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Abstract: Norbelladine derivatives have garnered attention in recent years due to their diverse bio-
logical activities and pivotal role in the biosynthetic pathway of Amaryllidaceae alkaloids. This study
reports the synthesis and biological evaluation of four O,N-methylated derivatives of norbelladine.
These derivatives were synthesized through a three-step process: forming imine intermediates from
benzaldehydes with tyramine, hydrogenating them to secondary amines, and N-methylating these
amines. The products were purified and characterized by 'H and '¥C NMR spectroscopy. Their
biological activities were assessed by evaluating their ability to inhibit Alzheimer’s disease-related
enzymes acetylcholinesterase and butyrylcholinesterase. Additionally, the cytotoxic activity of the
novel derivatives was tested against cancer cell lines derived from hepatocarcinoma (Huh?7), adeno-
carcinoma (HCT-8), and acute myeloid leukemia (THP-1) cells, and their antiviral properties against
a human coronavirus (HCoV-OC43), a flavivirus (dengue virus), and a lentivirus (pseudotyped
HIV-1). Docking analysis was performed to understand the impact of the N-methylation on their
pharmacological relevance. The results indicate that while N-methylation does not significantly
affect antiviral activity, it enhances butyrylcholinesterase inhibition for N-methylnorbelladine and
4'-O,N -dimethylnorbelladine. Overall, this work enhances our understanding of norbelladine deriva-
tives, provides new tools for Alzheimer’s disease research, and lays the groundwork for future
pharmaceutical developments.

Keywords: Amaryllidaceae alkaloids; tertiary amines; butyrylcholinesterase; acetylcholinesterase;
RNA virus; molecular docking

1. Introduction

Neurodegenerative disorders, cancer, and viral diseases increasingly affect the aging
and growing human population, creating an urgent need for new molecules to combat
these conditions. Plants produce specialized metabolites to adapt to unique conditions
and defend against biotic and abiotic stresses. Interestingly, many of these metabolites
also display therapeutic properties that benefit humans, explaining the long-standing use
of medicinal plants to treat various diseases. Amaryllidaceae are a family of ornamental,
medicinal, and edible plants, whose most common representatives include Allium and
Narcissus species. Alkaloids isolated from the subfamily Amaryllidoideae are extensively
studied for their biological properties. Amaryllidoideae alkaloids (AAs) exhibit a wide
range of activities, including anticancer, antiviral, and anticholinesterase, making them
valuable starting points for pharmacological research and drug development [1-4].
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Norbelladine is a phenylethylamine-type alkaloid that serves as a key intermediate in
the biosynthesis of more complex AAs [4,5]. The structure of norbelladine (C15H;7INO3)
consists of two aromatic rings connected by an ethylamine chain, which originates from the
condensation of 3,4-dihydroxybenzaldehyde and tyramine [6]. This versatile and flexible
scaffold allows for numerous modifications, such as methylation, oxidation, and cyclization.
Downstream of the pathway, intramolecular oxidative coupling of 4’-O-methylnorbelladine
leads to the formation of structurally diverse and biologically active AAs [4]. The most
studied AA is probably galanthamine, which is used as a drug for the treatment of mild
symptoms of neurodegenerative disorders such as Alzheimer’s disease (AD) [7]. The
enzymes acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) play crucial roles
in the pathophysiology of AD due to their involvement in the cholinergic system [8]. Galan-
thamine, an N-methylated AA, targets AChE, which is directly involved in the breakdown
of acetylcholine, and its inhibition is a primary treatment strategy to alleviate symptoms.
BuChE becomes increasingly relevant as the disease progresses, and its inhibition may offer
additional therapeutic benefits [9].

Other AAs such as haemanthamine and lycorine were shown to exhibit potent an-
ticancer activity [10,11]. In addition, effective antiviral AAs are continuously uncovered,
particularly specific to RNA viruses of the Flaviviridae (e.g., Zika and dengue viruses) and
Coronaviridae families [12-18].

Although isoquinoline and belladine-type alkaloids have been the subject of biological
studies [19-21], research on the biological activity of norbelladine-type alkaloids remains
limited. In a previous report, we uncovered that norbelladine and some O-methylated
derivatives displayed anti-hepatocarcinoma activity, anti-BuChE, and anti-dengue virus
activity [18]. To advance the characterization of norbelladine as a scaffold for drug develop-
ment and to increase the biological properties of norbelladine derivatives, we methylated
the ethylamine chain of these analogs and studied their biological properties. We inves-
tigated their anti-BuChE and anti-AChE properties as well as their toxicity and antiviral
properties. Since plants usually do not store intermediate substances in an extractable
amount, we produced these compounds through chemical synthesis. Figure 1 illustrates
the chemical structure of the novel N-methylated derivatives of norbelladine that were
synthesized and tested in this study.

O
R R,
I
R, N
~o
OH
Norbelladine R,=H R,=H R;=H
3’-O-methylnorbelladine R,=H R,=CH; Ry;=H
4’-O-methylnorbelladine R,=CH; R,=H R;=H
3’",4’-O-dimethylnorbelladine R,=CH; R,=CH; R;=H
N-methylnorbelladine R,=H R,=H R;=CH;

3’-O,N-dimethylnorbelladine R, =H R,=CH; R;=CH;,
4’-O,N-dimethylnorbelladine R;,=CH; R,=H Ry, =CH,
3,4'-O,N-trimethylnorbelladine R;=CH; R,=CH; R;=CH,

Figure 1. The chemical structure of norbelladine and its O- and N-methylated derivatives synthesized
and investigated in this study.

2. Results
2.1. Cytotoxic Activity
The cytotoxicity of norbelladine derivatives was evaluated against cancer cell lines de-

rived from hepatocarcinoma (Huh?), adenocarcinoma (HCT-8), and acute myeloid leukemia
(THP-1) following a 72 h treatment (Figure 2). HCT-8 cells showed low sensitivity to the
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compounds at concentrations ranging between 4 and 500 M (Figure 2B). Norbelladine
displayed modest cytotoxic activity toward THP-1 and Huh7 cells (Figure 2A,C). The
N-methylation of norbelladine resulted in a slight decrease in the CCs, values for both cell
lines (from 233 to 386 in Huh7, and from 148 to 227 uM in THP-1; Table 1). The O and
O,N-di- and trimethylated derivatives were largely non-cytotoxic since the CCsy was not
reached at 500 uM, except for 4'-O,N-dimethylnorbelladine (CCs = 460.5 uM against Huh7
cells).
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Figure 2. Cytotoxic properties of norbelladine N-methylated derivatives. Compounds were tested at
concentrations ranging from 4-500 uM on Huh? (A), HCT-8 (B), and THP-1 (C) cell lines. Methanol
(MetOH) was used as solvent control, and lycorine as positive control. Levels were normalized
to equivalent concentrations of MetOH. The x-axis is displayed in logjg. The experiments were
performed at least three times.

Table 1. Cytotoxic and antiviral properties of norbelladine and O- and N-methylated derivatives.

CCsg (uM) ECs¢ (uM) SI

HCT-8 Huh?7 THP-1 OC-43 DENV  HIV-1 0OC-43 DENV HIV-1

Norbelladine
N-methylnorbelladine
4'-O-methylnorbelladine

>500 233.1 148.5 55.71 70.63 66.89 >8.98 3.30 222
>500 386.2 226.6 66.77 67.74 42.28 >7.49 5.70 5.36
>500 >500 >500 63.04 79.56 163.2 >7.93 >6.28 >3.06

4'-0O,N-dimethylnorbelladine >500 460.5 >500 42.37 95.76 123.3 >11.80 4.81 >4.06

3’-O-methylnorbelladine

>500 >500 >500 74.55 138.3 176.7 >6.71 >3.62 >2.83

3'-O,N-dimethylnorbelladine >500 >500 >500 118.7 126.5 2442 >4.21 >3.95 >2.05
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Table 1. Cont.

CCsp (uM) ECs¢ (uM) SI
HCT-8 Huh?7 THP-1 0OC-43 DENV  HIV-1 0OC-43 DENV HIV-1
3’ 4/-O-dimethylnorbelladine >500 >500 >500 84.67 137.3 189.9 >5.91 >3.64 >2.63
3’ 4’-O,N-trimethylnorbelladine >500 >500 >500 81.96 296.7 287.2 >6.10 >1.69 >1.74
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Abbreviations: CCsp: concentration associated with 50% of cell death; ECsy: concentration associated with 50% of
viral inhibition; SI: selectivity index as the ratio of CCsy/ECsp; OC43: human coronavirus OC43; DENV: dengue
virus. In several cases, the SI could not be determined due to lack of cytotoxicity at the tested concentrations.

Overall, these results suggest that norbelladine derivatives are generally poorly cyto-
toxic to these cell lines, with norbelladine itself showing some anticancer activity, and that
N-methylation does not significantly enhance this activity.

2.2. Antiviral Activity

Previous studies have shown that norbelladine and its O-methylated derivatives
possess detectable antiviral activity [18]. In this study, we evaluated the impact of N-
methylation on the antiviral activity against flavivirus, lentivirus, and coronavirus (Figure 3,
Table 1). Dengue virus reporter vector (DENV), pseudotyped human immunodeficiency
virus (HIV-1), and wild-type human betacoronavirus OC43 (OC43) were used as represen-

tative models for their respective virus families.
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Figure 3. Antiviral properties of norbelladine N-methylated derivatives. Compounds were tested at
concentrations ranging from 4-500 uM on dengue virus (DENV) (A), human immunodeficiency virus
-1 (NL43) (B), and human coronavirus OC43 (OC43) (C) replication in Huh7, THP-1, and HCT-8 cell
lines, respectively. Methanol (MetOH) was used as solvent control, and lycorine as positive antiviral
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-©- Norbelladine
-@- N-methylnorbelladine

control. Levels were normalized to infection levels in equivalent concentrations of MetOH. The x-axis
is displayed in log1g. The experiments were performed at least three times.

We confirmed that norbelladine-type alkaloids exhibit activity against DENV (Figure 3A)
and HIV-1 infection (Figure 3B). Norbelladine, N-methylnorbelladine, 4’-O-methylnorbelladine,
and 4’-O,N-dimethylnorbelladine were the most potent molecules against DENV replication
with ECs values ranging from 67.74 to 95.76 pM and selectivity index (SI) between 3.2 and
>6.28 (Table 1). N-methylnorbelladine was more selective than norbelladine due to de-
creased cytotoxicity (SI of 5.7 vs. 3.3, respectively). Other derivatives had ECsy values
exceeding 100 pM. N-methylation led to an increase in ECsy for 4’-O-methylnorbelladine
and 3’ 4’-O-dimethylnorbelladine, while it had minimal effect on other molecules.

For HIV-1, norbelladine and N-methylnorbelladine were the most active compounds,
with ECsg values ranging between 66.89 and 42.28 uM, respectively. N-methylation led to an
increased selectivity (from 2.22 to 5.36) (Figure 3B, Table 1). In the case of 3'-O-methylated
derivatives, N-methylation resulted in an increased ECs( (Table 1).

We also uncovered that norbelladine derivatives inhibited betacoronavirus replication
(Figure 3C, Table 1). The most potent compounds were 4’-O,N-dimethylnorbelladine,
followed by norbelladine, 4’-O-dimethylnorbelladine, and N-methylnorbelladine, with
ECs( values ranging between 42.37 and 66.77 uM, and SI values between >11.81 and >7.49.
N-methylation of derivatives had no consistent impact on anticoronaviral activity.

2.3. Cholinesterase Inhibitory Effect

Enzymatic inhibition experiments were carried out with N-methylated and non-N-
methylated compounds as controls. Among the compounds tested (Figure 4, Table 2), N-
methylnorbelladine and 4’-O,N-dimethylnorbelladine showed BuChE inhibition activity with
ICs values of 4 and 10.4 uM, respectively. The results indicate that N-methylation caused
a 2-fold increase in BuChE inhibition for N-methylnorbelladine and 1.5-fold increase for
4’-O,N-dimethylnorbelladine compared to their respective non-N-methylated control (8 and
16.1 uM). Conversely, N-methylation increased the ICs for 3’-O,N-dimethylnorbelladine and
3’ 4'-O,N-trimethylnorbelladine compared to their non-N-methylated counterparts.
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Figure 4. Butyrylcholinesterase (BuChE) inhibition by norbelladine and N-methylated derivatives

using butyrylthiocholine (BuTCh) as the substrate.

Regarding AChE, none of the tested compounds inhibited this enzyme’s activity

by more than 43.6% using acetylthiocholine as the substrate (Table 2). It is notewor-
thy that in the case of AChE, N-methylation created a similar trend to that observed
for BuChE: N-methylation increased inhibition for N-methylnorbelladine and 4’-O,N-
dimethylnorbelladine, while it decreased the inhibition for 3’-O,N-dimethylnorbelladine
and 3’ 4'-O,N-trimethylnorbelladine compared to non-N-methylated forms.
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Table 2. BuChE and AChE inhibition percentage at the highest tested concentration (500 uM) and
ICs¢ calculated for all N-methylated compounds compared to non-N-methylated compounds as

control.

% BuChE BuChE % AChE AChE
Compound Inhibition ICsp (M) Inhibition ICsp (uM)

(500 uM) 50 tH (500 uM) 50 (1
Norbelladine 95 8 24.5 Nd
N-methylnorbelladine 96 4 31.2 Nd
4’-O-methylnorbelladine 99 16.1 33.62 Nd
4'-O,N-dimethylnorbelladine 99 10.4 43.6 Nd
3/-O-methylnorbelladine 9 27.5 10 Nd
3/-0O,N-dimethylnorbelladine 96 38 0 Nd
3’ 4'-O-dimethylnorbelladine 94 108.3 37 Nd
3/ 4’-O,N-trimethylnorbelladine 91 127 25.5 Nd

Abbreviations: Nd not determined (>500 uM): because inhibition did not reach >50%; ICsy could not be deter-
mined.

2.4. Molecular Docking of BuChE with Norbelladine Derivatives

To elucidate the role of N-methylation in the interaction between ligand and BuChE, molec-
ular docking was performed using the crystal structure of human BuChE (PDB: 4BDS [22])
(Table 3, Figure 5). The docking scores were very similar for norbelladine and its deriva-
tives, ranging from —6.42 to —7.4 kcal/mol (Table 3). All the molecules interacted with
the key residue Trp82 at the anionic site. Norbelladine shared five bonds with this residue,
and its interaction with BuChE was further supported by hydrogen bonds with the pe-
ripheral anionic site (PAS) amino acid Tyr332 and another binding site residue, Thr120.
N-methylnorbelladine, 4’-O-methylnorbelladine, and 4’-O,N-dimethylnorbelladine inter-
acted with another commonly reported key residue, Ala328, while others did not. 4'-O-
methylnorbelladine and 4’-O,N-dimethylnorbelladine positioning was further supported
by strong H-bond interaction with His438 and Asn83, respectively. A salt bridge interaction
with Glul97 was observed for all N-methylated ligands. Interestingly, the distance be-
tween the N atom of N-methylnorbelladine and 4’-O,N-dimethylnorbelladine was smaller
compared to 3'-O,N -dimethylated derivatives that showed decreased activity.

Table 3. Predictions of norbelladine derivatives” interactions with butyrylcholinesterase.

Score Interactions
Ligand
8
(kCal/mol) Hydrophobic H-Bond 7 Stack Salt Bridge
o dist dist dist
res dist (A res Q res ° res o
ist () A) (A) (A)
3.48,3.96, 2.55,
Norbelladine 65 Trp82 (= 4) 3.98,3.67 Thﬂ(io'_grm 230  Tps2 365  nd. na.
Y 3.68 = 242
N- Trp82 (n=2), 3.47,3.63
methvinorbelladin —6.4 Leul25, Ala328, 4.00,3.71 Thr120 2.59 nd. na.  Glul97  4.18
ethyinorbetiadine Tyrd40 3.95
4-0- —6.6 Trp82, Ala328 3.36,3.51 His438 3.44 nd n.a nd n.a
methylnorbelladine ’ pos R s ’ hn e o h
4-ON- —-6.9 Trp82, Ala328 3.82,3.98 Asn83 3.24 Trp82 486  Glul97 425
dimethylnorbelladine ’ pos R ’ P ’ ’
3'-0- Trp82 (n = 2), 3.55,3.95
methylnorbelladine Phe329 3.70 Thr120 262 nd na. n.d. na.
3’-O,N- Trp82 (n = 2), 3.52,3.82 ) 2.4,
dimethylnorbelladine "1 Trp430, Tyr440 367,381 P82 Hisd38 3.11 n.d. na. o Glul9z 495
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Interactions
Ligand Score
(kCal/mol) Hydrophobic H-Bond 7 Stack Salt Bridge

3 A'-0- —74 Trp82 (n = 2) 3.58,3.96 Thr120 2.61 nd na nd na

dimethylnorbelladine ’ P et e ’ o o o o
3’ 4’-O,N- Trp82 (n = 2), 3.60,3.71,

trimethylnorbelladine Trp430, Tyrd40 3.73,3.57 Trp82 206 nd na. - Glul97 466

Thr120

Phe329

Res: residue; dist: distance; n.d.: not detected; n.a.: not applicable.

Thr120

Glu197 Glu197

Figure 5. Docking of norbelladine derivatives with anti-butyrylcholinesterase activity. Grey surface
representation of BuChE (4BDS) active site with catalytic triad in yellow, peripheral anionic site
(PAS) in green, anionic site in pink, oxyanion pocket in turquoise, and the acyl pocket in dark grey.
(A) Docked norbelladine in the active site pocket of BuChE and interacting residues. (B) Docked
N-methylnorbelladine in the active site pocket of BuChE. (C). Docked 4’-O-methylnorbelladine in
the active site pocket of BuChE. (D) Docked 4’-O,N-dimethylnorbelladine in the active site pocket of
BuCheE. (E) Docked 3'-O-methylnorbelladine in the active site pocket of BuChE. (F). Docked 3'-O,N-
dimethylnorbelladine in the active site pocket of BuChE. (G). Docked 3’,4’-O-dimethylnorbelladine
in the active site pocket of BuChE. (H) Docked 3’,4’-O,N-trimethylnorbelladine in the active site
pocket of BuChE. H-bonds are shown as full blue lines, hydrophobic interactions as grey dashed lines,
mi-stacking interaction as green dashed lines in between white spheres, and salt bridges as yellow
dashed lines in between yellow spheres.
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3. Discussion

Several subtypes of Amaryllidaceae alkaloids display diverse biological activities. Nor-
belladine and its derivatives are comparatively poorly investigated due to several factors
such as limited natural occurrence, complex extraction from natural sources, and historical
focus on other alkaloids. Previous initial studies have uncovered that some compounds of
this scaffold displayed anti-inflammatory [23], antiviral [18], and anticholinesterase [24]
activities. However, the impact of N-methylation on norbelladine and its O-methylated
derivatives was previously unknown.

Our study confirms that these compounds possess a slight but significant antiviral
activity against representatives of three families of viruses, namely Flaviviridae, Coronaviri-
dae and Retroviridae. Norbelladine, 4’-O-methylnorbelladine and their N-methylated form
were the most active compounds. N-methylation did not significantly affect their antiviral
potential. In most cases, 3’-O-methylation of norbelladine or 4’-O-methylnorbelladine in
combination with their N-methylation resulted in decreased antiviral activity. This sug-
gests that adding methyl groups at specific positions may alter interactions with the target.
Further studies are needed to identify the targets and understand the key interactions
required for inhibition. At this stage, the protein(s) that is(/are) targeted by norbelladine
derivatives, viral or cellular, is unknown. Additionally, these compounds were generally
non-cytotoxic, preventing a precise estimation of the SI and suggesting they do not possess
anti-hepatocarcinoma, anti-myeloid, or anti-adenocarcinoma properties. The molecular
targets of Amaryllidaceae alkaloids that cause their cytotoxicity have not been clearly iden-
tified, slowing down structure optimization for the development of anti-cancer treatment.

The investigation of the inhibitory effects of alkaloids on AChE and BuChE activity
revealed that their potencies are significantly influenced by O- and N-methylation of their
scaffold [19,24]. In our experiments, norbelladine and its O,N-methylated derivatives consis-
tently inhibited the BuChE-catalyzed hydrolysis of butyrylcholine. N-methylnorbelladine
was the most potent (ICs = 3.94 pM), showing twice as much BuChE inhibition compared
to norbelladine itself. 4’-O,N-dimethylnorbelladine showed 1.5-fold more BuChE inhibitory
activity compared to its non-N-methylated counterpart. These findings are consistent with
Mamun et al.’s [24] and Vanéckova et al.’s [19] study, underscoring the importance of
the tertiary amine structure as a foundational element in designing butyrylcholinesterase
inhibitors. Interestingly, the activity was specific to BuChE, as the N-methylated deriva-
tives exhibited low AChE inhibition, with a maximum of 40% reached by 3',4’-O,N-
trimethylnorbelladine. These results are in agreement with Vanéckova et al.’s [19], who mea-
sured weak anti-AChE activity for 6-O-demethylbelladine (3',4’-O,N-trimethylnorbelladine)
and 4'-O-demethylbelladine.

To further characterize the mechanism of inhibition of the derivatives, we studied the
simulated interaction with the enzyme following docking. BuChE is a serine hydrolase that
plays a role in cholinergic signaling. The mature BuChE consists of 574 amino acids, and its
active site is situated at the bottom of a deep gorge (20 A) [25]. Studies based on crystallized
structure and computational modeling analysis show conserved -7 interaction with Trp82
and H-bonding with His438 for the most potent inhibitors [26]. Hydrogen bonds with a
bond distance of less than 3.1 A are considered strong [27]. Therefore, all tested ligands
exhibited strong interactions with the enzyme, supporting ligand—protein interactions.

For all N-methylated ligands, the same interactions with Trp82 key residues was
predicted by docking in addition to interactions with residues of the acyl pocket, which,
according to Nachon et al., are crucial for compounds inhibitory effect [22]. In the case
of N-methylated compounds, a new salt bridge interaction with Glu197 was observed,
and an interrelationship is observed between the distance of the salt bridge bond and
the amount of inhibition; the longer the bond, the less inhibition, which may explain the
effect of salt bridge on inhibition. This interaction likely explains the increased inhibitory
effect for N-methylnorbelladine and 4’-O,N-dimethylnorbelladine, as salt bridges enhance
stability by maintaining specific conformations [28]. Additionally, these ligands share
more hydrophobic interactions compared to non-N-methylated compounds, especially
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with Ala328, which has been reported as a common residue in interaction with different
inhibitors in BuChE [26]. Thus, the docking results align with the inhibition mechanisms
observed in other known inhibitors, such as tacrine, suggesting stronger and more stable
inhibition potential for N-methylnorbelladine and 4’-O,N-dimethylnorbelladine compared
to their secondary amine form.

4. Conclusions

In conclusion, we investigated the impact of N-methylation of various norbelladine
derivatives and gained insight into the biological effect of such modification. Our results
demonstrate that N-methylated norbelladine analogs are non-toxic toward the tested cell
lines and display modest antiviral activity against OC-43, DENV, and HIV-1. In some cases,
N-methylation increased the SI compared to the unmethylated analog. Furthermore, we
have shown that for norbelladine and 4’-O-methylnorbelladine, N-methylation enhances
BuChE and AChE inhibition. These findings suggest that N-methylation can be a beneficial
modification for improving the biological activity of norbelladine derivatives. This could
guide the optimization of AAs and similar compounds for potential therapeutic applica-
tions, such as in the treatment of Alzheimer’s disease. Future studies should also assess if
these compounds display activities against other targets relevant to Alzheimer’s disease,
similar to the alkaloid huperzine A, which modulates the accumulation of amyloid-3
peptide, the mitochondria function, and the Wnt signaling pathway [29].

5. Materials and Methods
5.1. Chemical Synthesis and Purification of Norbelladine N-Methyl Derivatives

Tyramine (Thermo Scientific, Waltham, MA, USA 98+%), 3,4-Dihydroxybenzaldehyde
(Sigma-Aldrich, Milwaukee, WI, USA 97%), vanillin (Sigma-Aldrich, Milwaukee, WI, USA
99%), isovanillin (Acros Organics, Geel, AN, Belgium 98%), and 3,4-Dimethoxybenzaldehyde
(Sigma-Aldrich, Milwaukee, WI, USA 99%) were purchased commercially and used as
received. Solvents were distilled and dried before starting the reaction using standard
methods [30]. Nuclear magnetic resonance (HNMR and 3CNMR) spectra were obtained
on a Bruker 400 MHz NMR apparatus. Samples were dissolved in dimethyl sulfoxide
(DMSO)-d¢ (Sigma-Aldrich, Milwaukee, WI, USA 99.9%), with the residual solvent sig-
nal used as an internal standard (5 2.49 ppm for 'H NMR and 39.95 ppm for 13C NMR).
Chemical shifts (5) are expressed in parts per million (ppm), and coupling constants (J) are
expressed in hertz (Hz). Multiplicities are indicated by the following abbreviations: s for
singlet, d for doublet, t for triplet, and m for multiplet.

Three-step synthesis of N-methylated derivatives of norbelladine:

N-methylnorbelladine, 3'-O,N-dimethylnorbelladine, 4-O,N-dimethylnorbelladine,
and 3',4'-O,N-trimethylnorbelladine were obtained using organic synthesis following a
three-step reaction sequence as described below. The products were characterized via
proton (‘H NMR) and carbon nuclear magnetic resonance (*CNMR) spectroscopy.

Step 1: Synthesis of the imine intermediates.

The synthesis of the imine intermediates, including norcraugsodine, 3'-O-
methylnorcraugsodine, 4'-O-methylnorcraugsodine, and 3’,4’-O-dimethylnorcraugsodine,
was carried out according to the method outlined by Girard et al., with small modifications.
In summary, an equimolar amount of the corresponding benzaldehyde and tyramine pow-
ders was dissolved in dichloromethane (20 mL) in the presence of activated 4A molecular
sieve. The solution was stirred overnight (12 h, room temp.) to form the imine intermediate.
The mixture was filtered through a plug of silica gel with dichloromethane as the eluent.
The filtrate was concentrated under reduced pressure, and the resulting imines were ob-
tained in good yields. The products were sufficiently pure and were used in the next step
without further purification. All compounds are known and spectral data are consistent
with spectral information reported in the literature [18].

Step 2: Preparation of the secondary amine intermediates.
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Hydrogenation of the imines to produce the amine intermediates (norbelladine,
3’-O-methylnorbelladine, 4’-O-methylnorbelladine, and 3’,4’-O-dimethylnorbelladine) was
performed following the established protocol [18]. In summary, the corresponding imine
was dissolved in a mixture of ethyl acetate/methanol (9:1, 10 mL), and 30 mol% palladium
on carbon (Pd/C 10%) was added to the reaction flask under nitrogen. Hydrogen gas
was then bubbled into the mixture at three intervals (t = 0, 30, and 60 min) throughout
the reaction. The reaction mixture was stirred for 3 h, with the completion of the reaction
confirmed via TLC. Subsequently, the mixture was filtered through a plug of silica gel using
an ethyl acetate/methanol mixture (4:1) as the eluent. The solvent was then evaporated
under reduced pressure to collect the amines for further processing. The products were
sufficiently pure and were used in the next step without further purification. All com-
pounds are known, and spectral data are consistent with spectral information reported in
the literature [18].

Step 3: Preparation of the final tertiary amines.

The N-methylation step was performed according to the protocol suggested by Zip-
pilli et al. [31], with modifications. An equivalent amount of the secondary amine and
formaldehyde (solution 37-40% w/v) were dissolved in 5 mL of methanol, and the solution
was stirred at room temperature for 4 h. Subsequently, NaBH, (1 equivalent) was added at
0 °C, and the mixture was stirred for an additional 5 h at room temperature. The reaction
mixture was then filtered over Celite®, and the solvent was evaporated under reduced
pressure. The resulting crude product was purified via silica gel column chromatography
using a solvent system of DCM/MeOH/NH4OH (14:1:0.1), resulting in the desired tertiary
amine with yields ranging from 60% to 96%.

N-methylnorbelladine (4-(2-(4-hydroxyphenyl)(methyl)amino)methyl)benzene-1,2-diol:
Step 1 was performed with 537 mg of 3,4-dihydroxybenzaldehyde (3.88 mmol) and tyra-
mine (533 mg, 3.88 mmol) and yielded 0.99 g of Norcraugsodine (99%). Step 2 was performed
with 150 mg of Norcraugsodine (0.58 mmol) and yielded 130 mg of Norbelladine (86%), 'H-
NMR (400 MHz, DMSO-dg): 6.96-6.94 (d, 2H, ArH), 6.69-6.68 (d, 2H, ArH), 6.65-6.61 (m,
2H, ArH), 6.52-6.50 (m, 2H, ArH), 3.52 (s, 2H, ArCH;N), 2.63-2.61 (m, 2H, NCH,CH,Ar),
2.59-2.58 (m, 2H, NCH,CH,Ar). 1*C-NMR (100 MHz, DMSO-dy): 155.87,145.39, 144.40, 131.74,
130.76,129.83, 119.31, 116.04, 115.60, 115.48, 53.01, 51.04, and 35.21. Step 3 was performed with
267 mg of norbelladine (1 mmol) and afforded 160.2 mg of N-methylnorbelladine as a brown-
ish powder (60%). 1H-NMR (400 MHz, DMSO-dg): 6.97-6.94 (d, 2H, ArH), 6.65-6.62 (d, 2H,
ArH), 6.25-6.20 (m, 2H, ArH), 6.19-6.14 (m, 2H, ArH), 3.16 (s, 2H, ArCH;N), 2.67-2.54 (m,
2H, NCH,CH,Ar), 2.46-2.32 (m, 2H, NCH,CH,Ar), 2.10 (s, 3H, -NCH3) ppm. '*C-NMR
(100 MHz, DMSO-dg): 155.26, 146.83, 145.49, 130.58, 129.97, 129.32, 118.73, 116.17, 114.90,
62.42, 58,76, 45.08, 41.59, and 32.20.

4’-O,N-dimethylnorbelladine  (5-(((4-hydroxyphenethyl)(methyl)amino)methyl)-2-
methoxyphenol): Step 1 was performed with 561 mg of iso-vanillin (3-hydroxy-4-
methoxybenzaldehyde) (3.68 mmol) and tyramine (506 mg, 3.68 mmol), resulting in 0.99 g
of 4’-O-methylnorcraugsodine (99%), 'H NMR (200 MHz, DMSO-dg) d: 6.97-6.63 (7H, m,
CH-Ar), 3.72 (3H, s, OMe), 3.54 (2H, s, Ar-CH,-NH), and 2.67-2.55 (4H, m, NH-CH,CHj,-
Ar); 3C NMR (200 MHz, DMSO-dg) d: 155.84, 146.75, 146.68, 134.04, 130.94, 129.82, 118.92,
115.83, 115.46, 112.38, 56.10, 53.00, 51.20, and 35.46. Step 2 was performed with 266 mg
(0.97 mmol) of 4’-O-methylnorcraugsodine and yielded 212 mg of 4’-O-methylnorbelladine
(80%). Step 3 was performed with 273 mg (1 mmol) of 4'-O-methylnorbelladine and yielded
245.7 mg of 4-O,N-dimethylnorbelladine as a white powder (90%). THNMR (400 MHz,
DMSO-dg): 6.91-6.47 (m, 7H, ArH), 3.70 (s, 3H, -OCH3), 3.30 (s, 2H, ArCH,;N-), 2.60-2.41 (m,
4H, -NCH,CH,Ar), 2.11 (s, 3H, -NCH3) ppm. *C-NMR (100 MHz, DMSO-dg): 156.06,
147.55, 146.72,131.53, 129.75, 129.26, 118.20, 116.19, 115.09, 111.70, 61.06, 58.96, 55.47, 41.63,
32.17 ppm.

3’-O,N-dimethylnorbelladine  (5-(((3-hydroxyphenethyl)(methyl)amino)methyl)-2-
methoxyphenol): Step 1 was performed with 561 mg of vanillin (4-hydroxy-3-
methoxybenzaldehyde) (3.68 mmol) and tyramine (506 mg, 3.68 mmol), resulting in
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0.83 g of 3’-O-methylnorcraugsodine (83%). Step 2 was performed with 182.5 mg of
3’-O-methylnorcraugsodine (0.67 mmol) and yielded 170.0 mg of 3’-O-methylnorbelladine
(92%), 'H NMR (200 MHz, DMSO-dg) d: 6.98-6.61 (7H, m, CH-Ar), 3.80 (2H, s, Ar-CH»-NH),
3.71 (3H, s, OMe), and 2.67-2.61 (4H, m, NHCH,CH,-Ar); 1*C NMR (200 MHz, DMSO-dj)
d: 155.96, 147.92, 147.13, 130.27, 129.85, 124.69, 121.12, 118.48, 115.54, 111.59, 56.04, 50.83,
50.57, and 34.85. Step 3 was performed with 273 mg of 3'-O-methylnorbelladine (1 mmol)
and yielded 245.7 mg of 4’-O,N-dimethylnorbelladine as a white powder (90%). 'HNMR
(400 MHz, DMSO-d): 6.98-6.64 (m, 7H, ArH), 3.81 (s, 2H, ArCH;,N-), 3.72 (s, 3H, -OCH3),
2.70-2.60 (m, 4H, -NCH,CH,Ar), 2.08 (s, 3H, -NCH3) ppm. 3C-NMR (100 MHz, DMSO-
de): 155.98, 147.92,147.10, 130.22, 129.86, 124.57, 121.17, 118.50, 115.55, 111.62, 56.04, 50.73,
50.54, 49.06, and 34.78.

3/,4’-O,N-trimethylnorbelladine (5-(((3,4-dihydroxyphenethyl)(methyl)amino)methyl)-
2-methoxyphenol): Step 1 was performed with 582 mg of 3,4-dimethoxybenzaldehyde
(3.50 mmol) and tyramine (481 mg, 3.50 mmol), resulting in 0.56 g of 3'4'-O-
dimethylnorcraugsodine (56%). Step 2 was performed with 202 mg of 3/4’-O-
dimethylnorcraugsodine (0.7 mmol), resulting in 170 mg of 3/,4’-O-dimethylnorbelladine
(83%), 'H NMR (200 MHz, DMSO-dg) d: 6.98-6.64 (7H, m, CH-Ar), 3.71 (6H, s, OMe),
3.65 (2H, s, Ar-CH2-NH), and 2.67-2.01 (4H, m, NH-CH,CH,-Ar); 13*C NMR (200 MHz,
DMSO-dg) d: 155.9, 149.03, 148.03, 133.35, 130.72, 129.86, 120.44, 115.47, 112.23, 111.95,
55.95, 55.79, 52.87, 50.92, and 35.15. Step 3 was performed with 273 mg of 3/,4'-O-
dimethylnorbelladine (1 mmol) to yield 262.1 mg of 3’,4’-O,N-trimethylnorbelladine as a
yellow powder (96%). 'HNMR (400 MHz, DMSO-dy): 6.98-6.62 (m, 7H, ArH), 3.71 (s, 3H,
-OCH3s), 3.62 (s, 2H, ArCH;N-), 2.66-2.55 (m, 4H, -NCH,;CH, Ar), 1.89 (s,3H, -NCH3) ppm.
13C-NMR (100 MHz, DMSO-dg): 155.28, 148.44, 147.33,133.19, 130.33, 129.27, 119.69, 114.96,
111.54, 111.34, 55.36, 52.44, 50.51, 48.47, 34.80, and 21.19.

The synthesized N-methylated norbelladine derivatives were purified and character-
ized by NMR spectroscopy (Appendix A, Figures A1-A4).

5.2. Anti-Acetylcholinesterase (AChE) and -Butyrylcholinesterase (BuChE) Activity

Pharmacological properties specific to Alzheimer’s disease (AD) were tested on acetyl-
cholinesterases (AChEs) from electric eels and butyrylcholinesterase (BuChE) from equine
species using a colorimetric kit (ab138871, Abcam, Cambridge, UK), which measures en-
zyme activity and inhibition. The reaction was carried out in a final volume of 100 uL
in 96-well microplates. A preliminary screening identified the most potent AChE and
BuChE inhibitors by adding test compounds dissolved in DMSO to a final concentration
of 2 mM (1% DMSO) in duplicates. A 5 puL reaction mixture containing equal amounts
of acetylthiocholine/butyrylthiocholine (20X) and DTNB (20X) was then added to each
well. Subsequently, the enzyme solution was added to a final concentration of 2 U/mL,
and absorbance was measured at 412 nm in kinetic mode for 10 min using a microplate
reader (Synergy H1, Biotek, Dorval, QC, Canada). DTNB (Bis(3-carboxy-4-nitrophenyl)
disulfide, Ellman’s Reagent), acetylthiocholine iodide, and butyrylthiocholine iodide were
obtained from Sigma-Aldrich (Oakville, ON, Canada). Galanthamine (50-0.05 uM) and
rivastigmine (400-0.4 uM) were used as positive controls for the AChE and BuChE assays,
respectively. Compounds showing inhibition during preliminary screenings were selected
for further ICsg value assessment using serially diluted concentrations. All experiments
were performed at least twice. Inhibition was calculated using the formula [24]:

1=100 x (1 — AAi/AAO0),

where AAi is the difference in absorbance between two time points in the presence of the
inhibitor, and AAQ is the difference in absorbance between two-time points in the presence
of DMSO or an appropriate solvent.
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5.3. Molecular Docking

Docking was performed according to Girard et al. [18]. To summarize, the crystal
structure of human BuChE in a complex with tacrine (PDB: 4BDS) used to do the docking
using MOE 2020.09 software (Chemical Computing Group). First, Tacrine was removed.
The ligands and proteins were prepared and protonated at pH = 7 using the protomers
tool. The active site (Asn68, lle69, Asp70, GIn71, Ser72, Gly78, Ser79, Trp82, Tyr114, Gly115,
Glylle, Gly117, GIn119, Thr120, Gly121, Thr122, Leul25, Tyr128, Glu197, Ser198, Ala199,
Trp231, Glu276, Ala277, Val280, Gly283, Thr284, Pro285, Leu286, Ser287, Val288, Asn289,
Phe290, Ala328, Phe329, Tyr332, Phe398, Trp430, Met437, His438, Gly439, Tyr440, 11e442)
was predicted using the site finder tool of the MOE software and confirmed comparing
to the literature [26]. Dummy atoms across the active site were created and used as
docking sites. Water and solvent molecules were removed, residues further than 8 A from
dummy atoms were fixed, and active site residues were tethered using the QuickPrep
default parameters. Induced fit was applied as a refinement option with 10 poses and
the GBVI/WSA score. The best pose of the most abundant configuration was selected for
protein-ligand interaction analysis. The Protein—Ligand Interaction Profiler (PLIP) was
used to analyze ligand interactions with the binding site post-docking [32]. Visualization
and presentation of the PLIP results were conducted using PyMOL (Schrédinger).

5.4. Cell Lines and Culture

The human hepatocarcinoma Huh? cell line (CVCL_0336) was maintained in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin solution (PS, from GIBCO, Fisher Scientific, Toronto,
ON, Canada). The human leukemia monocytic THP-1 (CVCL_0006) and adenocarcinoma
HCT-8 cell lines (CVCL_2478) were maintained in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% FBS or horse serum, respectively, and 1% PS. All reagents
and antibiotics were purchased from GIBCO, Fisher Scientific, Toronto, ON, Canada). Cells
were kept in an incubator at 37 °C and 5% CO,.

5.5. Cytotoxicity Assay

In total, 10 x 10 Huh?7 cells/well, or 5 x 10* THP-1 or HCT-8 cells/well were plated
in 96-well plates and incubated at 37 °C and 5% CO,. Compounds (4-500 uM, 2-fold
dilutions) were added the next day and cytotoxicity was assessed 72 h later by measuring
ATP levels with the Cell-Titer GLO assay kit (Promega, Madison, WI, USA). Cell-Titer
GLO reagent was added to the plates previously equilibrated to room temperature for
30 min. Plates were mixed for 2 min and incubated for 10 min at room temperature. The
luminescence signal was measured with a microplate reader (Synergy H1, Biotek, Dorval,
QC, Canada). Viability percentage was calculated as the ratio of the signal of cells exposed
to compounds to the signal of cells exposed to solvent (methanol). All experiments were
performed at least twice. Median cytotoxic concentrations (CCsp) were calculated using
GraphPad prism 10.0.2 (GraphPad Software, San Diego, CA, USA).

5.6. Viral Vectors

Wild type betacoronavirus HCoV-OC43 (Betacoronavirus 1, VR1558, ATCC), dengue
virus propagative vector (DENVgpp), and a non-propagative human immunodeficiency
virus (HIV)-1 pseudotyped VSV-G vector (HIV-1gpp) were included as representative
of the betacoronavirus, the flavivirus, and the lentivirus geni. pFK-DVs-G2A encoding
DENVGrp vector was provided by Ralf Bartenschlager (Heidelberg University, Heidelberg,
Germany) and Laurent Chatel-Chaix (Institut National de la Recherche Scientifique, Laval,
QC, Canada) [15,33]. PMD2.G and pNL4-3-GFPAEnvANef were used for the HIV-1gpp
vector [34]. DENVpp titer was measured using a plaque assay in Vero cells, as described
in [35]. HIV-1gpp titer was measured using serially diluted vectors on CRFK cells, as
described in [15].



Molecules 2024, 29, 4442

13 of 23

5.7. Antiviral Assays

Cells were plated in 96 flat-bottom wells plate and treated with compounds exactly
as for the cytotoxicity assay. Viral vectors (DENVgrp, HIV-1grp, and HCoV-OC43 at
multiplicity of infection (MOI) of 0.1 virus/ cell) were added 30-60 min following treatment
and cells were incubated at 33 °C with 5% CO; for 2 h on a rocking shaker prior to the
3 days incubation without rocking. Lycorine was used as positive control, methanol
as solvent control. HIV-1gpp infected THP-1 cells were resuspended and fixed in 4%
formaldehyde. DENVgrp infected Huh? cells were washed twice with PBS, trypsinized,
and resuspended in PBS with 4% formaldehyde. HCoV-OC43 infected HCTS cells were
washed twice, trypsinized, and washed twice in antibody dilution buffer (PBS + 0.5%
BSA (Sigma-Aldrich, Milwaukee, WI, USA)) via centrifugation 180x g for 5 min. Cells
were fixed in 4% formaldehyde for 15 min, washed twice in antibody dilution buffer and
permeabilized in antibody dilution buffer containing 0.03% Triton X-100 for 10 min. Cells
were washed twice and incubated with 1:1000 anti-HCoV-OC43 nucleoprotein antibody
(1:1000; clone 542-7D; Sigma-Aldrich, Milwaukee, WI, USA) for 1 h at room temperature
and overnight at 4C. Cells were washed once and incubated with 1:400 chicken anti-mouse
CF488 secondary antibody (Millipore Sigma, Burlington, MA, USA) for 60 min at room
temperature. Cells were washed and resuspended in antibody dilution buffer containing
1: 10,000 Hoechst 33362 (Thermo Fisher, Saint-Laurent, QC, Canada). The percentages of
virus-infected cells were analyzed on a Cytoflex S flow cytometer (Beckman) equipped with
405 and 488 nm lasers, and Hoechst* and GFP™ cells were analyzed in the 450/45 BP the
525/40 BP channels, respectively. Data analysis was performed using the Flowjo software
(version 10.10, BD, FlowJo LLC, Ashland, OR, USA). All experiments were performed at
least twice.

5.8. Statistical Analysis

The graphs and analyses of the biological assays, including EC5y and CCsg values,
were calculated using GraphPad Prism version 10.0.2 (GraphPad Software, San Diego,
CA, USA).
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Figure A1l. NMR spectra NMR spectra of N-methylnorbelladine.
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