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ARTICLE INFO ABSTRACT

Peganum harmala L. (P. harmala) is a significant economic and medicinal plant. The seeds of
P. harmala have been extensively utilized in traditional Chinese medicine, Uighur medicine,
and Mongolian medicine, as documented in the Drug Standard of the Ministry of Health of
China. Twelve novel tryptamine-derived alkaloids (1-12) and eight known compounds
(13-20) were isolated from P. harmala seeds. Compounds 1 and 2 represent the first repor-
ted instances of tryptamine-derived heteromers, comprising tryptamine and aniline frag-
ments with previously undocumented C-3-N-1' linkage and C-3-C-4' connection, respect-
ively. Compounds 3-5 were identified as indole-quinazoline heteromers, exhibiting a novel C-
3 and NH-1' linkage between indole and quinazoline-derived fragments. Compound 6 demon-
strates the dimerization pattern of C-C linked tryptamine-quinazoline dimer. Compound 8
represents a tryptamine-derived heterodimer with a distinctive carbon skeleton, featuring an
unusual spiro-tricyclic ring (7) and conventional bicyclic tryptamine. Compounds 9-11 con-
stitute novel 6/5/5/5 spiro-tetracyclic tryptamine-derived alkaloids presenting a unique ring
system of tryptamine-spiro-pyrrolizine. Compounds 1-3 and 6-11 were identified as ra-
cemates. Compounds 2, 7, 9, 10, and 12 were confirmed via X-ray crystallographic analysis.
All isolated compounds (1-20) exhibited varying degrees of antiviral efficacy against respir-
atory syncytial virus (RSV). Notably, the anti-RSV activity of compound 12 (ICsy 5.01 + 0.14
umol-L™") surpassed that of the positive control (ribavirin, IC5, 6.23 # 0.95 umol-L™), as valid-
ated through plaque reduction and immunofluorescence assays. The identification of anti-RSV
compounds from P. harmala seeds may enhance the development and application of this plant
in antiviral therapeutic products.
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1. Introduction seeds of P. harmala constitute the primary active component in

compound drugs such as “Compound Luotuopengzi Ointments”

Peganum harmala L. (P. harmala) (Zygophyllaceae) predom-
inantly occurs in desert areas and arid grasslands, including Xinji-
ang, Inner Mongolia, Ningxia, Qinghai, and Gansu Provinces of
China "”. This plant possesses significant economic and medicin-
al value. Due to its robust root system, P. harmala serves as an ef-
fective soil and water conservation plant. The branches and
leaves of P. harmala contain essential micronutrients, including
Fe, Mn, Cu, Zn, and various acids, making it suitable as a nutrient-
rich feedstuff after frost. Furthermore, the seeds of P. harmala
have been historically recognized as a national medicine, in-
cluded in the Drug Standards, and regulated by the Ministry of
Public Health of China. The plant is extensively utilized in tradi-
tional Chinese, Uighur, and Mongolian medicines for treating
joint pain, rheumatoid arthritis, sciatica, etc. '. Additionally, the

* Corresponding author.
E-mail address: wuzhongnan@gdmu.edu.cn (Z. Wu)
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(http://ypk.39.net/820437/) and “Compound Muniziqi Granules”
(http://ypk.39.net/822279/), which are clinically applied for
joint pain treatment and endocrine regulation, respectively.
Alkaloids have been established as the primary bioactive
components of this plant, exhibiting diverse biological activities,
including anti-tumor > **, anti-inflammatory “**, anti-viral *'°,
anti-oxidant ' ' '* activities, etc. The present study identified
twelve novel tryptamine-derived alkaloids (1-12) and eight
known compounds (Fig. 1) from the crude alkaloids of P. harmala
seeds. Compounds 1 and 2 represent unprecedented tryptamine-
derived heteromers comprising tryptamine and aniline moieties
connected through two distinct modes, where the moieties in 1
and 2 are linked via C-3-N-1" and C-3-C-4’ interactions, respect-
ively (Fig. 2). Compounds 3-5 comprise tryptamine and
quinazoline fragments, featuring the previously undocumented C-
3-NH-1’ linkage. Compound 7 features a distinctive 6/5/5 spiro-
cyclic system formed by a methyl-substituted pyrrole ring con-
nected to the tryptamine unit through a spiral atom (C-3). Com-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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pound 8 represents the first reported tryptamine-derived het-
erodimer exhibiting an unusual 6/5/5-5/6 framework, where a
rare spiro-tricyclic indole connects to a conventional bicyclic
tryptamine via an N-12-C-3’ linkage. Compounds 8-11 consti-
tute the first documented tryptamine-derived alkaloids charac-
terized by a novel 6/5/5/5 tetracyclic spiro framework. Com-
pounds 1-3 and 6-11 were identified as nine racemates through
chiral-phase separations. The structures of compounds 2, 7, 9,
10, and 12 were confirmed by X-ray crystallography (Fig. 3).

Respiratory syncytial virus (RSV), a negative-strand RNA vir-
us belonging to the Paramyxoviridae family, primarily affects hu-
man lungs, causing acute lower respiratory illness. The anti-RSV
activity of isolates 1-20 was evaluated, demonstrating half max-
imal inhibitory concentration (ICsy) values ranging from 5.01 *
0.14 to 51.73 # 2.01 umol-L™". Notably, compound 12 exhibited
superior anti-RSV activity (ICso 5.01 + 0.14 pmol-L™") compared
to the positive control, as determined through plaque reduction
and immunofluorescence assays.

2. Results and discussion

Peganumione A (1) exhibited a molecular formula of
C,5H30N404, determined through high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS) analysis (ion peak at
m/z 505.2062 [M + Na]", Calcd. for C,5H3oN,0¢Na 505.2058). The
'H nuclear magnetic resonance (NMR) spectrum (Table S1) re-
vealed two aromatic AMX spin systems [6y 7.78 (1H, d, J = 9.0
Hz), 6.18 (1H, dd, J = 9.0, 2.4 Hz), 5.22 (1H, d, / = 2.4 Hz); 7.11
(1H, d, J = 8.9 Hz), 6.56 (1H, dd, ] = 8.9, 2.4 Hz), 6.56 (1H,d, ] =
2.4 Hz)], two methoxyls [6y 3.75 (3H, s), 3.43 (3H, s)], two
methyls [6y 1.79 (3H, s), 1.76 (3H, s)], and three NH protons [dy
9.77 (1H, br s), 7.95 (1H, t, 5.0), 7.91 (1H, t, 5.0)] in 1. Four dis-
tinct spin systems in 1 (Fig. 2) were identified via "H-"H correla-
tion spectroscopy (COSY) correlations involving: H-5 (6y 7.11)
with H-6 (6, 6.56); H-10 (8 2.09/1.97) with H-11 (8, 3.05/2.98);
H-4' (6y 7.78) with H-5' (6y 6.18); and H-9' (6y 3.08) with H-10’
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(64 3.36). The heteronuclear multiple bond correlation (HMBC)
cross-peaks from H-5 to C-3 (6 62.0)/C-7 (6c 160.4)/C-9 (6¢
142.3), from H-6 to C-4 (6. 120.7)/C-8 (8¢ 97.4), from H-8 (6y
6.56) to C-4/C-6 (8¢ 107.2), and from 7-OCHj3 (6y 3.75) to C-7 in-
dicated a 7-methoxy tryptamine unit (1a, Fig. 2). Furthermore,
the remaining data suggested the 1b fragment was an aniline de-
rivative, confirmed by the 'H-"H COSY correlations between H-4'
(64 7.78) and H-5' (6 6.18), and between H-9' (6 3.08) and H-
10" (64 3.36), along with the HMBC cross-peaks from H-4" to C-2’
(6¢c 150.4)/C-6" (6¢ 163.9)/C-8" (6¢ 199.6), from H-5' to C-3' (6
112.4)/C-7' (8¢ 96.2), from H-7' (8 5.22) to C-3'/C-5' (6 102.9),
from H-9' to C-8'/C-10" (& 34.8), from H-10" to C-8/C-9' (&
38.3)/C-12' (8¢ 169.3), from H-13' (6 1.76) to C-12', and from 6'-
OCHj; (6} 3.73) to C-6". The HMBC cross-peaks from H-1" (6 9.77)
to C-2 (8¢ 178.1)/C-3/C-4/C-10 (6 38.7)/C-3" (6¢ 112.4)/C-6" (6¢
163.9)/C-7' (6 96.2) confirmed the linkage of two fragments (1a
and 1b) between C-3 and N-1'. Subsequently, the enantiomer
separation of 1 was performed via chiral high-performance li-
quid chromatography (HPLC) (Lux Cellulose-4 column, 250 mm x
4.6 mm, 5 pm, Phenomenex, USA, 90% MeOH/H,0, 1.0 mL-min’,
tg 4.9 and 5.9 min), yielding (+)-1 and (-)-1 (Fig. S3). The elec-
tronic circular dichroism (ECD) spectrum of (+)-1 corresponded
to the calculated value of (3R)-1, while that of (-)-1 aligned with
the calculation for (35)-1 (Fig. 4).

Peganumione B (2), obtained as colorless needle crystals, ex-
hibited the same molecular formula of C,5H3,N,04 as compound
1, as determined by HR-ESI-MS at m/z 505.2063 [M + Na]" (Calcd.
for C,5H;oN,O¢Na 505.2058). Analysis of the 1D NMR data in Ta-
ble S2 revealed the primary differences between 2 and 1: an aro-
matic tertiary carbon and a -NH- group in 1 were substituted by
a quaternary carbon (6; 117.2) and a -NH, group, respectively, in
2. The C-3 chemical shift transitioned from é; 74.1 in 1 to §; 51.2
in 2, suggesting that two fragments (2a and 2b) were connected
through a C-C bridge between C-3 and C-4’ in 2. This structural
feature was confirmed via the HMBC cross-peaks from H-10 (6y
2.18) to C-5' (8¢ 117.2) and from H-4' (64 7.78)/H-7' (6y 6.17) to

Qﬁb
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Fig.1 Chemical structures of 1-20.
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Fig.2 Key 'H-'H COSY and HMBC correlations of 1-4, 6-10, and 12.

Fig.3 An X-ray ORTEP diagram of 2, 7,9, 10, and 12.

C-3 (6¢ 51.2) (Fig. 2). The structure of compound 2 was further
verified through X-ray diffraction analysis (Fig. 3). Additionally,
compound 2, possessing a stereogenic center, displayed an optic-
al rotation of [a]f)s +0.1 (¢ 1.0, MeOH), indicating its racemic
nature. Subsequently, enantiomeric resolution of 2 was per-
formed via chiral HPLC, yielding a pair of enantiomers (%)-2 (Fig.
S4). The calculated and measured ECD spectra of (3R)-2 and (3S)-
2 corresponded to (+)-2 and (-)-2, respectively (Fig. 4).
Peganumione C (3), with the molecular formula Cy;H,4N,04,
was isolated as a whitish powder. The '"H-'H COSY correlations
(Table S3) between H-5 (6y 7.01) and H-6 (8, 6.50), between H-
10 (6y 2.07/2.00) and H-11 (6y 2.96/2.85), between H-4' (6y
7.02) and H-5' (6y 6.49), between H-5' and H-6' (6 6.77), and
between H-6" and H-7' (6y 5.68) demonstrated the presence of
five spin systems in 3 (Fig. 2). The HMBC cross-peaks from H-5 to

974

C-3 (8¢ 62.6)/C-7 (6¢ 160.0)/C-9 (8¢ 142.3), from H-6 to C-4 (6¢
121.4)/C-8 (8 97.1), from H-8 (6 6.48) to C-4/C-6 (5c 106.9),
and from 7-OCH;3 (6y 3.74) to C-7 indicated the presence of a 7-
methoxyindole moiety (3a, Fig. 2). Additional evidence revealed a
1,2-disubstituted benzene ring connected to a ~-CH,NHCHO group
and a -NH- moiety (3b, Fig. 2), which was confirmed by the HM-
BC cross-peaks from H-4' to C-2' (6; 143.6)/C-6" (6; 128.1)/C-8'
(8¢ 38.0), from H-5' to C-3' (6; 123.8)/C-7' (8¢ 111.4), H-6' to C-
2'/C-4' (8¢ 130.0), from H-7’ to C-3'/C-5' (8¢ 116.9), from H-8' (8
4.30) to C-2'/C-4'/C-10’ (8¢ 161.8), and from H-10’ (5 8.17) to C-
8’ (8¢ 38.0). The aforementioned fragments (3a and 3b) were
connected via the C-N bond (C-3-NH-1"), as confirmed by the
HMBC cross-peaks from NH-1' (6 5.87) to C-2 (6. 179.0)/C-3/C-
4/C-10 (6¢ 38.9)/C-3'/C-7' (Fig. 2). Subsequently, enantiomeric
compounds, (+)-3 and (-)-3, achieved chirality through chiral
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Fig. 4 Calculated and experimental ECD spectra of (+)-1-3, 4, 5, and (+)-6-11, respectively.

HPLC separation (Fig. S5). The computed ECD spectra of both
(3R)-3 and (+)-3 showed weak compliance with experimental
results, while those of (35)-3 and (-)-3 demonstrated accurate
correlation (Fig. 4).

Peganumione D (4) was isolated as a white solid with an [a]lz)s
+36.2 (c 1.0, CH,Cl,). The molecular formula, C,4H,gN,05, was de-
termined through ®C NMR and HR-ESI-MS analysis (m/z
475.1958 [M + Na]", Calcd. for C,4H,gN,OsNa 475.1952). The 1D
NMR data (Table S4) of 4 exhibited minor differences compared
to those of 3, primarily in the absence of the -NHCHO group in 3
and the presence of the butyrolactam ring in 4 (Fig. 1). These ob-
servations suggested that the -NHCHO group was substituted by
the butyrolactam ring in 4, which was confirmed through analys-
is of the "H-"H COSY correlations of H-11' (8 4.26)/H-12' (8y
2.29/2.07) and H-12'/H-13' (6, 3.25/3.08), along with the HMBC
cross-peaks from H-8' (6 4.42/4.30) to C-10" (6. 174.7)/C-13'
(6¢ 42.7), from H-11' to C-13’, from H-12' to C-10’, and from H-
13’ to C-11" (6. 69.0) (Fig. 2). The absolute configuration of the
secondary alcohol at C-11' was determined using a transition
metal chelate dirhodium reagent Rh,(OCOCF;), ', Based on the
bulkiness rule *', the E band (350 nm) of the induced ECD spec-
tra of the in situ complexes of the chiral alcohol with
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Rh,(0COCF3), showed positive values (Fig. S1), confirming the
absolute configuration of C-11" as S. Furthermore, the absolute
stereochemistry of 4 was verified through quantum-mechanical
ECD analysis. The calculated ECD spectra of (3R,11'S)-4 and
(35,11'S)-4 were generated using TDDFT-ECD methodology. The
experimental ECD spectrum of 4 matched the theoretical
(3R,11'S)-4 spectrum (Fig. 4), establishing the absolute stereo-
chemistry of 4 as 3R,11'S.

Peganumione E (5) had the molecular formula C,,H,gN,05
determined by HR-ESI-MS (m/z 475.1956 [M + Na], Calcd. for
C,4H,gN,05Na 475.1952). The NMR spectra of compound 5 (Ta-
ble S5) closely resembled those of 4, indicating a similar planar
structure. Notably, compounds 5 and 4 displayed identical NMR
profiles while exhibiting different HPLC retention times. The rota-
tion values of 5 (+19.1) and 4 (+36.2) were both positive, sug-
gesting they were not enantiomers. The stereochemistry of C-11’
S in 5 was confirmed via the induced ECD of the in situ formed
Rh,(0COCF3), complex (Fig. S1), matching that of 4. These find-
ings indicated that 5 and 4 were epimers with opposite absolute
configurations at C-3. Comparison with the theoretical ECD spec-
tra of 5, (3R,11'S)-5 and (3S5,11'S)-5 (Fig. 4) confirmed the abso-
lute stereochemistry of 5 as 35,11’S.
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Peganumione F (6) was determined to be C;9H;7N; through
HR-ESI-MS analysis (m/z 288.1494 [M + H]", Calcd. for C;oHgNs,
288.1495). Analysis of 1D and 2D data (Table S6) revealed the 6a
fragment (Fig. 1) as a tryptamine unit, confirmed by "H-"H COSY
correlations of H-5 (6y 7.28)/H-6 (8y 6.87), H-6/H-7 (64 7.03),
and H-7/H-8 (8y 7.34), along with the HMBC cross-peaks from H-
5to C-3 (6¢ 117.0)/C-7 (6¢ 121.2)/C-9 (¢ 136.9), from H-6 to C-4
(6¢c 124.9)/C-8 (6¢ 111.7), from H-7 to C-5 (6 118.9)/C-9, and
from H-8 to C-4/C-6 (6; 118.9) (Fig. 2). The remaining data indic-
ated the 6b fragment (Fig. 1) resembled deoxyvasicinone ’, ex-
cept for the replacement of the carbonyl group with a methine at
C-12" [6y 5.99 (1H, s); &¢ 53.4] in 6b. The fragments 6a and 6b
were connected through a C-C bond between C-3 and C-12', con-
firmed by HMBC cross-peaks from H-12" (6y 5.99) to C-2 (8¢
123.6)/C-3/C-4/C-4" (6. 161.3)/C-6" (6 143.2)/C-10" (6¢ 127.1)/
C-11" (8¢ 123.7) (Fig. 2). The enantiomeric pair (+)-6 and (-)-6
was separated via chiral HPLC (Fig. $6), identified as (12'R)-6 and
(12'S)-6 respectively through comparison of their measured and
predicted ECD curves (Fig. 4).

Peganumione G (7) appeared as colorless crystals with a mo-
lecular formula of C{4H;cN,03 determined by HR-ESI-MS analysis
(m/z 283.1053 [M + Na]’, Calcd. for C;4,H;(N,05Na 283.1053).
The 'H-"H COSY correlations (Table S7) of H-5 (8 7.17)/H-6 (8y
6.54), of H-10 (6 2.19/2.13)/H-11 (64 3.64), and of H-13 (6
3.99)/H-14 (6y 1.08) indicated three spin systems in 7 (Fig. 2).
The HMBC cross-peaks (Fig. 2) from H-5 to C-3 (6¢ 55.8)/C-7 (6¢
159.9)/C-9 (8. 143.5), from H-6 to C-4 (8. 121.1)/C-8 (6. 96.4),
from H-8 (6y 6.42) to C-4/C-6 (6; 106.7), and from 7-OCH; (6y
3.73) to C-7 established a 7-methoxy tryptamine unit. The re-
maining spectral data revealed a pyrrole ring connected to the 7-
methoxy tryptamine unit via a spiral atom (C-3), forming a novel
spiro-tricyclic system. This structure was confirmed by HMBC
cross-peaks from H-10 to C-2 (6. 178.6)/C-3 and from H-14 to C-
3/C-13 (6 59.7). Additionally, HMBC cross-peaks from H-15 (Jy
8.20) to C-11 (8¢ 42.7)/C-13 demonstrated the aldehyde group’s
linkage to the pyrrole ring’s N atom. The nuclear Overhauser ef-
fect spectroscopy (NOESY) spectrum (Fig. S2) showed a NOE cor-
relation between H-13 (6y 3.99) and H-10, indicating that these
protons are spatially close and located on the same face of the
molecule. The structure of 7 was further confirmed through
single-crystal X-ray diffraction (Fig. 3). The enantiomers, (+)-7
and (-)-7, were separated via chiral HPLC (Fig. S7). The pre-
dicted ECD spectra of (3R,135)-7 and (3S,13R)-7 showed remark-
able similarity to those observed in (+)-7 and (-)-7, respectively
(Fig. 4).

Peganumione H (8) was characterized by its molecular for-
mula of C,H3¢N4O5 through HR-ESI-MS analysis (m/z 479.2289
[M + H]", Calcd. for Cy¢H3;N,O5 479.2289). NMR analysis (Table
S8) revealed that the 8a fragment exhibited similarity to com-
pound 7, with the distinction that the aldehyde group was re-
duced in the 8a fragment. This structural feature was confirmed
by the 'H-'H COSY correlations between H-5 (& 7.28) and H-6
(6y 6.51), between H-10 (8} 2.08/1.83) and H-11 (6y 3.63/3.20),
and between H-13 (6y 3.19) and H-14 (6y 0.76), along with the
HMBC cross-peaks from H-5 to C-3 (6 56.1)/C-7 (8¢ 159.3)/C-9
(8¢ 142.3), from H-6 to C-4 (8¢ 127.0)/C-8 (8 95.9), from H-8 (8
6.35) to C-4/C-6 (6; 106.4), from 7-OCH; (6} 3.71) to C-7, from H-
10 to C-2 (8¢ 179.6)/C-3/C-4, from H-11 to C-3/C-10 (8. 34.0)/C-
13 (8¢ 62.8), from H-13 to C-2/C-3/C-4/C-10, and from H-14 to C-
3/C-13 (Fig. 2). Additionally, the remaining spectral data indic-
ated that the 8b fragment demonstrated similarity to the trypt-
amine alkaloid peganumaline B ’, with the notable difference that
the chemical shift of C-3’ changed from &; 74.1 in peganumaline B
to 6c 66.3 in 8b, suggesting the replacement of the oxygenated
quaternary carbon (C-3") in peganumaline B with a quaternary
carbon connected to the N atom in 8b. The spectral evidence in-
dicated that the two fragments (8a and 8b) were connected
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through the C-N bond between N-12 and C-3’, as confirmed by
the HMBC cross-peaks from H-13 to C-3' (6. 66.3) (Fig. 2). The re-
lative stereochemistry of 8 was established through analysis of
the NOESY spectrum (Fig. S2). The NOE correlations between H-
13 and H-10 and between H-14 and H-10" (64 3.76/3.70) estab-
lished the relative configuration of 8 as 3R,135,3'R. Sub-
sequently, chiral HPLC separated the pair of enantiomers (+)-8
and (-)-8 (Fig. $8), revealing the structures of (3R,13S,3'R)-8 and
(35,13R,3'S)-8, which were confirmed through ECD spectroscopy
(Fig. 4).

Peganumione I (9)’s molecular formula, C;;H,gN,03, was es-
tablished through its HR-ESI-MS data (m/z 321.1224 [M + Nal’,
Calcd. for Cy;H;gN,05Na 321.1210). The 'H-'H COSY (Table S9)
correlations of H-5 (6y 6.40)/H-6 (6y 6.42), and of H-10 (&y
2.90/2.20)/H-11 (6y 3.64/3.43) indicated two spin systems in 9
(Fig. 2). The HMBC cross-peaks from H-5 to C-3 (6 54.1)/C-7 (6¢
159.4)/C-9 (6¢ 142.0), from H-6 to C-4 (8. 122.4)/C-8 (6¢ 96.5),
from H-8 (6y 6.43) to C-4/C-6 (6; 106.4), and from 7-OCHj; (&y
3.69) to C-7 established a 7-methoxy tryptamine unit (9a, Fig. 1).
Further analysis revealed a tri-substituted pyrrolizine ring with
two methyl groups (9b, Fig. 1), confirmed through HMBC cross-
peaks from H-10 to C-11 (6. 40.1)/C-16 (6 77.2), from H-11 to C-
10 (¢ 38.5)/C-13 (8 173.2)/C-16, from H-14 (8 5.50) to C-13/C-
15 (6 163.4)/C-16/C-18 (8 12.7), from H-17 (8, 1.45) to C-15/C-
16, and from H-18 (1.42) to C-13/C-14 (8. 122.4)/C-15/C-16
(Fig. 2). The aforementioned fragments (9a and 9b) were connec-
ted through a spiral atom (C-3) to form a novel spiro-tetracyclic
system, as evidenced by HMBC cross-peaks from H-10 to C-2 (¢
177.0)/C-3/C-4, from H-11 to C-3, and from H-17 to C-3 (Fig. 2).
Compound 9 was ultimately characterized as a rare spirocyclic al-
kaloid with a 6/5/5/5 ring system through single-crystal X-ray
diffraction (Cu Ka) (Fig. 3). Subsequently, enantiomers (+)-9 and
(-)-9 were separated using chiral HPLC (Fig. S9). The predicted
ECD spectrum of (3R,16R)-9 corresponded to that of (+)-9 (Fig.
4), while the simulated curve of (35,16S5)-9 aligned with that
measured for (-)-9.

Peganumione ] (10), colorless crystals, exhibited a molecular
formula of C;9H,;N,0,4, determined by HR-ESI-MS analysis (m/z
343.1660 [M + HJ", Calcd. for CigH,3N,0, 343.1652). The NMR
spectroscopic data (Table S10) of compound 10 shared similarit-
ies with 9, featuring the same 6/5/5/5 tetracyclic spiro ring skel-
eton. The primary distinctions included the absence of a methyl
(C-18) and the presence of oxygenated methylenes and an addi-
tional ethoxyl group in 10. The ethoxyl moiety’s bond to C-18 was
confirmed through the 'H-'H COSY correlation of H-19 (&y
3.03/2.99)/H-20 (6y 0.94), and key HMBC correlations from H-18
(3.96/3.50) to C-13 (6 172.4)/C-14 (6; 121.2) /C-15 (6. 164.1) /C-
16 (6¢ 76.0)/C-19 (¢ 65.6), from H-19 to C-18 (6 65.0)/C-20 (6¢
14.8), and from H-20 to C-19 (Fig. 2). Compound 10 was sub-
sequently confirmed as an unusual spirocyclic alkaloid with a
unique 6/5/5/5 imidazolidine framework through single-crystal
X-ray diffraction Cu Ka analysis (Fig. 3). The enantiomers, (+)-10
and (-)-10, were separated through chiral HPLC (Fig. S10). The
computed ECD spectrum of (3R,16R)-10 demonstrated excellent
correlation with the experimental data of (+)-10 (Fig. 4), while
the calculated value of (35,165)-10 precisely matched the meas-
ured data of (-)-10.

Peganumione K (11) was determined to have a molecular
formula of C;9H,;N,0, through HR-ESI-MS analysis (m/z
343.1653 [M + H]", Calcd. for C;9Hy3N,0, 343.1652). The 1D NMR
data (Table S11) of 11 aligned with that of 10, sharinga 6/5/5/5
tetracyclic spiro framework, with notable differences in chemical
shifts of C-2, C-4, C-5, C-10, C-15, C-16, C-17 from 6. 176.8, 122.6,
124.3,39.0, 164.1, 76.0,20.4 in 10 to 6; 178.2,118.8, 126.3, 37.2,
161.1, 74.2, 21.6 in 11, respectively. These variations indicated
different configurations at C-3 or C-16 in 11 compared to 10. The
NOESY spectrum (Fig. S2) revealed a correlation between H-10



Z Wuetal.

(6y 2.90/2.33)/H-17 (6y 1.45), indicating the relative stereo-
chemistry of 11 as 3R,16S". Compounds 11 (3R’,16S") and 10
(3R',16R") were thus identified as epimers. The enantiomeric
pairs (+)-11 and (-)-11 were isolated via chiral HPLC (Fig. S11)
and established as (3R,16S5)-11 and (3S,16R)-11 based on ECD
calculations (Fig. 4).

HR-ESI-MS analysis of peganumione L (PL) (12) (m/z
255.1126 [M + H]", Calcd. for C;5H;5N,0, 255.1128) indicated a
molecular formula of C;5H14N,0,. Comparative analysis of spec-
tral data between compound 12 (Table $12) and harmine **
dicated that they shared an identical tricyclic S-carboline skelet-
on. The primary distinction between 12 and harmine was the re-
placement of a methyl group with a propanoyl group [6; 204.2
(C=0), 30.8 (CH;), 8.4 (CH3); 6y 3.33 (2H, q,/ = 7.3 Hz), 1.19 (3H,
t,J = 7.3 Hz)] in 12, indicating that the methyl group (connecting
to C-1) in harmine was substituted by a propanoyl group in 12
(Fig. 1). The structure was confirmed via the '"H-"H COSY correla-
tion of H,-15 (8y 3.33)/H3-16 (8 1.19), along with the HMBC cor-
relations from H,-15 to C-14 (6; 204.2)/C-16 (6; 8.4), and from
H3-16 to C-14/C-15 (6 30.8) (Fig. 2). Furthermore, compound 12
was verified via X-ray diffraction analysis (Fig. 3).

Based on the reported spectroscopic data, the eight known
alkaloids were characterized as harmine (13) **, harmali-
ne (14) *, tetrahydroharmine (15) *, harmic acid methyl ester
(16) °, harmic acid ethyl ester (17) °, harmine N-oxide (18) °,
pegaharmine I (19) %, and harmic amide (20) °.

in-

2.1. Antiviral activities against RSV of compounds 1-20

Previous research demonstrated that S-carboline alkaloids
from P. harmala exhibited significant anti-HSV-2 virus effects *°,
while the anti-RSV activities of other indole alkaloids remain
largely unexplored. Consequently, the isolates (1-20) were eval-
uated for RSV antivirulence through plaque reduction and CPE
assays. Compounds 1-20 exhibited potent RSV inhibitory effects
with ICg, values ranging from 5.01 + 0.14 to 51.73 + 2.01 pmol-L™
(Table 1). Notably, PL (12) exhibited the most potent anti-RSV
activity (ICsp 5.01 + 0.14 pmol-L™"), subsequently confirmed by
immunofluorescence assay. Methyl thiazolyl tetrazolium (MTT)
analysis revealed PL’s cytotoxicity (Fig. 5A) on HEp-2 cells, with
CCsg values of 75.81 + 1.75 pmol-L™. PL’s tolerance to high titer
virus infection was assessed by infecting HEp-2 cells with RSV at
varying titers (MOI = 0.1, 1, or 5) (Fig. 5B). At non-toxic concen-
trations, PL’s plaque inhibition of RSV was evaluated through
plaque reduction assay (Fig. 5C). Results demonstrated that sim-
ultaneous application of PL and RSV to HEp-2 cells significantly
reduced virus production in a concentration-dependent manner.
The virus yield assay (Fig. 5D) revealed maximum progeny virus
generation by third post-RSV infection. PL (40 umol-L™) signific-
antly suppressed RSV proliferation during the initial four days.
These findings confirmed that PL’s significant antiviral effect
against RSV was independent of cytotoxicity. Green fluorescence
indicated elevated levels of viral F proteins within this virus pop-
ulation. PL treatment substantially reduced RSV-induced green
fluorescence (Fig. 5E). The data demonstrate PL’s robust anti-RSV
activity across various infectious levels.

3. Conclusion

In summary, twelve novel tryptamine-derived alkaloids
(1-12, peganumiones A-M) and eight known compounds were
isolated from P. harmala seeds. Structural elucidation was accom-
plished through comprehensive spectroscopic analysis (IR, UV,
HR-ESI-MS, and 1D and 2D NMR), complemented by X-ray crys-
tallography, ECD calculations and the Rh,(OCOCF;),-induced ECD
spectrum. All compounds exhibited varying levels of anti-RSV
activity. Notably, PL (12) demonstrated the most potent antiviral
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Table 1 In vitro anti-RSV activity of compounds 1-20 (mean * SD, n = 3).

RSV

Compounds e s
ICs0/(umol-L™) CCso/(umol-L™) SI

(H-1 3518+ 1.12 >100 >2.8
()1 31.21+1.01 >100 >3.2
(9)-2 4456 £ 1.22 >100 >2.2
(-)-2 39.27 +1.06 >100 >2.5
(-3 46.22 £1.32 >100 >2.2
(-)-3 51.73+2.01 >100 >19
4 39.71+1.95 >100 >2.5

5 35.62 +1.66 >100 >2.8
(+)-6 22.39+0.31 89.12+4.11 4.0
(-)-6 23.71£0.42 92.33 £4.55 39
-7 23.81+1.01 91.46 + 4.32 38
=)-7 3116 +1.76 >100 >3.2
()-8 38.12+1.28 >100 >2.6
()-8 35.28+1.17 >100 >2.8
-9 22.13£0.52 96.22 +5.32 43
=)-9 19.22 + 0.42 82.25+4.61 43
(H)-10 23.01 £ 0.64 97.55+491 4.2
(-)-10 2843 £0.85 93.83 £5.56 383
(H)-11 41.59 £ 1.57 >100 >2.4
(=)-11 37.11+1.23 >100 >2.7
12 5.01+0.14 75.81+1.75 15.1
13 18.43+0.25 79.96 + 5.35 44
14 21.17 £0.33 90.91+7.02 43
15 25.61£0.22 96.22 £ 6.55 3.8
16 11.29 + 0.64 98.17 + 6.82 8.7
17 12.71+1.02 >100 >79
18 29.79 £ 1.01 >100 >34
19 22.16£0.76 96.71 £7.27 44
20 9.61 +0.44 78.58 £ 5.26 8.2
Ribavirin’ 6.23 +0.95 >100 >16.1

“ICs, is the concentration of compound that reduced 50% CPE as compared with
control cells infected with the virus; "CCs, is the concentration of compound with
half maximal inhibition on the growth and survival of host cells; ‘Selectivity index
(SI) = CCs/ICsy; “Positive control.

effect against RSV with an ICg, value of 5.01 + 0.14 pmol-L™. Sig-
nificantly, PL’s anti-RSV activity surpasses that of ribavirin, the
positive control. This research identifies novel antiviral alkaloids
from P. harmala seeds, providing valuable guidance for develop-
ing active anti-RSV components from this plant.

4. Experimental

4.1. General experimental procedures
Details of the experimental equipment can be found in Sup-
porting information.

4.1.1. Plant material
Details of the plant material can be found in Supporting in-
formation.

4.1.2. Extraction and isolation

P. harmala seeds (12 kg) were pulverized and extracted with
a 95% CH3;CH,0H/H,0 mixture (30 L x 3) at room temperature.
The extract concentrate (956 g) was dissolved in 4 L of water,
and the solution’s pH was adjusted to 3 using 5% HCI. The acidic
extract underwent fractionation with CH,Cl, (4 L x 3), producing
a CH,Cl,-soluble fraction. The acid layer’s pH was adjusted to 9
using a 30% ammonium hydroxide solution. The alkali phase was
then partitioned with CH,Cl, (4 L x 3), yielding an alkaloid ex-
tract (315 g). The raw alkaloids underwent D101 macroporous
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Fig. 5 Antiviral activity (RSV) and cytotoxicity of PL (12) in vitro. (A, C) The monolayer (HEp-2 cells) was treated with PL (100, 50, 25, 12.5, 6.25, or 3.125 umol-L™") or a
mixture of PL (40, 20, 10, 5, 2.5, or 1.25 umol-L™") and virus (RSV, MOI = 0.1). Cell viability and viral titers were tested by MTT and plaque reduction assay, respectively. (B)
The monolayer (HEp-2 cells) was inoculated with a mixture consisting of PL (40 umol-L™") and an equal volume of virus (RSV, MOI = 0.1, 1, or 5). Ribavirin (40 pmol-L™*) was
used as positive control. After 48 h incubation, supernatants were collected from each well and viral titers were tested by plaque assay. (D) The monolayer (HEp-2 cells) was
inoculated with a mixture consisting of PL (40 pmol-L™") and an equal volume of virus (RSV, MOI = 0.1). Ribavirin (40 pmol-L™") was used as positive control. Supernatants
were collected from each well at the indicated time after virus infection. Viral titers were tested by plaque assay. (E) The monolayer (HEp-2 cells) was inoculated with a mix-
ture consisting of PL (40 pmol-L™") and an equal volume of virus (RSV, MOI = 0.1). Ribavirin (40 umol-L™) was used as positive control. After 24 h of incubation, HEp-2 cells
were stained with anti-RSV F antibodies, and fluorescence intensity in HEp-2 cells was determined by fluorescence microscopy. Data are presented as mean * SD of three in-

dependent experiments. P < 0.001 vs the viral control group).

adsorption resin chromatography using ethanol/water gradient
(10:90, 30:70, 50:50, 70:30, 95:5, V/V), producing five frac-
tions (Frs. A-E). Fr. C (22.3 g), subjected to silica gel chromato-
graphy using a CH,Cl,/MeOH gradient (10:90 to 100:0, V/V),
yielded seven derivative fractions (Frs. C1-C7). Fr. C5 (1.8 g) was
chromatographed through Sephadex LH-20 (CH,CI,/MeOH, 2:1,
V/V), yielding compounds 1 (16.2 mg), 2 (17.1 mg), and 3 (22.5
mg). Fr. C4 (3.8 g) underwent ODS CC using a MeOH/H,0 gradi-
ent (10:90 to 100:0, V/V), yielding 4 (15.2 mg), 5 (9.7 mg), and
6 (10.9 mg). Fr. C3 (1.8 g) was refined using Sephadex LH-20
(CH,Cl,/MeOH, 2:1, V/V), followed by preparative HPLC
(MeOH/H,0/NH,0H, 70:30:0.01, V/V/V), yielding 7 (9.9 mg), 8
(6.8 mg), and 9 (13.7 mg). Fr. C2 (2.5 g) underwent purification
via preparative HPLC using a MeOH/H,0/NH,OH ratio of
60:40:0.01 V/V/V, yielding compounds 10 (11.9 mg), 11 (15.5
mg), and 12 (22.1 mg).

Peganumione A (1): white amorphous powder; mp: 181-
182 °C; (+)-1: [a]® +37.2 (c 1.0, CH,CLy); (-)-1: [a]% -36.5 (c 1.0,
CH,Cl,); UV (CH,Cly) Anax (log €): 217 (1.71), 269 (0.23) nm; IR
(KBr) vy 3387, 1666, 1604, 1483, 1468, 1382, 1337, 1320,
1296, 1273, 1223, 1169, 1149, 1107, 1057, 994, 894, 779, 702
cm™; for NMR spectroscopic data (Table S1); HR-ESI-MS m/z
505.2062 [M + Na]" (Calcd. for C;5H3oN,404Na, 505.2058).

Peganumione B (2): colorless needle crystals (CH;0H/H,0);
mp: 169-170 °C; (+)-2: [a]> +26.8 (¢ 1.0, CH,CLy); (-)-2: [a]”
-27.5 (c 1.0, CH,Cl,); UV (CH,Cly) Aoy (log €): 223 (2.56), 265
(0.61), 295 (0.58) nm; IR (KBr) v, 3420, 3219, 1648, 1569,
1542, 1385, 1270, 1157, 1143, 1033, 832, 791, 716 cm; for
NMR spectroscopic data (Table S2); HR-ESI-MS m/z 505.2063 [M
+Na]" (Calcd. for C,5H3,N,0O¢Na, 505.2058).

Crystal data of 2: C,5H30N4Og, Mr = 482.53, triclinic, a =
10.7973 (4) A, b = 11.1314 (4) A, ¢ = 12.1954 (5) A, a = 116.275
(4)°, B = 105.219 (4)°, ¥ = 100.367 (3)°, V= 1191.61 (9) A*, T =
149.99 (10), Z = 2, u(Cu Ka) = 0.803 mm™, reflections collected
8064 which were used in all calculations. Final R indexes [all
data] R; = 0.0520, wR, = 0.1264, and the goodness of fit on F* was
equal to 1.058. CCDC number: 2048242 (http://www.ccdc.
cam.ac.uk/).
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Peganumione C (3): white amorphous powder; (+)-3: [a]ff
+31.2 (c 1.0, CH)Cl); (-)-3: [a]y -32.7 (c 1.0, CH,Cl,); UV
(CH,Cly) Ayax (log €): 217 (0.48), 278 (0.07) nm; IR (KBr) vy
3142, 3071, 1624, 1565, 1480, 1450, 1414, 1384, 1328, 1290,
1275, 1237, 1198, 1162, 1101, 1027, 941, 810, 757 cm™"; for
NMR spectroscopic data (Table S3); HR-ESI-MS m/z 419.1687
[M + Na]" (Calcd. for C,;H,,N,04Na 419.1690).

Peganumione D (4): white amorphous powder; [a]fj +36.2 (c
1.0, CH,Cl,); UV (CH,Cl,) Apay (log €): 210 (0.28), 265 (0.15), 318
(0.11) nm; IR (KBr) v, 3397, 1660, 1613, 1483, 1467, 1379,
1343, 1320, 1290, 1275, 1225, 1172, 1133, 1104, 991, 775 cm™;
for NMR spectroscopic data (Table S4); HR-ESI-MS m/z 475.1958
[M + Na]" (Calcd. for C,4H,gN,OsNa 475.1952).

Peganumione E (5): white amorphous powder; [a]f)s +19.1 (c
1.0, CH,Cl,); UV (CH,Cl,) Apay (log €): 207 (0.26), 265 (0.16), 317
(0.10) nm; IR (KBr) v, 3397, 1660, 1613, 1482, 1379, 1343,
1320, 1290, 1275, 1225, 1172, 1104, 991, 775, 701 cm™"; for
NMR spectroscopic data (Table S5); HR-ESI-MS m/z 475.1956
[M + Na]" (Calcd. for C,4H,gN,OcNa 475.1952).

Peganumione F (6): white amorphous powder; (+)-6: [a]zDs
+33.7 (c 1.0, CH,ClLy); (-)-6: [a]ff’ -31.2 (c 1.0, CH,Cly); UV
(CH,Cly) Ay (log €): 205 (1.32), 234 (0.61), 287 (0.25) nm; IR
(KBr) v, 3405, 3328, 3178, 3047, 1683, 1616, 1467, 885, 775
cm™; For NMR spectroscopic data (Table S6); HR-ESI-MS m/z
288.1494 [M + H]" (Calcd. for C;9H;gN; 288.1495).

Peganumione G (7): colorless needle crystals (CH;0H/H,0);
mp 173-174 °C; (+)-7: [a]5 +19.7 (c 1.0, CH,CL); (-)-7: [a]®
-18.9 (c 1.0, CH,Cl,); UV (CH,Cl,) Apay (log €): 199 (0.12), 225
(0.22), 266 (0.06), 306 (0.04) nm; IR (KBr) v, 3382, 3174,
1681, 1660, 1625, 1611, 1466, 1387, 1320, 1281, 1117, 1102,
773 cm™'; for NMR spectroscopic data ( Table S7); HR-ESI-MS m/z
283.1053 [M + Na]" (Calcd. for C;4,H;4N,03Na 283.1053).

Crystal data of 7: Ci4H{¢N,03, Mr = 260.29, triclinic, a =
7.4680 (5) A, b = 7.9039 (4) A, ¢ = 11.2215 (5) A, a = 105.661
(4)°, B = 96.294 (5)°, ¥y = 95.078 (5)°, V = 629.08 (6) A® T =
150.00 (10) K, Z = 2, u(Cu Ka) = 0.803 mm ™, reflections collected
4058 which were used in all calculations. Final R indexes [all
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data] R; = 0.0701, wR, = 0.1841, and the goodness of fit on F* was
equal to 1.041. CCDC number: 2104687 (http://www.ccdc.
cam.ac.uk/).

Peganumione H (8): white amorphous powder; (+)-8: [oz]ZD5
+415 (c 1.0, CHyCL); (-)-8: [a]” -42.0 (c 1.0, CH,Cl); UV
(CH,Cly) Ayax (log €): 200 (0.12), 225 (0.21), 266 (0.07), 309
(0.03) nm; IR (KBr) v, 3431, 3387, 1683, 1660, 1627, 1607,
1464, 1381, 1325, 1278, 1124, 1109, 769 cm™; for NMR spectro-
scopic data (Table S8); HR-ESI-MS m/z 479.2289 [M + H]" (Calcd.
for C,6H3,N,05 479.2289).

Peganumione I (9): colorless needle crystals (CH;0H/H,0);
mp 173-174 °C; (+)-9: [a]> +22.3 (¢ 1.0, CH,CL); (-)-9: [a]®
-23.1 (c 1.0, CH,Cl,); UV (CH,Cl,) Ap.x (log €): 223 (2.50), 265
(0.62), 295 (0.60) nm; IR (KBr) v, 3298, 2949, 2843, 1698,
1627, 1556, 1509, 1464, 1347, 1275, 1189, 1159, 1133, 1021
cm™; For NMR spectroscopic data (Table S9); HR-ESI-MS m/z
321.1224 [M + Na]" (Calcd. for C;;HgN,03Na 321.1210).

Crystal data of 9: C;;HgN,03'(H,0)g5, Mr = 307.34, mono-
clinic, a = 13.047 (3) A, b = 8.8417 (10) &, ¢ = 14.030 3) &, a =
90°, B = 112.43(2)°, y = 90°, V = 1496.0 (5) A°, T = 149.99 (10) K,
Z = 4, u(Cu Ka) = 0.789 mm™, reflections collected 5561 which
were used in all calculations. Final R indexes [all data] R; =
0.1188, wR, = 0.2534, and the goodness of fit on F* was equal to
1.091. CCDC number: 2105283 (http://www.ccdc.cam.ac.uk/).

Peganumione ] (10): colorless needle crystals (CH;0H/H,0);
mp 162-163 °C; (+)-10: [a]> +19.8 (c 1.0, CH,CL); (-)-10: [a]®
-18.9 (c 1.0, CH,Cl,); UV (CH,Cl,) A (log €): 209 (0.41), 283
(0.08) nm; IR (KBr) vy, 3353, 1684, 1500, 1456, 1306, 1255,
1204, 1137, 755 cm™"; for NMR spectroscopic data (Table $10);
HR-ESI-MS m/z 343.1660 [M + H]" (Calcd. for Cy9H,3N,0,
343.1652).

Crystal data of 10: C;9H,,N,0,, Mr = 342.38, orthorhombic,
a=158543 (5) A, b =16.9397 (5) A, c = 25.7318 (8) A, a = 90°,
B=90°y=90°V=6910.7 (4) &>, T =100.0 (3) K, Z = 16, u(Cu
Ka) = 0.760 mm™", reflections collected 34437 which were used
in all calculations. Final R indexes [all data] R; = 0.0589, wR, =
0.1548, and the goodness of fit on F* was equal to 1.034. CCDC
number: 2049205 (http://www.ccdc.cam.ac.uk/).

Peganumione K (11): white amorphous powder; (+)-11: [a]és
+21.4 (c 1.0, CH,CL); (-)-11: [a5 -22.3 (c 1.0, CH,CL); UV
(CH,Cly) Apax (log €): 211 (0.43), 272 (0.06) nm; IR (KBr) vyax
3340, 3267, 1669, 1495, 1456, 1385, 1101, 758 cm™; for NMR
spectroscopic data (Table S11); HR-ESI-MS m/z 343.1653 [M +
H]" (Calcd. for C9H,3N,0, 343.1652).

Peganumione L (12): colorless needle crystals (CH;0H/H,0);
mp 178-179 °C; [oc]ZD5 +9.8 (¢ 1.0, CH,Cl,); UV (CH,Cly) Apay (log
€): 223 (1.38), 298 (0.26) nm; IR (KBr) v, 3441, 2926, 1625,
1542, 1453, 1370, 1276, 1201, 1159, 1131, 1074, 1027, 979,
946, 902, 826 cm™'; for NMR spectroscopic data (Table S$12); HR-
ESI-MS m/z 255.1126 [M + H]" (Calcd. for C4sH;5N,0, 255.1128).

Crystal data of 12: C;5H4N,0,, Mr = 254.28, monoclinic, a =
28.963 (6) A, b = 49129 (8) A, ¢ = 35.584 (8) A, a = 90°, B =
101.34 (2)°, ¥ = 90°, V = 4964.4 (18) A*, T = 150.00 (10) K, Z = 16,
u(Cu Ka) = 0.745 mm™, reflections collected 20122 which were
used in all calculations. Final R indexes [all data] R; = 0.1534,
WR, = 0.2662, and the goodness of fit on F* was equal to 1.010.
CCDC number: 2334094 (http://www.ccdc.cam.ac.uk/).

4.1.3. Antiviral activity assay in vitro

The anti-RSV activity of all compounds was evaluated using
an MTT assay, a plaque reduction assay, and the CPE test. De-
tailed experimental procedures are available in Supporting in-
formation.
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