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Discovery of fungicide flubeneteram

ZENG Linggiang®, LUO Ruitong", CHEN Qiong, HAO Gefei, ZHU Xiaolei’, YANG Guangfu’

(Key Laboratory of Pesticide & Chemical Biology, Ministry of Education, College of Chemistry,
Central China Normal University, Wuhan 430079, China)

Abstract: Succinate dehydrogenase (SDH) is one of the important fungicide targets. However, many
plant pathogens showed medium and even high resistance to commercial fungicides targeting upon
SDH. So, it is very urgent to design new novel inhibitor for SDH. Pharmacophore-linked fragment
virtual screening (PFVS) is a high-throughput drug discovery approach independent of biophysical
screening techniques and flubeneteram, a novel fungicide candidate targeting SDH, was successfully
obtained by PFVS. Here, the development process of the fungicide flubeneteram was analyzed in detail,
including the principle of PFVS, the discovery of lead compounds, the modification of substituents and
the fungicidal activity. The discovery process of flubeneteram would provide novel ideas and methods
for pesticide researchers.
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BRI Mo =Ll (succinate dehydrogenase, SDH)
N R YEHIRRZ B S8 L S5 (succinate ubiquinone
oxidoreductase, SQR), FHAE— I B 5 1# 7
BEFRAEAR 25T TG+ R ), 3R
FAFR it S B #1577 (succinate dehydrogenase inhibitor,
SDHI) B Mk |l FER 5T R b S e i, |
20 T2 60 FAREE 1 /N fnfk SDHI 2545 R (carboxin)
Wk, & 60 RFEMARE, HECH 24 4
SDHI f a7 SRT, AR R FI Pk A7 3025 i
4> (Fungicides Resistance Action Committee, FRAC)
MGt s B, ©F 20 2 MY 5w
SDHI KA W AR fude, H 16 Fioh HEHR
TE AP, T H A A R e B R A
SDHI HHi i /K1 2k 2] o &5 EL 28 m KPP0
AN, T3 EERK SDHI 2 MM MEEC R, 1%
KBV H TR B A AE A5 H A A AH
Xse Y, HE 4 SDHI 2R B 771X B v 18 4 25
vEYEAN R, a0 S IR B JHE (isofetamid) BLAAXS T
PR 5o EREE RGN RIPTE R, HEX
RN B DAL N B TS A EER . BRI, R IA Ok
AEAE HAA RS 1% 4 SDHI A5 0 N E 2,

Herp e K s IR I K T 23]
HERERE T R PLIH L (pharmacophore-linked frag-
ment virtual screening, PFVS) 77752, [fJ53E T 1t
7R H T T A SDHI 2% B 71— 380 2K Bk 1%
J% (flubeneteram), X%AXS: Y13149 (AL H 1k
v, EX D, PELTAEES 2013105024737,
[E Bx PCT/CN2013/089220. A= vt 45 &
BH, G T Tt e 0T 7K g SOk s A0 B I Ry i B
FLERPIE AR, R XN AR SN e B
REFMIMEER . HRrZ &gk ikl

STOBREER
Slelsls

Fragment library

Pharmacophore-bounded
complex

BEAT AT . BT, ARSOR N PEVS [
FEHA, R RORBEIG I B R LA,
RO HT LB I R BRI SR B, DA 4R AR 2
FEN RBIHIHAR 25 LR K o

FHC O
N
N
/
CF

ExX 1 #SFBER (RS V13149, A+
&Y 1) MmN
Scheme 1 The chemical structure of flubeneteram
(also named Y13149, compound 11)

1 AR R

PFVS (Kl 1) & —Fh T TR M40 T
Wit 75, SRR TG vt 7 ik o
VIS A 0 P B AR AT W 0 0k T TR R B
AEAMAL, RINSEHLT oA I s R
PO, 452 T 0 25 vk 5 ik o —
B B4 TR k. FE T I ) S S AR 2 fA)
PIVERMLE], PFVS J7ikiiz O AR 2 70 O B 4]
B2 A M RTEE T, 0 HoAh 3oy AT B
HEHRMNTAER - NEHNERS T, BEE
Amber 7> T3 11 AT RERARAL, FEXT IR B
HHATSE A H B AETHE (MM/PBSA), FhikfT o 8m
B4 B AT G SR 5 . TV SR AT UL
A, = R AR B E R A Y. BT
%, RREHCE BRI HE R T 1 ANEE
B BE IR B I 2R bey, B O, O A0
HFR, 1%y A O SCERI T VEAN IR, B
Ja 3 — B PFVS J57% 8 FH 2 SDH ¥R H 4T 37

3

Minimization and
MD simulation

Binding free
energy calculation

Candidate

1 P EERERE R BT TERES
Fig. 1 Work flow of PFVS™!
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RUAMHIF R BeTh, B R4S i A e % 18 77 9 Hf. Ak, FATES 10 A ik SDHI (B2 2),
2 Tk Pt (ﬁjﬂfz M), AR — B T WK T B AT S O SR YR 1) SDH B 7K 1 1) AV iE
PFVS 5 5 PR P, SULFEE, SRAES PSS H HEPT
e o e = TR T RGN ERNE 1R, AGy,
RAREERARIHI 25 (AG = —RTInK;) 5AG, Z A HIAH M 2 I8 3
2.1 INEE M SDHI /ERHLHIRRSE 0.94, KL GBI EmE .

25957 WA R AL 8 B 259 o ik

A Ses %%%% G,

HEHR %uh%’%ﬁi IR B ff ML E 14 i T
carboxin oxycarboxin furametpyr penthiopyrad flutolanil
SSEUNORLE e ue R

NN N

SR (j* S )
W P PR EHR FH LR e LN RIS KA
boscalid benodanil fenfuram thifluzamide mepronil

E=X 2 10 NE ML SDHI B F LR
(A eRRERIBS, EBRRIEERS)

Scheme 2 The chemical structures of ten commercial SDHI (The acid and the
amine parts were colored by red and blue, respectively)™"

£1 10N ®IL SDHI 5 SDH 454 B HEE (keal/mol)™)
Table 1 The binding free energies of ten SDHI with the Q-site of SDH (kcal/mol)**!

Cifn/ii?n . AEg  AEg  AG,  AGy AH “TAS  AGw  AGy'  KM(umollL)
WERKENE thifluzamide -10.62 —43.99 —-4.76 31.02 —-28.35 11.21 -17.14 -9.10 0.20
nHBE T4 1 penthiopyrad -13.84 -41.91 -5.10 34.28 —-26.57 13.54 -13.03 -7.35 3.90
#45 R carboxin -14.42 -35.65 -4.15 29.48 -24.74 12.16 -12.58 -7.25 4.59
EBE )% boscalid -18.50 -39.68 —4.66 39.76 -23.08 11.02 -12.06 —6.84 9.20
4% R benodanil -10.38 —34.43 -4.20 27.87 -21.14 10.13 -11.01 —-6.63 13.17
FBER flutolanil -9.75 -38.41 -4.68 32.28 -20.57 9.76 -10.81 -6.17 28.88
RN T i furamepyr -13.94 -37.16 —4.58 34.69 -20.99 10.43 -10.56 —6.16 29.27
KAH % mepronil -11.92 -36.64 -4.57 32.97 -20.16 9.59 -10.57 -6.11 31.81
FMZEH R oxycarboxin -20.09 -38.22 —-4.26 41.65 —-20.93 10.48 —-10.45 -5.56 81.02
FHIR L% fenfuram -15.03 -32.00 -3.90 29.13 -21.79 11.64 -10.15 -5.39 108.40

FE: "AGu,=—RTInK;: * {#FHEHIEL-DCIP /4 R M5E . <1 keal/mol = 4.184 kJ/mol.
Note: *AGey, = —RTInK;; "Determined with the succinate-DCIP system. ‘1 kcal/mol = 4.184 kJ/mol.

WE 2 Fios, %AV IR o 45 RN W WA T e 505 43, SR F PEV'S 5 ¥ 6 e Jig 3 43 F
wEEEE, 5 C_R46 MEBH Hf-n AHEAER, B ITHER JRiE, R8T 8 AN FERTIM hit kL&
e I AR 75 B_W173 il D_Y91 A Y (R 3). EEHENRSE R EIR, hit4 1
B, HEE AR DAL, 5 C W35, C 143, 10 umol/L ¥ J& T X} 3% 0> SCR (SDH M1 E &4
C_130 JE i /KA EAEH III VR A ) 1 1Cso 18N 19.79 pmol/L, s ik
22 ZHRBAREBRLZM — BRI -

BT Bk AR R AL, B ke B e 45 R
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2 10 MEmAk SDHI 5 SPDH fERAREB S ERE
(sub_amine J9fZER5>, sub_acid AERERSY,
HEM AN 4T )2
Fig. 2 The overlay of the binding model of ten SDHI with
SDH (sub_amine means the amine part, sub_acid means
the acid part and HEM stands for heme)?

ZRE AR R EMML
TR R EIR, A hit 4 5EARE
F 77 X5 7 ik SDHI 28080 (B 3A), HERFEHI A
JF75D Y91, B W173 JE A B EAE . 18
RRVER A, A O A1k SDHI %R 43
th gt (B3R 2), hit 4 7 IR B SR
K, KEERAER S C W35 B n-n M HAEH .
ER] I 0L 6] hit 4 d oK o 4 R 3k AT BAC AT AR
DA — D3 mnZ R S D A i

W 4 R, Skt Z 2R b oR o 2K 3R AT A8 1
RAF A i AR (AR HUARES, B JS []  oR o 2R B4
(DA 35 EAR K I P AR 3474 1 B 8 3R A i v 1
ED . WAV BIRIRR R FLLE R (R 2) &
B : %%AWK%Xﬂz%ﬁL%Aﬁmﬁﬁ
B, H6H5E 0 SDH HIHI 2 & H B R &,

2.3

0 hit 1

/N
/‘z%

hit 2

&9 2 R2=2-Cl), H ICsy {HEF] T 1.98 pmol/L,
Heoe S 465 hit 4 $25 T8 10 £5: 1 3 5475
NHUREE A F] T SDH i Pg m, s
3 (R*=3-Cl, ICso=236.9 umol/L); 4 SH7AIH
MRARERE R, WHl NI (R?=4-F, 4) 5
ORI RS UL (R2=4-CN, 6) I, H: SDH
P35 P SR R B, HE S NER T (R =4-Cl,
5) if, H ICs, HIE 4.90 umol/L. 24K uZRIA 5] N
BURAREERS 2 4 A7 B U0 3% 1 1Y) BT R A2 A
0, Wb &Y 7 (R*=2,4-Cly), HXf SDH [
ICso {9 2.70 umol/L; THAEY) 8 (R* = 2-Cl-4-
CF;) X} SDH ] ICs, {HIA 0.28 pmol/L, & hit 4 [
70 1%,

BRI T TAESR B, Rt e BR b iy = 5 Ak
BN A EE R T A miE i me. H
I, 7EOR B AT IS AR A IR (R? = 2-Cl-4-
CF; %) 5 b, @B Wit HEm T — 551
AR A Y, IR AT T AR
Hr, R (R 2) AT 2, BI 5 R = 560
RS AL, R BRI R AL S
YIREEAAE 7 RS, R A O
SKUR ) SDH (14 22 B8 A T~ = 4 F R AU 4k
G B BT TR BE YT, 4
(% 3) R X —RIML AV KBS AT
Fobm R TR B RS, KR Ey
11 78 12.5 mg/L X KRGS AR R F5 T
95% HIBT R, XTERNEBWA 67% HKFiz, hT
Xof B 24 7R ME PR I e KRB SUAE W 61%, BN E 8
Wi 0%), HAFE—DHKEINER,

@

hit 3 hit 4

R v g

hit 5

hit 6

hit 7 hit 8

ExX 3 EHT PFVS fFEESEIRD 8 4 hit L&Y (SRR PFVS BEMIER5)E

Scheme 3 Chemical structures of eight hit compounds identified by PFVS
(The fragments determined by PFVS are shown in blue)®!
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TBWIT3

E: (A) hit4 GEEMCIRER) 530 SDH 467730 (B) MAREBLIZ AR ER) 530 SDH N &3 (C) MBLIEATEY (&
MR ER) 5% 0 SDH 455773 (PDB ID: 3ABV): (D) SRBEMEL (18 AR AR BoR) SKFESURR # SDH 455773 (B) SORBEL G 5
J#% L SDH (BUZL AT (MR S 7m) AR FE SO 1 SDH (K (s Mt AR ) 25 7 N n &5 18 (F) MEWRREG 5 4% 0 SDH (AL
3 ERRRER) FKFESOR W SDH (R EME R ER) &5 T RErS &R ATHETRZR, C_M39/W K% U L SDH
C _M39, TMi/KFESAERHH SDH A C_W39; LM, C W35/P RniIZ&% 0H SDH A C_ W35, Ti/KRLGU 7+ SDH N C_P35;

C_I30/F FoR 2% b SDH 4 C_130, Ti/KFFLU% + SDH A C_F3029,

Note: (A) hit 4 (yellow stick) with porcine SDH. (B) flubeneteram (yellow stick) with porcine SDH. (C) flutolanil derivatives (yellow stick) with
porcine SDH in crystal structure 3ABV. (D) flubeneteram (orange stick) with Rhizoctonia solani (R. solani) SDH. (E) Overlay of flubeneteram
binding with porcine SDH (represented by magenta and yellow stick) and R. solani SDH (represented by gray and green stick). (F) Overlay of
thifluzamide binding with porcine SDH (represented by magenta and yellow) and R. solani SDH (represented by gray and green sticks). C M39/W,
C_W35/P, and C_I30/F respectively indicate C_M39, C_W35, and C_I30 in porcine SDH and C_W39, C_P35, and C_F30 in R. solani SDH. For
clarity, just some key residues are shown!*®!

B3 HZERAERE
Fig. 3 The binding modes

899

, /’66:\9‘_‘9’~—// FHG O
g N Cl
N" T H
i N
cl
d H 11 CF,
Q . @ IC4=0.11 pmol/L
N cl 8 CFy  =100%
IC4=0.28 pmol/L
a- 0,
, o £ 100%
[Coy=2.70 pmol/L
5 72%

1C5,=19.79 pmol/L
a:70%

TE: 48 200 mg/L A E WA KRESU R BTG RCR: 46 200 mg/L R iZA6 AR SR OB IR 7R 280R
Note: * The control efficacy of compound against rice sheath blight at a concentration of 200 mg/L . ® The control efficacy of compound against
cucumber powdery mildew at a concentration of 200 mg/L.

4 wEPRIE
Fig. 4 Compound design strategy
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=2 LEWIXIHEL SDH B ICS, B2

Table 2 1Cs, value of compound against porcine SDH!

26]

R' O /@
N
N O
/ [ g
2
wEm L e I1C 1 (J 1 SDH) fet N . ICs ff (3% SDH)
Compound I1Cs, value (porcine SDH)/(umol/L) Compound ICs, value (porcine SDH)/(umol/L)
hit 4 CF; H 19.79 7 CF; 2,4-Cl, 2.70
2 CF; 2-Cl 1.98 8 CF; 2-Cl-4-CF; 0.28
3 CF; 3-Cl 36.9 9 CHF, 2-Cl 1.13
4 CF; 4-F >100 10 CHF, 2,4-Cl, 0.40
5 CF; 4-C1 4.90 11 CHF, 2-Cl-4-CF; 0.11
6 CF;  4-CN >100 N ME B % penthiopyrad 1.29
®3 LB 911 FERREFEME
Table 3 Fungicidal activities of compounds 9-11 in vivo™
IPEEIES UIREEYES
= > 0 » 0
e R E Control efficacy/% i R Et{_ Control efficacy/%
Compound  CONCSIION sk BB Compound  COTNIION ik SULERY
e Rice sheath Cucumber powdery 8 Rice sheath Cucumber powdery
blight mildew blight mildew
9 100 100 100 11 100 100 100
50 100 83 50 100 100
25 80 41 25 99 94
12.5 72 7 12.5 95 67
6.25 75 0 6.25 70 0
10 100 100 — WE T 100 100 100
thifluzamide
50 98 — 50 100 63
25 95 — 25 82 22
12.5 82 — 12.5 61 0
6.25 69 — 6.25 54 0

E: — FoRARME.

Note: — Indicates untested.
3 HEAAEFRE TR AR

N TS AL A 11 XK FESOR I 1
BR, ZHEE KR 5 A 25 ) il o O W7 V35 7y
SAAE I VL 2 2% T R0 38 T 9 b o FL AT K RE SR
3 0 (R 25 8036 . S5 R WIER 4 Fis: 5% Btk &
V) 11 FLIHX K FESURG 9 B BT (1 BT 2R e,
DAL 79 N, 4% 8 R8s 75.0 g/hm? b3,
P ZG, 21 RS 2 W25 1R B3~ 13 d.
W2 WM )E 7 d A 21 d BEVR RO  BE R T
69.6% 1 81.2%, T 5T R 257 24% IR Bk fi
S VE A E AR 2 RS 7 dy 21 d BIIER
ORI 48.4% F1 75.4%). [FII;, FEKFELORGR

WIRIAMEZG 2 IR, LA 11 [R5 8RR 500 R % 4
FF21d Bk, Tioe 2500 B bl 5% k&
11 FUA BT TR WL ga 40 H R 25 80R 368 3R 1
G Rs A 75.0 g/hm? Zb B, 5% FIEY 11 3L
WIS RAFIA Y. RPALED 11 BAR
L (R T 37 B A

a5, RHEE 11 AT TR,
Kl 5 B, e 11 UL TBiia /N E ERARZ
WE, WNEABRR. NEXER. NI
Wi NELRR . ADNFEIRER . DR,
[F] I8 mT LA T B i HoAt R B R s, =g
WAZ . KEHH. LAEASERm. N AR,
TR
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T AW 1 KRR RO B 530K B

Table 4 Control efficacy of compound 11 against R. solani in field trials ****]

5 2 KitZ5 5 7d B2 WitizhfE 21 d
7 days after the second spraying 21 days after the second spraying

Eaprilp il A RN &= - :
Treatment Amount of active ingredient/(g/hm?) L IREEYES TE TR DINEEIER
Disease Control Disease Control
index efficacy/% index efficacy/%
112.5 1.59 77.2 0.99 88.5
11
75.0 2.12 69.6 1.62 81.2
(5%, EC)
WL T 37.5 2.40 65.5 1.87 78.3
Ningbo, Zhejian; — N
: e MR % 75.0 3.59 48.4 2.12 75.4
thifluzamide (24%, SC) ) ’ . ) :
JH7K Water 0 6.97 0 8.63 0
112.5 2.22 83.4 6.70 83.6
11 75.0 278 78.8 9.00 78.0
(5%, EC)
i ARZERYA 37.5 3.70 72.9 11.9 70.6
Shaoxing, Zhejian, —
s MK 75.0 2.63 80.8 8.52 79.1
thifluzamide (24%, SC) ’ ) : ’ :
157K Water 0 6.97 0.00 8.63 0.00

ANELEARE
aminis DC.Lsp. trit

HEFER, At ilie kM, a1
HA R LA T k. /& 25
e, MWHA L (KX 4) TRLEH, SRS
P 11189 S T A g 9 PR R A P e s S A
TOREE, AR BAR, A RS EAR AT
KGR -

4 L&Y 11 BIERLEIRTS

PEVEENNRSE KRR, LAY 11 XKLL
il 9 A0 SRR 4 B ¥ 28R AL T X FEE 24 77 M Ik

4 BRI M

E: Bt 0~54§5(?4t2%m§!{£f$ 5: RILF5: 4. B —

il 4 ULERARDANE, 3 LD ERANANE.

Note: The number of 0-5 represents the activity of compound
against the fungal. 5 indicates that the activity is very excellent
against the fungal, 4 indicates that the activity is good. And in
general, the compound with more than 4 has commercial value,
and more than 3 has application value.

5 AABBAZEERE

Fig. 5 The antifungal spectrum of flubeneteram

o 0 0 o
a
FZHCJ\/”\OEt — > FHC

EtO
CF,

OH

E= 4

CF
4 e 5 f NG ] H Cl
NH, ol o N 0
F /
CF

MEfZ (2 3 IR 4), N T EFMEBIILE, ATE
2hes SR Y [ GRS S 0 I 50 7 2 7 053K A5 /K A8 SOk
(B0 T N SR 223 6 R. solani) SDH IF € =
Yeghitty, BG4 E S PR EEARME S HitE
THER R T A 11 5ARRYF ORI SDH 1
FBLHI 22 e 20 TR IR, EFX AN [

CHF CHF CHF,

I
N/ on N7 cl
1

HEW 11 & RREELE"

Scheme 4 Synthetic route of compound 11
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YiFh kIR SDH, Z5A BRI SN LEawY
11 AR 75 D Y91 M1 B W173 JE A 4,
L C_R46 L HES F-n /EA (K] 3B M| 3D). {H
TR, FXT T R 2 e Ik () 3F) Sk
Ui, AW 11 G KRR B R ERCR,
L KRGS SDH Z5 &0, H Kk BLfiiL 7
i 180°, MMAI D YOI M n-n AHEAEF, 115
HERARRER s, s A

5 FESRE

IR 10 AN A6 SDHI 8 53% B& 71 1 £ F AL
HIBEATOIIT, WhE VAR, FE R A
M PFVS JRik AT REFATR L, 98] 1 8 4> hit (L&
Yo CREGRMESTERE . AT AT SDH #ii]
FREAR, PUSBIEFE T hit 4 BLE N L SHED
BEATOUA o JE TR ML LR TS0 AR, X mie g
PN R T A S R A AT BRI AL, 7531 T 7E R
TP A AR 7K P 30 D00 e ot P Sk G 24 7 e K P
¥R LE 6 B i R A & 0 116 2 B R R ik — AR
B1 7 PFVS K 1 DA K2 T AR A 24 B ) i A2
R EAATIZ N . BT, RS
T RA E ERIR P BUET R SDHI A% B 7l——
MWL . F AT, 50T BUA I I 1) B0 PR XURS: 1
i AHE O 7 B2 BRI A 58 35, ARRIG 4k s 4b
T A DU L it R . e, BEE R
[ of 38 A 245 B RN T BE RGN, AAE R
ORI 2 1 B B AR AU B AR AR
2yl

TELASC SR BT P E R K5 RE5 S50 0
AL 70 A,

Dedicated to the 70th Anniversary of Pesticide

Science in China Agricultural University.

(EEME

¥4, B, 2020 FHELTFEHG
KFEMHIFRIYFIR, FREFE
45, 2020 59 A THFIFEK
PGB EFIE, ERHR
EL A A8 45 A 69 3R A B A B A
FAGRTESRA LD EN,
BAT S R AIF— 2R A ey R,
B 724 H) R 23 S At

ABEE, %, 2008 FE L Fid
IR KRFFFEE, REFHE
Fi5, 2016—2017 AL £ BB
KFFE H5FE YT RSF
F. AAEEPIRERFHR, ¥

gt A S, KPREHHH TR
y I, AT BABALHH

‘ ‘ R BB o 3 B B 75 A A

: BAEA, HEAKRRHL, M
it 2024 FATERMFRILET. REBA, B IHAR
BIESTABRARMFASAENG S AERAEHRRF b
YERHAHFB, BEFAFE —FBRELES D E
JAFC ¥ B IR R # S4B A M F) K & 30 % SCI# X,
| B AZEI L, RPELXAFHRKREFKEE
REFIA 6 o

WxE, B, 1997 FE LT HF
KA FEHIALE AT, FRIE
Fi 45, 2004—2005 FAL £
EFBARFHFRHRIFTEE
%, 2012 F 8 A mE XL D
MR RFSRIFTRIFH., AiFE
PIMEREHR. RFEFXERE
M“ B EME. RBLAFAEBFHE
LB se s ie, KMATR
HAl R, ERAGYTFT AR T @ RGF R LA TR
R, AlH B AR AN EREFESRFH S LN
BAeAL ey oed e FES . AUREEBLIE . KRB LB F A
RGFELH SA. 2000 3K ERAL FFAFLAL T,
2016 SFNiE “TAHX HEAFAAEALT . §THRHF I
ARMF—FX, My arAE—5L, +ERHIL
HARRQIH—F L, FEEAGHEHEL, B EEES
R, PEALFZARLILFTHRE R = ReHEE
1. B 2020 SA2:% 4 N ik Elsevier “F B #3524
¥, REMRTABREERKT., AERFHBALIELEFX
Rrg, K3 FERLke+Ea AR AT S8
21 AARLE 2T,
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