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Abstract

Background: Since Nicotiana tabacum (tobacco) has important significance to humans for their medicinal uses,

to find antivirus activities inhibitors from tobacco, increase its medicinal value, and comprehensive utilization of its
by-products, our group had investigated the chemical constituents of the stems of Y-202, a cultivar of tobacco which
high resistance to tobacco mosaic virus (TMV).

Results: Four new isoindolinone-type alkaloids, nicoisoindoles A-D (1-4), along with four known isoindole deriva-
tives (5-8) were isolated. Compounds 1-4 represent a new subclass of isoindolinone alkaloids with rare cyclopentalf]
isoindole-1-one frameworks. Among them, nicoisoindole C (3) possesses an unusual N-2-(5-methoxy-6-methylpyri-
din-2-yl) ethyl moiety, while nicoisoindole D (4) has a novel a N-(3-methyl-6-oxo-1,6-dihydropyridin-2-yl)methy! sub-
stituent. Interestingly, compounds 1, 3, and 4 showed high anti-TMV activities with inhibition rates of 43.8%, 58.8%,
and 67.8% at the concentration of 20 pM, and ICs,, values of 23.6, 19.5 and 15.4 puM, respectively, even more potent
than that of positive control.

Conclusions: The successful isolation and structure identification of new oxocyclopenta(flisoindole-1-ones provide
materials for the screening of antivirus activities inhibitors, and contribute to the development and utilization of the
waste from tobacco cultivation.
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Background

Tobacco (Nicotiana tabacum L.) is a plant of the genus
Nicotiana (Solanaceae family), whose leaves are widely
used for smoking, chewing, and isolation of nicotine,
ordinarily after processing by a series of ways [1]. In addi-
tion, tobacco also has important significance to humans
for their ornamental values and medicinal uses [2]. In
recent years, many bioactive naturally small molecule
metabolites have been reported from this genus, includ-
ing diterpenoids [3], sesquiterpenoids [4, 5], flavonoids
[6, 7], coumarins [8, 9], furans [10, 11], alkaloids [12, 13],
sterols [6], and the like. The biosynthesis and pharma-
cological properties of some metabolites also have been
widely elucidated, such as pyridine alkaloids, including

the eponymous nicotine [14], isoprenoids [15], aromatic
compounds [16], and polyphenols [17].

Flue-cured tobacco, a variety of N. tabacum, is a major
cash crop in Yunnan province, P.R. China. Yunnan prov-
ince produces approximately 750,000 tons of flue-cured
tobacco on 32 0,000 hectares of land every year, account-
ing for about 50% of the country’s total tobacco produc-
tion [18]. The large-scale tobacco planting produces a
large amount of waste, including stem, roots, low grade
and defective tobacco leaves. Therefore, the multipur-
pose utilization of the by-product is an interesting topic
and arouses more and more attentions [8-10, 19, 20]. To
increase the pharmacodynamic value of tobacco, and the
comprehensive utilization of its by-products, our group
has investigated the chemical constituents of the stems
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Table 1 'H and'® C NMR Data of compounds 1 and 2 (6 in ppm,
data obtained in CDCl;)
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Table 2 'Hand'® C NMR Data of compounds 3 and 4 (5 in ppm,
data obtained in CDCl;)

No 1 2 No 3 4
5c 5,UinHz) & 5, (Jin Hz) 5 5,UinHz) & 8, (Jin Hz)
1 169.5 (O) 167.5(C) 1 167.5(C) 166.3 (C)
2-NH 9.07,s 3 44.2 (CH,) 4.24,s 39.7 (CH,) 4.21,s
3 43.7 (CH,) 432,s 459 (CH,) 4.16,s 4 156.8 (C) 156.8 (C)
4 156.3 (CH,) 156.9 (C) 5 1239(Q) 123.7(Q)
5 12510 1238 (C) 6 1522 (C) 1524 Q)
6 152.7(Q) 1524 (C) 7 115.7 (CH) 748,s 1154 (CH) 7.50,s
7 116.3 (CH) 749,s 115.8 (CH) 747,s 3a 125.1 (Q) 1254 (Q)
3a 1284 (C) 1252 (C) 7a 136.7 (C) 136.8 (O)
7a 1344 Q) 136.8 (C) 8 28.2 (CH,) 2.68,1(5.6) 28.2 (CH,) 2.68,1(5.6)
8 283 (CH,) 2.76,1(5.6) 28.1 (CH,) 2.75,1(5.6) 9 374 (CH,) 3.36,t(5.6) 37.2(CH,) 3.36,t(5.6)
9 37.2(CH,) 3.33,t(5.6) 372 (CH,) 3.35,t(5.6) 10 2063 (Q) 2063 (Q)
10 206.3 (Q) 2064 (Q) 4-OMe 60.9 (CH,) 382, 60.9 (CH5) 3.84,s
1 34.2 (CHy) 2.84,s 2! 1532 (C) 161.7 (O)
-OMe 60.3 (CH5) 3.83,s 60.4 (CH5) 3.83,s 3’ 121.6 (CH) 6.94,d (7.8) 114.6 (CH) 6.74,d (8.8)
4 1224 (CH) 7.04,d (7.8) 144.6 (CH) 7.59,d (8.8)
5! 1544 (C) 1182 (Q)
/
of Y-202, a high resistance tobacco mosaic virus (TMV) j ;jig( C(CH)) 3161 (62) ;ii C(E)) 400 <
cultivar of tobacco, which originated from K326 by EMS B o T o
mutagenesis. As a result, four new isoindolinone-type 8/ 468 (CH) 396,162 142(CHy 220
alkaloids (1-4) possessing novel cyclopentalf] isoindole- ? 183 (CHy) 2325
. 5-OMe 559 (CHy) 3.80,s
1-one frameworks together with four known analogues o 3 690 <

(5—8) were isolated from the title plant. Compounds 1-4
were tested for their anti-TMV activities, and their struc-
ture—activity relationships were preliminarily verified by
molecular docking. The mechanisms study on compound
4 (with the highest anti-TMYV activity) was also revealed
that the increased potentiation of defense-related
enzyme activities, and down-regulate the expression of
the NtHsp70 protein may induce resistance in tobacco
against the viral pathogen of TMV. Furthermore, to study
whether the new compounds have more broad antiviral
activities, compounds 1-4 were also tested for their anti-
rotavirus activities.

Methods

General experimental procedures

IR spectra were obtained using a FTS185 spectro-
photometer (Bio-Rad, California, USA). A Shimadzu
UV-1900 spectrophotometer (Shimadzu, Kyoto, Japan)
was used for scanning UV spectra. The 1D and 2D NMR
spectroscopic data were measured by a Bruker DRX-500
NMR spectrometer (Bruker, Karlsruhe, Germany) with
TMS as internal standard. Mass spectra were recorded
on an Agilent 1290 UPLC with a 6540 Q-TOF mass
spectrometer (Agilent Technologies, Wilmington, DE,
USA). Semi-preparative HPLC was performed with an

Agilent 1260 preparative liquid chromatography (Agi-
lent Technologies, Wilmington, DE, USA) with a Venusil
MP C,g column (10 pm, 2.0 cm x25 cm, Agilent, Palo
Alto, USA) or a Zorbax PrepHT GF C;g column (10 pum,
2.12 cm x25 cm, Bonna-Agela, Tianjin, China). Column
chromatography was performed on silica gel (80—100
mesh or 200-300 mesh) (Qingdao Marine Chemical,
Inc., Qingdao, China) and MCI gel (75-150 um) (Mit-
subishi Chemical Corporation, Tokyo, Japan). Fractions
were monitored by thin-layer chromatography (Qing-
dao Marine Chemical, Inc., Qingdao, China) and spots
were visualized by heating silica gel plates (approximately
120 °C) sprayed with 5% H,SO, in ethanol.

Plant material

The flue-cured tobacco Y-202, a cultivar with high resist-
ance to TMV, which originated from K326 by EMS
mutagenesis was used as plant material. The tobacco was
planted in Yuxi area, Yunnan Province. After the tobacco
leaves had been harvested, the tobacco stems were col-
lected, and the sample was dried at 35-40 °C, and then
crushed with 30-60 mesh. The crushed sample was used
for extraction and isolation. The voucher specimen of the
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title plant (No. Ynni-19-09-122) has been deposited in
School of Ethnic Medicine, Yunnan Minzu University.

Extraction and isolation

The dried stems of Nicotiana tabacum (approximately
8.2 kg) were extracted with 70% aqueous acetone, and
the total extract was successively partitioned between
3% aqueous tartaric acid and ethyl acetate. Then, the
aqueous layer was adjusted to pH 9 by the addition of
a saturated aqueous Na,COssolution, which was fur-
ther extracted with ethyl acetate again. The ethyl acetate
residues (146 g) were performed on silica gel (200 mesh,
Qingdao Marine Chemical, Inc., Qingdao, China), eluted
with trichloromethane/methanol gradient system (10:0,
9:1, 8:2, 7:3, 6:4, and 5:5) to obtain six fractions A-F.
Fraction A (9:1, 22.6 g) was separated by silica gel, elut-
ing with trichloromethane/acetone (9:1 to 2:1), yielded
subfractions B1-B7. Subfraction B1 (9:1, 3.85 g) was fur-
ther subjected to silica gel, and then semi-preparative
HPLC (58-65% methanol/water, 12 mL/min) to yield
3 (18.5 mg), 4 (19.2 mg), 6 (22.8 mg), 7 (25.4 mg) and 8
(22.6 mg). Subfraction B2 (8:2, 3.21 g) was separated by
silica gel and subsequently separated by semi-prepara-
tive HPLC (50-55% methanol/water, 12 mL/min) to give
2 (20.5 mg). Subsequently fraction B4 (6:4, 4.15 g) was
purified by silica gel and followed by semi-preparative
HPL (30-38% methanol/water, 12 mL/min) to yield 1
(26.5 mg) and 5 (23.4 mg).

Nicoisoindole A (1): obtained as yellow gum; UV
(methanol) A, nm (log €) 210 (4.42), 268 (4.15), and 312
(3.58); IR (KBr) v,,,, 3385, 3142, 2928, 2846, 1686, 1662,
1608, 1582, 1464, 1380, 1268, 1153, 1062, and 825 cm™};
'H (500 MHz, CDCl,) and *C NMR data (125 MHz,
CDCl,) see Table 1 and Additional file 1: Figs. S1-S4; pos-
itive ESIMS m/z 240 [M 4 Na]* and positive ESI-HRMS
(Additional file 1: Fig. S5) m/z 240.0642 [M + Na]* (calcd.
for C;,H;;NNaO,, 240.0637).

Nicoisoindole B (2): obtained as yellow gum; UV
(methanol) A,,,, nm (log €) 210 (4.46), 266 (4.09), and 310
(3.62); IR (KBr) v, 3150, 2932, 2839, 1682, 1658, 1612,
1579, 1462, 1383, 1264, 1156, 1068, and 836 cm™'; 'H
(500 MHz, CDCl;) and **C NMR data (125 MHz, CDCl,)
see Table 1 and Additional file 1: Figs. S6-S9; posi-
tive ESIMS m/z 254 [M+Na]" and positive ESI-HRMS
(Additional file 1: Fig. S10) m/z 254.0786 [M-+Na]*"
(calcd. for C,3H,3NNaO,, 254.0793).

Nicoisoindole C (3): obtained as yellow gum; UV
(methanol) A, nm (log &) 210 (4.44), 262 (4.15), 287
(3.83), and 316 (3.64); IR (KBr) v,,,, 3178, 2927, 2846,
1685, 1654, 1615, 1582, 1479, 1380, 1257, 1162, 1068,
and 825 cm™; 'H (500 MHz, CDCl,) and *C NMR data
(125 MHz, CDCl,) see Table 2 and Additional file 1: Figs.
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S11-S14; positive ESIMS m/z 389 [M+Na]' and posi-
tive ESI-HRMS (Additional file 1: Fig. S15) m/z 389.1472
[M+Na]* (calcd. for C,,H,,N,NaOQ,, 389.1477).

Nicoisoindole D (4): obtained as yellow gum; UV
(methanol) A,,,, nm (log &) 210 (4.52), 268 (4.18), 296
(3.92), and 324 (3.68); IR (KBr) v, 3368, 3167, 2962,
2938, 2870, 1712, 1683, 1652, 1612, 1567, 1465, 1384,
1276, 1180, 1046, and 863 cm™'; 'H (500 MHz, CDCl,)
and *C NMR data (125 MHz, CDCl;) see Table 2 and
Additional file 1: Figs. S16-S19; positive ESIMS m/z 361
[M+ Na]* and positive ESI-HRMS (Additional file 1: Fig.
$20) m/z 361.1169 [M+ Na] ™ (calcd. for C,gH;4N,NaO,,
361.1164).

Anti-TMV assays

The anti-TMV activities were tested using the half-
leaf method [21, 22], and 20 pM of Ningnanmycin
(C1¢H,304N-, CAS No. 156410-09-2, Kemike Biomedi-
cal Technology Co., Ltd, Wuhan, China), a commercial
cytosine nucleoside peptide type antibiotics for plant
disease in China) in DMSO was used as a positive con-
trol. The virus was inhibited by mixing with the solu-
tion of tested compounds (20 pM in DMSO). After
30 min, the mixture was inoculated on the left side of
the leaves of N. glutinosa, whereas the right side of the
leaves was inoculated with the mixture of DMSO solu-
tion and the virus as control. The local lesion numbers
were recorded 3—4 days after inoculation. Three repeti-
tions were conducted for each compound. The inhibi-
tion rates were calculated according to the formula:

inhibition rate (%) = [(C — T)/C] x 100%

where C is the average number of local lesions of the con-
trol and T is the average number of local lesions of the
treatment.

For compounds with significant activities in half-leaf
method assay, their protective effects on TMV were
also evaluated by the pretreating the tobacco plant with
20 uM solutions of compounds or a solution of DMSO
for 6 h before inoculation with TMV.

SDS-PAGE and western blot analysis of TMV-CP and Hsp70
protein

The SDS-PAGE was performed as described previ-
ously [23], and all reagents were provided by Solarbio
science&technology Co., Itd, Beijing, China. Briefly,
the tobacco leaves (0.1 g) were ground in the protein
loading buffer (40 g/L SDS, 10 mL/L 5-ME, 200 mL/L
glycerin, 2 g/L bromophenol blue, 0.1 mol/L Tris—HCI,
pH 6.8). After centrifuging the lysates, the superna-
tants were quantitated, dissolved with 5 xsample load-
ing buffer, and boiled for 7 min. Protein extracts were
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subjected to SDS PAGE and transferred to PVDF mem-
branes (Millipore, St. Louis, USA). Membranes were
blocked with 5% nonfat milk and incubated overnight
with the primary antibodies (of TMV, Hsp70, and
B-actin) at 4 °C and then incubated for 1 h at room tem-
perature with fluorescent-labeled secondary antibodies
(anti-rabbit IgG) conjugated to horseradish peroxidase.
The membranes were then incubated with pierce ECL
substrate (Thermo Scientific) and proteins of interest
were visualized by chemiluminescent detection on an
Image Quant LAS 4000 mini (GE Healthcare).

RT-PCR analysis of TMV-CP

RT-PCR analysis was performed according to previous lit-
erature [23], and all reagents were provided by Solarbio
science&technology Co., Itd, Beijing, China. Total RNA was
extracted from tobacco leaves (0.3 g, fresh weight) using the
RNA Easy kit (TianGen, Co. Ltd., Beijing, China) accord-
ing to the manufacturer’s instructions. The purified RNA
was reverse transcribed using oligo (dT) primers and Super
Script III Reverse Transcriptase (Invitrogen) according to the
manufacturer’s instructions. The primer sequences were as
follows: forward: 5'-GTTGATGAGTTCATGGAAGATG-
3" and reverse: 5-CAACCCTTC GATTTAAGTGGAG-3/;
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RdcS forward: 5 -CCTCTGCAGTTGCCACC-3' and
reverse: 5-CCTGTGGGTATGCCTTCTTC-3.

Analysis of defense enzymes activities

After sprayed N. tabacum cv. HD plants (a tobacco variety
widely cultivated in China) with 20 uM of the compounds,
tobacco leaves were harvested on 1, 3, 5, and 7 day post-
spraying and used for the determination of the activities of
phenylalanine ammonia lyase (PAL), peroxidase (POD),
polyphenol oxidase (PPO), and superoxide dismutase (SOD).
Activities of PAL, POD, PPO, and SOD were determined
using enzyme assay reagent kits following the manufacturer’s
instructions (Jiancheng Bioengineering Research Institute,
Nanjing, China).

Molecular docking

In the current study, molecular docking calculations
were executed using AutoDock Vina software. Get 3D
TMV-Hel crystal structure from PDB database (PDB:
20M3), the structures of compounds 1-4 were gener-
ated by chem3D and the ligands in the crystal struc-
ture were split and used as control compound [33].
For molecular docking calculations, the pdbqt files for
the proteins and ligands were prepared according to

O
0
8 g IJa Qo
L s Q@(ﬁ
5 3 3a 4
o} OMe
OMe o} OMe
1R=-H;2R=-Me 3 4
o 0
HO o
N X N
HO \_on N-R 0
O OH
5 6 R = -Me; 7 R = -CH,CH,OH 8
Fig. 1 Isoindolin-1-ones from the flue-cured tobacco

Fig. 2 Key HMBC correlations (H—C) of compounds 1, 3 and 4
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the AutoDock protocol. All docking parameters were
conserved to their default values, except the maxi-
mum number of energy evaluation (eval) and the num-
ber of genetic algorithms (GA) runs. The docking grid
was made to binding site (1.99, — 45.08, 10.25) for
the receptor with a grid size of 80 A* 80 A *80 A. The
grid spacing value was adjusted to 0.375 A. Gasteiger
atomic partial charges were assigned for all investi-
gated ligands. Molecule interaction were analysis by
pymol2.2.

Anti-rotavirus bioassay

The human rotavirus Wa group (obtained from Insti-
tute of Medical Biology, Chinese Academy of Medical
Sciences, Kunming, China) was used to infect the cell
culture MA104 in vitro, the 50% cytotoxicity concen-
tration (CCs,) and half maximal effective concentration
(ECyy) were evaluated, and the ribavirin was used as
positive control [24]. MA-104 cells (1x10° cells per well)
were grown in 96-well plates for 48 h. The media were
removed and replaced by new media containing serial
dilutions of compounds under test. After incubation for
72 h, the media were discarded, and 5.0 4L of MTT solu-
tion was added to each well. Plates were then incubated
at 37 °C for 4 h. The solution was removed, and 100 yL of
0.04 mol/L HCl-isopropanol were added to each well to
dissolve formazan crystals. Using a microplate reader, the
absorbance of each well was measured at 540 nm. After
subtracting the background absorbance at 655 nm, the
50% CCs, of each compound was estimated by regression
analysis.

In the mixed treatment assay, each compound was
mixed with a 0.01 multiplicity of infection (MOI) of the
rotaviruses at various concentrations (1-160 pg/mL) and
incubated at 4 °C for 1 h. The mixtures were inoculated in
triplicates onto near confluent MA-104 cell monolayers
(1x10° cells per well) for 1 h with occasional rocking. The
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solution was removed and the cells replaced with eagles
minimum essential medium (EMEM) containing 1 pg/
mL trypsin. The cells were incubated for 72 h at 37 °C
under 5% CO2 atmosphere until the cells in the control
showed complete viral cytopathic effect (CPE) by light
microscopy. ECy, was estimated by regression analysis.

Results and discussion
Structure characterization of compounds 1-8
The extract prepared from the stems of tobacco was
repeatedly separated by various column chromatogra-
phy and preparative HPLC to afford four new isoindo-
lin-1-ones, nicoisoindoles A-D (1-4), along with four
known isoindole derivatives (5—8). The structures of the
compounds 1-8 are shown in Fig. 1, and the 'H and *C
NMR data of 1-4 are listed in Tables 1 and 2. The known
compounds were identified as 4,6-dihydroxy-2-(2-
hydroxyethyl)-5-(3-hydroxypropan)-isoindolin-1-one (5)
[25], 2,5-dimethyl-6-prenyl-isoindolin-1-one (6) [13],
2-(2-hydroxyethyl)-5-methyl-6-prenyl-isoindolin-1-one
(7) [13], and 2,4-dimethyl-6-(3-methyl-2-oxobut-3-enyl)-
isoindolin-1-one (8) [12], respectively, by comparison of
their NMR data with those reported in the literature.
Compound 1, a pale-yellow gum, has a molecular for-
mula of C,H,;NO; as revealed from HRMS (ESI) (m/z
240.0642 [M+Na]t), suggesting 8 degrees of unsatu-
ration. The IR spectrum showed absorption bands for
amine (3385 cm™?), carbonyls (1686 and 1662 cm™!), and
aromatic ring (1608, 1582, and 1464 cm™!), and the UV
spectrum showed absorption maxima at 268 and 312 nm
also suggested the existed of aromatic ring. Its 1D NMR
data (Table 1) displayed resonances for 12 carbons and 11
hydrogen atoms, which were ascribed to a 1,2,3,4,5-pen-
tasubstituted benzene ring (C-4~ C-6, C-3a, C-7a, H-7),
a —CH,CH,CO- moiety (C-8 ~C-10, H,-8, H,-9) [26], a
amide carbonyl (C-1), an N-methylene (C-3 and H,-3),
and a methoxy group (dc 60.3 q, 6y 3.83 s). In addition,
the existence of -CH,CH,CO- moiety was supported by

methoxylatlon

T

0 0
HO
_ [0] N
HO\/Y@N R — How x
o} OH O OH
5

Friedel-Crafts alkylation
Fig. 3 Plausible biosynthetic pathway of the oxocyclopentane moieties in nicoisoindoles A-D (1-4)

OH

HO
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the HMBC correlations (Fig. 2) from H,-8 to C-9 and
C-10, and from H,-9 to C-8 and C-10. On the basis of
the carbon chemical shifts of these resonances, benzene
ring and two carbonyls in compound 1 was accounted for
6 of the 8 degrees of unsaturation. There still two rings
should also be existed in compound 1 to meet 8 degrees
of unsaturation. By comparison with the published lit-
erature, the benzene ring, N-methylene, and amide car-
bonyl should be formed a isoindolin-1-one nucleus [12,
13], while the —CH,CH,CO- moiety also should be
linked to benzene ring to form a pentacyclic ketone [26,
27]. In addition, the existance of isoindolin-1-one nucleus
was supported by the HMBC correlations from H,-3 to
C-1, C-4, C-3a, and C-7a, and from H-7 to C-1, while
C-8 linked to C-6, C-10 linked to C-5 to form pentacy-
clic ketone moiety was also supported by the HMBC
correlations from H,-8 to C-5/C-6/C-7, and from H,-9
to C-5/C-6 (Fig. 2). Finally, the remained methoxy group
substituted at the C-4 was supported by the HMBC cor-
relations from methoxy proton (§y; 3.83 s) to C-4. Hence,
the structure of 1 was assigned, and gave the trivial name
of nicoisoindole A.

Nicoisoindole B (2) has a molecular formula as
C,3H;3NO;, on the basis of the quasi-molecular ion at
m/z 254.0786 ((M+Na]') in the HRMS (ESI). The IR
spectrum showed absorption bands for carbonyls (1682
and 1658 cm™!), and aromatic ring (1612, 1579, and
1462 cm™!), and the UV spectrum showed absorption
maxima at 266 and 310 nm also suggested the existed of
long conjugated system. The 1D NMR, spectra of 2 were
very similar to those of 1. The chemical shift differences
were the appearance of an additional N-methyl group,
and the disappearance of amino hydrogen group in 2. In
addition, N-2 proton replaced by methyl group was also
confirmed by the HMBC correlations from the N-methyl
proton (8 2.84 s) to C-1 and C-3, and from H,-3 to
C-1'. Thus, the structure of 2 was defined and named as
nicoisoindole A.

The molecular formula of nicoisoindole C (3) was
determined to be C,;Hy,N,O, by the HRMS (ESI) (m/z
389.1472 [M + Na]™). The IR spectrum displayed absorp-
tions at 1685 and 1654 cm ™' due to carbonyl groups, at

Table 3 Anti-TMV Activity of 1-4 on Nicotiana glutinosa Leaf?

No % Inhibition at 20 pM 1C50 (M)
1 438435 236
2 296+28 46.7
3 588+36 19.5
4 67.8+34 154
Ningnanmycin 354+£32 380

@ All results are expressed as mean+SD; n=3
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Western-blot (a)
CK" N 1 3 4

TMV-CP

Actin
Western-blot (b)
CK"~ N 1 3 4

Fig. 4 Western-blot analysis of the accumulation of TMV-CP in the
inoculated leaves treated with 20 uM of compounds 1, 3, and 4. [(a)
on day 3; (b) on day 7] (CK.™: negative control; N: ningnanmycin; actin
serves as the internal reference)

1615, 1582, 1479 cm ™' due to aromatic ring. The absorp-
tion maxima at 262, 287, and 316 nm observed in UV
spectrum due to the aromatic system. Comparison of
the 1D NMR (Table 2) and MS spectra of 3 with those
of 2 demonstrated that 3 had the same basic skeleton
as 2 except for the replacement of the N-methyl group
in 2 by a 2-(5-methoxy-6-methyl-pyridin-2-yl)ethan-
amine moiety (C-1'~C-9’, H-3/, H-4/, H,-7, H,-8/, and
H;-9’) in 3, which was readily supported by the compari-
sons of NMR data with the similar known compound,

RT-PCR (a)
4

NtRbcs

RT-PCR (b)
4

NtHSP70

Actin

Fig. 5 RT-PCR analyses of the accumulation of TMV-CP in systemic
leaves (a), and Western-blot analysis of the accumulation of NtHsp70
protein (b) in the inoculated leaves. (CK.™: negative control; N:
ningnanmycin; Mock: healthy tobacco; NtRbcS and actin serves as the
internal reference)
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12’-hydroxy-7’-multijuguinol [28]. The HMBC correc-
tions from H-3' to C-7/, C-4/ and C-5, from H-4/ to C-2/,
C-3/, and C-6/, from H,-7’ to C-2/, C-3/, and C-8/, from
H,-8 to C-7/, from H-9' to C-5" and C-6/, and from meth-
oxy proton (Jy; 3.80 s) to C-5'. Moreover, the 2-(5-meth-
oxy-6-methyl-pyridin-2-yl) ethanamine moiety linked to
N-2 of the isoindolin-1-one nucleus was also established
by the HMBC correlations from H,-8' to C-1/C-3, and
from H,-3 to C-8'. Therefore, the structure of compound
3 was confirmed, as shown in Fig. 1.

Compound 4 showed a quasi-molecular ion at m/z
361.1169 [M+Na]t in the HRMS (ESI) (calcd. m/z
361.1164), corresponding to the molecular formula
CoH;gN,O,. The IR spectrum suggested the pres-
ence of amine (3368 cm™Y), carbonyls (1712, 1683,
and 1652 ¢cm™'), and aromatic ring (1612, 1567, and
1465 cm™!), respectively. The UV spectrum showed
absorption peaks at 268, 296, and 324 nm suggested the
existed of long conjugated system. The 'H and *C NMR
spectra of 4 were also highly similar to those of 2 in
C-1~C-10 and 4-OMe. These indicated that compound 4
is also an isoindolin-1-one skeleton. The main differences
were the disappearance N-methyl signals and appearance
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of a N-(3-methyl-6-oxo0-1,6-dihydropyridin-2-yl) methyl
moiety signals (C-2'~C-8’, H-3/, H-4/, H,-7’, and H;-8’).
These change indicated that the N-methyl group in 2 was
substituted by a N-(3-methyl-6-oxo-1,6-dihydropyridin-
2-yl)methyl moiety in 4. In addition, This deduction was
also supported by the comparisons of NMR data with
the similar known compound, chrysogedone A [29],
and the HMBC corrections from NH-1' to C-2//C-3'/C-
5'/C-6'/C-7', from H-3' to C-2//C-4'/C-5/, from H-4’ to
C-2//C-6/, from H,-7' to C-5'/C-¢/, and from H,-8 to
C-4//C-5'/C-6'. Furthermore, this substituent at N-2 of
the isoindolin-1-one nucleus was also confirmed by the
HMBC correlations from H,-7' to C-1/C-3, and from
H,-3 to C-7. Thus, the structure of nicoisoindole C (4)
was established as shown.

Interestingly, compounds 1-4 represent a new class
of isoindolinone-type small molecule alkaloids with
unique cyclopenta[flisoindole-1-one skeletons, and
nicoisoindoles C (3) and D (4) possess rara N-2-(5-meth-
oxy-6-methylpyridin-2-yl)ethyl and N-(3-methyl-6-oxo-
1,6-dihydropyridin-2-yl)methylsubstituents, respectively.
Our postulated biosynthetic pathway of the oxocyclopen-
tane moieties in nicoisoindoles A-D is shown in Fig. 3.
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Fig. 6 SOD (a), POD (b), PAL (c), and PPO (d) activities in tobacco treated with 20 uM of compound 4. (Mock: healthy tobacco; N: nignanmycin; all
results are expressed as the average value of three determinations for all groups)
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The key step was the formation of the oxocyclopentane
units by a Friedel-Crafts-like alkylation.

Ant-TMV activities of compounds 1-4

Since many isoindolin-1-one alkaloids from N. tabacum
have been reported to possess anti-TMV activities [12,
13, 25], nicoisoindoles A-D (1-4) were evaluated for
their anti-TMYV activities using the half-leaf method [21,
22]. The results indicated that nicoisoindoles A (1), C
(3) and D (4) showed potential anti-TMV activities with
inhibition rates of 43.8%, 58.8%, and 67.8% at the concen-
tration of 20 uM (Table 3, Additional file 1: Fig. S29) and
with IC;, values of 23.6, 19.5, and 15.4 pM, respectively,
even more potent than the positive control (ningnan-
mycin, 35.4% at 20 uM and ICy, value of 38.0 uM). Fur-
thermore, nicoisoindoles C (3) and D (4) also exhibited
protective effects to the host plants with the inhibition
rates 52.8+4.2% and 62.6 £4.0% (Additional file 1: Fig.
S30), respectively. These results may suggest that pre-
treatment with nicoisoindoles C (3) and D (4) enhance
the resistance of the host plant against TMV infection.

The induction of SAR in the tobacco for compounds 1, 3
and 4

To assess whether the protective effects of compounds 1,
3 and 4 were due to the induction of systemic acquired
resistance (SAR) in the tobacco plants, the SAR for these
three compounds was screened against in the systemi-
cally infected host N. tabacum cv. HD, and conducted
western bolt analysis of tobacco mosaic virus capsid pro-
tein (TMV-CP) (Fig. 4). In Fig. 4a, the bands intensities
of TMV-CP indicated that on day 3 after inoculation,
the accumulation of TMV-CP in the leaves treated with
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compounds 1, 3 and 4 were significantly less than that of
in the negative control. In addition, the accumulations
were also obvious less than that of ningnanmycin, and
compound 4 has the lowest band. The results are agreed
with the inhibition rates obtained from half-leaf method.
In Fig. 4b (on day 7 after inoculation), the trends for
bands intensities of TMV-CP are agreed with these on
day 7. However, the bands intensities of 1, 3 and 4 were
obvious less than these on day 7. The results revealed that
1, 3 and 4 have the protective effects due to the induction
of SAR.

Furthermore, the anti-TMV efficiencies of compounds
1, 3 and 4 on day 7 were further confirmed by semi-
quantitative RT-PCR assay at the transcription level of
20 uM, based on the results of the western blot assay of
TMV-CP. The newly grown leaves of N. tabacum cv. HD
on day 7 was used as the RT-PCR assay material. The
results (Fig. 5a) revealed that the transcription levels of
TMV-CP in the newly grown leaves of the plants were
noticeably less than that of in the treatment group of the
negative control. The results are corroborated with that
of western-blot analysis. According to the above obser-
vations, compound 1, 3, and 4 may exhibited anti-TMV
activities through the inhibition of accumulation of the
TMV-CP protein, and the systemic leaves showed a rela-
tively higher induction.

The effect of compound 4 on defense-related enzyme
activities

Since the activities enzymes involved in plant defense
resistance (PAL, POD, SOD, PPO, and the like) are sig-
nificantly related to plant defense [23, 30], the activi-
ties enzymes were also analyzed in 20 uM compound

Fig. 7 Interactions of compound 4 and TMV-helicase (key residues are represented as sticks and H-bonds are represented by solid lines)

O H-bond with GIn39, Ar
92, Argd6 and Arg90.

O The -C=0O of lactam
group could form H-
bond with Arg46 and
Arg90, so the potency
improve.

O Distances of H-bonds
with Arg46 (2.8) and
Arg90 (2.8) are better
than compound 3, so
the potency is better
than compound 3.
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Table 4 Anti-rotavirus activity of compounds 1-4

No CCsp (g/mL) ECso (mg/mL) TI(CCs/ECs0)
1 172.2 13.2 13.0
2 2472 144 17.2
3 2064 13.2 15.6
4 2185 11.8 18.5
Ribavirin 2584 122 21.2

CCso: mean (50%) value of cytotoxic concentration; ECso: mean (50%) value of
effective concentration

Tl therapeutic index, CCso/ECs,

4 treated tobacco leaves, and the results are shown in
Fig. 6. The results are revealed that the POD activities of
the DMSO + TMYV, ningnanmycin+TMYV, and 4+ TMV
treatment groups were higher than that of mock group.
Notably, the SOD (Fig. 6a) and POD (Fig. 6b) activities
of 4+ TMYV treatment group have significantly increases.
However, the increases of PAL (Fig. 6¢) and PPO (Fig. 6d)
activities have not so significant. The POD and SOD
activities reach the maximum on day 5, and then the
activities decreases. On day 5, the SOD of 4+ TMYV treat-
ment group is 3.12 fold higher than that of the MOCK
group, 2.93 fold higher than that of DMSO + TMV group,
and 1.23 fold higher than that of ningnanmycin+TMV
group, the POD of 44+ TMYV treatment group is 1.93 fold
higher than that of the MOCK group, 1.76 fold higher
than that of DMSO+ TMV group, and 1.30 fold higher
than that of ningnanmycin + TMV group. POD and SOD
are oxidoreductive enzymes and are involved in cell wall
biosynthesis. The ROS generation can protects plant cells
from ROS-induced oxidative damage, reflect the state of
photosynthesis, and enhance tobacco resistance to TMV.
Therefore, this induction defensive responses maybe
improve disease TMV resistance. POD is associated with
plant defense and can induce the biosynthetic pathway of
salicylic acid (SA), lignin, and phytoalexins, it can activate
SAR and pathogen inhibition, and can promote cell-wall
reinforcement. The results presented in this paper indi-
cate that the activities of POD and SOD are significantly
up-regulated in the TMV-infected plants with compound
4 pre-treatment, and this induce maybe the reason for
improving the TMV resistance of tobacco.

The effect of compounds 1, 3 and 4 on NtHsp70 protein
expression

In addition to the activities enzymes, the expression of
Hsp70 can influence virus infection in plants by promot-
ing viral accumulation and movement [31]. In tobacco,
the expression of NtHsp70 gene is also closely related to
the tobacco plants resistance to TMV [32]. Therefore, In
this study, the NtHsp70 expression was also analyzed on
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day 7 when TMV was inoculated 12 h after foliar spray-
ing with 20 uM of compound 1, 3 and 4. The expression
of total NtHsp70 protein in TMV-inoculated tobacco and
different compound-treated groups was higher than that
in healthy tobacco leaves (Fig. 5b), and the total NtHsp70
protein accumulation were significant reduced in groups
treated with 1, 3 and 4. This result is as same as that of
compounds 1, 3 and 4 in reducing TMV-CP accumula-
tion. This down-regulate was also suggested compounds
1, 3 and 4 associated inhibition of TMYV infection
through the suppressing NtHsp70 expression.

The molecular docking analysis between antiviral agents
and TMV-Hel

In this study, compounds 1-4 showed potential anti-
TMV activities. To screen the inhibitors based on
TMV-Hel structure, we performed molecular docking
experiment. The 2 TMV-Hel crystal protein structures
were released in the RSCB PDB database, and we chose
the crystal structure (PDB: 20M3) resolved by litera-
ture [33] with better resolution as the receptor, and the
small molecules in the crystal structure as the control
substrate. The docking results are shown in Fig. 7 and
Additional file 1: Figs. S31-S33, and Additional file 1:
Table S1. Compounds 1-4 showed similar docking scores
to the original ligand in the crystal structure, indicating
that compounds 1-4 have similar protein binding with
the original ligand. For compound 1, the H-bond is affini-
tized with GIn39 and Arg46, and the -NH of lactam may
also can form a water bridge with Arg92. The red circle
space is not occupied by small molecules, and this region
is highly polarized, so water will occupy the pocket. Thus,
the water bridge interaction is formed between ligand
and protein. Therefore, this compound has potency.
For compound 2, H-bond is affinitized with Arg92 and
Arg46, and it lost the water bridge with Arg92, so the
potency drops. N-methyl only form Hydrophobic inter-
actions with protein, and will replace waters, so lost water
bridge interaction. This also cause the potency drops. For
compound 3, H-bond is affinitized with GIn39, Arg92,
Arg90 and Arg46, the N-atom of pyridine group also
can form H-bond with Arg46 and Arg90, so the potency
notably improve. For compound 4, H-bond is affinitized
with GIn39, Arg92, Argd6 and Arg90, the — C=0 of lac-
tam group also can form H-bond with Arg46 and Arg90,
so the potency significantly improve. In addition, the dis-
tances of H-bonds with Arg46 (2.8) and Arg90 (2.8) are
better than compound 3, so the potency is better than
compound 3. These docking results were consistent with
the in vitro anti-TMV experiment. Which may revealed
that the oxocyclopenta[flisoindole-1-one nucleus of com-
pounds 1-4 is fundamental for anti-TMV activities. The
2-(5-methoxy-6-methyl-pyridin-2-yl)ethanamine moiety
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in 3, and N-(3-methyl-6-o0xo-1,6-dihydropyridin-2-yl)
methylmoiety in 4 at N-2 position may increases the
inhibitory activities. These studies of structure—activity
relationship are helpful to find new anti-TMV activities
inhibitors.

Anti-rotavirus activities of compounds 1-4

To study whether the oxocyclopenta[flisoindoles has
more broad antiviral activities, compounds 1-4 were also
tested for their anti-rotavirus activity. Their ability to pre-
vent the cytopathic effects of rotavirus in MA104 cells
was tested according to our previous literatures [32], and
their effects were measured in parallel with the determi-
nation of antiviral activities using ribavirin as positive
control. The results (Table 4) revealed that compounds
1-4 exhibited potential anti-rotavirus activities with
therapeutic index (TI) in the range of 13.0-18.5.

Conclusions

In this study, nicoisoindoles A-D, four new isoindolinone
alkaloids with cyclopentalf]isoindole-1-one frameworks,
were obtained from the stems of tobacco. Interestingly,
compounds 1, 3 and 4 showed high anti-TMV activi-
ties with inhibition rates of 43.8%, 58.8%, and 67.8%,
and IC;, values of 23.6, 19.5 and 15.4 pM, respectively,
even more potent than ningnanmycin. In additions, com-
pounds 1-4 were also exhibited potential anti-rotavirus
activity with therapeutic index (TI) valves in the range of
13.0-18.5. This also indicated that the new compounds
have more broad antiviral activities. The successful iso-
lation and structure identification of oxocyclopenta(f]
isoindole-1-ones provide materials for the screening of
antivirus activities inhibitors, and also contribute to the
development and utilization of the waste from tobacco
cultivation.
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