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A series of myricetin derivatives containing isoxazole were designed and synthesized. All the synthesized
compounds were characterized by NMR and HRMS. In terms of antifungal activity, Y3 had a good
inhibitory effect on Sclerotinia sclerotiorum (Ss), and the median effective concentration (ECsg) value was
13.24 pg mL™%, which was better than azoxystrobin (23.04 ug mL™Y) and kresoxim-methyl (46.35 ug
mL™Y). Release of cellular contents and cell membrane permeability experiments further revealed that Y3
causes the destruction of the cell membrane of the hyphae, which in turn plays an inhibitory role. The
anti-tobacco mosaic virus (TMV) activity in vivo showed that Y18 had the best curative and protective
activities, with ECsq values of 286.6 and 210.1 pg mL™! respectively, the effect was better than
ningnanmycin. Microscale thermophoresis (MST) data showed that Y18 had a strong binding affinity with

tobacco mosaic virus coat protein (TMV-CP), with a dissociation constant (Ky) value of 0.855 uM, which
Received 22nd December 2022

Accepted 18th February 2023 was better than ningnanmycin (2.244 uM). Further molecular docking revealed that Y18 interacts with

multiple key amino acid residues of TMV-CP, which may hinder the self-assembly of TMV particles.

DOI: 10.1039/d2ra08176h Overall, after the introduction of isoxazole on the structure of muyricetin, its anti-Ss and anti-TMV
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1. Introduction

Plant pathogenic fungi and viral infections are highly infective
and have a wide range of parasitic hosts, which seriously affect
the quality and yield of crops and cause huge economic
losses.' At present, the use of pesticides is still one of the most
effective and economical means to control and treat plant
diseases.*®> However, due to long-term use or unscientific abuse
of these fungicides and antiviral agents, such as azoxystrobin,
kresoxim-methyl, and ningnanmycin, plant diseases have
developed drug resistance.®” In addition, due to the high
toxicity of these traditional pesticides, they are not easy to
degrade, and they also cause certain damage to the ecological
environment.*® Therefore, it is of great interest to develop drug
molecules with novel structures, environmental friendliness
and highly effective bioactivity.

Myricetin is a natural dietary flavonoid that can be extrac-
ted from plants such as grapes and vine tea.'® Relevant studies
have shown that myricetin can regulate a variety of
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activities have been significantly improved, which can be further studied.

physiological = abnormalities, such as anticancer,™
antiviral,”*™* antioxidant," analgesic'® and anti-allergic."” In
addition, our group found in previous studies that myricetin
and its derivatives exhibit good biological activity in plant
pathogenic bacteria and viruses,”>*® which provides new ideas
for the creation of new pesticides.

Isoxazole is a «class of five-membered heterocyclic
compounds containing nitrogen and oxygen atoms, which has
attracted widespread attention with its excellent biological
activity and unique structural characteristics.” Related
studies have revealed that compounds containing isoxazole
structures exhibit a wide range of biological functions. It not
only has good anti-cancer® bactericidal,®* antiviral**** and
anti-inflammatory,>* biological activities in the field of medi-
cine, but also shows excellent antifungal,® insecticidal,*®
herbicidal®” and other biological activities in the field of
pesticides.

In this study, the isoxazole was introduced into the structure
of myricetin through the principle of active splicing, and
a series of myricetin derivatives containing isoxazole were
designed and synthesized. The design idea is shown in Fig. 1.
Subsequently, the antifungal and anti-TMV activities of the
synthesized target compounds were evaluated, and the mech-
anism of action of the compounds with excellent activity were
preliminarily studied.
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Fig.1 The design ideas of target compounds.

2. Experimental

2.1 Instruments and chemicals

The melting point of the compounds were determined by X-4B
melting point instrument (Shanghai INESA Co., Ltd.), without
the correction. The target compounds Y1-Y28 were charac-
terized by nuclear magnetic resonance spectrometer with
deuterated chloroform as solvent (Bruker, Germany) and
Thermo Scientific Q Exactive Mass Spectrometer (Missouri,
USA). The K4 values of compounds to TMV-CP were deter-
mined by using NanoTemper Monolith NT.115 microscale
thermophoresis (NanoTemper, Germany). The chromatogram
of Y1 was determined by Agilent 1100 high performance
liquid chromatography (HPLC) (Agilent, USA). The micro-
structure of Y1 was observed by Olympus CX21 optical
microscope (Olympus, Japan). All solvents and reagents were
analytically or chemically pure, requiring no further purifi-
cation, and the aldehyde containing compounds were
purchased from the Shanghai Tansoole platform. Silica gel
GF254 thin-layer chromatography was used to monitor the
reaction progress.

2.1.1 Detection conditions of HPLC. The chromatography
was performed on Lichrospher C;5 column (250 mm X 4.5 mm,
5 um) with mobile phase consisted of water-methanol (30: 70
vol) at the flow rate of 1.00 mL min~". The detection wavelength
was 280 nm and the sample size was 20 pL.

2.2 Synthesis

2.2.1 General procedures for preparing intermediates 1 to
4. The intermediates 1 to 4 were prepared according to the
methods reported in the literature and slightly modified.>*-**
Firstly, various aldehydes were used as starting materials to
react with NH,OH-HClI to obtain intermediate 1; secondly, it
reacted with N-chlorosuccinimide (NCS) to obtain nitrile
oxide intermediate 2; then, the intermediate 3 was obtained
by dipolar cycloaddition reaction with 3-bromopropyne;
finally, methyl iodide was used as the methylation reagent to
protect the hydroxyl group of myricitrin, and then deglyco-
side by concentrated hydrochloric acid to obtain interme-
diate 4.

2.2.2 General procedures for preparing target compounds
Y1-Y28. With N,N-dimethylformamide (DMF) as solvent and
anhydrous K,COj as acid binding agent, intermediate 3 reacted
with intermediate 4 at 60 °C for 4 h, and then recrystallizes the
target compounds Y1-Y28 by methanol. The specific synthesis
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Target compounds E

process of the target compound Y1-Y28 can be obtained from
the ESLT

2.3 Biological activities

2.3.1 Antifungal activity in vitro. The antifungal effect of
the target compounds Y1-Y28 in vitro was performed by the
method reported in the literature.®> Commercial fungicides
kresoxim-methyl and azoxystrobin were used as positive
controls, and the experiment was repeated three times for each
drug. The details are listed in the ESL{

2.3.2 Antifungal activity in vivo. The antifungal effect of
compound Y3 on Ss in vivo was studied in an artificial climate
box (temperature: 20 °C, relative humidity: 80%, light: 14 h,
dark: 10 h) through leaf separation experiment.*

2.3.3 Anti-TMV activity in vivo. The antiviral effect of the
target compounds Y1-Y28 in vivo was evaluated by the method
reported in the literature.**** The lead compound myricetin and
commercial antiviral agent ningnanmycin were used as positive
control, and the experiment was repeated three times for each
drug. The details are listed in the ESL{

2.4 Determination of release of cellular contents

Release of cellular contents test of Y3 against Ss was carried out
by the method reported in the literature.?*>¢

2.5 Determination of cell membrane permeability

The determination experiment of Y3 on the cell membrane
permeability of Ss was carried out by the method reported in the
literature.**?¢

2.6 Microscale thermophoresis

According to the methods reported in the literature,* the
binding affinity of Y18, myricetin and ningnanmycin to TMV-CP
was determined by MST.

2.7 Molecular docking

The crystal structure of TMV-CP (PDB ID: 1EI7) was obtained
from the protein database (PDB, https://www.rcsb.org).*®
Discovery Studio software was used to simulate molecular
docking, and minimization (QM-MM) module was used to
optimize the molecular structure.* Pymol software was used for
visual analysis of molecular docking.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route of the target compounds Y1-Y28.
Table 1 ECsg value of target compound against 3 fungi®
Pathogen Chemical Toxic regression equation r ECsp (ug mL ™)
Be Y3 y = 1.1029x + 3.2374 0.9025 39.6 £ 1.8
Krm” y = 0.9655x + 3.6361 0.9874 25.9 £ 2.2
Pc’ Y3 y = 1.3297x + 2.7953 0.9759 45.5 £ 2.2
Krm y = 0.6592x + 4.3895 0.9867 8.4+ 1.9
Azo® y = 1.0909x + 3.5486 0.9729 21.4 £ 2.0
Ss Y3 y = 0.9234x + 3.9640 0.9867 13.2 £ 2.1
Krm y = 1.0383x + 3.2701 0.9907 46.4 + 2.1
Azo y = 0.8806x + 3.8002 0.9849 23.0 + 2.8

“ Repeat the experiment three times. > Commercial antifungal agent kresoxim-methyl (Krm) and azoxystrobin (Azo) were used as positive control.

3. Results and discussion
3.1 Chemistry

The synthesis procedure of the target compounds Y1-Y28 is
shown in Scheme 1, and their spectral data were characterized
by NMR and HRMS. And the spectral data of the target
compounds can be obtained from the ESL{

3.2 Purity and state analysis of compound Y1

The purity of Y1 was analyzed by HPLC, as shown in Fig. S1.f
The microstructure of Y1 was observed at 1500 times by optical
microscope, Y1 was needle-like, and the appearance state of Y1
was observed indoors, as a white solid, as shown in Fig. S2.t
These materials can be offered by ESI.}

3.3 Bioactivity and mechanism of action studies

3.3.1 Antifungal activity in vitro. As shown in Table S17, the
inhibitory effect of target compounds Y1-Y28 on 12 fungi were
evaluated by in vitro antifungals, and some target compounds
showed good antifungal activity. The inhibition rate of Y3 on Bc
was 75.8% in vitro, which was better than that of the commercial
antifungal agent kresoxim-methyl (69.3%). The inhibition rate

© 2023 The Author(s). Published by the Royal Society of Chemistry

of Y3 on Pc was 67.7% in vitro, which was better than that of
kresoxim-methyl (61.1%) and azoxystrobin (63.6%). The inhi-
bition rate of Y3 on Ss was 81.1% in vitro, which was better than
that of kresoxim-methyl (62.8%) and azoxystrobin (70.3%). At
this concentration, Y3 showed broad-spectrum antifungal
activity.

According to the preliminary biological activity test, the ECs,
values of Y3 against three fungi were further tested (Table 1). Y3
had obvious inhibitory effect on Ss, ECs, value was 13.24 pg
mL ™' exceeding kresoxim-methyl (46.35 ug mL™ ') and azox-
ystrobin (23.04 pg mL™"). Y3 showed concentration dependence
on Pc and Be.

Table 2 Protective activity of Y3 against Ss in ex vivo leaves of
rapeseed”

Treatment Control
Chemicals (ng mL™ ) Lesion length (cm) efficacy (%)
Y3 200 1.30 £ 0.13 69.2
Azo® 200 0.93 + 0.08 83.3
Blank control — 3.10 + 0.29 —

“ Average value of three experiments. ? The control azoxystrobin.

RSC Adv, 2023, 13, 6459-6465 | 6461
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Fig. 2 Anti-Ss protection efficacy of Y3 in ex vivo leaves of rapeseed.
(A) Sprayed with Y3; (B) sprayed with azoxystrobin; (C) blank control.

3.3.2 Antifungal activity in vivo. In vitro antifungal showed
that Y3 had a good inhibitory effect on Ss, and the antifungal
activity of Y3 against Ss in vivo was further evaluated. The
experimental results are shown in Table 2and Fig. 2, Y3 had
good protective activity in vivo against ex vivo leaves on the 4th
day after inoculation, and the control effect on ex vivo leaves was
69.2% at 200 pg mL™', which was lower than that of the
commercialized fungicide azoxystrobin (83.3%).

3.3.3 Effects of Y3 on release of cellular contents. The
changes of nucleic acid and protein concentrations in suspen-
sion of Ss mycelia were evaluated by measuring the absorbance
at 260 and 280 nm. As shown in Fig. 3A and B, compared with
the control group, the experimental group treated with Y3 had
a significant increase in nucleic acid and protein release, and
was positively correlated with the concentration of Y3.

04 04
03+ - 03
02 o2
01+ ’——‘ 01 ’_‘ H
0.0 0.0
30 50

control 15 30 50 control 15

Avalues (OD,))
Avalues (OD,y))

Concentration (ug/mL) Concentration (ug/mL)

Fig. 3 Release of cellular contents from Ss after treatment with Y3. ((A)
leakages of nucleic acids; (B) soluble proteins).
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Fig. 4 Determination of cell membrane permeability of Y3 anti-Ss.
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Table 3 Anti-TMV activity of target compounds in vivo®

Compd R Curation  Protection Inactivation
Y1 2-Me-Ph 52.8+£3.2 409+6.3 445+14
Y2 3-Me-Ph 46.2 £6.1 493 +3.3 46.7+£25
Y3 4-Me-Ph 44.0+£6.9 43.8+0.8 56.6 7.6
Y4 2-Cl-Ph 55.7 £3.1 52.2+3.5 54.0+3.0
Y5 3-Cl-Ph 30.8 £6.5 46.0+5.8 50.7£5.6
Y6 4-Cl-Ph 53.5+1.6 558+1.6 53.5+14
Y7 3,4-Di-Cl-Ph 471 £5.0 59.7+6.6 419 +2.7
Y8 2,4-Di-Cl-Ph 369+ 0.6 56.5+7.7 582=£5.6
Y9 2-F-Ph 50.0 £ 6.1 50.3 £8.7 53.0+3.2
Y10 3-F-Ph 40.3 £6.8 52.5+ 6.6 34.8+6.2
Y11 4-F-Ph 484 £1.7 398+26 489+£5.3
Y12 4-CF3-Ph 38.5+55 463 +3.6 53.3+4.1
Y13 2-Br-Ph 33.8£3.5 59.8+54 422 +3.2
Y14 3-Br-Ph 56.2+1.6 65.0+0.8 56.2+5.5
Y15 4-Br-Ph 343 +£82 64.1+38 41.8+34
Y16 2-OMe-Ph 48.6 £3.2 62.8+2.4 62.6 4.0
Y17 3-OMe-Ph 36.0 £ 6.9 43.2+6.0 56.0+6.8
Y18 4-OMe-Ph 60.6 £1.6 67.5+55 60.4+4.6
Y19 Ph 33.5+7.8 558+82 57.2+3.8
Y20 Cyclopropane 495+ 34 622+57 53.4+£28
Y21 4-CN-Ph 53.6 2.6 48.0+ 0.3 52.6+5.4
Y22 2-Thiophene 48.6 £7.8 41.2+24 479+£5.3
Y23 Cyclohexane 32.5+ 55 42.5+3.8 38.1+8.3
Y24 4-OCH,COOEt-Ph 29.1 +£3.1 469 +2.5 45.0=£1.3
Y25 4-O(CH,);COOEt-Ph  41.5+ 3.8 557 £4.8 39.7 + 3.0
Y26 4-Et-Ph 53.2+ 44 54.0+49 499143
Y27 4-i-Pr-Ph 491 +£7.3 319+25 558+£32
Y28 4-t-Bu-Ph 40.8 £6.5 44.1 +2.3 43.7 £4.8
Myricetin 414 +£3.2 43.6 41 449+£3.6
NNM? 55.7+1.0 65.3+2.7 92.4+1.8

“ Average value of three experiments. ? The control ningnanmycin.

3.3.4 Effect of Y3 on cell membrane permeability. Cell
membranes are important for maintaining the integrity of cell
structures and normal life activities. The permeability of cell

A. B@ C@
D" ' Fe
Fig. 5 Morphological effects of Y18 and ningnanmycin on TMV. Y18
((A) Curation, (B) protection, (C) inactivation); ningnanmycin ((D)

curation, (E) protection, (F) inactivation)) (left lobe: drug treated; right
lobe: blank control).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 ECsq of anti-TMV with some target compounds
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Activity Compd Regression equation r ECso (ng mL ™)

Curative activity Y14 y = 1.0549x + 2.3572 0.9952 3201 £2.1
Y18 y=1.1377x +2.2042 0.9986 286.7 + 3.0
NNM y = 0.9046x + 2.7228 0.9898 329.1 £3.2

Protective activity Y18 y =1.4022x +1.7434 0.9909 210.1 £ 4.5
NNM y =1.2083x + 2.1456 0.9834 230.3 £ 3.7

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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membrane can be evaluated by relative conductivity. As shown
in Fig. 4, the relative conductivity of mycelium in the experi-
mental group treated with Y3 increased significantly over 7 h.
Over time, the relative conductivity was much higher than in the
control group. In addition, the increase in drug concentration
makes the increase in conductivity more pronounced. This
result shows that Y3 can cause the destruction of the hyphal cell
membrane, which in turn leads to the death of the hyphae.
3.3.5 Anti-TMV activity in vivo. The anti-TMV activity of the
target compounds Y1-Y28 was evaluated by antiviral in vivo as
shown in Table 3. The curative, protective and inactivating
activities of Y1-Y28 were 29.1-60.6%, 31.9-67.7% and 34.8—
62.6%, respectively. Among them, Y18 had the best curative and

protective activity, 60.6 and 67.5%, respectively, which was
superior to ningnanmycin (57.7 and 65.3%). The in vitro effects
of Y18 and ningnhanmycin on TMV are shown in Fig. 5.

In addition, the ECs, values of Y14 and Y18 with good anti-
viral activity were further evaluated, as shown in Table 4. The
ECs, values for the curative activity of Y14 and Y18 anti-TMV
were 320.1 and 286.7 pg mL ', respectively, superior to ning-
nanmyecin (329.1 ug mL™"). The ECs, value of Y18 anti-TMV
protective activity was 210.1 pg mL™", which was better than
ningnanmyein (230.3 pg mL ™).

3.3.6 Microscale thermophoresis. Fig. 6 shows the MST
results of Y18, myricetin, ningnanmycin and TMV-CP. The
binding affinity can be evaluated by Ky value. The K4 values of

Y18:0.855 £ 0.343 pM

820 o

Myricetin: 60.677 £+ 24.495 uM

NNM: 2.244 £ 0.780 uM ¢

s

106400 106401 106002 106403 10600 10602 10601 106000
Ligand Concentration e

10603 10602 10601

igand Concentration

b e L L0, 10603 10802 Log01 106000 106401
” Ligand Concentration

106002 106403 106004

Fig. 6 The MST results of Y18, myricetin and ningnanmycin to TMV-CP.
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Fig. 7 Molecular docking of Y18, myricetin, and ningnanmycin to TMV-CP. Y18 (A, a), myricetin (B, b), ningnanmycin (C, c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the three combined with TMV-CP were 0.855 + 0.343, 60.677 +
24.495 and 2.244 + 0.780 uM, respectively. Y18 showed strong
binding ability with TMV-CP, which was much stronger than the
lead compound myricetin and the control drug ningnanmycin.

The results showed that the binding affinity of myricetin to
TMV-CP was significantly enhanced after heterocyclic modifi-
cation with isoxazole.

3.3.7 Molecular docking. Molecular docking was used to
identify the identification sites of Y18, myricetin and ningnan-
mycin with TMV-CP. The results are shown in Fig. 7, and the
three were well embedded in the active pocket of TMV-CP. Y18
had 7 conventional hydrogen bonds with TMV-CP, in which the
oxygen atom on the isoxazole fragment and the oxygen atom on
the methoxy group interact firmly with the amino acid residues
ASN73 and LYS268 through two conventional hydrogen bonds
(1.96 A, 1.66 A), respectively. There were 3 conventional
hydrogen bonds and 6 conventional hydrogen bonds in myr-
icetin and ningnanmycin and TMV-CP, respectively, and the
number of hydrogen bonds was lower than that of Y18. In
addition, Y18 binds well to amino acid residues ALA74, TYR139,
GLU131 and VAL75 by conventional hydrogen bonding, pi-lone
pair, carbon-hydrogen bonding, and pi-alkyl, respectively.
Previous studies have reported that such amino acid residues
play a key role in the self-assembly of TMV particles,*>** and Y18
may hinder the self-assembly of TMV particles. The molecular
docking results were consistent with the bioassay activity. Based
on the molecular docking results of Y18, myricetin and ning-
nanmycin well verified the good antiviral activity of Y18.

4. Conclusion

A series of myricetin derivatives containing isoxazole were
designed and synthesized, and the activity of all synthetic
compounds against 12 plant-derived fungi and anti-TMV was
evaluated. The antifungal activity showed that the EC5, value of
Y3 for Ss was 13.24 pg mL~" was superior to azoxystrobin and
kresoxim-methyl. Release of cellular contents and cell
membrane permeability experiments further revealed that Y3
causes destruction of the cell membrane of hyphae. The results
of in vivo antiviral activity test showed that Y18 had the best
curative and protective activity, and the EC5, values were 286.6
and 210.1 ug mL ", respectively, which were better than ning-
nanmycin (329.1 and 230.3 pg mL ™). The MST results showed
that Y18 had a strong binding affinity with TMV-CP. The
molecular docking results further revealed that Y18 may hinder
the self-assembly of TMV particles. In summary, myricetin
derivatives containing isoxazole backbones can serve as poten-
tial antifungal, antiviral drug molecules.
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