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On the basis of our previous structure-activity relationship (SAR) and antiviral mechanism studies, a ser-
ies of 13a-substituted phenanthroindolizidine alkaloid analogues (3a-16a, 3b, 4b, 6b, 7b, 10b, and 14b)
were designed targeting tobacco mosaic virus (TMV) RNA, synthesized, and evaluated for their antiviral
activity against TMV for the first time. The bioassay results showed that most of the synthesized com-
pounds (such as 4a, 6a, 7a, 11a, 14a, 6b, and 14b) exhibited good to excellent antiviral activity against
TMV both in vitro and in vivo. Especially, for inactivation effect and curative effect, compounds 4a, 6a,
7a, 11a, 14a, and 14b showed higher activity at both concentrations (500 pug mL~" and 100 pg mL™"') than
commercial Ningnanmycin. Preliminary SARs showed that the substituted groups with hydrogen donor
at 13a position were found to be favorable for keeping high antiviral activity. The present work demon-
strates that 13a-substituted phenanthroindolizidines can be used as possible lead compounds for devel-
oping anti-TMV agents.

© 2014 Elsevier Ltd. All rights reserved.

Tobacco mosaic virus (TMV), one of the well-studied plant
viruses in the world, is known to infect members of 9 plant families
and at least 125 individual species, which include tobacco, pepper,
cucumber, tomato, and many ornamental flowers.! Because TMV is
very difficult to control, it is also known as ‘plant cancer’. It was
reported that the loss caused by TMV is up to U.S. $100 million
worldwide each year.?

Ningnanmycin (Fig. 1) is perhaps the most effective registered
plant viral inhibitor, which displayed 56.0% in vivo curative effect
at 500 ug mL~!. Ribavirin (Fig. 1) is another widely used anti-plant
viral agent, whose inhibitory effect is always less than 50% at
500 pg mL~'. Because of great economic loss caused by TMV and
the unsatisfactory inhibitory effect (usually 30-60%) of these anti-
viral agents, much effort has been paid on the development of
novel and high effective plant virucide. Although some chemicals,
such as pyrazole derivatives,® nucleotides,* o.-aminophosphonate
derivatives,”  3-acetonyl-3-hydroxyoxindole,® triazolyl com-
pounds,” oxidized polyamines® and substituted phenylureas,’
were reported possessing antiviral activities, few of which has
been applied successfully in agriculture.

Compared with synthetic chemicals, natural product-based
antiviral agents have many advantages, which include low
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Figure 1. Chemical structures of Ningnanmycin, Ribavirin and representative
phenanthroindolizidine alkaloids.

mammalian toxicity, easy decomposition, friendly to environment,
specific to a target species, and unique mode of action etc.'*!
Phenanthroindolizidine alkaloids are a group of pentacyclic natural
products isolated mainly from the Cynanchum, Pergularia, Tylopho-
ra species.'? Diverse biological activities of these alkaloids range
from cancer cell growth inhibition and anti-inflammatory activity
to antiamoebic and antilupus effects.”>"!” In a program aimed at
screening of plants for biologically active natural products as alter-
natives to conventional synthetic antiviral agents, we first found
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that the alcohol extract of Cynanchum komarovii exhibited moder-
ate antiviral activity against TMV.'® Further investigation demon-
strated that the main active compound was (R)-antofine (Fig. 1).
Antiviral mechanism studies revealed that antofine has a favorable
interaction with the origin of TMV RNA (oriRNA), exhibiting its

virus inhibition by binding to oriRNA and interfering with virus
assembly initiation."” Moreover, the structure-activity
relationship studies showed that most compounds of the anto-
fine-based library with structural diversity displayed inhibitory
effect against TMV. Hypoestestatin 1 was a structurally novel
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Figure 2. Synthetic route for compounds 2a-16a, 3b, 4b, 6b, 7b, 10b, and 14b.

Table 1

In vitro antiviral activity of compounds 3a-16a, 3b, 4b, 6b, 7b, 10b, and 14b against TMV. Bold values are used to attract readers's attention. These values of the corresponding

compounds indicating high bioactivities.

Compd Concn (pg mL™") Inhibitory effect (%) Compd Concn (pg mL™") Inhibitory effect (%)
3a 500 54.6 15a 500 50.3
100 30 100 16.8
4a 500 77.6 16a 500 60
100 55.6 100 28.1
5a 500 55.8 3b 500 40.3
100 304 100 20
6a 500 65.8 4b 500 38.6
100 39.1 100 21.3
7a 500 62.6 6b 500 68.2
100 35 100 29.7
8a 500 45.6 7b 500 40
100 20 100 21.6
9a 500 57.2 10b 500 425
100 27.6 100 17.8
10a 500 471 14b 500 59.6
100 224 100 333
11a 500 55.5 Ribavirin 500 38
100 333 100 125
12a 500 433 Ningnan mycin 500 69.3
100 21.3 100 26.8
13a 500 45 (+/-)-Tylophorine 500 50
100 26.6 100 15.9
14a 500 66.6
100 38.1
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phenanthroindolizidine alkaloid, which has a methyl group at 13a
position. It was found that hypoestestatin 1 exhibited distin-
guished cytotoxic activity (EDsg= 107> pug/mL against murine P-
388 cell line),%° but its anti-virus activity has not been investigated.

In the previous work, the SAR studies mainly focused on the
substituted positon and number of methoxyl group on the phenan-
threne ring and C-14 substituted devivatives.?"*> However, modi-
fication on the phenanthrene ring or at C-14 position won’t change
the spatial configuration of the molecules dramatically compared
with the 13a-H phenanthroindolizidines. C-13a was positioned at
the bridgehead of D/E ring, which has a large effect on the molec-
ular spatial configuration. To study the influence of the substituted
group at the C-13a position, aiming at optimizing phenanthroind-
olizidine alkaloids as antiviral agents, a series of 13a-substituted
phenanthroindolizidines, synthesized, and evaluated for their anti-
viral activity against TMV. The structure-activity relationship
study of these compounds against TMV is also discussed.

As shown in Figure 2, pentacyclic ester 3 was prepared via a
one-pot deprotection and Pictet-Spengler cyclization from
intermediate 2, which was obtained from readily available

Table 2

N-Boc-1-ProOMe and phenanthryl bromide 1.”* After reduction
by LiAlH4, compound 3 was converted to alcohol 4 in nearly quan-
titative yield. The alcohol 4 underwent acylation, dehydroxylation,
and oxidation to give compound 5 and 6, 10, and 11, respectively. It
was noteworthy that such a seemingly easy transformation from
alcohol 4 to compound 10 proved to be difficult, and methods such
as Barton-McCombie radical deoxygenation, transforming 4 to
bromide followed by reduction, and transforming 4 to aldehyde
then deoxygenation under Wolff-Kishner conditions, did not work
well. After extensive investigation, the angular methyl group was
installed efficiently via a sequential methanesulfonylation and
super hydride reduction procedure. Hydrazide 7 was prepared
from hydrazinolysis of ester 3, and high boiling point ethylene gly-
col was found to be optimal solvent for this reaction. Hydrazide 7
was then converted to bishydrazides 8 and 9 when it was sub-
jected to the corresponding acylating reagents. Ester 3 was hydro-
lyzed to acid 12 under alkaline conditions, which was then
transformed to ketone 13 when treated with 2 equiv of MeLi. Alde-
hyde 11 was prepared from alcohol 4 under standard Swern-oxida-
tion conditions, but other oxidation reagents, such as Dess—Martin

In vivo antiviral activity of compounds 3a-16a, 3b, 4b, 6b, 7b, 10b, and 14b against TMV. Bold values are used to attract readers‘s attention. These values of the corresponding

compounds indicating high bioactivities.

Compd Concn (pg/mL) Protection effect (%) Inactivation effect (%) Curative effect (%)
3a 500 49.6 52.3 51
100 283 20 22.2
4a 500 68.4 753 76.2
100 35.1 50 53.6
5a 500 53.2 51.6 53.8
100 325 26.3 19.6
6a 500 67.5 66.3 62.4
100 34 304 328
7a 500 60.2 62.1 61.5
100 31.7 30 284
8a 500 40.6 43.7 383
100 12.3 16.9 17.5
9a 500 523 50 559
100 25.8 22.6 253
10a 500 45.4 41.3 43.6
100 19.8 17.5 23.7
11a 500 64.2 62.7 60.3
100 35.1 284 328
12a 500 41.7 37.8 39.8
100 15.5 16.5 201
13a 500 50.6 49.4 53.5
100 20.2 211 17
14a 500 614 58.3 63.5
100 34.2 315 30.7
15a 500 471 48.5 44.6
100 14.4 214 16.5
16a 500 58.4 56.2 53.8
100 26.4 323 30.6
3b 500 39.2 42.1 41.3
100 9.5 18.5 15.4
4b 500 43.4 40 45
100 17.5 15.7 18.2
6b 500 60.8 58.7 559
100 37.2 333 30
7b 500 43.5 46.1 414
100 12.2 16.3 129
10b 500 40.7 38.9 42.6
100 6.7 124 10.8
11b 500 58.9 55 523
100 254 28.1 273
14b 500 64.3 62.8 60
100 341 324 27.6
Ribavirin 500 37.2 36.5 385
100 13.1 15.2 16.7
Ningnan mycin 500 57.9 54.2 58.7
100 38.4 20.0 231
(+/—)-Tylophorine 500 52.6 48.2 44.8
100 204 18.1 19.7
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reagent, PCC etc., proved to be less efficient. Compounds 14, 15 and
16 were prepared by condensation of aldehyde 11 with the corre-
sponding nucleophile hydroxylamine, hydrazine, and methoxyl-
amine in high yields.

To make a judgement of the antiviral potency of 13a-substituet-
ed phenanthroindolizidines (3a-16a, 3b, 4b, 6b, 7b, 10b, and 14b),
the commercial plant virucide Ningnanmycin, Ribavirin, and (+/-)-
tylophorine were used as the controls. The in vitro antiviral assay
results of all of the synthesized compounds were listed in Table 1.
As the control, Ribavirin exhibited 38% and 12.5% inhibitory effect
at 500 ug mL~! and 100 ug mL~!, respectively. All of the synthe-
sized compounds showed higher antiviral activities at both con-
centrations than Ribavirin.

Compared with Ningnanmycin, perhaps the most successful
registered plant virucide, compound 4a exhibited higher activity
at both concentrations. Interestingly, although compounds 3a, 5a,
6a, 7a, 9a, 114, 14a, 164, 6b, and 14b showed slightly lower activity
than Ningnanmycin at 500 pg mL~!, they displayed higher inhibi-
tory effect at 100 pg mL~". In other words, these compounds could
still keep much potent antiviral activities in low concentration.
Although the other synthesized 13a-substitueted compounds 8a,
10a, 12a, 13a, 154, 3b, 4b, 7b, and 10b were less effective than Nin-
gnanmycin, they showed higher or equivalent inhibitory effect
compared with that of representative 13a-H phenanthroindolizi-
dine alkaloid (+/-)-tylophorine. Because all of the synthesized
13a-substitueted phenanthroindolizidines displayed distinguished
in vitro antiviral activity against TMV, further investigates of their
antiviral activity in vivo were deserved.

The in vivo antiviral activity was assayed in three models (pro-
tection, inactivation and curative), and the detailed results were
shown in Table 2. All of the synthesized compounds displayed
good to excellent in vivo inhibitory effect, especially for com-
pounds 4a, 6a, 7a, 11a, 14a, 6b, and 14b, which exhibited higher
or comparable antiviral activity at three models compared with
Ningnanmycin. For inactivation effect and curative effect, com-
pounds 4a, 6a, 7a, 11a, 14a, and 14b showed higher activities at
both concentrations (500 pg mL~! and 100 pg mL™!) than Nin-
gnanmycin. At these two models, 6b was also more active than
Ningnanmycin at both concentrations, except for curative effect
at 500 pg mL~". In the protection model, compounds 4a, 6a, 7a,
11a, 14a, 6b, and 14b displayed higher antiviral activities (from
60.8% to 68.4%) than Ningnanmycin (57.9%) at 500 ug mL™?, but
slightly lower at 100 pg mL™".

Some important structure and activity relationships were also
observed. 13a-Substituted phenanthroindolizidine analogues 4a,
6a, 7a, 11a and 14a showed much potent inhibitory effect than
the corresponding 13a-H member tylophorine, demonstrating that
the spatial configuration of 13a-H phenanthroindolizidine alka-
loids is not optimal. Compound 4a, with methylene hydroxyl group
at 13a position, displayed much higher antiviral activity than com-
pounds 5a, 6a and 10a. The same tendency was also demonstrated
in other compounds (antiviral effect: 7a > 3a, 14a > 15a, 14a > 16a,
and 14a > 11a), which indicated that a hydrogen donor at 13a posi-
tion may play an important role for keeping high inhibitory effect.
When a methoxyl group was introduced at the C8 position, the
activities decreased for most compounds (antiviral effect:
3a > 3b, 4a > 4b, 7a > 7b, and 10a > 10b), but some showed consid-
erable or slightly higher activities, for example, compound 14b dis-
played higher effect than 14a at 500 ug mL™'. The results indicated
that the methoxy substituent on the phenanthrene unit can also
influence the activity and deserves further investigation in the
future structure modification.

In summary, on the basis of our previous SAR and
antiviral mechanism studies, a series of 13a-substituted

phenanthroindolizidines were synthesized and evaluated for their
antiviral activity against TMV systematically for the first time. The
bioassay results indicated that most of these compounds exhibited
good to excellent in vivo anti-TMV activities, of which compounds
4a, 6a, 7a, 11a, 14a, 6b, and 14b, displayed higher or comparable
both in vitro and in vivo antiviral activity compared with
Ningnanmycin, thus emerging as potential inhibitors of plant-
virus. The substituted group at 13a position and the phenan-
threne substitution pattern have great effect on the anti-TMV
activity, demonstrating that the spatial configuration of 13a-H
phenanthroindolizidine alkaloids is not optimal against TMV and
structure optimization at this position is deserving. It was note-
worthy that a hydrogen donor at 13a position may play an essen-
tial role for keeping high activities. Further studies on structural
optimization and mode of action are currently underway in our
laboratory.
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