001 versus Ouabain or PE.

2.5. Role of Extracellular Calcium in the Vascular Response to 8-Oxo-9-Dihydromakomakine

We studied calcium fluxes to determine if the contractions induced by PE in the presence of
8-oxo-9-dihydromakomakine could be modulated by calcium inflow from the extracellular space.
Thus, we added increasing concentrations of CaCl2 to a calcium-free medium (Figure 6).
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Figure 6. Effect of 8-oxo-9-dihydromakomakine (M2) on the calcium current blockage in calcium-free
medium. The aortic rings were pre-incubated in a free calcium buffer for 10 min before PE was added
(A), and then, the CaCl2 (0.1, 0.3, 0.6, and 1.0 × 10−3 M) was added to the bath (B). Vasoconstriction
occurred just when the agonist calcium channel (10−8 M Bay K6844) was added with 15 × 10−3 M KCl
to the bath (C). Values are mean ± standard error of the mean of 6 experiments. Significant differences
(SEM) are represented with * p < 0.05, ** p < 0.01. Student’s t-test or two-way ANOVA followed by
Bonferroni’s post-hoc test.

Figure 6 shows that aortic rings pre-incubated with 10−5 M of 8-oxo-9-dihydromakomakine
decreased contractile response to PE (10−6 M) in free calcium medium with values of 61 ± 3% control
vs. 46 ± 1% (p < 0.05; Figure 6A) and presence of CaCl2 in cumulative dose (0.1 to 1.0 × 10−3 M) with
maximum values of 152 ± 21% control vs. 107 ± 14% with 1.0 × 10−3 M CaCl2 (** p < 0.01; Figure 6B).
To study the participation of calcium channels, an agonist of voltage-dependent calcium channels type L
(Bay K6844) was used. As shown in Figure 6C, we confirmed that 10−5 M 8-oxo-9-dihydromakomakine
significantly reduced the contractile response to 10−8 M Bay K6844 (140 ± 19% control vs. 37 ± 9%
with 10−5 M M2; p < 0.01).

2.6. Chemical Characterization of 8-Oxo-9-Dihydromakomakine

The compound was formed by four fused rings, with a planar region composed by an indole
moiety, and linked to two aliphatic rings by a ketone. The 1H-NMR (Figure S1) and 13C-NMR
(Figure S2) results are in excellent agreement with previous data obtained by X-ray studies [6].

8-oxo-9-dihydromakomakine formula; C20H22N2O, yellow crystals, mp 259–260 ◦C, [α]D
25 + 16.8

(CHCl3, c 0.24), IR (cm−1): 3248, 2970, 2938, 2431, 1589, 1504: ESIMS (M + 1) 307.1654.

3. Discussion

Aristotelia chilensis or Maqui is used in Chilean traditional medicine and nowadays its fruits are
considered as “superfruit”, due to the high concentration of polyphenols that display antioxidant and
cardioprotective bioactivities bringing benefits to human health [1,2]. Earlier studies from Mexican
plants have shown that triterpenes and polyphenolic compounds have vasodilator effects [7], which
could explain or suggest vasodilatory activity by the fruits of A. chilensis. However, there is no
information about the cardiovascular activity of the metabolites isolated from the leaves of this plant.
In the present study, we evaluated the vasodilatory activity of 8-oxo-9-dihydromakomakine, a natural
tetracyclic indole alkaloid isolated from the leaves of A. chilensis, in search of natural compounds that
could be used to develop new therapeutic agents to treat cardiovascular diseases.

Results showed than 8-oxo-9-dihydromakomakine induced relaxation in aortic rings
pre-contracted with PE. The rings were obtained from normotensive rats and the relaxation was
evidenced in a dose-dependent manner. The vasodilator activity of endothelium and the endothelial
nitric oxide synthase (eNOS) were studied in two experiments. First, 8-oxo-9-dihydromakomakine
caused vasodilation in intact and endothelium-denuded aortic rings when they were exposed to a
cumulative concentrations of this one. Second, the inhition of the enzyme eNOS by pre-incubation
of aortic rings with L-NAME did not alter the vasodilation caused by 8-oxo-9-dehydromakomakine.
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These results suggest that the vasodilation mechanism is independent of endothelium [8]. Thus,
8-oxo-9-dihydromakomakine goes through the endothelium and evoke a vascular response in the
smooth muscle.

In agreement with above relaxation data, the pre-incubation of aortic rings with
8-oxo-9-dehydromakomakine significantly reduced the KCl-induced contractions more than
PE-induced contractions. The pre-incubation with 8-oxo-9-dihydromakomakine significantly
decreased the contractile response to KCl, BaCl2, and TEA in rat aorta. The KCl-induced contraction
was caused by an increase of extracellular potassium, leading to membrane depolarization, which
increases calcium influx from extracellular sources, involving voltage-dependent calcium channels [9].
BaCl2 and TEA block inward rectifying potassium channels [10], or potassium channels activated
by calcium [11], respectively, thus depolarizing the plasma membrane and vasoconstriction. Similar
results were obtained with the inhibition of Na,K-ATPase, which causes depolarization of plasma
membrane and induced vasoconstriction [12]. 8-oxo-9-dihydromakomakine significantly decreased
the contractile responses to PE in rat aorta in the presence or absence of ouabain. Therefore,
these results could indicate that 8-oxo-9-dihydromakomakine partially reduces plasma membrane
depolarization-induced contraction.

To assess the effect of 8-oxo-9-dihydromakomakine on the calcium current blockage, aortic
rings of rat were pre-incubated with or without 8-oxo-9-dihydromakomakine, and kept on
calcium-free medium. Contractions to PE were reduced in aortic rings pre-incubated with
8-oxo-9-dihydromakomakine in a free calcium medium, and by extracellular Ca2+ addition. Since PE
stimulates inositol 1,4,5-trisphosphate receptor via protein kinase C [13] and releases calcium from
intracellular store, which opens the store-operated calcium channels [14], our result analysis will
suggest that the reduction of contractile response is mediated via a reduction of the influx of
extracellular Ca2+ [15].

Recently, some studies showed that secondary compounds from medicinal plants can modulate
voltage-dependent calcium channels, and thus, the vascular response. The pre-incubation with caffeine
(a methylxanthine alkaloid) blunted contractile response to both, KCl and PE. The vasodilation
mechanism of caffeine involves activation of the ryanodine channels [16], inhibition of the
IP3 receptor [17], and voltage-dependent calcium channels [18,19]. Dicentrine (an aporphine
alkaloid), dihidrocorynantheine, and tetrandrine (a bisbenzyl isoquinoline) cause inhibition of
α1-adrenergic receptor and blocks calcium influx [20–22]. While, nantenine (an aporphine alkaloid)
produces relaxation in aortic rings pre-contracted with noradrenaline or KCl [13]. We observed
that 8-oxo-9-dihydromakomakine significantly reduced the contractile response to agonists of
voltage-dependent calcium channels type L (Bay K6844), through a decrease of the calcium influx
from extracellular sources [23]. In this way, it was confirmed that some alkaloid derivates may act
as antihypertensives.

Since the aortic rings pre-incubated with the highest doses of 8-oxo-9-dehydromakomakine
drastically reduced the contraction to KCl, and after responded to vasoactives substances, such as
PE, it is possible to think that the high dose did not cause toxicity on vascular tissue [24]. Moreover,
the effect induced by a toxic dose should be similar in vascular tissue pre-contracted with KCl or
PE [25]; however, this was not observed in our study. Our use of aortic rings from rats to validate
these findings are predicted on the observations that rat aorta assay provides a useful pharmacological
tool for in vitro analysis, due to the low number of animals, good reproducibility of the experiments,
and because the results are easily extrapolated to the in vivo models [26].

This study indicated that 8-oxo-9-dihydromakomakine reduces vascular tension
endothelium-independently, and that the underlying mechanisms may involve decreases in the
concentration of cytosolic Ca2+, likely through the blocking of voltage-dependent calcium channels.
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4. Materials and Methods

4.1. Reagents and Chemicals

Silica gel GF254 analytical chromatoplates, Silica gel grade 60 A for column chromatography
were purchased from Merck Co., Santiago, Chile. Precoated thin-layer chromatography TLC plates
SIL G-100 UV254, 1.0 mm, preparative were purchased from Machery−Nagel (GmbH&Co, KG),
Dueren, Germany. 8-oxo-9-dihydromakomakine was 99% purified through recrystallization.

The drugs used were L-phenylephrine hydrochloride (PE), Nω-nitro-L-arginine methyl
ester (L-NAME), ouabain, and Bay K8644 (Sigma-Aldrich, St Luis, MO, USA). Caffeine,
Tetraethylammonium (TEA), and Barium chloride dihydrate (BaCl2) were obtained from Merck
(Darmstadt, Germany). The drugs were dissolved in distilled deionized water (deionized water
Millipore) and kept at 4 ◦C. The stock solution of 8-oxo-9-dihydromakomakine was dissolved in DMSO
(Merck, Germany). Final DMSO concentration in the organ bath was lower than 0.1%. The Krebs-Ringer
bicarbonate (KRB) solutions were freshly prepared before each experiment.

4.2. Plant Material

Leaves of A. chilensis were collected on S 36◦50′01.51” W 73◦01′53.75”, Concepción, Chile, during
the end of the winter season. A voucher specimen was deposited at the herbal collection of the
Laboratory of Natural Products (C. Paz), Universidad de La Frontera, Chile.

4.3. Apparatus

Optical rotations were recorded on a JASCO P-200 polarimeter (JASCO, Tokyo, Japan).
Fourier-transform infrared (FTIR) spectra were measured on a Nicolet 6700 from Thermo Electron
Corporation, (Madison, WI, USA) with the Attenuated Total Reflectance (ATR)-unit Smart Performer.
Melting points were determined on a Melting Point SMP10 (Stuart, Staffordshire, UK) uncorrected.
The 1H- and 13C-NMR spectra were recorded in CDCl3 solution in 5-mm tubes at room temperature
(RT) on a Bruker Avance III spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) at 600.13 (1H)
and 150.61 (13C) MHz, with the deuterium signal of the solvent as the lock and Tetramethylsilane
(TMS; for 1H) or the solvent (for 13C) as internal standard. All spectra [1H, 13C, gradient-selected
COrrelated SpectroscopY (gs-H,H-COSY), edited Heteronuclear Single Quantum Correlation (HSQC),
and gradient-selected Heteronuclear Multiple Bond Correlation (gs-HMBC)] were acquired and processed
with the standard Bruker software (Bruker, Rheinstetten, Germany). Tension changes in aortic rings were
recorded with an Isometric force transducer (Radnoti, Monrovia, CA, USA), connected to a PowerLab
8/35 (ADInstruments, Bella Vista, Australia) for continuous recording of vascular tension using the
LabChart Pro 8.1.2 computer program (ADInstruments, Bella Vista, Australia).

4.4. Isolation of 8-Oxo-9-Dihydromakomakine from Aristotelia chilensis

Fresh leaves of A. chilensis (7 kg) were crushed and extracted in acid water (pH 3, HCl) in the
course of three days at room temperature. The aqueous layer was alkalinized to pH 11 with NaOH and
subsequently extracted with EtOAc (3 × 1 L). The organic layer was evaporated at 45 ◦C and 200 mmHg
to afford a gummy red residue. This total OH− extract was chromatographed using a silica gel column
(200−300 mesh) and increased solvent polarity (from hexane 100% to EtOAc 100%). The preparative
chromatography was monitored by thin-layer chromatography (TLC; silica gel) and revealed using UV
light, and later, Dragendorff’s reagent; those fractions showing similar TLC patterns were pooled and
concentrated in vacuo. With the mixture of eluents hex/EtOAc (1:1) appeared a clear spot in TLC, then this
fraction was purified by Sephadex LH-20 column (MeOH) and further recrystallization from EtOAc,
giving 8-oxo-9-dihydromakomakine (85 mg, 0.0012% yield, yellow crystals).
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4.5. Animals

For vascular reactivity experiments, Male Sprague-Dawley rats (6–8 weeks of age, 150–180 g)
from the breeding colony at the Universidad de Antofagasta were used. All animals were housed in a
temperature-controlled (21 ± 1 ◦C), light-cycled (08:00–20:00 h) room with ad libitum access to drinking
water and standard rat chow (Champion, Santiago, Chile). In this study, 12 rats were randomly
allocated. The investigation was conformed to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institute of Health (NIH Publication revised 2013), and the local animal
research committee approved the experimental procedure used in the present study (number CEIC
REV/2013).

4.6. Isolation of Aortic Rings

Rats were sacrificed through cervical dislocation. The thoracic aorta was quickly excised and
placed in physiological KRB at room temperature containing (× 10−3 M): 4.2 KCl, 1.19 KH2PO4,
120 NaCl, 25 Na2HCO3, 1.2 MgSO4, 1.3 CaCl2, and 5 D-glucose (pH 7.4). Rings (3–5 mm and 2–4 mg)
were prepared after connective tissue was cleaned out from the aorta, taking special care to avoid
endothelial damage. Aortic rings were equilibrated for 40 min in KRB at 37 ◦C by constant bubbling
with 95% O2 and 5% CO2.

4.7. Vascular Reactivity Experiments

Aortic rings from the same animal were studied in duplicate, using different vasoactive substances
(PE, KCl). The rings were mounted on two 25-gauge stainless steel wires; the lower one was attached
to a stationary glass rod and the upper one was attached to an isometric force transducer connected
to a PowerLab 8/35. The vascular tension was recorded with LabChart Pro 8.1.2 computer program
(ADInstruments, Bella Vista, Australia). After the equilibration period for 30 min, the aortic rings
were stabilized by three successive near-maximum contractions with KCl (6 × 10−2 M) for 10 min.
The passive tension on aorta was 1.0 g, which was determined to be the resting tension for obtaining
maximum active tension induced by 6 × 10−2 M KCl [10].

4.8. Assessment of the Effects of 8-Oxo-9-Dihydromakomakine on the Vasodilation in Isolated Aortic Rings
Pre-Contracted with PE, with and without Endothelium

Aortic rings were pre-contracted with 10−6 M PE, and then increasing concentrations
8-oxo-9-dihydromakomakine (10−9 to 10−4 M) were added to the bath. The endothelium removal
was by gentle rubbing off the endothelium using a small piece of cotton. To evaluate the vascular
function of the endothelium, the vasodilation to 10−5 M acetylcholine (ACh, muscarinic agonist) in
pre-contracted aortic rings with 10−6 M PE was tested. According to the general use of rat aorta as
a pharmacological tool for in vitro, the aortic rings were considered with a functional endothelial
response if vasodilation was up to 70–80% [11].

After a steady contraction of the aortic rings with or without endothelium induced by PE (10−6

M) or KCl (6 × 10−2 M) was achieved, 8-oxo-9-dihydromakomakine (10−9 to 10−4 M), dissolved in
DMSO (0.1% on the bath), was cumulatively added to the Krebs solution, and the results were used to
generate a concentration-response curve. In other protocols, an inhibitor of Na,K-ATPase (ouabain)
was used. The aortic rings were pre-incubated with ouabain (10−3 M) for 20 min.

4.9. Assessment of the Effects of 8-Oxo-9-Dihydromakomakine on Endothelial Nitric Oxide Synthase (eNOS)

The role of endothelial nitric oxide (NO) in the rat aorta was studied. An inhibitor of eNOS
(L-NAME) was used. The aortic rings were pre-incubated with L-NAME (10−4 M) for 20 min before
the experiment. Then, the aortic rings were pre-contracted with 10−6 M PE, and then increasing
concentrations 8-oxo-9-dihydromakomakine (10−9 to 10−4 M) were added to the bath.
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4.10. Effect Calcium Dependence Extracellular Calcium Ionic and Effect of Barium chloride,
Tetraethylammonium (TEA), and Bay K6844

To study the role of extracellular calcium, experiments were performed with a calcium-free KRB
containing (× 10−3 M) 4.2 KCl, 1.19 KH2PO4, 125 NaCl, 25 NaHCO3, 1.2 MgSO4, and 5 D-glucose
(pH 7.4). The aortic rings were first pre-incubated in a normal KRB for 30 min; then the normal
KRB was replaced with KRB calcium-free for 5 min before PE (10−6 M) was added. Five min after
contraction with PE (10−6 M), cumulative concentrations of CaCl2 (0.1 to 1.0 × 10−3 M) were added
to the medium. In other experiments, the contraction was induced by 5 × 10−3 M BaCl2 or 5 × 10−3

M TEA for 10 min. BaCl2 and TEA are used because they increases vasoconstriction by blocking
of potassium channels, thus depolarizing the plasma membrane. In other protocols, the contractile
response was induced by an agonist of voltage-dependent calcium channels (10−8 M Bay K6844).
The aortic rings were pre-incubated with 8-oxo-9-dihydromakomakine (10−5 M) for 20 min before
the experiment.

4.11. Effect Accumulative KCl and Phenylephrine Modulated by 8-Oxo-9-Dihydromakomakine

In the first curve, the aortic rings were stimulated with accumulative KCl doses (10 mM to
60 mM) or PE (10−9 to 10−5 M). In the second curve, the aortic rings were pre-incubated with
8-oxo-9-dihydromakomakine (10−5 M or 10−4 M) for 20 min and then stimulated with accumulative
KCl doses (10 mM to 60 mM) or PE (10−9 to 10−5 M).

4.12. Statistical Analysis

Data shown in figures and tables are expressed as average ± standard errors of the mean.
Statistical analysis was performed by means of one-way and two-way analysis of variance (ANOVA)
followed by Bonferroni’s post-hoc test, and some cases Student’s t-test. Results are given in the
text as probability values, with p < 0.05 adopted as the criterion of significance. The graphics and
linear regression were done by the least square method, using GraphPad Prism software, version 6.0
(GraphPad Software, Inc, La Jolla, CA, USA).

5. Conclusions

This study demonstrates that the natural alkaloid 8-oxo-9-dihydromakomakine obtained from
leaves of Aristotelia chilensis, a medicinal tree widely employed in Chilean traditional medicine, is
able to decrease the tone of arterial smooth muscle. The vasodilator effect of this alkaloid involves
responses independent of endothelium, probably due to calcium channels blockage and/or activation
of potassium channels, whose mechanism of action remains to be clarified. Our data suggest that
Chilean medicinal plants constitute an important reservoir of bioactive compounds that deserves
intensive scientific exploration.

Supplementary Materials: The following are available online, Figure S1. Numbered structure of
8-oxo-9-dihydromakomakine. Figure S2: 1H-NMR (600 MHz, CD3OD) spectra of 8-oxo-9-dihydromakomakine.
Figure S3. 13C-NMR (150 MHz, CD3OD) spectra of 8-oxo-9-dihydromakomakine. Figure S4. gs-H,H-COSY
(CD3OD) spectra of 8-oxo-9-dihydromakomakine. Figure S5. edited HSQC (CD3OD) spectra of
8-oxo-9-dihydromakomakine. Figure S6. gs-HMBC (CD3OD) spectra of 8-oxo-9-dihydromakomakine.
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Abstract: This study reported the inducing effect of Aspergillus flavus fungal elicitor on biosynthesis
of terpenoid indole alkaloids (TIAs) in Catharanthus roseus cambial meristematic cells (CMCs) and its
inducing mechanism. According to the results determined by HPLC and HPLC-MS/MS, the optimal
condition of the A. flavus elicitor was as follows: after suspension culture of C. roseus CMCs for 6 day,
25 mg/L A. flavus mycelium elicitor were added, and the CMC suspensions were further cultured for
another 48 h. In this condition, the contents of vindoline, catharanthine, and ajmaline were 1.45-, 3.29-,
and 2.14-times as high as those of the control group, respectively. Transcriptome analysis showed that
D4H, G10H, GES, IRS, LAMT, SGD, STR, TDC, and ORCA3 were involved in the regulation of this
induction process. The results of qRT-PCR indicated that the increasing accumulations of vindoline,
catharanthine, and ajmaline in C. roseus CMCs were correlated with the increasing expression of the
above genes. Therefore, A. flavus fungal elicitor could enhance the TIA production of C. roseus CMCs,
which might be used as an alternative biotechnological resource for obtaining bioactive alkaloids.

Keywords: Catharanthus roseus; cambial meristematic cells; Aspergillus flavus; terpenoid indole
alkaloids; biosynthesis

1. Introduction

Catharanthus roseus (L.) Don is a perennial medicinal plant of the family Apocynaceae. At present,
over 130 alkaloids have been isolated from C. roseus, most of which are terpenoid indole alkaloids
(TIAs) [1]. Some TIAs such as vinblastine, vincristine, and ajmaline exhibit strong pharmacological
activities, and some are widely used in the treatment of various diseases [2–5]. Ajmalicine is a potent
antihypertensive reagent [5]. Vinblastine and vincristine, two bisindole alkaloids derived from
coupling vindoline and catharanthine, are natural anticancer drugs and are still among the most
valuable agents used to treat cancer [3,4].

These secondary metabolites are produced from the TIA biosynthetic pathway in C. roseus,
which is complex and highly regulated (Figure 1) [2,6,7]. The TIA biosynthetic pathway consists
of TIA feeder pathways and the downstream of the TIA biosynthetic pathway. The TIA feeder
pathways are the monoterpenoid pathway and indole pathway [7]. The downstream of the TIA
biosynthetic pathway in C. roseus starts with the formation of strictosidine from tryptamine and
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secologanin, which is catalyzed by strictosidine synthase (STR) [8]. Then, strictosidine is deglucosylated
by strictosidine β-D-glucosidase (SGD) to form strictosidine aglycone. Further enzymatic steps
result in the formation of numerous TIAs, and the TIA biosynthetic pathway is classified into
several specific branches. One branch of the TIA biosynthetic pathway produces ajmalicine and
serpentine, a second branch catharanthine, a third vindoline, and a fourth lochnericine and
horhammericine [7]. Genes encoding enzymes catalyzing the production of vindoline from tabersonine,
such as deacetoxyvindoline 4-hydroxylase (D4H) and deacetylvindoline O-acyltransferase (DAT),
have now been identified [9–14]. The formation of α-3′,4′-anhydrovinblastine from vindoline and
catharanthine is catalyzed by a major class III peroxidase (PRX1) [15]. Then, vinblastine and vincristine
are formed through multiple enzymatic steps from α-3′,4′-anhydrovinblastine (Figure 1) [7]. The TIA
biosynthetic pathway in C. roseus is highly regulated by enzymes and transcription factors (TFs).
In 2000, Fits and Memelink discovered octadecanoid-derivative responsive Catharanthus A P2-domain
protein 3 (ORCA3), a jasmonate-responsive AP2/ERF transcription factor, in C. roseus using the
T-DNA activation tagging technology [16]. Since overexpression of ORCA3 increases the expression
of key genes in the TIA biosynthetic pathway, it is considered to be the core transcription factor in
the TIA biosynthetic pathway in C. roseus [6]. In addition, ORCA3 expression could be induced by
jasmonates [17].

Figure 1. Terpenoid indole alkaloid (TIA) biosynthetic pathways of C. roseus. Enzyme abbreviations:
GES: geranial synthase; G10H: geraniol 10-hydroxylase; IRS: iridoid synthase; LAMT: loganic
acid methyltransferase; SLS: secologanin synthase; AS: anthranilate synthase; TDC: tryptophan
decarboxylase; STR: strictosidine synthase; SGD: strictosidine β-D-glucosidase; D4H: deacetoxyvindoline
4-hydroxylase; DAT: deacetylvindoline 4-O-acetyltransferase; T6,7E: tabersonine 6,7-epoxidase;
T19H: tabersonine/lochnericine 19-hydroxylase; PRX1: vacuolar class III peroxidase. Single arrows denote
single steps, and dotted arrows denote multiple or unidentified steps.

However, the content of the pharmacological secondary metabolites in C. roseus is very low [18],
and commercial production has used a semi-synthetic route to couple catharanthine and vindoline [3].
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Therefore, developing methods to increase the yields of TIAs in C. roseus has become a focus for
domestic and foreign scholars [19]. In recent years, an increasing number of studies has shown that
fungal elicitors play an important role in regulating biological secondary metabolic pathways and
intracellular information transmission [20,21]. The fungal elicitor is an active substance derived from
fungus, which can rapidly and specifically induce the expression of specific plant genes, thereby
activating specific secondary metabolic pathways and increasing the accumulation of interesting
secondary metabolites [20]. The treatment of plant cell culture systems with fungal elicitors has
become an effective method for rapidly increasing the yield of target product in plant cell culture [20,21].
Although fungal elicitors are known to regulate the production of secondary metabolites, the inducting
effect varies depending on factors such as fungal species, elicitor components, dose, time of addition,
and type of plant cell culture [22–24]. In 2016, Tonk reported that a low-dose A. flavus fungal elicitor
effectively increased the growth rate of callus, embryo biomass, germination rate, and alkaloid content
in the embryos of C. roseus, as well as increasing the shoot and root lengths of germinated somatic
embryos. Further, antioxidant enzyme activity assays showed that a low-dose A. flavus elicitor caused
an allergic reaction in the mature and germinating somatic embryos of C. roseus, resulting in an increase
in alkaloid content [24]. Therefore, A. flavus may be a good elicitor for promoting the TIA production
of C. roseus cell cultures.

More interestingly, our previous research showed that C. roseus cambial meristematic cells (CMCs)
exhibit good characteristics when compared to C. roseus dedifferentiated plant cells (DDCs), such as
faster growth, higher yields, diverse bioactive TIAs, lower variability, and high expression of TIA
biosynthesis genes. In addition, after two years of being cultured, C. roseus CMCs remained stable in
both genetic traits and alkaloid content; the production of vindoline, catharanthine, and ajmaline in
C. roseus CMCs could be enhanced by β-cyclodextrin and methyl jasmonate (MeJA) [25]. Therefore,
C. roseus CMCs may be a good system for the investigation of the biosynthesis and regulation of TIAs.

However, there is no report on the effect of the A. flavus fungal elicitor on the TIA production
of C. roseus CMCs so far. In this research, we investigated the inducing effect of the A. flavus fungal
elicitor on the biosynthesis of TIAs in C. roseus CMCs, and the inducing mechanism was explored by
transcriptome analysis and determination of the expression of TIA biosynthesis-related genes via the
quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) technique.

2. Results

2.1. Dry Cell Weight in Response to A. flavus Elicitation

Different concentrations of A. flavus medium elicitor were added to four-day-old or six-day-old
suspensions of C. roseus CMCs. In the four-day-old suspensions of CMCs, we observed that the
dry cell weight was slightly higher than that of the check group (CK) after A. flavus medium elicitor
treatment for 24 h (Figure 2a). In the six-day-old suspensions of CMCs, we observed no significant
difference in dry cell weight after the addition of the A. flavus medium elicitor (Figure 2b). Besides,
the concentration of the A. flavus mycelium elicitor had no significant effect on the dry cell weight of
C. roseus CMC suspension cultures (Figure 2c,d). For six-day-old suspensions of CMCs, the dry cell
weight was slightly higher than that of the CK after 24-h treatment of 15 mg/L A. flavus mycelium
elicitor (Figure 2d). Based on the results of Figure 2, the A. flavus elicitor (different concentrations:
5, 15, or 25 mg/L) had no negative effect on the growth of C. roseus CMCs in the selected concentration.
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Figure 2. The effect of the A. flavus elicitor on the dry cell weight of C. roseus cambial meristematic
cell (CMC) suspension cultures. The effect of the A. flavus medium elicitor on dry cell weight of
four-day-old suspensions of C. roseus CMCs (a) or six-day-old suspensions of C. roseus CMCs (b).
The effect of the A. flavus mycelium elicitor on the dry cell weight of four-day-old suspensions of
C. roseus CMCs (c) or six-day-old suspensions of C. roseus CMCs (d). C. roseus CMC cultures treated by
sterile water were labeled as the check group (CK). Data are given as the means ± SD (n = 3).

2.2. HPLC-MS/MS Analysis of Alkaloids

The C. roseus CMC cultures were harvested after suspension culture for six days.
Then, the separation of the compounds of C. roseus CMCs was performed by reversed-phase
high-performance liquid chromatography (RP-HPLC) with photodiode array detection, as well as by
electrospray ionization tandem mass spectrometry (ESI-MS/MS) in positive mode (Figure S1). The MS
spectra of the identified compounds are displayed in Figure S1c.

Compound 1, identified by MS and chromatographic behavior comparison with that of the
authentic standard, was ajmalicine (Rt 26.9 min. +MS: 353 [M + H]+; +MS2: 353, 321, 284, 252, 222, 210,
178, 144, 143, 117) (Figure S1).

Compound 2, equally identified by MS and chromatographic behavior comparison with that of
the authentic standard, was catharanthine (Rt 31.3 min. +MS: 337 [M + H]+; +MS2: 337, 248, 219, 204,
173, 165, 144, 143, 133, 128, 127, 93, 91, 77) (Figure S1).

Another compound (3) with [M + H]+ at 457 putatively corresponded to vindoline. Compound 3

(Rt 37.1 min) with [M + H]+ at 337 was noticed, and its UV spectrum (UV: 240, 294 nm) was similar to
that of catharanthine; therefore, it was the catharanthine isomer. Further comparison showed that its
MS spectrum (+MS: 457 [M + H]+; +MS2: 457, 439, 397, 379, 347, 337, 295, 258, 232, 222, 188, 173, 162,
157, 145, 134, 122) (Figure S1c) was in line with that of the vindoline authentic standard.

2.3. TIA Content in Response to Elicitation

To obtain the optimal A. flavus elicitor treatment condition, different concentrations of the
A. flavus medium elicitor and mycelium elicitor were tested for their inducing effects in C. roseus
CMC suspension cultures.

The effect of the A. flavus elicitor on TIA content in C. roseus CMCs is shown in Figures 3 and 4.
As shown in these figures, A. flavus increased the TIA content in C. roseus CMCs. For different alkaloids,
the induction condition for the highest yield was different. The content of catharanthine reached
its maximum (3.39 mg/L), which was 3.6-times as high as that of the CK, after 24-h treatment with
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25 mg/L A. flavus medium elicitor in four-day-old suspensions of CMCs (Figure 3b). The content of
vindoline reached as high as 8.79 mg/L, which was 1.45-times as high as that of the CK, after 48-h
treatment with 25 mg/L A. flavus mycelium elicitor in six-day-old suspensions of CMCs (Figure 4a).
As for ajmaline, the content reached 9.84 mg/L, which was 3.4-times as high as that of CK, after 24-h
treatment with 25 mg/L A. flavus mycelium elicitor in six-day-old suspensions of CMCs (Figure 4c).

 
Figure 3. The effect of the A. flavus medium elicitor on the concentrations of TIAs. The effect of the
A. flavus medium elicitor on the concentrations of vindoline (a), catharanthine (b), ajmaline (c), and total
alkaloids (d) in four-day-old suspensions of C. roseus CMCs. The effect of A. flavus medium elicitor on
the concentrations of vindoline €, catharanthine (f), ajmaline (g), and total alkaloids (h) in six-day-old
suspensions of C. roseus CMCs. C. roseus CMC cultures treated by sterile water were labeled as the
check group (CK). Data are given as the means ± SD (n = 3). * p < 0.05, ** p < 0.01, compared to the
CK group.

According to the timing when the contents of vindoline, catharanthine, and ajmaline were all
relatively high (compared with those of the CK and other experimental groups), the optimal condition
was confirmed. The optimal condition for the A. flavus elicitor treatment in C. roseus CMCs was as
follows: after suspension culture of C. roseus CMCs for six days, 25 mg/L A. flavus mycelium elicitor
were added, and the CMC suspensions were further cultured another 48 h. Although the content of
total alkaloids was slightly lower than that of the CK under this condition, the contents of vindoline,
catharanthine, and ajmaline reached 8.79, 2.81, and 8.95 mg/L, respectively, which were 1.45-, 3.29-,
and 2.14-times as high as those of the CK, respectively (Figure 4e–g).
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Figure 4. The effects of the A. flavus mycelium elicitor on the concentrations of TIAs. The effects
of the A. flavus mycelium elicitor on the concentrations of vindoline (a), catharanthine (b), ajmaline
(c), and total alkaloids (d) in four-day-old suspensions of C. roseus CMCs. The effect of the A. flavus
mycelium elicitor on the concentrations of vindoline (e), catharanthine (f), ajmaline (g), and total
alkaloids (h) in six-day-old suspensions of C. roseus CMCs. C. roseus CMCs treated by sterile water
were labeled as the check group (CK). Data are given as the means ± SD (n = 3). * p < 0.05, ** p < 0.01,
compared with the CK group.

2.4. Functional Annotation and Functional Classification of Unigenes

To identify the key genes in the TIA biosynthetic pathway in C. roseus CMCs, the transcriptomes
of C. roseus DDCs (callus) treated with an equal amount of sterile water, C. roseus CMCs (the check
treated with an equal amount of sterile water, CK), and C. roseus CMCs under optimal A. flavus elicitor
treatment condition (the experimental group, EG) were determined.

In total, approximately 170.7 million Illumina raw data were generated from the three different
samples (Table S1). After filtering the raw data, approximately 59.7, 50.7, and 57.8 million clean reads
remained for the callus, CK, and EG transcriptomes, respectively (Table S1). All clean reads were
subsequently subjected to de novo assembly with the Trinity program, producing 121,532 transcripts
and 105,552 unigenes (Table S2).

Functional annotations of unigenes in the seven largest databases are shown in Table S3. A total of
83,742 unigenes (79.33%) were annotated based on the information available from seven public protein
databases including the NCBI non-redundant protein sequences (NR), NCBI non-redundant nucleotide
sequences (NT), Swiss-Prot, Protein family (Pfam), Gene Ontology (GO), euKaryotic Ortholog Groups
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(KOG), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) using the Basic Local Alignment
Search Tool (BLAST) with an E-value cut-off of 1 e−10 (Table S3). A total of 79,711 unigenes (75.51% of
the total assembled unigenes) had a match in the NR database, and 59,272 (56.15%), 63,496 (60.15%),
61,591 (58.35%), 61,829 (58.57%), 26,674 (25.27), and 34,367 (32.55%) unigenes showed significant
similarity to sequences in the NT, Swiss-Prot, Pfam, GO, KOG, and KEGG databases, respectively
(Table S3).

All unigenes were subjected to a search against the GO database to classify unigene functions
based on the NR annotation. Of the 105,552 assembled unigenes, 61,829 unigenes were successfully
assigned to one or more GO terms, and these unigenes were classified into three main GO categories
and 56 groups (Figure S2). Within the “biological process” domain, the most evident matches were
the terms “cellular process” (37,633), “metabolic process” (35,132), and “single-organism process”
(28,250). In the “cellular component” domain, the terms “cell” (20,343) and “cell part” (20,343) were
most frequently assigned. For the “molecular function” domain, the assignments were mostly enriched
in the terms “binding” (37,680) and “catalytic activity” (31,249).

For further analysis, the unigenes were mapped onto the KEGG database for categorization of
gene function and identification of biochemical pathways. A total of 34,367 unigenes were annotated
and assigned to 5 main KEGG metabolic pathways, 19 sub-branches, and 300 KEGG pathways. Among
them, the most common sub-branch was “carbohydrate metabolism” (2904), followed by “translation”
(2711) and “folding, sorting and degradation” (2575) (Figure S3). In addition, there were seven unigene
matches in “indole alkaloid biosynthesis” (ko00901), 43 in “monoterpenoid biosynthesis” (ko00902),
and 314 in “terpenoid backbone biosynthesis” (ko00900) (Table S4).

As shown in Table S5, the detected unigenes contained transcription factors of the orphans,
AP2-EREBP, and SET families.

2.5. High and Differential Expression Analysis of Unigenes

The correlation of gene transcription levels between samples could reflect differences in gene
expression patterns. The closer the correlation coefficient is to one, the higher the degree of similarity of
the gene expression pattern between samples. On the other hand, the closer the correlation coefficient is
to zero, the bigger the difference in gene expression pattern between samples. As shown in Figure S4a,
the square of the Pearson correlation coefficient (R2) was 0.539, indicating that there was a significant
difference between the callus and CK groups in the level of gene expression. Thus, the gene expression
pattern of the C. roseus CMCs was very different from that of the C. roseus DDCs. Besides, R2 was 0.86
between the EG and CK groups (Figure S4b), showing that A. flavus elicitor treatment could indeed
cause differences in gene expression levels.

Differentially-expressed genes (DEGs) (|log2 (fold change)| ≥ 1 and q-value ≤ 0.005) were
defined as unigenes that were significantly enriched or depleted in one sample relative to the other.
A volcano plot was constructed to illustrate the distribution of DEGs in the callus vs. CK and EG vs. CK
groups (Figure S5). The results of the differential expression analysis indicated that the expression
levels of some genes in the callus group were significantly up- or down-regulated when compared
with the CK. Further, compared with the CK, the expression levels of a few genes in the EG group were
significantly up- or down-regulated, but the significant degree was lower than that of the callus vs. CK.
The number of common differential genes among the two comparative combinations was 133, while
the number of unique differential genes was 4825 in callus vs. CK and 139 in EG vs. CK (Figure S6).

To further understand the biological functions of DEGs, they were annotated with the GO
and KEGG pathways. Compared with the CK, there were 2035 up-regulated DEGs and 1859
down-regulated DEGs in the callus group and 232 up-regulated DEGs and 114 down-regulated
DEGs in EG (Figure S7). Partial results of KEGG pathways analysis of DEGs, which were associated
with TIA biosynthesis and induced by the A. flavus elicitor, are shown in Figure S8. Compared with the
C. roseus DDCs (the callus group), some genes related to the biosynthesis of TIAs were up-regulated
in the C. roseus CMCs (the CK group). Combining the results of differential expression analysis,
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GO enrichment, and KEGG pathway analysis of DEGs in callus vs. CK and EG vs. CK, the DEGs
associated with TIA biosynthesis and induced by the A. flavus elicitor were screened, and their
sequences were aligned with the genes in the NCBI database via the BLAST tool. The genes identified
were D4H, 10-hydroxylase geraniol (G10H), geraniol synthase (GES), iridoid synthase (IRS), loganic
acid O-methyltransferase (LAMT), SGD, STR, tryptophan decarboxylase (TDC), and ORCA3, of which
ORCA3 was a transcription factor gene.

2.6. qRT-PCR

Under the optimal A. flavus elicitor treatment condition, the transcription levels of D4H, G10H,
GES, IRS, LAMT, SGD, STR, TDC, and ORCA3 were much higher in EG than in CK. Specifically, their
expression were 4.49-, 1.75-, 1.71-, 1.42-, 3.12-, 2.33-, 2.87-, 2.51-, and 5.97-times as high as those of CK,
respectively (Figure 5).

Figure 5. The effects of the A. flavus elicitor on the expression of TIA biosynthesis key genes in C. roseus
CMCs under the optimal A. flavus elicitor treatment condition. C. roseus CMCs cultured under the
optimal A. flavus elicitor treatment condition were labeled as the experimental group (EG). C. roseus
CMCs treated by sterile water were labeled as the check group (CK). Data are given as the means ± SD
(n = 3). * p < 0.05, ** p < 0.01, compared with the CK group.

3. Discussion

Since the low content of the pharmacological TIAs in C. roseus [18] and commercial production has
used a semi-synthetic route to couple vindoline and catharanthine [3], developing methods to enhance
the TIA production of C. roseus cell cultures has become a focus for domestic and foreign scholars [19].
According to our previous research, undifferentiated C. roseus CMCs were capable of maintaining
not only good cellular morphology, but also stable and high production of alkaloid metabolites [25].
Therefore, C. roseus CMCs were used as plant cell materials for the investigation of the biosynthesis
of TIAs.

In previous reports, fungal elicitors could increase the accumulation of secondary metabolites of
interest by activating specific secondary metabolic pathways [20]. Tonk et al. showed that not only
the callus growth rate, but also the alkaloid content in the embryos of C. roseus could be effectively
increased after being treated with a low-dose A. flavus fungal elicitor [24]. However, there has been no
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research on the effect of A. flavus fungal elicitor on the yields of TIAs in C. roseus CMCs. Generally,
the optimal time for adding the fungal elicitor to cell cultures is at the log phase of the culture cycle,
when the cell cultures are most sensitive to elicitation. Our previous research showed that the log
phase of the C. roseus CMC culture cycle lasts from 4–9 days [25]. Besides, the results of our preliminary
experiment in this research showed that the C. roseus CMC cultures turned brown after three days of
treatment or when the suspension cultures of C. roseus CMCs were treated with the fungal elicitor
after a nine-day culture. Thus, we finally added three different concentrations of the A. flavus medium
elicitor or the A. flavus mycelium elicitor to four-day-old or six-day-old suspensions of C. roseus
CMCs. After inducing treatment, we found that the A. flavus mycelium elicitor could promote the TIA
production without a negative effect on the growth of C. roseus CMCs in the selected concentration.
According to the results determined by HPLC and HPLC-MS, the optimal condition of the A. flavus
elicitor was as follows: after suspension culture of C. roseus CMCs for six days, 25 mg/L A. flavus
mycelium elicitor were added, and the CMC suspensions were further cultured for another 48 h. Under
this condition, the contents of vindoline, catharanthine, and ajmaline were 1.45-, 3.29-, and 2.14-times
as high as those of the CK group, respectively (Figure 4e–g).

The TIA biosynthetic pathway in C. roseus is complex and highly regulated [2,6–8]. Hao et al.
comprehensively analyzed the differential gene expression profiles of 24 h of continuous light,
24 h of dark treatment, 4 h of MeJA treatment under continuous light conditions, and 4 h of
MeJA treatment under dark conditions in Artemisia annua seedlings using Illumina transcriptome
sequencing. As a result, some TFs in the light signaling pathway were identified that can respond
to MeJA [26]. Thus, transcriptome analysis is an effective method of investigating the inducing
mechanism. To explore the inducing mechanism at the gene expression level, we analyzed the
transcriptome data of C. roseus DDCs treated with sterile water, C. roseus CMCs treated with sterile
water, and C. roseus CMCs under the optimal A. flavus elicitor treatment condition. This transcriptome
analysis showed that D4H, G10H, GES, IRS, LAMT, SGD, STR, TDC, and ORCA3 were involved in the
regulation of this induction process. The functions of the above genes in the TIA biosynthetic pathway
are shown in Figure 1. Among the above genes, ORCA3 is the core transcription factor gene in the TIA
biosynthetic pathway [6]. Then, we further analyzed the transcription levels of the above genes by
qRT-PCR. The results of qRT-PCR showed that, under the optimal A. flavus elicitor treatment condition,
the transcription levels of D4H, G10H, GES, IRS, LAMT, SGD, STR, TDC, and ORCA3 were much higher
in EG than in CK (Figure 5). These results indicated that the increasing accumulations of vindoline,
catharanthine, and ajmaline in C. roseus CMCs were correlated with the increasing expression of the
above genes. As previous reports showed, the expression of the transcription factor ORCA3 gene could
be induced by elicitors (such as MeJA and jasmonic acid), and elicitors could increase the expression of
D4H, G10H, STR, GES, SGD, and TDC [6,17,25,27,28]. Since overexpression of ORCA3 increases the
expression of key genes such as STR in the TIA biosynthetic pathway [6], it is extremely meaningful
to explore whether the up-regulation of TIA biosynthesis-related genes is related to the increasing
transcription level of ORCA3 under the A. flavus mycelium elicitor treatment.

In conclusion, the A. flavus mycelium elicitor could promote the TIA production of C. roseus CMCs.
Under the optimal A. flavus elicitor treatment condition, the contents of vindoline, catharanthine,
and ajmaline were 1.45-, 3.29-, and 2.14-times as high as those of the CK group, respectively.
Transcriptome analysis and qRT-PCR experiment revealed that D4H, G10H, GES, IRS, LAMT, SGD,
STR, TDC, and ORCA3 were involved in the regulation of this induction process. Furthermore,
the up-regulation of TIA biosynthesis-related genes was related to the inducting effect of the A. flavus
mycelium elicitor, which in turn promoted the accumulation of vindoline, catharanthine, and ajmaline
in C. roseus CMCs.
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4. Materials and Methods

4.1. Plant Materials and Culture Conditions

C. roseus CMCs were established using the reported method [25], and C. roseus DDCs were
established using the method of [29]. C. roseus CMCs were placed on pH-adjusted (5.75–5.80) Murashige
and Skoog (MS) solid medium [30] supplemented with 2.0 mg/L α-naphthalene acetic acid (NAA),
10 g/L sucrose, and 4 g/L gellan gum, cultured at 25 ◦C in darkness, and maintained by serial
subculturing every 12 days [25]. C. roseus DDCs were sub-cultured under the same condition as that of
C. roseus CMCs.

Four or six days prior to the fungal elicitor experiments, CMCs were inoculated into 100 mL of
MS liquid medium supplemented with 2.0 mg/L NAA and 20 g/L sucrose in a 250-mL Erlenmeyer
flask at concentrations of 50.0 g fresh weight/L [25] and grown at 25 ◦C at 110 rpm with a 24-h
light photoperiod. The suspension culture condition of C. roseus DDCs was the same as that of
C. roseus CMCs.

4.2. Procurement, Fungal Culture, and Preparation of Elicitor

A. flavus elicitors were prepared using the methods of Tonk et al. [24] with slight modifications.
The A. flavus strain (CGMCC No. 3.6434) was obtained from the China General Microbiological
Culture Collection Center (CGMCC, Beijing, China). The fungus was grown at 28 ◦C in 100-mL
Erlenmeyer flasks containing potato dextrose agar (BAM Media M127, Guangdong Huankai Microbial
Sci.&Tech.Co., Ltd., Guangzhou, China) and maintained by serial subculture every 7 days. After 7
days of subculture, the mycelium was separated from the fungal mat with forceps.

The mycelium was washed several times with distilled water and homogenized with distilled
water at 5.0, 15.0, and 25.0 g/L. Then, A. flavus mycelium elicitors were sterilized at 120 ◦C for 20 min
and stored at 4 ◦C. At the same time, A. flavus medium elicitors were prepared from the fungal mat by
the same method used to prepare A. flavus mycelium elicitors and stored at 4 ◦C.

4.3. Induction Treatment with Fungal Elicitor

The A. flavus fungal elicitor (0.1 mL) (A. flavus mycelium elicitor or A. flavus medium elicitor) was
added to 4-day-old or 6-day-old suspensions of CMCs at final concentrations of 5, 15, and 25 mg/L.
The check group (CK) was treated with 0.1 mL sterile distilled water. Then, the CMCs were further
cultured at 25 ◦C at 110 rpm with a 24-h light photoperiod. After culturing for another 12, 24, 36, 48,
and 60 h, the cultures and liquid media were harvested.

4.4. Measurement of Dry Cell Weight

The C. roseus CMCs were separated from the media by vacuum filtration and transferred to a Petri
dish lined with a piece of filter paper. The cells were dried to constant weight at 50 ◦C and weighed on
a ten-thousandth scale. All samples were measured in triplicate.

4.5. Alkaloid Extraction and Determination

4.5.1. Chemicals

Vindoline, catharanthine, and ajmalicine were HPLC grade and were purchased from Aladdin
(Aladdin Reagents Co., Shanghai, China), and all other chemicals were of analytical grade.

4.5.2. HPLC-MS Analysis of Alkaloids

The alkaloid extraction from 6-day-old suspensions of C. roseus CMCs was performed according
to the methods of Wang [31]. Alkaloid extracts were dissolved in 1.0 mL of methanol and analyzed by
HPLC-MS/MS according to the methods of Ferreres et al. [32] with slight modifications.
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The HPLC system was equipped with an Agilent 1260 series system (Agilent Technologies,
Santa Clara, California, USA). Chromatographic separations were carried out on a 250 mm × 4.6 mm,
5 μm, Phenomenex Gemini C18 column (Phenomenex Inc., Torrance, CA, USA) at 25 ◦C. Elution was
performed with a flow rate of 1 mL/min. Solvents used were acetonitrile (A) and acetic acid 1% (B).
The gradient was as follows: 12% A at 0 min, 20% A at 30 min, 50% A at 40 min, 50% A at 45 min,
12% A at 47 min, 12% A at 55 min and the injection volume 10 μL. Spectroscopic data from all peaks
were accumulated in the range 240–400 nm, and chromatograms were recorded at 255, 280, 290, 306,
and 320 nm.

The mass detector was an X500R QTOF mass spectrometer (AB Sciex Pte. Ltd., Redwood City,
CA, USA) equipped with an electrospray ionization (ESI) system and controlled by SCIEX OS 1.3.1
software (AB Sciex Pte. Ltd., Redwood City, CA, USA). The experimental parameters were as follows:
curtain gas, 30 psi; ion source gas, GS1 60 psi and GS2 60 psi; temperature, 550 ◦C; ion spray voltage,
5.5 kV; collision gas, 7 psi. Other parameters were as follows: declustering potential (DP), 80 V;
collision energy (collision energy spread), 10 V (0 V), and 35 V (15 V). The mass spectrometer was
operated in the full-scan mode in the m/z range of 100–1500. The information-dependent acquisition
spectra were automatically performed with helium as the collision gas in the m/z range of 50–1500.
MS data were acquired in positive ionization mode. The isolation width of the parent ions for the
following MS fragmentation events was set at ±50 mDa.

4.5.3. Quantitative Analysis of Alkaloids

Alkaloid extraction was performed according to the methods of Wang et al. [31]. Alkaloid extracts
were dissolved in 1.0 mL of methanol and analyzed by HPLC and ion-pair extraction-spectrophotometry
as described by Yang et al. [33].

The contents of vindoline, catharanthine, and ajmalicine were determined at 25 ◦C by HPLC
analysis using an Agilent 1260 series system (Agilent Technologies, Santa Clara, CA, USA) and
a Phenomenex Gemini C18 column (250 mm × 4.6 mm, 5 μm) (Phenomenex Inc., Torrance, CA, USA).
The mobile phase consisted of methanol/acetonitrile/10 mM ammonium acetate (15:40:45, v/v/v) at
a flow rate of 1.0 mL/min. The detection wavelength was 280 nm, and the injection volume was 10 μL.
Before injection, all samples were filtered with 0.45-μm nylon membrane filters (Jinteng Corp., Tianjin,
China). Alkaloids were identified and quantified by comparing retention time and UV absorbance
spectra with the standards. In a citric acid-phosphate buffer of pH 3.0, an ion-pair complex was formed
between all alkaloids in the sample and the color reagent bromophenol blue upon 5 min of reaction at
30 ◦C. The complex was extracted with CHCl3 in which the absorbance of total alkaloids was measured
at the wavelength of 413 nm. Vindoline was used as a reference standard in the preparation of the
calibration curve. Each sample was analyzed in triplicate.

4.6. Transcriptome Determination and Analysis

4.6.1. Sample Preparation

After pre-culture of C. roseus CMC and DDC suspension cultures for 6 day, 25 mg/L A. flavus
mycelium elicitor was added to the CMCs (the experimental group, EG), and the EG was further
cultured for another 48 h. The CMC check (CK) group and DDC group (the callus group, callus) were
treated with an equal amount of sterile water.

4.6.2. RNA Extraction, Library Preparation, and Transcriptome Sequencing

The cultures were frozen in liquid nitrogen and ground into powder with a mortar and
pestle, and RNA extraction was performed as described by Liu et al. [34]. RNA purity was verified
using the NanoPhotometer® spectrophotometer (IMPLEN, Los Angeles, CA, USA). The purity and
concentration of the purified RNA were examined with a NanoPhotometer® spectrophotometer
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(IMPLEN, Los Angeles, CA, USA) and a Qubit® RNA Assay Kit in a Qubit® 2.0 Fluorometer
(Life Technologies, Los Angeles, CA, USA).

A total amount of 1.5 μg RNA per sample was used as input material for RNA sample preparation.
Sequencing libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for Illumina®

(NEB) following the manufacturer’s recommendations, and index codes were added to attribute
sequences in each sample. PCR products were purified (AMPure XP system, Beckman Coulter
Inc., Brea, CA, USA), and library quality was assessed on the Agilent Bioanalyzer 2100 system
(Genomics & Bioinformatics Core Facility, Fort Wayne, IN, USA).

The clustering of the index-coded samples was performed on a cBot Cluster Generation System
using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, Brea, CA, USA) according to the manufacturer’s
instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq
platform, and paired-end reads were generated.

4.6.3. De Novo Transcriptome Assembly and Gene Functional Annotation

Raw data (raw reads) in the FASTQ format were first processed through in-house Perl scripts.
In this step, clean data (clean reads) were obtained by removing reads containing adapter and/or
poly-N and low-quality reads from raw data.

Transcriptome assembly was accomplished based on the clean data using the Trinity de novo
transcriptome assembly software (Trinity Technologies & software Solutions Pvt Ltd., Bengaluru,
Karnataka, India) with min_kmer_cov set to 2 by default and all other parameters set to default in
absence of a public reference genome for C. roseus [35].

All de novo-assembled unigenes were annotated based on the following databases:
NCBI non-redundant protein sequences (NR, http://www.ncbi.nlm.nih.gov); NCBI non-redundant
nucleotide sequences (NT, http://www.ncbi.nlm.nih.gov); Swiss-Prot (a manually-annotated and
reviewed protein sequence database, http://www.expasy.ch/sprot); Protein family (Pfam, http:
//xfam.org/) [36]; Gene Ontology (GO, http://www.geneontology.org); euKaryotic Ortholog Groups
(KOG, http://www.ncbi.nlm.nih.gov) [37], and the Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/12eg) using BLASTX alignment with an E-value = 1e-10 [38,39].

The transcription factor families were identified and annotated using the iTAK software (IAITAM,
Canton, OH, USA) [40,41].

4.6.4. Differential Expression Analysis of Unigenes

Gene expression levels were estimated by RSEM [42] for each sample. Clean data were mapped
back onto the assembled transcriptome. The read count for each gene was obtained from the
mapping results.

Prior to differential gene expression analysis, the read counts were adjusted for each sequenced
library using the edgeR program package through one scaling/normalization factor. Differential
expression analysis of two samples was performed using the DEGseq R package [43,44]. The p-value
was adjusted using the q-value [45]. q-value < 0.005, and |log2 (fold change)| > 1 was set as the
threshold for significantly differential expression.

GO enrichment analysis of the differentially-expressed genes (DEGs) was implemented by the
GOseq R package-based Wallenius non-central hyper-geometric distribution [46], which can adjust for
gene length bias in DEGs.

KEGG is a database resource for understanding high-level functions and utilities of biological
systems, such as the cell, the organism, and the ecosystem, from molecular-level information,
especially large-scale molecular datasets generated by genome sequencing and other high-throughput
experimental technologies [47]. KOBAS software (Peking University, Beijing, China) [48] was used to
test the statistical enrichment of differential expression genes in KEGG pathways.
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4.7. Gene Transcription Level Analysis by qRT-PCR

After a 6 days of pre-cultivation of the CMCs, the A. flavus mycelium elicitor was added at
25 mg/L. Then, the CMCs (experimental group, EG) and the sterile water-treated CMCs (the check
group, CK) were cultured for another 48 h.

The cultures were frozen in liquid nitrogen and ground into a powder with a mortar and pestle,
and RNA extraction was performed as described by Liu et al. [34]. The HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme, Nanjing, Jiangsu, China) was used to treat 1 μg of total RNA with DNase to
remove genomic DNA, after which cDNA was synthesized according to manufacturer instructions.

Transcript levels of the genes encoding the 40S ribosomal protein S9 (RPS9, the housekeeping
gene), D4H, G10H, GES, IRS, LAMT, SGD, STR, TDC, and the transcription factor ORCA3 were
monitored in CMC cultures. Primer sequences for RPS9, IRS, LAMT [49], D4H, G10H, GES, STR, TDC,
ORCA3 [50], SGD [27], and GES [25] are shown in Table S6.

The qRT-PCR mixture was prepared using ChamQ SYBR qPCR Master Mix (Q311-02) (Vazyme,
Nanjing, Jiangsu, China), and reactions were performed using a LightCycler® 480 II System
(Roche, Basel, Switzerland). Amplification included a holding stage of 30 s at 95 ◦C and 40 cycles,
each consisting of 10 s at 95 ◦C followed by 30 s at 60 ◦C. Melt curve analysis at 95–60–95 ◦C was
then used to verify the specificity of the amplicons. The expression stability of the qRT-PCR results
was assayed using the LightCycler® 480 II Software (Roche, Basel, Switzerland). All samples were
measured in triplicate.

Supplementary Materials: The following are available online. Figure S1: HPLC-MS/MS spectra of the alkaloids
in six-day-old suspensions of C. roseus CMCs. (a) UV chromatogram at 280 nm; (1) ajmalicine; (2) catharanthine;
(3) vindoline. (b) Total ion current (TIC) chromatogram. (c) MS spectra of the identified alkaloids. Figure S2:
Gene Ontology (GO) functional classification of assembled unigenes. A total of 61,829 unigenes were assigned to at
least one GO term and grouped into three main GO categories and 56 groups (26 groups in the “biological process”
domain, 20 in the “cellular component” domain, and 10 in the “molecular function” domain). The y-axis indicates
the number of genes in a sub-category. Figure S3: Functional classification and pathway assignment of assembled
unigenes by the Kyoto Encyclopedia of Genes and Genomes (KEGG). A total of 34,367 unigenes were classified
to the five main KEGG metabolic pathways: cellular processes (A), environmental information processing (B),
genetic information processing (C), metabolism (D), and organismal systems (E). The y-axis represents the name
of the KEGG metabolic pathway. The x-axis indicates the number of unigenes annotated to the KEGG metabolic
pathway and the ratio of their number to the total number of annotated unigenes. Figure S4: Correlation coefficient
between the callus vs. CK (a) and EG vs. CK (b) samples. The x-axis indicates the log10 (FPKM + 1) of Sample
1 and the y-axis the log10 (FPKM + 1) of Sample 2, and R2 was the square of the Pearson correlation coefficient.
Figure S5: Correlation coefficient between the callus vs. CK (a) and EG vs. CK (b) samples. The x-axis indicates
the log10 (FPKM + 1) of Sample 1 and the y-axis the log10 (FPKM + 1) of Sample 2, and R2 was the square of the
Pearson correlation coefficient. Figure S6: Venn diagram of DEGs from callus vs. CK and EG vs. CK samples.
Figure S7: GO enrichment analysis of DEGs in callus vs. CK and EG vs. CK samples. The x-axis indicates the
comparative combination and the y-axis the number of DEGs. Figure S8: Partial results of KEGG pathway analysis
of DEGs in callus vs. CK and EG vs. CK samples. The x-axis indicates the KEGG pathway and the y-axis the
number of DEGs. Table S1: Summary of sequencing reads after filtering. Table S2: Summary of the sequence
assembly results. Table S3: Summary of functional annotation for assembled unigenes. Table S4: Summary of
KEGG pathways involved in the Catharanthus roseus transcriptome. Table S5: Gene transcription factor analysis of
unigenes. Table S6: Sequences of primers for Catharanthus roseus genes used in the qRT-PCR assay.
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Abstract: Two new steroidal alkaloids, named hookerianine A (1) and hookerianine B (2) were
isolated from the stems and roots of Sarcococca hookeriana Baill., along with two known compounds,
sarcorucinine G (3) and epipachysamine D (4). On the basis of spectroscopic methods and by
comparison with literature data, their structures were determined. As well as X-ray crystallography
was performed to confirm compound 4. To identify novel antitumor inhibitors, all compounds were
performed a CCK-8 assay against five human cancer cell lines SW480, SMMC-7721, PC3, MCF-7 and
K562 in vitro. Compound 2 exhibited moderate cytotoxic activities to all cell lines with IC50 values in
the range of 5.97–19.44 μM. Compound 3 was the most effective one against SW480 and K562 cell
lines with IC50 values of 5.77 and 6.29 μM, respectively.

Keywords: Buxaceae; Sarcococca hookeriana; steroidal alkaloid; cytotoxicity

1. Introduction

The Sarcococca genus (Buxaceae) consists of about 20 species, widely distributed in the
southwestern region of China and other south Asian countries [1]. The members of Sarcococca plants are
used as TCM and traditional folk medicine for the treatment of stomach pain, rheumatism, swollen sore
throat and traumatic injury [2–4]. Previous investigations on several species of this genus indicated
that steroidal alkaloids are the major chemical components with a broad spectrum of biological
activities, such as cholinesterase inhibition [5–7], antitumor [8], antibacterial [9], antileishamanial [10],
antidiabetic [11] and estrogen biosynthesis-promoting [12].

Sarcococca hookeriana, one of Sarcococca plants, is usually confusedly used by ethnic minorities in
China. Although dozens of steroidal alkaloids have been discovered from S. hookeriana of Nepal [13–17],
there were few phytochemical or biological studies on this species which grows in China. Enlightened
by the diverse bioactivities of steroidal alkaloids and the use of Sarcococca plants as folk medicine,
S. hookeriana was chosen for searching antitumor agent by our research group and several cytotoxic
steroidal alkaloids have been reported [18]. In continuation of our ongoing study on this plant,
two new steroidal alkaloids, named hookerianine A (1) and hookerianine B (2), together with two
known ones, sarcorucinine G (3) [19] and epipachysamine D (4) [20] (Figure 1), were characterized
and their cytotoxicity were evaluated in vitro with a CCK-8 assay. Herein, we describe the isolation,
structure elucidation and cytotoxicity of the isolates.

Molecules 2019, 24, 11; doi:10.3390/molecules24010011 www.mdpi.com/journal/molecules235
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Figure 1. Structures of compounds 1–4.

2. Results and Discussion

2.1. Elucidation of the Chemical Structure of Compounds

Hookerianine A (1) was obtained as white amorphous powder, positive to Dragendorff’s reagent.
The molecular formula of C31H48N2O was determined by HR-ESI-MS (m/z 465.3833, [M + H]+).
The IR absorption at 3294, 1637, 1539, 1496 and 760 cm−1 indicated the presence of a secondary amine,
amide carbonyl and aromatic ring, respectively. The 1H-NMR spectra (Table 1) exhibited signals of five
aromatic protons (δH 7.37, 7.33 and 7.28) and five methyls (δH 2.17, 0.87, 0.74 and 0.63). The 13C-NMR
(Table 1) signals at (δC 135.5, 129.4, 129.1 and 127.4) were characteristic for a monosubstituted aromatic
ring, whereas the signal at δC 170.1 was due to the carbonyl carbon. The NMR data of compound 1

was similar to epipachysamine D (4), having one more methylene. HMBCs (Figure 2) from H-C(2′)
to C(1′), C(3′) and C(4′) indicated that the additional methylene was placed between C(1′) and C(3′).
Thus, compound 1 possessed a novel phenylacetyl group instead of benzoyl group located at C(3).
The relative configuration of C(3) was assigned as α-orientation by correlations of N-H with Hα-C(1),
Hα-C(5), and Hβ-C(1) with H-C(19) in ROESY (Figure 2). Therefore, compound 1 was characterized as
(20S)-20-(N,N-dimethylamino)-3α-phenylacetylamino -5α-pregnane, to which we give the trivial name
hookerianine A.

Table 1. 1H- (500 MHz) and 13C- (125 MHz) NMR data of compounds 1–2 in CDCl3.

Position
1 2

δH (J in Hz) δC δH (J in Hz) δC

1 1.45 (m), 0.65 (m) 33.2 (t) 1.72 (m), 1.10 (m) 37.2 (t)
2 1.63 (m), 1.52 (m) 25.9 (t) 1.93 (d, J = 14.8), 1.38 (m) 28.8 (t)
3 4.06 (m) 44.8 (d) 3.96 (m) 49.3 (d)
4 1.45 (m), 1.28 (m) 32.7 (t) 1.70 (m), 1.24 (m) 35.4 (t)
5 0.79 (m) 41.0 (d) 1.24 (m) 45.4 (d)
6 1.12 (m) 28.5 (t) 1.32 (m), 1.24 (m) 28.4 (t)
7 1.64 (m), 0.77 (m) 32.1 (t) 1.62 (m), 0.95 (m) 31.6 (t)
8 1.31 (m) 35.4 (d) 1.62 (m) 33.8 (d)
9 0.46 (d, J = 11.8, 3.9) 54.7 (d) 0.73 (m) 54.5 (d)
10 36.0 (s) 35.6 (s)
11 1.42 (m), 1.18 (m) 20.8 (t) 1.62 (m), 1.29 (m) 20.8 (t)
12 1.87 (m), 1.08 (m) 39.8 (t) 1.62 (m), 1.47 (m) 32.8 (t)
13 41.7 (s) 42.2 (s)
14 1.01 (m) 56.8 (d) 1.24 (m) 45.1 (d)
15 1.58 (m), 1.02 (m) 24.0 (t) 1.84 (dd, J = 12.0, 4.8), 1.20 (m) 27.2 (t)
16 1.85 (m), 1.44 (m) 27.7 (t) 3.55 (s) 60.9 (d)
17 1.36 (d, J = 9.9) 54.9 (d) 73.6 (s)
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Table 1. Cont.

Position
1 2

δH (J in Hz) δC δH (J in Hz) δC

18 0.63 (s) 12.4 (q) 0.87 (s) 15.8 (q)
19 0.74 (s) 11.5 (q) 0.83 (s) 12.2 (q)
20 2.41 (dq, J = 10.2, 6.4) 61.2 (d) 2.84 (q, J = 6.6) 55.7 (d)
21 0.87 (s) 10.0 (q) 1.14 (s) 13.6 (q)

N(Me)2 2.17 (s) 39.9 (q) 2.24 (s) 43.1 (q)
1′ 170.1 (s) 166.7 (s)
2′ 3.57 (dt, J = 6.8, 1.2) 44.2 (t) 135.0 (s)
3′ 135.5 (s) 7.74 (dt, J = 6.8, 1.2) 126.8 (d)
4′ 7.28 (m) 129.4 (d) 7.41 (m) 128.5 (d)
5 7.37 (m) 129.1 (d) 7.47 (m) 131.2 (d)
6′ 7.33 (m) 127.4 (d) 7.41 (m) 128.5 (d)
7′ 7.37 (m) 129.1 (d) 7.47 (m) 126.8 (d)
8′ 7.28 (m) 129.4 (d)

NH 5.66 (d, J = 8.0) 5.98 (d, J = 8.0)

 

Figure 2. Key 1H,1H-COSY ( ), HMBC (H→C), and ROESY ( ) correlations of compound 1.

Hookerianine B (2) was obtained as white amorphous powder also reacts positively with
Dragendorff’s reagent. The molecular formula of C30H44N2O2 was determined by HR-ESI-MS (m/z
465.3471, [M + H]+). The IR absorption at 3402, 1644, 1603, 1521, 1488 and 718 cm−1 indicated the
presence of a secondary amine, amide carbonyl and aromatic ring, respectively. The 1H-NMR spectra
(Table 1) exhibited signals of five aromatic protons (δH 7.74, 7.47 and 7.41) and five methyls (δH

2.24, 1.14, 0.87 and 0.83). The 13C-NMR spectra (Table 1) displayed 30 carbon signals including
one carbonyl carbon at (δC 166.7) and six carbons of an aromatic ring (δC 135.0, 131.2, 128.5
and 126.8), respectively. whereas the signals at (δC 73.6 and 60.9) were due to two oxygenated
carbons. The NMR data of compound 2 was similar to epipachysamine D (4), and the difference
was the downfield chemical shift of C(16) and C(17) at δ(C) 73.6 and 60.9, which suggested that
compound 2 possessed an epoxy group at C(16) and C(17), confirmed by HMBCs (Figure 3) from
H-C(16) to C(14) and C(15), from H-C(18) and H-C(21) to C(15). The ROESY correlations (Figure 3)
of N-H with Hα-C(5), and Hβ-C(16) with N-Me suggested that the substituent at C(3) and the
epoxy group at C(16) and C(17) all had α-orientations. Thus, compound 2 was characterized as
(20S)-20-(N,N-dimethylamino)-16α,17α-epoxy-3α-benzoylamino-5α-pregnane, to which we give the
trivial name hookerianine B.

 

Figure 3. Key 1H,1H-COSY ( ), HMBC (H→C), and ROESY ( ) correlations of compound 2.
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The structures of known compounds 3–4 were determined by comparing their spectral data
with literature data. To further confirm the chemical structure of compound 4, a colorless crystal was
obtained from CH2Cl2, and X-ray crystallography analysis with Mo Kα radiation was performed.
Through structural refinement by direct method SHELX-2014 [21,22], the chemical structure of 4 was
identified as shown in Figure 4.

Figure 4. ORTEP drawing of compound 4.

2.2. Results of the Cytotoxicity Test

The IC50 values of four compounds against five human cancer cell lines: SW480, SMMC-7721,
PC3, MCF-7 and K562 are summarized in Table 2 (DDP and 5-FU was used as the positive control).
The compound 2, a new steroidal alkaloid, exhibited moderate cytotoxic activities to all cell lines
with IC50 values in the range of 5.97–19.44 μM. Compared to the positive control 5-FU with IC50

values of 7.65 and 4.78 μM against SW480 and K562 cell lines, the compound 3 was the most effective
one against these cell lines with IC50 values of 5.77 and 6.29 μM, respectively. The structure-activity
relationships of compound 1 and 4 showed that steroidal alkaloids possessed a novel phenylacetyl
group instead of benzoyl group located at C-3 can increase the cytotoxicity to human cancer cell lines:
SW480, SMMC-7721, PC3 and K562. Interestingly, the cytotoxicity of compound 3 is stronger than
compound 4, which indicated that the presence of double bond between C-16 and C-17 can increase
the cytotoxicity. Meanwhile, compared to compound 4, compound 2 possessed an epoxy group at
C-16 and C-17 also showed better cytotoxicity. The results suggested that C-16 and C-17 of steroidal
alkaloids play an important role in anticancer potential.

Table 2. Cytotoxicity of compounds 1–4 against SW480, SMMC-7721, PC3, MCF-7 and K562 cells
in vitro.

Compounds
IC50 (μM) a (n = 3)

SW480 SMMC-7721 PC3 MCF-7 K562

1 10.97 ± 1.36 41.31 ± 3.02 32.97 ± 3.78 37.30 ± 0.99 11.86 ± 0.82
2 5.97 ± 0.13 16.19 ± 0.56 11.57 ± 0.86 19.44 ± 1.70 7.95 ± 0.02
3 5.77 ± 0.29 10.84 ± 1.19 11.79 ± 2.96 44.97 ± 4.73 6.29 ± 0.53
4 45.92 ± 1.56 71.13 ± 5.37 >100 28.92 ± 1.22 85.48 ± 6.77

DDP b 4.71 ± 0.20 4.03 ± 0.62 6.50 ± 0.44 6.86 ± 0.42 5.49 ± 0.83
5-FU c 7.65 ± 0.26 7.86 ± 0.38 8.18 ± 0.73 6.74 ± 0.89 4.78 ± 0.27

a Values of IC50 expressed as mean ± SD, n = 3 for all groups. b DDP, the abbreviation of cisplatin, used as reference
drug. c 5-FU, the abbreviation of 5-fluorouracil, used as reference drug.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured with a Rudolph Autopol I automatic polarimeter (Rudolph,
Hackettstown, NJ, USA). UV spectra were obtained on a Shimadzu UV-2401PC spectrophotometer
(Shimadzu, Kyoto, Japan). IR spectra were measured with a Bruker TENSOR-27 spectrophotometer
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(Bruker, Bremerhaven, Germany) using KBr pellets. The 1D and 2D NMR spectra were recorded on
JEOL ECX 500 MHz spectrometers (JEOL Ltd, Kyoto, Japan) with TMS as an internal standard.
Chemical shifts (δ) were expressed in ppm with reference to solvent signals. High-Resolution
Electrospray Ionization Mass Spectrometry (HR-ESI-MS) was recorded on a Bruker Daltonics
micrOTOF-Q II spectrometer (Bruker, Bremerhaven, Germany). Column chromatography (CC) was
performed on Silica gel (200–300 and 300–400 mesh, Qingdao Marine Chemical Ltd., Qingdao, China).
Fractions were monitored by TLC (GF 254, Qingdao Haiyang Chemical Co., Ltd., Qingdao, China),
and spots were visualized by Dragendorff’s reagent. Solvents were distilled prior to use for extraction
and isolation.

3.2. Plant Material

The plants of S. hookeriana were collected from Hezhang Country, Guizhou Province of China,
in July 2015 and identified by Prof. JunHua Zhao, Guiyang College of Traditional Chinese Medicine.
A voucher specimen (No. 150708) was deposited at College of Pharmacy, Guiyang College of
Traditional Chinese Medicine.

3.3. Extraction and Isolation

The powdered stems and roots of S. hookeriana (14.5 Kg) were extracted ultrasonically with MeOH
for three times. The combined extracts were concentrated and then partitioned between EtOAc and
1% aq. H2SO4. The acid-soluble fraction was alkalinized with aq. Na2CO3 to pH 9 and followed by
exhaustive extraction with CH2Cl2 to afford crude alkaloids (156 g). The crude alkaloids were roughly
separated by CC (SiO2; CH2Cl2/MeOH/Et2NH, 100:0:0→10:1:0→5:1:1) to give five fractions: Frs. A-E.
Fr. A (32 g) was passed through CC [SiO2; petroleum ether (PE)/CH2Cl2/Et2NH 50:1:1→10:1:1, then
cyclohexane/acetone/Et2NH 20:1:1] to afford 3 (150 mg), 4 (800 mg). Fr. B (24 g) was subjected to CC
(PE/CH2Cl2/ Et2NH, 50:1:1→20:1:1, then CH2Cl2/MeOH 20:1) to yield 1 (60 mg) and 2 (40 mg).

3.3.1. Compound 1

The Hookerianine A (1): White amorphous powder. [α]14
D = +21.2 (c = 0.565, CH2Cl2). UV (CHCl3)

λmax (log ε) 242.0 (0.25) nm. IR (KBr) υmax: 3294, 3029, 2929, 2865, 2761, 1637, 1539, 1496, 760 cm−1.
1H- and 13C-NMR data are shown in Table 1. HR-ESI-MS m/z 465.3833 ([M + H]+, C31H49N2O+; calc.
465.3839).

3.3.2. Compound 2

Hookerianine B (2): White amorphous powder. [α]14
D = +21.2 = +3.7 (c = 0.092, CH2Cl2).

UV (CHCl3) λmax (log ε) 244.5 (1.53). IR (KBr) υmax: 3402, 3032, 2930, 2853, 2767, 1644, 1603, 1521, 1488,
718, 694 cm−1. 1H- and 13C-NMR data are shown in Table 1. HR-ESI-MS m/z 465.3471 ([M + H] +,
C30H45N2O2

+; calc. 465.3476).

3.4. Single Crystal X-Ray Data of Compound 4

Crystal data of 4 (from CH2Cl2): C30H46N2O, M = 450.69, space group P21 (No. 4), monoclinic,
Z = 2, a = 5.895(14) Å, b = 9.983(2) Å, c = 22.033(5) Å, α = 90◦, β = 95.971(6)◦, γ = 90◦, V = 1289.4(5)Å3,
T = 173 K, μ (Mo Kα) = 0.71073 mm−1. A crystal of dimensions of 0.18 × 0.08 × 0.05 mm3 was
measured on a Bruker APEX-II CCD diffractometer with a graphite monochromator (ϕ-ω scans,
2θmax = 55.18◦), Mo Kα radiation. 9787 reflections were measured, 5785 independent reflections
were observed (Rint = 0.0530). The final R1 values were 0.0625 (I >= 2σ (I)). The final wR2 values
were 0.1278 (I >= 2σ (I)). The final R1 values were 0.1008 (all data). The final wR2 values were
0.1449 (all data). The goodness of fit on F2 was 0.971. CCDC 1875789 for compound 4 contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/.

239



Molecules 2019, 24, 11

3.5. Cytotoxicity Assay

To identify novel antitumor inhibitors, compounds 1–4 were tested on five human cancer cell
lines SW480, SMMC-7721, PC3, MCF-7 and K562 by using a CCK-8 assay. All cells were obtained from
Centre of Drug Safety Evaluation and Research of Hunan Province. Those cells were cultured in a
DMEM medium (high glucose) (Hyclone, Logan, UT, USA), which was supplemented with 10% fetal
bovine serum (Sciencell, San Diego, CA, USA) in a humidified 5% CO2 atmosphere at 37 ◦C. CCK-8
was purchased from American Bimake Company (Bimake, Houston, TE, USA).

The cytotoxicity assay was performed according to the Cell Counting Kit-8 assay methods as
described by elsewhere [23]. Briefly, all cells were seeded into 96-well plates at 3 × 103 cells per well
and allowed to culture for 12 h before the addition of the drug. Then, each tumor cell line was exposed
to the tested compounds at different concentrations (100–0 μM) for 72 h. DDP (Tokyo Chemical
Industry, Tokyo, Japan) and 5-FU (Amresco, Portland, ME, USA) was used as positive control. After
treatment, 10 μL of CCK-8 was added to each well, and the plates were incubated for an additional
12 h. OD450 absorbance was determined using a Spectramax-i3x (Molecular Devices, Sunnyvale, CA,
USA). The experiments were performed in triplicate to obtained IC50 values.

4. Conclusions

In this study, two new steroidal alkaloids, hookerianine A (1) and hookerianine B (2), together with
two known ones, scorucinine G (3) and epipachysamine D (4), were isolated from the stems and roots
of S. hookeriana. To the best of our knowledge, four compounds were isolated from this plant for the
first time. Two new compounds were shown to possess a 3α substituent, which were rarely reported.
In addition, compound 1 represents the first example of pregnane-type steroidal alkaloid possessed
a novel phenylacetyl group at C-3. Based on the preliminary structure-activity relationships study,
we found that the different substituents at C-3 and the presence of double bond and epoxy group
between C-16 and C-17 have an important effect on the cytotoxicity of steroidal alkaloids. Inspired by
this, it deserves further structural modification and in-depth mechanism research on steroid alkaloids
with those characteristics. The results suggested that these types of steroidal alkaloids may have the
potential to be anticancer agents.

All of the 1H-NMR, 13C-NMR, 2D-NMR and HR-ESI-MS spectra of compound 1 and 2 are
available in Supplementary Material.

Supplementary Materials: The following 1H-NMR, 13C-NMR, 2D-NMR, and HR-ESI-MS spectra are available as
supporting data. Supplementary materials are available online.
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Abstract: The reaction of papaverine with a series of Baran DiversinatesTM is reported. Although the
yields were low, it was possible to synthesize a small biodiscovery library using this plant alkaloid as
a scaffold for late-stage C–H functionalization. Ten papaverine analogues (2–11), including seven new
compounds, were synthesized. An unexpected radical-induced exchange reaction is reported where
the dimethoxybenzyl group of papaverine was replaced by an alkyl group. This side reaction enabled
the synthesis of additional novel fragments based on the isoquinoline scaffold, which is present in
numerous natural products. Possible reasons for the poor yields in the DiversinateTM reactions with
this particular scaffold are discussed.

Keywords: late-stage functionalization; sulfinate; DiversinateTM; natural product; medicinal
chemistry; papaverine; scaffold; library; biodiscovery

1. Introduction

Late-stage functionalization of organic molecules has emerged as an important strategy in modern
drug discovery programs as it allows for direct derivatization without the need for pre-functionalized
synthetic handles [1]. This strategy, which involves the direct substitution of a C–H bond with a
new functionality, is currently under-utilized in the field of natural products where the generation of
analogues provides structure–activity relationships (SAR), a critical component often missing in current
biodiscovery programs. The ability to make unusual derivatives of a bioactive scaffold via a simple
one-step procedure is of particular relevance in the field of natural products where typically, only small
amounts of material or analogues are available. Nitrogen-rich heterocyclic compounds sourced from
nature have played a profound role in human health and these motifs are found in many of the current
drugs that are used to treat various diseases [2]. Transition-metal-mediated cross-coupling reactions
that require pre-functionalized starting materials have been used extensively in the synthesis of such
molecules [3–5]; however, the direct C–H functionalization of biologically active heterocycles is still
underdeveloped and worthy of further investigations [6–14].

Recent developments in radical-mediated C–H functionalization of heterocycles, including
Minisci [15], borono-Minisci [7], and reactions with sulfinate reagents [2], have led to a resurgence
in the use of radical-based methods, due primarily to improvements in substrate scope and mild
reaction conditions.

In 1971, Minisci et al. reported the addition of carbon-centered radicals to heteroaromatic bases
through the silver-mediated decarboxylation of carboxylic acids in the presence of persulfate [15].
One feature that makes this form of innate C–H functionalization appealing for pharmaceutical
applications is that protection and deprotection protocols are rarely needed [6]. While these conditions
are compatible with alkyl and acyl radicals (derived from alkyl halides, carboxylic acids, and related
derivatives), limitations in functional group compatibility, high reaction temperatures (>70 ◦C),
and the requirement of transition-metal additives and strongly oxidizing conditions [6] make them
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unsuitable for more complex chemical structures. Since this initial publication, numerous methods
of C–H functionalization have been reported by Baran [2,7,9,14], Molander [8], and others [16,17],
which have significantly increased the scope and generality of this strategy. With the goal of the
direct transformation of C–H bonds into C–C bonds in a more practical manner, Baran et al. have
developed a radical-based functionalization strategy that involves the use of zinc bis(alkanesulfinate)
reagents [12,14]. The most notable features of C–C bond formation using this sulfinate chemistry are
that it involves a one-pot reaction, occurs under mild conditions with no need for pre-functionalized
starting materials, and the reactions can be conducted in open flasks as they do not require the exclusion
of air or moisture [2]. This approach has the advantage of rapidly accelerating drug discovery timelines
regardless of whether the compounds of interest are natural or synthetic.

With the intent of identifying hit or lead compounds that are based on bioactive natural products,
our research focuses on the semi-synthesis of biodiscovery libraries using unique natural product
scaffolds that have been isolated from sources such as fungi, plants and marine invertebrates [18–24].
Herein, we report late-stage functionalization studies on papaverine, a nitrogen-containing heterocyclic
natural product, using the commercially available sulfinate reagents known as DiversinatesTM. Some
unexpected chemistry was identified during these studies.

2. Results and Discussion

Commercially available papaverine hydrochloride (1a) [25] was chosen as a model compound
for our initial foray into C–H functionalization studies utilizing the sulfinate chemistry that has
been described by Baran and other research groups [2,9,14]. Fluoroalkyl substituents have become
increasingly valuable in modern drug discovery due to their resistance toward oxidation by cytochrome
P450 oxidases. Also, incorporation of halogen atoms on hit/lead compounds has been performed in
order to exploit their steric effects through the ability of these atoms to occupy the active site of molecular
targets [26–28], and establish intermolecular bonds in a manner that resembles H-bonding [29–31].

Baran et al. have published a number of sulfinate reaction conditions, where the DiversinateTM

reagents are compatible with different organic solvents (e.g., DMSO, CH2Cl2, ClCH2CH2Cl,
perfluorotoluene, perfluorohexane, and anisole). Furthermore, it has been determined that fluoroalkyl
zinc sulfinate reagents react best in halogenated solvents, such as CH2Cl2, alkyl zinc sulfinate salts
react more favorably in DMSO [2], and stoichiometric conditions for the peroxide and DiversinateTM

reagents, as well as reaction temperatures and times, vary greatly in the literature. Before synthesizing
the targeted papaverine library, we initially conducted several experiments that tested the effect of
solvents (e.g., DMSO/CH2Cl2/H2O), reagent stoichiometry, and additives [e.g., trifluoroacetic acid
(TFA)] with papaverine HCl (1a) and the commonly used DiversinateTM, zinc trifluoromethanesulfinate
[(CF3SO2)2Zn] (Table S71). From this data, it was clear that the best yield for the major mono-CF3

analogue (2) was obtained using 6 mol eq. of (CF3SO2)2Zn and 6 mol eq. of tert-butyl hydroperoxide
(TBHP) in CH2Cl2 for 16 h. In order to ascertain whether the presence of HCl was affecting the yields
(the chloride ion could be competitively oxidized by TBHP), we generated the free base of papaverine
(1b) and repeated the test reactions. Surprisingly, the reaction on the free base gave a lower yield
of 2 (15%) compared to the papaverine HCl reaction (compound 2, 24%). Subsequently, the effect
of the addition of TFA was investigated using both the free base and HCl salt of papaverine and a
mixture of products was produced, with the free base (1b) affording the best yield (10%) with the
solvent conditions CH2Cl2/TFA/H2O (1 mol eq. TFA). Based on these data (Table S71), all subsequent
reactions were performed using the HCl salt of papaverine and 6 mol eq. of the DiversinateTM reagent
in CH2Cl2/H2O (2.5:1) for the fluorinated DiversinatesTM, while DMSO/H2O (2.5:1) was chosen for use
with the non-fluorinated DiversinatesTM.

For example, scaffold 1a (0.1 mmol of the HCl salt) was treated with (CF3SO2)2Zn (0.6 mmol) in
a mixture of CH2Cl2 (100 μL) and H2O (40 μL) at 0 ◦C. The mixture was stirred at 0 ◦C and TBHP
(0.6 mmol) was slowly added, followed by stirring for 20 min. The mixture was then allowed to warm
to room temperature over 16 h [2], before evaporation under a stream of nitrogen and chromatography
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(HPLC on NH2-bonded silica) was undertaken in order to give the major products, substituted
papaverines 2 (24%) and 3 (4%), and the recovered starting material (7%) (Scheme 1). HPLC showed a
multitude of UV-active peaks. This, and the recovery of only 7% of the starting material, suggested that
the reaction of trifluoromethyl radicals with papaverine was very unselective and/or the products were
unstable under the reaction conditions. The preferred attack on the electron-rich 3,4-dimethoxybenzyl
ring was not surprising as the trifluoromethyl radical is electrophilic.

 

t - 

Scheme 1. Reaction of papaverine HCl (1a) and free base (1b) with zinc trifluoromethanesulfinate
[(CF3SO2)2Zn] and tert-butyl hydroperoxide (TBHP) in CH2Cl2/H2O.

Interestingly, when the reaction was repeated with the less electrophilic reagent sodium
1,1-difluoroethanesulfinate, the products obtained were those involving substitution on the isoquinoline
ring, rather than substitution on the dimethoxybenzyl ring. The products obtained were 4 (7%) and 5

(3%), as well as the recovered starting material (8%) (Figure 1). In all of these reactions, a significant
amount (generally between 7 and 14%) of starting material was recovered even though a six-fold excess
of reagents was employed.

 

Figure 1. Chemical structures of the other synthesized papaverine analogues 4–11.

The closely related zinc difluoromethanesulfinate gave a low yield of 6 (3%) analogous to 5,
but only when the reaction was carried out in the presence of TFA (0.1 mmol). No products were
detected in the absence of TFA. Although the reaction employed the HCl salt of papaverine under
the reaction conditions of excess (CF2HSO2)2Zn and t-BuOOH, the HCl would be neutralized by
the zinc hydroxide formed. Presumably, the addition of TFA ensured at least partial protonation of
the isoquinoline nitrogen, rendering the papaverine more electrophilic and therefore more reactive
toward radicals that had some nucleophilic character. Baran et al. found that the difluoromethyl
radical had nucleophilic properties, preferring to attack N-heterocyclic compounds at electron-deficient
centers [12].
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Use of the nucleophilic radical precursor zinc isopropylsulfinate gave the papaverine derivative
7 (4%), analogous to 5 and 6. Once again, TFA was required for the formation of 7. Surprisingly,
the major product was 10 (19%), formed by an apparent radical substitution reaction. Analogous
reactions were observed with the nucleophilic radical precursors zinc 4-methoxybenzylsulfinate, zinc
benzylsulfinate, and 4,4-difluorocyclohexylsulfinate to give 8 (4%), 9 (14%), and 11 (4%), respectively.
A suggested mechanism for these radical substitution reactions is outlined in Scheme 2.

 

Scheme 2. Proposed single-electron transfer (SET) mechanism for the formation of the side-products
8–11.

The isolated yields in these reactions were generally low. This was partly due to the large number
of minor products formed with this particular scaffold (as evidenced by the HPLC data) and partly
due to losses during HPLC purification. Some of these minor products may be due to the attack by
trifluoromethyl radicals on the dimethoxyisoquinoline ring and/or bis-trifluoromethylation (which
could yield 21 different compounds). In addition, the papaverine scaffold contains four methoxyl
groups and a benzylic methylene group, all of which could undergo hydrogen atom abstraction
by tert-butoxyl radicals leading to a plethora of minor products. Interestingly, Kuttruff et al. [32]
have recently reported rather low yields (3–30%) and sometimes extensive decomposition with these
reactions. They employed a range of scaffolds incorporating benzene, pyridine, pyrimidine, imidazole,
pyrazole and thiazole rings. They also explored different reaction conditions and were able to achieve
modest increases in yields in some cases via the addition of Fe(acac)3. However, in other cases, the
presence of Fe(acac)3 led to rapid decomposition. Baran et al. [9] have also noted that one of the
limitations of the method is that some substrates deliver only moderate amounts of product.

We suggest that the main reason for the poor reactivity of 1a toward difluoromethyl radicals is
the presence of the dimethoxybenzyl group at position 1. Difluoromethyl radicals react readily with
isoquinoline and with 3-methylisoquinoline at position 1 (the most electrophilic position), but they do
not react with 1-methylisoquinoline [33]. It is interesting to note that the more nucleophilic isopropyl
radicals attack at position 1 of the papaverine despite the significant steric hindrance to attack at
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this position. This is followed by loss of the (more stable) 3,4-dimethoxybenzyl radical to give 10 in
moderate (19%) yield.

Compounds 2, 8, and 9 have previously been synthesized via multi-step syntheses; 2 was generated
using the copper-mediated trifluoromethylation-allylation of arynes [34]; 8 was produced from a
reaction of Raney nickel with N-benzylsulfonamide [35], and via the desulfonylation of N-sulfonyl
tetrahydroisoquinolines with KF/Al2O3 [36]; and 9 was synthesized using a ruthenium-mediated dual
catalytic reaction, and oxidative cross-dehydrogenative coupling with methyl arenes [37,38]. However,
this is the first report of the synthesis of 2, 8, and 9 using sulfinate chemistry. Furthermore, these
three compounds were only partially characterized and none of them had their 1H and 13C chemical
shifts assigned to specific positions within the alkaloidal skeleton. We report here the first synthesis of
several other papaverine analogues as their free base; full characterization using 1D/2D NMR, UV, IR,
and MS data was performed during these studies.

The first products to be fully characterized were compounds 2 and 3. The 1H NMR spectra
(Table 1) of these two mono-CF3 derivatives enabled the definitive positioning of the CF3. Careful
comparison of the natural product scaffold (1b) NMR data in CD3OD with the fluorinated analogue 2

indicated that this molecule had a CF3 group attached to C-15, since the 1H NMR chemical shifts and
multiplicities associated with the pendant benzyl moiety of the starting material had changed from a
classic 1,3,4-trisubstituted benzene system (δH 7.03, d, J = 2.1 Hz, H-11, 6.92, d, J = 8.4 Hz, H-14 and
6.82, dd, J = 8.4, 2.1 Hz, H-15) to a 1,3,4,6-tetrasubstituted benzene system (δH 6.41, s, H-11 and 7.26, s,
H-14) (Table 1). Furthermore, a heteronuclear multiple bond correlation (HMBC) (Figure 2) from H-14
(δH 7.26) to CF3 (δC 126.4) provided further proof of the structural assignment. In a similar fashion
to 2, NMR data analysis of 3 also showed that the CF3 was attached to the pendant aromatic ring
of papaverine; however, in this case, the fluorinated moiety was attached to C-14, as indicated once
again by the 1H NMR chemical shifts and multiplicities associated with the pendant benzyl moiety of
papaverine that had changed from the 1,3,4-trisubstituted benzene system to a 1,3,4,5-tetrasubstituted
benzene system (δH 7.22, d, J = 2.2 Hz, H-11 and 7.11, d, J = 2.2 Hz, H-15) (Table 1). The HMBC
spectrum analysis of 3 was also critical in confirming the CF3 positioning; key HMBC correlations for 3

are shown in Figure 2.
Detailed 2D NMR data analyses were also performed on all other analogues generated during

these studies (see Supplementary Materials).
Surprisingly, the reactions that used other commercially available DiversinatesTM, such as zinc

chloromethanesulfinate, zinc chloroethanesulfinate, sodium (2,4-dichlorophenyl)methanesulfinate,
sodium 1-(trifluoromethyl)cyclopropanesulfinate, and sodium tert-butylsulfinate were not successful
using our methodology (with or without TFA), as determined by LCMS analysis of the crude
reaction mixtures after 16 h. The lack of reaction with sodium tert-butylsulfinate and sodium
1-(trifluoromethyl)cyclopropanesulfinate was possibly due to steric hindrance, but it is unclear why
the other DiversinateTM reactions were unsuccessful.

 

Figure 2. Key HMBC ( ) correlations for 2 and 3.
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Table 1. 1H (800 MHz) and 13C (200 MHz) NMR data for the mono-CF3 papaverine analogues 2 and 3

in CD3OD at 25 ◦C.

Position
Mono-CF3 Analogue 2 Mono-CF3 Analogue 3

δC, type, (J in Hz) δH, mult. (J in Hz) δC, type, (J in Hz) δH, mult. (J in Hz)

1 157.6, C 158.2, C
3 140.7, CH 8.25, d (5.7) 140.7, CH 8.23, d (5.7)
4 120.9, CH 7.65, d (5.7) 120.8, CH 7.62, d (5.7)
4a 135.4, C 135.6, C
5 106.7, CH 7.30, s 106.7, CH 7.30, s
6 154.7, C 154.7, C
7 152.1, C 152.0, C
8 104.5, CH 7.19, s 105.1, CH 7.46, s
8a 124.3, C 124.2, C
9 38.4, CH2 4.67, s 41.7, CH2 4.60, s

6-OMe 56.8, CH3 3.98, s 56.51, CH3 3.98, s
7-OMe 56.5, CH3 3.78, s 56.4, CH3 3.91, s

12-OMe 56.1, CH3 3.49, s 56.54, CH3 3.81, s
13-OMe 56.2, CH3 3.85, s 61.7, CH3 3.80, s

10 132.3, C, q, (2.1) 137.1, C
11 114.5, CH 6.41, s 117.9, CH 7.22, d (2.2)
12 153.1, C 154.9, C
13 148.8, C 147.3, C, q, (2.3)
14 110.7, CH, q, (5.9) 7.26, s 120.8, C, q, (39.2)
15 121.2, C, q, (30.3) 118.6, CH, q, (5.2) 7.11, d (2.2)

CF3 126.4, C, q, (272.1) 124.8, C, q, (269.4)

In Scheme 2, we propose that the zinc bis(alkanesulfinate) underwent oxidation by TBHP via a
single-electron transfer (SET) process to give a tert-butoxyl radical, hydroxide ion, and the radical
cation of the zinc sulfinate, which then underwent fragmentation to give the alkyl radical and sulfur
dioxide. The nucleophilic alkyl radical then underwent addition at position 1 of papaverine followed
by elimination of the dimethoxybenzyl radical. This addition–elimination mechanism is analogous to
that proposed for the reaction of carbon-centered radicals with β-bromostyrene [39]. The tert-butoxyl
radical generated in the first step could oxidize a second molecule of sulfinate to give the tert-butoxide
anion and the radical cation of the zinc sulfinate. A similar mechanism has been proposed by Baran et
al. [9] where the presence of a trace metal initiates tert-butoxyl radical formation, compared to our
proposed mechanism that involves SET. The dimethoxybenzyl radical could also be oxidized by TBHP
to give the corresponding dimethoxybenzyl alcohol and a tert-butoxyl radical.

Again, it is interesting that the more nucleophilic radicals attack position 1 of the isoquinoline
ring, while the 1,1-difluoroethyl and difluoromethyl radicals, which appear to have both nucleophilic
and electrophilic properties, prefer to attack at the 3- or 4-position.

In a final attempt to improve the yields and/or the selectivity of these reactions, we decided to
modify the reactivity of the papaverine scaffold. It was envisaged that converting papaverine to its
N-oxide might increase reactivity, particularly toward electrophilic trifluoromethyl radicals. The free
base of papaverine was readily converted to the corresponding N-oxide derivative 12 in moderate yield
(58%) using meta-chloroperbenzoic acid (MCPBA) in CHCl3 without the need for chromatography,
using a method previously described by Bremner et al. [40] (Scheme 3). Unfortunately, treatment
of 12 with (CF3SO2)2Zn and TBHP under the same conditions as that used for 1a did not result in
an improvement in the yield of the desired DiversinateTM product. After work-up and C18 HPLC
purification of the reaction mixture, 1H NMR and LCMS analysis indicated that the major product
formed was compound 13, albeit with a low yield (<12%) and purity (<80%). Significant amounts
of starting material (12, 26%) were isolated, indicating that papaverine N-oxide was less reactive
than papaverine toward zinc trifluoromethanesulfinate. As the yield of the desired product had not
improved, the reaction of papaverine N-oxide with other DiversinateTM reagents was not investigated.
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Scheme 3. Conversion of papaverine free base (1b) to papaverine N-oxide (12) using
meta-chloroperbenzoic acid (MCPBA) in CHCl3 and the subsequent reaction of 12 with zinc
trifluoromethanesulfinate [(CF3SO2)2Zn] and tert-butyl hydroperoxide (TBHP) in CH2Cl2/H2O to form
compound 13.

3. Materials and Methods

3.1. General Experimental Procedures

NMR spectra were recorded at 25 ◦C on a Bruker AVANCE HDX 800 MHz spectrometer (Fällanden,
Zürich, Switzerland) equipped with a TCI cryoprobe. The 1H and 13C NMR chemical shifts were
referenced to the solvent peak for CD3OD (δH 3.31 and δC 49.00) and CDCl3 (δH 7.26 and δC 77.16).
UV spectra were recorded using a JASCO V-650 UV/vis spectrophotometer (Tokyo, Japan). IR data
were acquired using an attached Universal Attenuated Total Reflectance (UATR) Two module on a
PerkinElmer spectrophotometer (Waltham, MA, USA). LRESIMS data were recorded on a Thermo
Fisher MSQ Plus single quadrupole mass spectrometer (Waltham, MA, USA). HRESIMS data were
recorded on a Bruker maXis II ETD ESI-qTOF (Bremen, Germany). A Thermo Scientific Dionex
Ultimate 3000 HPLC (Waltham, MA, USA) was used for semi-preparative HPLC separations. An
Alltech stainless steel guard cartridge (10 mm × 30 mm) (Sydney, NSW, Australia) was used for loading
pre-adsorbed synthetic reaction products onto the semi-preparative HPLC columns. Alltech Davisil
NH2-bonded silica (35–75 μm, 150 Å) (Sydney, NSW, Australia) and C18-bonded silica (35–75 μm, 150
Å) (Sydney, NSW, Australia) were used for pre-adsorption work before HPLC separations. TLC was
carried out on Merck gel F254s pre-coated NH2 glass plates (Darmstadt, Germany) and was observed
using UV light. A YMC NH2-bonded silica column (5 μm, 120 Å, 20 mm × 150 mm) (Kyoto, Japan) and
a ThermoElectron Betasil C18-bonded silica column (5 μm, 143 Å, 21.2 × 150 mm) (Waltham, MA, USA)
were used for semi-preparative HPLC separations. All solvents used for chromatography, UV and MS
were Honeywell Burdick & Jackson HPLC grade (Muskegon, MI, USA), and the H2O was Sartorius
arium proVF (Göttingen, Germany) filtered. All synthetic reagents (including papaverine HCl) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. NMR
spectra were processed using MestReNova version 11.0 (Santiago de Compostela, Spain).

3.2. Generation of the Papaverine Library (TFA-Free Method): Compounds 2–5, 9, and 11

Papaverine hydrochloride (1a, 37.5 mg, 0.1 mmol) was dissolved in CH2Cl2/H2O or DMSO/H2O
(2.5:1, 100 μL:40 μL) before the addition of the sulfinate reagent (85.6–198.9 mg, 0.6 mmol) at room
temperature. The mixture was cooled to 0 ◦C before TBHP (40 μL, 0.6 mmol) was slowly added,
after which time the stirred mixture slowly warmed to room temperature over 16 h. Crude reaction
products were dried under N2 and pre-adsorbed to NH2-bonded silica (≈1 g) overnight with the dry
material packed into a stainless steel guard cartridge, which was subsequently attached to a NH2

semi-preparative HPLC column. Isocratic conditions of 100% n-hexane for 10 min, followed by a linear
gradient to 20% i-PrOH/n-hexane over 50 min, then isocratic conditions of 20% i-PrOH/n-hexane for 10
min all at a flow rate of 9 mL/min was used for each HPLC separation. Sixty fractions (60 × 1 min) were
collected from the start of the HPLC run. Fractions containing UV-active material from each HPLC run
were analyzed using 1H NMR spectroscopy and LCMS, and relevant fractions with a purity >90%
were combined to produce the desired products. Compounds 2–5 and 11 were synthesized using the
CH2Cl2/H2O solvent system, while compound 9 was generated using the DMSO/H2O mixture.
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3.2.1. Compound 2

Colorless gum (6.0 mg, 15%); UV (MeOH) λmax (log ε) 241 (4.20), 279 (3.30), 327 (3.19) nm;
IR (UATR) νmax 3440, 2981, 1747, 1709, 1279, 1199, 1167, 1078, 1026, 976, 712 cm−1; For NMR data see
Table 1; (+)-LRESIMS m/z (rel. int.) 408 (100) [M + H]+; (+)-HRESIMS m/z 408.1425 [M + H]+ (calcd for
C21H21F3NO4, 408.1417).

3.2.2. Compound 3

Colorless gum (1.9 mg, 4%); UV (MeOH) λmax (log ε) 240 (4.24), 283 (3.47), 324 (3.20) nm; IR (UATR)
νmax 3440, 2982, 1746, 1709, 1278, 1199, 1168, 1078, 1026, 975, 712 cm−1; For NMR data see Table 1;
(+)-LRESIMS m/z (rel. int.) 408 (100) [M + H]+; (+)-HRESIMS m/z 408.1422 [M + H]+ (calcd for
C21H21F3NO4, 408.1417).

3.2.3. Compound 4

Colorless gum (2.7 mg, 7%); UV (MeOH) λmax (log ε) 240 (4.08), 276 (3.35), 327 (3.17) nm; IR (UATR)
νmax 3400, 2981, 1747, 1705, 1278, 1200, 1164, 1078, 975, 712 cm−1; 1H NMR (800 MHz, CD3OD) δH

2.17 (3H, t, J = 18.8 Hz, H-17), 3.74 (3H, s, 12-OMe), 3.75 (3H, s, 13-OMe), 3.87 (3H, s, 7-OMe), 3.97
(3H, s, 6-OMe), 4.56 (2H, s, H-9), 6.77 (1H, dd, J = 8.2, 2.0 Hz, H-15), 6.83 (1H, d, J = 8.2 Hz, H-14),
6.92 (1H, d, J = 2.0 Hz, H-11), 7.51 (1H, s, H-5), 7.53 (1H, s, H-8), 8.42 (1H, s, H-3); 13C NMR (200 MHz,
CD3OD) δC 25.5 (t, 2JCF = 28.6 Hz, C-17), 42.4 (C-9), 56.36 (12-OMe), 56.38 (13-OMe), 56.41 (7-OMe),
56.5 (6-OMe), 104.4 (C-5), 106.4 (C-8), 113.2 (C-14), 113.6 (C-11), 122.0 (C-15), 124.0 (t, 1JCF = 238.3 Hz,
C-16), 124.6 (C-8a), 126.8 (t, 2JCF = 25.3 Hz, C-4), 131.2 (C-4a), 133.1 (C-10), 138.1 (t, 3JCF = 9.3 Hz, C-3),
149.3 (C-13), 150.6 (C-12), 151.6 (C-7), 154.8 (C-6), 162.1 (C-1); (+)-LRESIMS m/z (rel. int.) 404 (100) [M +
H]+; (+)-HRESIMS m/z 426.1481 [M + Na]+ (calcd for C22H23F2NO4Na, 426.1487).

3.2.4. Compound 5

Colorless gum (1.3 mg, 3%); UV (MeOH) λmax (log ε) 243 (3.95), 283 (3.19), 328 (3.08) nm; IR (UATR)
νmax 3400, 2972, 1747, 1705, 1279, 1199, 1165, 1078, 976, 712 cm−1; 1H NMR (800 MHz, CD3OD) δH

2.08 (3H, t, J = 18.4 Hz, H-17), 3.73 (3H, s, 12-OMe), 3.75 (3H, s, 13-OMe), 3.88 (3H, s, 7-OMe), 3.97
(3H, s, 6-OMe), 4.56 (2H, s, H-9), 6.80 (1H, dd, J = 8.3, 2.0 Hz, H-15), 6.83 (1H, d, J = 8.3 Hz, H-14),
6.95 (1H, d, J = 2.0 Hz, H-11), 7.34 (1H, s, H-5), 7.46 (1H, s, H-8), 7.86 (1H, s, H-4); 13C NMR (200 MHz,
CD3OD) δC 24.4 (t, 2JCF = 28.7 Hz, C-17), 41.9 (C-9), 56.3 (12-OMe), 56.39 (13-OMe), 56.41 (7-OMe), 56.5
(6-OMe), 107.4 (C-5), 105.5 (C-8), 113.0 (C-14), 113.4 (C-11), 115.7 (t, 3JCF = 5.3 Hz, C-4), 121.8 (C-15),
122.5 (t, 1JCF = 237.4 Hz, C-16), 124.3 (C-8a), 133.5 (C-10), 135.0 (C-4a), 147.6 (t, 2JCF = 28.3 Hz, C-3),
149.0 (C-13), 150.4 (C-12), 152.3 (C-7), 154.7 (C-6), 159.8 (C-1); (+)-LRESIMS m/z (rel. int.) 404 (100) [M +
H]+; (+)-HRESIMS m/z 426.1478 [M + Na]+ (calcd for C22H23F2NO4Na, 426.1487).

3.2.5. Compound 9

Colorless gum (4.0 mg, 14%); UV (MeOH) λmax (log ε) 241 (3.90), 326 (2.94) nm; IR (UATR) νmax

3458, 2981, 1747, 1705, 1278, 1199, 1165, 1078, 1026, 975, 712 cm−1; 1H NMR (800 MHz, CD3OD) δH 3.83
(3H, s, 7-OMe), 3.97 (3H, s, 6-OMe), 4.60 (2H, s, H-9), 7.16 (1H, m, H-13), 7.24 (2H, m, H-11, H-15), 7.27
(1H, s, H-5), 7.38 (1H, s, H-8), 7.40 (2H, m, H-12, H-14), 7.61 (1H, d, J = 5.7 Hz, H-4), 8.22 (1H, d, J = 5.7
Hz, H-3); 13C NMR (200 MHz, CD3OD) δC 42.5 (C-9), 56.3 (7-OMe), 56.5 (6-OMe), 105.5 (C-8), 106.5
(C-5), 120.6 (C-4), 124.3 (C-8a), 127.4 (C-13), 129.6 (2C, C-11, C-15), 129.5 (2C, C-12, C-14), 135.5 (C-4a),
140.5 (C-10), 140.8 (C-3), 151.7 (C-7), 154.6 (C-6), 158.9 (C-1); (+)-LRESIMS m/z (rel. int.) 280 (100) [M +
H]+; (+)-HRESIMS m/z 280.1327 [M + H]+ (calcd for C18H18NO2, 280.1332).

3.2.6. Compound 11

Colorless gum (1.2 mg, 4%); UV (MeOH) λmax (log ε) 237 (3.94), 327 (2.96) nm; IR (UATR) νmax

3436, 2986, 1747, 1705, 1280, 1199, 1166, 1078, 1026, 975, 712 cm−1; 1H NMR (800 MHz, CD3OD) δH
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2.00–2.11 (4H, m, H-10, H-14), 2.12–2.21 (4H, m, H-11, H-13), 3.71 (1H, m, H-9), 3.99 (3H, s, 6-OMe),
4.03 (3H, s, 7-OMe), 7.28 (1H, s, H-5), 7.52 (1H, d, J = 5.7 Hz, H-4), 7.54 (1H, s, H-8), 8.19 (1H, d, J = 5.7
Hz, H-3); 13C NMR (200 MHz, CD3OD) δC 29.6 (2C, d, 3JCF = 10.3 Hz, C-10, C-14), 34.8 (2C, dd, 2JCF =

25.5, 22.6 Hz, C-11, C-13), 40.2 (C-9), 56.46 (6-OMe), 56.54 (7-OMe), 104.2 (C-8), 106.9 (C-5), 119.9 (C-4),
123.3 (C-8a), 124.5 (dd, 1JCF = 242.0, 239.2 Hz, C-12), 135.2 (C-4a), 140.9 (C-3), 152.0 (C-7), 154.5 (C-6),
162.3 (C-1); (+)-LRESIMS m/z (rel. int.) 308 (100) [M +H]+; (+)-HRESIMS m/z 308.1454 [M +H]+ (calcd
for C17H20F2NO2, 308.1457).

3.3. Generation of the Papaverine Library (TFA-Addition Method): Compounds 6–8 and 10

Papaverine hydrochloride (1a, 37.5 mg, 0.1 mmol) was dissolved in CH2Cl2/H2O or DMSO/H2O
(2.5:1, 100 μL:40 μL) before the addition of the sulfinate reagent (85.6–198.9 mg, 0.6 mmol) and TFA (7.7
μL, 0.1 mmol) at room temperature. The mixture was cooled to 0 ◦C before TBHP (40 μL, 0.6 mmol)
was slowly added, after which time, the stirred mixture slowly warmed to room temperature over 16 h.
Crude reaction products was dried under N2 and pre-adsorbed to NH2-bonded silica (≈1 g) overnight
before being subjected to identical NH2 semi-preparative HPLC conditions, which are described above.
This method generated compound 6 using the CH2Cl2/H2O solvent system, while compounds 7, 8,
and 10 were generated using the DMSO/H2O mixture.

3.3.1. Compound 6

Colorless gum (1.0 mg, 3%); UV (MeOH) λmax (log ε) 240 (4.15), 273 (3.36), 327 (3.08) nm; IR (UATR)
νmax 3458, 2981, 1747, 1705, 1278, 1199, 1165, 1078, 1026, 975, 712 cm−1; 1H NMR (800 MHz, CD3OD)
δH 3.72 (3H, s, 12-OMe), 3.76 (3H, s, 13-OMe), 3.87 (3H, s, 7-OMe), 3.98 (3H, s, 6-OMe), 4.57 (2H, s,
H-9), 6.78 (1H, dd, J = 8.3, 2.0 Hz, H-15), 6.83 (1H, d, J = 8.3 Hz, H-14), 6.84 (1H, t, J = 55.7 Hz, H-16),
6.93 (1H, d, J = 2.0 Hz, H-11), 7.37 (1H, s, H-5), 7.48 (1H, s, H-8), 7.88 (1H, s, H-4); 13C NMR (200 MHz,
CD3OD) δC 42.0 (C-9), 56.4 (12-OMe), 56.45 (13-OMe), 56.49 (7-OMe), 56.6 (6-OMe), 107.4 (C-5), 105.8
(C-8), 113.2 (C-14), 113.6 (C-11), 115.6 (t, 1JCF = 238.0 Hz, C-16), 117.4 (t, 3JCF = 4.8 Hz, C-4), 121.9
(C-15), 125.0 (C-8a), 133.4 (C-10), 135.0 (C-4a), 144.9 (t, 2JCF = 24.3 Hz, C-3), 149.2 (C-13), 150.6 (C-12),
152.6 (C-7), 154.9 (C-6), 160.1 (C-1); (+)-LRESIMS m/z (rel. int.) 390 (100) [M +H]+; (+)-HRESIMS m/z
390.1506 [M + H]+ (calcd for C21H22F2NO4, 390.1511).

3.3.2. Compound 7

Colorless gum (1.5 mg, 4%); UV (MeOH) λmax (log ε) 239 (3.72), 276 (3.00), 328 (2.83) nm; IR (UATR)
νmax 3413, 2986, 1756, 1718, 1279, 1198, 1170, 1078, 1025, 973, 712 cm−1; δH 1.40 (6H, d, J = 6.9 Hz, H-17),
3.22 (1H, sept, J = 6.9 Hz, H-16), 3.72 (3H, s, 12-OMe), 3.76 (3H, s, 13-OMe), 3.84 (1H, s, 7-OMe), 3.96 (3H,
s, 6-OMe), 4.53 (1H, s, H-9), 6.78 (1H, dd, J = 8.5, 2.2 Hz, H-15), 6.83 (1H, d, J = 8.5 Hz, H-14), 6.91 (1H,
d, J = 2.2 Hz, H-11), 7.21 (1H, s, H-5), 7.44 (1H, s, H-4), 7.37 (1H, s, H-8); 13C NMR (200 MHz, CD3OD)
δC 23.2 (2C, C-17), 36.6 (C-16), 41.7 (C-9), 56.31 (6-OMe), 56.33 (7-OMe), 56.4 (12-OMe), 56.5 (13-OMe),
105.4 (C-8), 106.5 (C-5), 113.1 (C-14), 113.4 (C-11), 115.3 (C-4), 121.8 (C-15), 123.0 (C-8a), 133.7 (C-10),
136.2 (C-4a), 149.0 (C-13), 159.3 (C-3), 151.0 (C-12), 151.8 (C-7), 154.4 (C-6), 158.7 (C-1); (+)-LRESIMS m/z
(rel. int.) 382 (100) [M + H]+; (+)-HRESIMS m/z 382.2024 [M + H]+ (calcd for C23H28NO4, 382.2013).

3.3.3. Compound 8

Colorless gum (1.3 mg, 4%); UV (MeOH) λmax (log ε) 241 (3.90), 326 (2.94) nm; IR (UATR) νmax

3456, 2981, 1745, 1705, 1279, 1199, 1167, 1079, 1026, 978, 712 cm−1; 1H NMR (800 MHz, CD3OD) δH 3.72
(3H, s, 13-OMe), 3.84 (3H, s, 7-OMe), 3.96 (3H, s, 6-OMe), 4.52 (2H, s, H-9), 7.15 (2H, m, H-11, H-15),
7.26 (1H, s, H-5), 7.39 (1H, s, H-8), 6.81 (2H, m, H-12, H-14), 7.58 (1H, d, J = 5.7 Hz, H-4), 8.20 (1H, d, J
= 5.7 Hz, H-3); 13C NMR (200 MHz, CD3OD) δC 41.6 (C-9), 55.6 (13-OMe), 56.3 (7-OMe), 56.5 (6-OMe),
105.6 (C-8), 106.6 (C-5), 120.5 (C-4), 124.2 (C-8a), 130.4 (2C, C-11, C-15), 115.0 (2C, C-12, C-14), 135.5
(C-4a), 132.7 (C-10), 140.5 (C-3), 151.7 (C-7), 154.6 (C-6), 159.7 (C-1), 159.3 (C-13); (+)-LRESIMS m/z (rel.
int.) 310 (100) [M + H]+; (+)-HRESIMS m/z 310.1436 [M + H]+ (calcd for C19H20NO3, 310.1438).
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3.3.4. Compound 10

Colorless gum (4.5 mg, 19%); UV (MeOH) λmax (log ε) 237 (3.91), 324 (2.83) nm; IR (UATR) νmax

3413, 2986, 1747, 1709, 1281, 1198, 1169, 1078, 1026, 973, 712 cm−1; 1H NMR (800 MHz, CD3OD) δH 1.40
(6H, d, J = 6.8 Hz, H-10), 3.91 (1H, sept, J = 6.8 Hz, H-9), 3.97 (1H, s, 6-OMe), 3.98 (3H, s, 7-OMe), 7.23
(1H, s, H-5), 7.47 (1H, d, J = 5.6 Hz, H-4), 7.51 (1H, s, H-8), 8.17 (1H, d, J = 5.6 Hz, H-3); 13C NMR (200
MHz, CD3OD) δC 22.4 (2C, C-10, C-11), 31.9 (C-9), 56.4 (2C, 6-OMe, 7-OMe), 104.4 (C-8), 106.8 (C-5),
119.6 (C-4), 123.3 (C-8a), 135.1 (C-4a), 140.8 (C-3), 151.8 (C-7), 154.4 (C-6), 165.1 (C-1); (+)-LRESIMS m/z
(rel. int.) 232 (100) [M + H]+; (+)-HRESIMS m/z 232.1333 (calcd for C14H18NO2, 232.1332).

3.4. Synthesis of Papaverine N-oxide (12)

Using a method previously reported by Bremner et al. [40], the free base of papaverine (1b, 0.50 g,
1.5 mmol) was dissolved in CHCl3 (10 mL) and treated portion wise with MCPBA (0.35 g, 2.4 mmol)
over 5 min. After completion of the addition, the solution was stirred at room temperature for 19
h. The colorless precipitate that formed was filtered and the filtrate was extracted with 5% NaOH
(3 × 25 mL). The CHCl3-soluble material was dried down then recrystallized from acetone to yield
pure papaverine N-oxide (12, 310 mg, 58%).

Comparison of the 1H NMR and LRMS data of product 12 with literature values confirmed the
compound [40], although the 1H NMR chemical shifts for two methoxyl signals had been incorrectly
assigned to δH 6.14 and 6.15; this being a typographical error. The 1H NMR data for papaverine
N-oxide was initially reported in CDCl3 at 60 MHz; no 13C NMR data was reported in the original
article [40], hence we recorded 1D and 2D NMR data for 12 in both CDCl3 and CD3OD, and report the
full NMR assignments here for completeness.

Compound 12

White amorphous solid (310 mg, 58%); 1H NMR (800 MHz, CDCl3) δH 3.800a (3H, s, 12-OMe),
3.803a (3H, s, 13-OMe), 3.94 (3H, s, 7-OMe), 3.99 (3H, s, 6-OMe), 4.73 (2H, s, H-9), 6.73 (1H, d, J = 8.3
Hz, H-14), 6.80 (1H, dd, J = 8.3, 2.1 Hz, H-15), 7.01 (1H, d, J = 2.1 Hz, H-11), 7.03 (1H, s, H-5), 7.21 (1H,
s, H-8), 7.42 (1H, d, J = 7.0 Hz, H-4), 8.16 (1H, d, J = 7.0 Hz, H-3); 13C NMR (200 MHz, CDCl3) δC 31.8
(C-9), 56.00b (12-OMe), 56.01b (13-OMe), 56.2 (7-OMe), 56.3 (6-OMe), 103.1 (C-8), 106.1 (C-5), 111.4
(C-14), 112.3 (C-11), 120.4 (C-15), 121.1 (C-4), 124.9 (C-8a), 125.7 (C-4a), 130.1 (C-10), 135.3 (C-3), 145.8
(C-1), 147.9 (C-13), 149.3 (C-12), 151.3 (C-6), 151.8 (C-7); 1H NMR (800 MHz, CD3OD) δH 3.747b (3H,
s, 12-OMe), 3.748b (3H, s, 13-OMe), 3.91 (3H, s, 6-OMe), 3.96 (3H, s, 7-OMe), 4.79 (2H, s, H-9), 6.79
(1H, dd, J = 8.3, 1.8 Hz, H-15), 6.82 (1H, d, J = 8.3 Hz, H-14), 7.01 (1H, d, J = 1.8 Hz, H-11), 7.33 (1H, s,
H-5), 7.38 (1H, s, H-8), 7.72 (1H, d, J = 7.0 Hz, H-4), 8.14 (1H, d, J = 7.0 Hz, H-3); 13C NMR (200 MHz,
CD3OD) δC 32.2 (C-9), 56.44c (12-OMe), 56.47c (13-OMe), 56.63d (7-OMe), 56.66d (6-OMe), 104.8 (C-8),
107.3 (C-5), 113.2 (C-14), 113.8 (C-11), 121.9 (C-15), 123.2 (C-4), 125.6 (C-8a), 129.1 (C-4a), 131.3 (C-10),
134.8 (C-3), 148.4 (C-1), 149.4 (C-13), 150.7 (C-12), 153.6 (C-7), 154.1 (C-6); (+)-LRESIMS m/z (rel. int.)
356 (100) [M + H]+. a,b,c,d Interchangeable signals.

3.5. Synthesis of Papaverine N-oxide DiversinateTM Analogue (13)

Papaverine N-oxide (12, 35.5 mg, 0.1 mmol) was dissolved in CH2Cl2/H2O (2.5:1, 100 μL:40 μL)
before the addition of (CF3SO2)2Zn (198.9 mg, 0.6 mmol) at room temperature. The mixture was
cooled to 0 ◦C before TBHP (40 μL, 0.6 mmol) was slowly added, after which time, the stirred mixture
slowly warmed to room temperature over 16 h. The crude reaction product was dried under N2 and
pre-adsorbed to C18-bonded silica (≈1 g) overnight with the dry material packed into a stainless-steel
guard cartridge, which was subsequently attached to a C18 semi-preparative HPLC column. Isocratic
conditions of H2O/MeOH/TFA (90:10:0.1) were run for the first 10 min, followed by a linear gradient
of MeOH/TFA (100:0.1) over 40 min, then isocratic conditions of MeOH/TFA (100:0.1) for a further
10 min, all at a flow rate of 9 mL/min. Sixty fractions (60 × 1 min) were collected from the start of
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the HPLC run. Fractions containing UV-active material were analyzed using 1H NMR spectroscopy
and LCMS in order to identify products of interest. The starting material (12, 9.3 mg, 26%) eluted in
fraction 39, while a mixture (<80% pure) containing predominantly the mono-CF3 papaverine N-oxide
analogue (13, 5.1 mg, <12%) eluted in fraction 43. While 1H NMR and LCMS analysis of the fraction 43
mixture indicated product 13 had been made, the paucity of material and low yield, meant no further
purification or characterization was undertaken.

3.6. Generation of the Free Base of Papaverine (1b)

Papaverine hydrochloride (1a, 200 mg) was dissolved in a mixture of ammoniated H2O (9:1,
H2O:28% aq. NH3, 20 mL) and then extracted with CH2Cl2 (3 × 20 mL). The free base of papaverine
(1b) was soluble in the CH2Cl2 layer, and following evaporation, yielded the desired product with a
high purity and yield (174 mg, 93%).

3.7. Generation of Compounds 2 and 3 Using the Free Base of Papaverine (1b)

The free base of papaverine (1b, 33.9 mg, 0.1 mmol) was dissolved in CH2Cl2/H2O or DMSO/H2O
(2.5:1, 100 μL:40 μL) before the addition of the (CF3SO2)2Zn (198.9 mg, 0.6 mmol) at room temperature.
Where TFA was used, 7.7 μL (0.1 mmol) was added to the reaction while stirring. The mixture was
cooled to 0 ◦C before TBHP (40 μL, 0.6 mmol) was added, after which time, the stirred mixture was
slowly warmed to room temperature over 16 h. The crude reaction product was dried under N2

and pre-adsorbed to NH2-bonded silica (≈1 g) overnight before being subjected to identical NH2

semi-preparative HPLC conditions, which are described above. Reaction conditions and yields for
these free base reactions can be found in Table S71.

4. Conclusions

The papaverine scaffold reacted with (CF3SO2)2Zn and TBHP to give dimethoxybenzyl
ring-substituted products. With other sulfinates, however, the products featured substitution on the
isoquinoline ring. The use of nucleophilic radical precursors, such as zinc isopropylsulfinate, resulted
in the replacement of the 3,4-dimethoxybenzyl substituent as the major reaction. A mechanism was
suggested for this unusual radical replacement reaction. Despite the fact that the papaverine scaffold
was a poor substrate for DiversinateTM chemistry resulting in low yields, we were able to prepare a
small library of ten papaverine derivatives (including seven new compounds), some of which would
be difficult to prepare by other means. Oxidizing the scaffold to papaverine N-oxide had no significant
impact on the DiversinateTM yield or selectivity. To the best of our knowledge, these are the first
examples of the derivatization of a benzylisoquinoline using DiversinateTM C–H functionalization
chemistry. This unique library has been added to the Davis open-access natural product-based library
for future drug discovery and chemical biology evaluations [41].

Supplementary Materials: The following are available online: 1D/2D NMR spectra for compounds 1–12 and
DiversinateTM optimization conditions on papaverine HCl salt and papaverine free base.
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Abstract: In natural product studies, the purification of metabolites is an important challenge.
To accelerate this step, alternatives such as integrated analytical tools should be employed. Based on
this, the chemical study of Swinglea glutinosa (Rutaceae) was performed using two rapid dereplication
strategies: Target Analysis (Bruker Daltonics®, Bremen, Germany) MS data analysis combined with
MS/MS data obtained from the GNPS platform. Through UHPLC-HRMS data, the first approach
allowed, from crude fractions, a quick and visual identification of compounds already reported in the
Swinglea genus. Aside from this, by grouping compounds according to their fragmentation patterns,
the second approach enabled the detection of eight molecular families, which presented matches for
acridonic alkaloids, phenylacrylamides, and flavonoids. Unrelated compounds for S. glutinosa have
been isolated and characterized by NMR experiments, Lansamide I, Lansiumamide B, Lansiumamide
C, and N-(2-phenylethyl)cinnamamide.

Keywords: Swinglea glutinosa; dereplication; acridones; phenylacrylamides

1. Introduction

Currently, a combination of hyphenated techniques (i.e., two or more analytical techniques) may
increase the efficiency and speed of analysis, being useful tools to determine unknown natural products.
Recent methodologies developed to discover new metabolites include molecular dereplication, which
is defined as the analysis of a natural product, fraction, or crude extract without previous purification
steps. Usually, this is done based on spectroscopic, structural, or biological activity, using data
comparisons obtained from “in-house” and/or commercial databases [1].

In this sense, one of the most employed approaches is the Global Natural Products Social Molecular
Networking (GNPS), which consists of a database that analyzes mass spectrometry data and compares
it with previously registered data to establish the molecular networking maps. GNPS has been created
to improve and accelerate the discovery of natural products, allowing the identification of substances
not yet reported [2].

Another tool recently developed to distinguish known and unknown secondary metabolites is
HRMS data processing through Target Analysis software (Bruker Daltonics®) [3]. This screening
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method interacts with previously known compound databases by an internal application (Excel
spreadsheet) that generates searching lists, which indicate reported detected compounds. This enables
accelerated and efficient identification of known compounds, saving time for isolating unknown
compounds or bioactive substances. This strategy was developed by Klitgaard et al. (2013) [3].

Based on the advantages of the application of modern strategies, this work aims to explore the
chemical profile of Swinglea glutinosa, a species from the Rutaceae family, which belongs to a monotypic
genus, according to Engler (1931) [4]. It is a plant from the Philippines, but is already widespread
throughout the world including Latin America, especially Colombia and Brazil. Biosynthetically, it is
characterized by the presence of alkaloids, especially acridones [5] and benzoyltyramines [6].

Some reports have shown that acridones present antiparasitic activity against Plasmodium falciparum
and Trypanosoma brucei rhodesiense, which are responsible for transmitting malaria and sleeping sickness,
respectively. Acridone 5-hydroxynoracronycine (6), among those tested, was the most active against
T. b. rhodesiense (ICT

50 1.0 μM). On the other hand, glycocitrine-IV (5), was more active (ICP
50 0.3

μM) against P. falciparum [7]. The acridones also presented an effect on cathepsin V, an enzyme that
degrades random proteins in the lysosome, which is associated with some diseases, the progression of
tumors, muscular dystrophy, Alzheimer’s disease, rheumatoid arthritis, and osteoporosis. Among the
tested compounds, citibrasine (4) was the most potent inhibitor, with an IC50 value of 1.2 μM [8].

Beyond these effects, we can find reports on the potential of this class of compounds on
photosynthesis inhibition. Citrusinine-I (1), glycocitrine-IV (5), 1,3,5-trihydroxy-10-methyl-2,8-bis(3-
methylbut-2-en-1-yl)-9(10H)-acridinone, (2R)-2-tert-butyl-3,10-dihydro-4,9-dihydroxy-11-methoxy-
10-methylfuro-[3,2-b]acridin-5(2H)-one, and (3R)-2,3,4,7-tetrahydro-3,5,8-trihydroxy-6-methoxy-2,2,7-
trimethyl-12H-pyrano [2,3-a]acridin-12-one affect photosynthesis through different mechanisms of
action [5]. We also can find reports on anticancer activity, for instance, compound 1,3-dimethoxy-
10-methylacridone, which presented cytotoxic effects with IC50 values from 3.38 μM (toward
MDA-MB-231-BCRP cells) to 58.10 μM (toward leukemia CEM/ADR5000 cells) [9].

Given the reports and the biological activities associated with compounds isolated from Swinglea
glutinosa, we have decided to continue [5] our search for compounds still undiscovered in the plant.
Thus, the selected modern analytical tools have been very useful for conducting this work, which led
us to isolate and characterize substances of interest, in this case, unrelated phenylacrylamides to the
Swinglea genus.

2. Results and Discussion

Before starting the chemical fractionation of S. glutinosa extracts, to detail the chemical profile
of the plant, a literature review (including the use of the Dictionary of Natural Products) of all
compounds previously reported for the Swinglea genus was performed. Thus, an “in-house” database
was created by feeding an Excel spreadsheet containing the molecular formula and the name of
all cataloged compounds. In total, 27 compounds were cataloged, belonging to the acridone and
benzoyltyramine classes.

Among the fractions obtained from the ethanolic extract fractionation of S. glutinosa, the hexane
stem and hexane leaf fractions were analyzed through the dereplication approaches. Thus, it was
possible to observe on the chromatogram of the hexane stem fraction that many detected compounds
corresponded to compounds listed in the “in-house” database, most of them belonging to the acridonic
alkaloid, benzoyltyramine, and phenylacrylamide classes (Figures 1A and 2; Table 1). The numbers
indicated on the chromatograms (Figure 1A,B) correspond to the molecular formulas for the compounds
present in the “in-house” database. These compounds are shown in Figure 2 and Table 1.
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Figure 1. (A) Base peak chromatogram (BPC) of S. glutinosa hexane stem fractions. (B) BPC of S.
glutinosa hexane leaf fraction. The chromatogram is overlaid with the extracted-ion chromatogram
from detected compounds. The colored peaks represent compounds listed in the “in-house” database,
some of them identified in Table 1 and Figure 2. The peaks numbered in red correspond to the isolated
amides in this work, not yet reported for the genus.

Table 1. Identified compounds from the hexane stem and hexane leaf fractions of Swinglea
glutinosa through UHPLC-HRMS (using Target Analysis), their molecular formulas, exact masses,
and accurate masses.

Compound Name (Code)
Molecular
Formula

Exact
Mass

Accurate Mass
[M + H]+

citrusinine-I (1) C16H15NO5 301.0950 302.1018
citrusinine-II (2) C15H13NO5 287.0794 288.0862
pyranofoline (3) C20H19NO5 353.1263 354.1334
citibrasine (4) C17H17NO6 331.1056 332.1131
glycotrycine IV (5) C20H21NO5 355.1420 356.1488
5-hydroxynoracronycine (6) C19H17NO4 323.1158 324.1230
2,3-dihydro-4,9-dihydroxy-2-(2-hydroxypropan-2-yl)-11-methoxy-10-methylfuro[3,2-b]acridin-5(10H)-oneI (7) C20H21NO6 371.1369 372.1439
3,4-dihydro-3,5,8-trihydroxy-6-methoxy-2,2,7-trimethyl-2H-pyrano[2,3-a]acridin-12(7H)-one (8) C20H21NO6 371.1369 372.1452
des-N-methylnoracronycine (9) C19H17NO3 307.1208 308.1250
5-hydroxy-N-methylseverifoline (10) C24H25NO4 391.1784 392.1842
glyfoline (11) C18H19NO7 361.1162 362.1272
atalaphyllinine (12) C23H23NO 377.1627 378.1446
(E)-N-methylcinnamamide [(E)-N-methylphenylacrylamide] (13) C10H11NO 161.0841 162.0912
N-benzoyl-O-(4-acetoxyl-6,7-dihydroxy)geranylthiramine (14) C27H35NO6 469.2464 470.2522
N-benzoyl-O-(6-acetoxyl-4,7-dihydroxy)geranylthiramine (15) C27H35NO6 469.2464 470.2522
N-{2-[4-(butoxy-3-one) phenyl]ethylbenzamide (16) C19H21NO3 311.1521 312.1591
N-{2 [4-(2,3-dihydroxy-2-methylbutoxyethyl)phenyl] ethylbenzamide (17) C20H23NO6 373.1525 374.1573
N-benzoyltyramine (18) C15H15NO2 241.1103 242.1175
lansamide I (19) C18H17NO 263.131 264.1379
lansiumamide B (20) C18H17NO 263.131 264.1381
lansiumamide C (21) C18H19NO 265.147 266.1554
N-(2-phenylethyl)cinnamamide (22) C17H17NO 251.131 252.1397
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Figure 2. Identified compounds from Swinglea glutinosa through UHPLC-HRMS (compounds 1–22,
using Target Analysis; compounds 23–29 using GNPS). The compounds indicated in red correspond to
the phenylacrylamide class; the compounds in blue belong to the acridonic alkaloid class and in black
are compounds belonging to the flavonoid class.

On the other hand, from the analysis of the hexane leaf fraction (Figure 1B), we observed that
its major compounds did not correspond to the cataloged metabolites in our database. To find out
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which classes of compounds were present in the fraction as well as in the other fractionated amounts,
we decided to use a complementary dereplication strategy: the free website GNPS.

Currently, the use of molecular networking is a powerful analytical tool for metabolic mapping
by molecular fragmentation data through tandem mass spectrometry [2]. This makes it possible
to represent and to group a set of spectral data based on the fragmentation similarity (MS/MS
spectra) of compounds present in one or more target samples. Directly, such grouping suggests a
structural similarity between compounds, thus facilitating the detection of biosynthetic analogues [10].
Therefore, through the analysis of the obtained molecular families from the extracts of S. glutinosa
(Figure 3 and Figure S1), it was possible to visualize the establishment of eight predominant clusters.

Figure 3. Molecular families for S. glutinosa extracts. Nodes outlined in blue represent isolated and
identified compounds in this work. The nodes outlined in pink represent dereplicated compounds,
which had the chemical structure suggested by the GNPS platform. Compounds indicated from
non-prominent nodes suggest substances compatible with metabolites already described for S. glutinosa.
Structures highlighted in the red frame indicate compounds not related to the Swinglea genus and
that were identified by our “in-house” database. Different portions visualized at nodes are not
quantitatively representative.

The orange and green colors represented in the nodes (Figure 3) illustrate the presence of the
described precursor ions found in the extracts from the stems and leaves of the plant, respectively. It is
important to highlight that the indicated proportions should not be associated with the amounts of
metabolite detected in each extract. The observed differences correspond to the number of spectral
counts recorded for each ion, according to the program processing standardization.

The molecular family I indicates the detection of seven metabolites belonging to the
N-benzoyltyramine class, a known group of compounds found in the Swinglea genus [6].
However, all seven biosynthetic congeners have not been described for S. glutinosa yet. Given this,
we decided to isolate the compounds represented by m/z 264.104, 252.146, and 266.159 through the use of
preparative HPLC. NMR data allowed for the identification of the metabolites as: Lansamide I (19) [11],
Lansiumamide B (20) [12], Lansiumamide C (21) [12], and N-(2-phenylethyl)cinnamamide (22) [13]
(Figure 2). In the chromatogram shown in Figure 1B, the characteristic peaks of these compounds are
highlighted in red. Noteworthy, compounds (19) and (20) are configurational isomers, whose m/z is
264.104. Furthermore, compounds represented by m/z 280.144 and 282.156 (Figure 3) are correlated
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with metabolites found in another Rutaceae plant, Clausena lansium [14] as well as the isolated and
identified compounds.

The GNPS platform was important to identify compound (26), whose m/z is 307.186,
as (E)-N-(4-acetamidobutyl)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enamide. These data confirm the
consistent result for grouping the compounds in cluster I, which is also highlighted by the obtained
cosine values (higher than 0.7), pointing to significant fragmentation similarities among the clustered
compounds. The comparison between the experimental and registered (GNPS database) spectra
(Figure 4) also demonstrates the resemblances around the fragmentation pattern, which was important
for compound identification.

Figure 4. (A) Part of molecular family I, corresponding to amide detection, with highlighted cosine
values. (B) MS/MS spectrum acquired (black) vs. registered spectrum on the GNPS platform (green),
for the ion m/z 307.186. The pseudomolecular ion was not detected in both cases.

Molecular family II is basically formed by acridones, a class of natural products quite characteristic
in Swinglea glutinosa [4,5,15]. In this work, some of them were isolated and identified: citrusinine-I
(1) [16], citrusinine (2) [17], glycotrycine IV (5) [18], and 5-hydroxynoracronycine (6) [19]. In addition,
the presence of cluster II also suggests the likely production of other alkaloids that have not been
reported for S. glutinosa yet. The nodes represented by m/z 312.091, m/z 370.134, and m/z 318.102 did
not show any correlation with our “in-house” database. The last one was identified using MS/MS
spectra comparison at the GNPS platform as 1,3,6-trihydroxy-4,5-dimethoxy-10-methylacridin-9-one
(23) [20]. Therefore, our approach revealed the potential of finding untapped acridones in S. glutinosa.

In its turn, for molecular family III, it was observed as a flavonoid cluster, some of
whose compounds were identified according to MS/MS spectra matches through the GNPS
database [2]. The candidates suggested for m/z 565.164, m/z 579.179, and m/z 549.169 were
5,7-dihydroxy-2-(4-hydroxyphenyl)-8-[3,4,5-trihydroxy-6-(hydroxymethyl)oxanitrile)-2-yl]-6-(3,4,5-
trihydroxyoxan-2-yl)chromen-4-one (27), 5-hydroxy-7-[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]-
oxy-2-[4-(3,4,5-trihydroxy-6-methoxoxan-2-yl)oxiphenyl]chromen-4-one (28), and 5,7-dihydroxy-
2-phenyl-6-[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]-8-(3,4,5-trihydroxyoxan-2-yl)chromen-4-one
(29), respectively. Furthermore, clusters IV–VIII were also observed, but any corresponding metabolite
was identified using the described analytical tools.

Employing the two mentioned dereplication strategies, it was possible to identify 29 compounds,
11 of them not described for the Swinglea genus. These methodologies guided the isolation of four
phenylacrylamides, alkaloid-based compounds that were also first shown in the plant genus.

In a nutshell, the use of the combined approaches has been useful for exploring the chemical
profile of the Swinglea genus, in particular regarding the detection of alkaloid-based compounds
produced by the plant. Altogether, the results point toward still hidden specialized metabolites from
Swinglea glutinosa to be revealed in the ongoing work.
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3. Materials and Methods

3.1. Target Analysis and Molecular MS/MS Networking-Based Dereplication

A list creation for target candidates in the Target Analysis 1.3 (Bruker Daltonics®, Bremen,
Germany) program processing was performed through the Microsoft Excel interface, with the compound
name and the molecular formula, according to the literature information. Considered processing
parameters were SigmaFit at 1000 (broad, isotope-free), 60 (medium), 20 (low), mass accuracy accessed
lower than 5 ppm, and mSigma lower than 50. Area cut-off was set to 2000 counts as the default
and DataAnalysis 4.2 software (Bruker Daltonics®) was used for manual comparison of extracted-ion
chromatograms (EIC) generated by Target Analysis.

For MS/MS dereplication via molecular networking analysis (GNPS), MS/MS data were acquired
using AutoMS mode and converted to .mzXML format using MS-Convert software, which is part of
ProteoWizard (Palo Alto, CA, USA). The networks were generated using the online platform (https:
//gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp) [2]. All MS/MS peaks within ±17 Da deviations
from the precursor ions were filtered out. MS/MS spectra were selected from only the six best peaks,
considering a range of ±50 Da across the spectrum. The data were grouped with a tolerance of 0.02 Da
for precursor ions and 0.02 Da for fragment ions in the construction of “consensus” spectra (identical
spectra for each precursor, which are combined to create the node to be visualized). Consensus spectra
with less than two spectra were not considered. Connections between nodes were filtered to values
greater than 0.7 of the cosine parameter, with compatibility for more than six peaks. For the dereplication
of compounds, the generated network spectra were consulted at the GNPS libraries, using the same
selection criteria for the analyzed samples. GNPS data were analyzed and viewed using Cytoscape
3.7.0 software (U.S. National Institute of General Medical Sciences, Bethesda, MD, USA).

3.2. Acridone Alkaloids and Phenylacrylamides Isolation and Identification

The plant material was divided into two parts, stem and leaves, followed by drying in an air
circulation oven at 40 ◦C. After grinding, materials were submitted to extraction by maceration in
ethanol for three days. After three days, the ethanol was filtered off and evaporated. The procedure
was repeated until the third extraction to obtain the extracts from the stems and leaves of S. glutinosa.
In sequence, from the ethanolic crude extracts, the liquid–liquid extraction procedure was employed to
prepare hexane, ethyl acetate, and butanol fractions.

The stems hexane fraction (0.93 g) was subjected to silica column chromatography (diameter:
4.0 cm; height: 1 cm) using hexane, ethyl acetate, and methanol as the gradient mode eluent yielding
16 subfractions (A1 to A16). Fractions A6 and A7 were submitted to preparative HPLC (C12—Synergi
Max column—150 mm × 4.60 mm, 4 μ), allowing the isolation of one substance from A6 (6) and three
substances from A7 (1, 2, and 5). The employed mobile phase was formed by acetonitrile (ACN) and
H2O (both with the addition of 0.1% formic acid) and the method used for all these substances was:
0.01–2.5 min—15% ACN; 2.5–12 min—15–95% ACN; 12–20 min—95% ACN; 20–23 min—95–15% ACN;
23–27 min—15% ACN; this procedure allowed us to obtain citrusinine-I (1) (5.0 mg) [16], citibrasine (2)
(11.7 mg) [17], glycotrycine IV (5) (21.2 mg) [18], and 5-hydroxynoracronycine (6) (2.0 mg) [19].

The hexane fraction from the leaves (8.0 g) of S. glutinosa was fractionated using a silica
chromatography column (diameter: 5.7 cm; height: 30 cm); hexane, ethyl acetate, and methanol were
used as gradient mode eluents yielding 10 fractions (B1–B10). Fractions B5 and B7 were submitted
to preparative HPLC (column C18—250 mm × 4.6 mm—Luna 5 μ). The mobile phase used was
ACN and H2O (both with addition of 0.1% formic acid) and the method used for isolation was:
0.01–2.5 min—60% ACN; 2.5–12 min—60–95% ACN; 12–20 min—95% ACN; 20–23 min—95–60% ACN;
23–27 min—60% ACN; this procedure allowed us to obtain Lansamide I (19) (8.1 mg) [11], Lansiumamide
B (20) (3.8 mg) [12], Lansiumamide C (21) (20.6 mg) [12], and N-(2-phenylethyl)cinnamamide (22)
(18.0 mg) [13]. The NMR spectra were recorded on a Bruker spectrometer (Bruker Daltonics®)
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Ultrashield 300—Advance III operating at 300 MHz (1H) and 75 MHz (13C). The spectra are presented
in the Supplementary Materials (Figures S2–S14).

Lansamide I (19): 1H NMR (CDCl3, δ (J/Hz)): 7.77 (d, 16.4); 7.32 (d, 14,0); 7.20–7.59 (m); 7.02 (d, 15.4);
6.07 (d, 14.3); 3.37 (s); 13C NMR (CDCl3): 135.2; 130.2; 129.1; 128.2; 128.9; 126.8; 125.8; 117.3; 29.8.
HRMS. m/z 264.1379 [M + H]+ (calcd for C18H17NO, Δ3.4 ppm).

Lansiumamide B (20): 1H NMR (CDCl3, δ (J/Hz)): 7.55 (d, 15.0); 7.20–7.34 (m); 6.93 (d, 15.0); 6.50 (d,
8.6); 6.24 (d, 8.7); 3.09 (s). 13C NMR (CDCl3): 141.4; 135.4; 124.1; 127.5–129.5; 118.9; 33.6. HRMS. m/z
264.1381 [M + H]+ (calcd for C18H17NO, Δ2.6 ppm).

Lansiumamide C (21): 1H NMR (CDCl3, δ (J/Hz)): 7.72 (d, 15.4); 7.20–7.41 (m); 6.58 (d, 15.4); 3.71 (q,
7.2); 3.07 (s); 2.94 (t, 7.4). 13C NMR (CDCl3): 166.5; 142.2; 140.6–127.0; 119.5; 51.9; 36.1; 34.3. HRMS. m/z
266.1554 [M + H]+ (calcd for C18H19NO, Δ3.3 ppm).

N-(2-phenylethyl)cinnamamide (22): 1H NMR (CDCl3): 7.54 (d, 15.5); 7.22–7.50 (m); 6.31 (d, 15.6);
5.60 (s); 3.67 (q, 6.5); 2.89 (t, 7.0). 13C NMR (CDCl3): 140.5; 130.2–127.0; 123.0; 41.6; 36.5. HRMS. m/z
252.1397 [M + H]+ (calcd for C17H17NO, Δ3.5 ppm).

Supplementary Materials: The following are available online, Figure S1: Molecular families obtained from
Swinglea glutinosa extracts, Figures S2–S14: NMR (1H and 13C) spectra of the compounds (19–22), Figures S15–S18:
Fragmentation schemes for the compounds (19–22).
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