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Abstract Flumetsulam is a widely used herbicide that targets the acetohydroxyacid synthase (AHAS). Mutations in AHAS
have caused serious herbicide resistance which threatened the field application of this herbicide. We have recently established
a mutation-dependent biomacromolecular quantitative structure-activity relationship method, called MB-QSAR, which could
be used to quantitatively predict the mutational drug resistance in molecular level and elucidating the three dimensional
structure-resistance relationships for the design of resistance evading inhibitors. In this work, we employ MB-QSAR method
to predict the molecular drug resistance of AHAS mutants towards flumetsulam, and to depict the structure resistance rela-
tionships in AHAS mutants. A series of AHAS mutants concerned with the herbicide resistance were constructed, and the
inhibitory properties of flumetsulam against these mutants were measured. Then the structures of these mutants were con-
structed, optimized and aligned for the subsequent MB-QSAR modelling. The CoMFA (comparative molecular field analysis)
and CoMSIA (comparative molecular similarity indices analysis) molecular field values (steric, electrostatic, hydrophobic,
hydrogen-bond donor and hydrogen-bond acceptor descriptors) were calculated in the flumetsulam binding pocket for these
mutants. The CoMFA and CoMSIA molecular field values were used as independent variables, while the pKi values for each
mutants were used as dependent variables in the partial least squares (PLS) regression analyses to derive the MB-QSAR
models. The built MB-QSAR model showed excellent correlation between experimental and computational data
(MB-QSAR/CoMFA model: ¢>=0.691, 2=0.947, r?prea=0.759; MB-QSAR/CoMSIA model: g>=0.625, r>=0.960, rprea=
0.619), indicating the good prediction for the inhibition properties of flumetsulam against AHAS mutants. The comparison of
the molecular interaction diagrams from MB-QSAR models provides information about which positions in the polypeptide
chain could have a higher propensity to acquire herbicide resistant mutations, which in turn provides guidelines for modifying
the existing herbicide as well as for designing new resistance-evading herbicides. The obtained MB-QSAR model also
showed reasonable predictive power toward AHAS from various species, indicating the potential application of our
MB-QSAR method in the prediction of the selectivity of drugs towards targets from different species.

Keywords acetohydroxyacid synthase; flumetsulam; herbicide resistance; resistance prediction; MB-QSAR (mutation-
dependent biomacromolecular quantitative structure-activity relationship)

1 35l

B s R R0 S 22 4, T RSON AR 253501 TF R e rh i A3
RPN S A R R R B LRI RO

TR (P AN FLEL L WE AR 2 5 R B LSRR AR
FABUR, S SEHTE AR SR T T, R e R ek

* E-mail: niucongwei@nankai.edu.cn; zhenxi@nankai.edu.cn; Tel.: 022-23504782; Fax: 022-23504782
Received November 20, 2021; published December 23, 2021.
Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by the National Natural Science Foundation of China (Nos. 21837001, 21740002).
T H 32 H 5% 3 SR B 23 42 (Nos. 21837001, 21740002) % B

Acta Chim. Sinica 2022, 80, 141—149 © 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 141



o F 5 R

PEL IR AT R AR 2 I AT AT IR A2

LA R IE 1A T SRS VAR L2 0 T
PUHEAEFEVE R T, ARG 73 AR T R H H T VE R
ik EAT AR R, AR MR CAEW: Hao FUKE
TR RAS I v R T HIV (human immunodefi-
ciency virus) & [ BEXT 25 HibE; Cao 23l i 5/
ST H5HARE A M E R, XHIV & EBERAL T
PEHEAT 7 WA F2; Hauser S54RI S5 A H AR 1L
Xt Abl 2 G 1 S AL HUEEAT T FN; Goodford S5
e A A< S el S0 e 7 M e R
B i, KIET GRID f GRID/PCA 7559, COM-
BINEU#1 J¢ SIFtS& T7 M BNy 7 SEER R A &)
SER N ERG, THEPIE ZRIAH EAR R R, MEeE D
filt B A HEALE IR b, DL iRRe R E N E
R, S5/ AEYEEAT SR, 1530 R
TNy Tk R

SR, I FR) TR0 77 925 P 5t ) i e = 00 o
UL IE R R BIVE 2 TSR AL A5 40 - PR R R AR T 1T
fE. 7ERTHI AR, JATH 7T 3D-QSAR (three di-
mensional quantitative structure-activity relationship)#iff 57
o2 AR I EE R 53T 3% 43 BT (Comparative Molecular
Field Analysis, CoOMFA)!' v L RS 48 B AE W) K 7 7 RAE
ity 22 1) E A ROR R BT FTH, @A T MB-QSAR Uik
(Mutation-dependent biomacromolecular QSAR, 1),

Binding site

Seq. ——ﬁD T '
11T ¥
2, \ “

7y
© 5

1. —RIGIEEM, mENMFE

SEEPEFARSEBRKENREG HEBRERS M FHEERB
RERARFMEESSNERRT.

EYIEHHAR.

2, BEXLEAN=HEN,

e 1X — I3k N T I B ) R AR AR SR IR
(Acetohydroxyacid Synthases, AHAS, EC 2.2.1.6) &% RA%
AR 3% e 7 SRR TR SRV AL U I A Lk A 131
FRATTHT ST 1) MB-QS AR A5 284 157 2 31 B A0 0 PO 0 Tl
BE D, TRt mT EDW O S ik o 1 i SR R
XI5 VR g — E R P R AR R R YR T AN [ el g A
PRI FEVEFIN. At b, AN [F) b s A r] DL 1 2 1%
B AN R RARAAR . 245 ) 0] SE R A% B PR AN FE R0 24
VIRIHUE RS R A U 259 S AR A AR, JF it
R R T VR A 245 W 3k 4 1 AN B v 0 St A AR v R
MB-QSAR JIEAMUZAEFRHUE TN 72, W2 25¥ik
FEVE R T 7V

AHAS 2 WA PRI S B R R R (AR S22
PR AN S e 2 IR ) & B A Hh R S B M L4181 AHAS fiEAL
P53 T (TS B BR4E & A2 iR 2- LR FLER, B IR S5
2-FE TIRIE R 2- LME-2-F2 2 T IR, EREMIRY, Nk =L
HER LR & 2 B AS, <45 & B & R
10O, T S BUEY A K2 E T, BT ALY
A AHAS, T AHAS A T il 2 4k
BRI FSERR 2 —. DL AHAS AR R P A B 71
AOLFERETER S . ORI RR PR S | 1o g 7K A7 TR 218 R — e g
AT IR G IRAY, 58 A wndh. AT, BT RREFIK) 2
flEH, GERCRHEUE ™ E, JEgih, #ES 2021 4 11
H 8 H, &R CH 509 Fioxf BB FEA PR AR A,

3. BRUEANSHEHBSEE,
EgémwiﬁHAﬁﬁE¥ﬁ§ h

_ Variant2 7.38
Variant3  6.59
Variant4 3.46

Activity F001
Variant1 5.26

F002 F003

Variant ...

4. BHESINSFHRYUEFEIEEE, 185

Experimental pK,

5, BEIFESHERZERSUXER, EEIRGIESE
XBEMK S FRNG FEHEIERRREL, ZIRBn ARiET

BERXSFHERBHECIESN S FHESSRIT.

Bl 1 MB-QSAR JyikifEEl
Figure 1 Flow chart of MB-QSAR method
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Scheme 1 The chemical structure of flumetsulam
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Figure 3 The binding mode of flumetsulam in E. coli AHAS IL
Flumetsulam is showing in green and the residues of AHAS are showing
in magenta
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Table 1 Summary of the MB-QSAR/CoMFA results
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A-II
A-1 A-IIT
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ONC* 5 5 5 5 5 5
¢*(LOO)Y 0.580 0.666 0.673 0.691 0.684 0.372
SEE* 0315 0.261 0.256 0.259 0.264 0.401
e 0.922 0.947 0.948 0.947 0.945 0.874
125318 187.64 195.036 190.608 182.745 73.208
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(5,53) (5,53) (5,53) (5, 53) (5,53)  (5,53)

Pored 0.725 0.746 0.747 0.759 0.754 0.621
Contributions®

S 0.657 0.709 0.706 0.695 0.701 0.809

E 0.343 0.291 0.294 0.305 0.299 0.191
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Figure 4 Plots of the experimental and predicted pK; values for AHAS
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Table 2 Statistics of MB-QSAR/CoMSIA with different alignment rules

T SHA SA SH SEA SEHA SEHDA SDA EHA S
ONC 6 6 5 6 6 6 5 6 4
7*(LOOY* 0.625 0.611 0.565 0.594 0.590 0.552 0.532 0.547 0.536

SEE 0.228 0.249 0.329 0.241 0.237 0.232 0.317 0.288 0.431
7 0.960 0.952 0915 0.955 0.957 0.959 0.921 0.936 0.851
F-value 208.110 172.876 113.771 184.961 192.019 200.976 123.593 127.218 77.340
rlpred 0.619 0.536 0.468 0.608 0.581 0.417 0.361 0.556 0.708
Contributions”
S 0.270 0.340 0.571 0.204 0.176 0.118 0.177 1.000
E 0.364 0.319 0.217 0.397
H 0.178 0.429 0.119 0.084 0.159
D 0.321 0.444
A 0.552 0.660 0.432 0.386 0.259 0.379 0.444
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Table 3 Prediction of the pK; of four herbicides against AHAS from different species using MB-QSAR model

¥ 545 s Pred. pKi( [ ) Pred. pK (Gl T ) Pred. pKi(WUHERE) Pred. pKi(f@%%)
AA053551.1 N 3.18 428 471 1.12
ACD74789.1 billp 3.96 4.60 3.57 1.22
NP _001151761.1 EN 2.95 3.84 4.44 0.75
CAA87083.1 ipia 3.51 6.03 4.86 0.25
ADI56521.1 L%y 425 5.04 3.65 0.60
P09342 L 3.70 443 4.64 1.14
P09114 S 3.56 4.79 442 1.34
ACU30048.1 NG 3.38 450 4.90 0.63
ACV84152.1 XE 2.48 4.18 3.77 1.40
P27818 i 3.69 425 4.82 1.43
P14874 S 3.35 4.11 4.43 1.61
P27819 M 3.61 426 4.82 1.36
XP_002511176.1 A 3.58 5.84 5.15 0.35
EEF51778.1 A 3.58 5.84 5.15 0.35
ACR55067.1 M 3.74 5.39 4.89 1.52
AAT07322.1 o) H 2% 3.51 5.17 475 1.24
AAT07327.1 E=E-3 3.89 5.10 474 0.67
AAT07329.1 o) H 2% 3.72 3.91 427 2.30
AEL89170.1 RH% 475 5.11 4.82 1.28
AEL89171.1 RH% 4.48 4.89 5.15 1.06
ABY57315.1 HiE 3.58 5.07 3.62 0.58
ABY57318.1 X 3.70 5.02 3.34 0.51
AAKS50821.1 # 4.14 4.63 5.27 0.97
AAKS50820.1 # 4.12 476 531 1.04
ABM92357.2 PHEL 3.42 4.90 4.01 0.80
ADQ54157.1 FEER 4.15 5.24 4.84 0.90
ACF47582.1 B3I 3.58 4.65 4.83 1.33
P17597 I 3.91(7.04) 4.66 (7.50) 3.96 (6.09) 0.37 (6.30)
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o % % 4
hlEi ] s Pred. pKi( G [%) Pred. pKi (Gl T ) Pred. pKi(WU HERE) Pred. pKi([@%%)
P36620 SR G I B 4.22 (6.11) 4.34 (8.15) 5.51(5.12) 2.02 (3.95)
P00893 KIGH B 1 3.45(3.32) 2.90 (3.30) 3.05 0.86
P00892 K 10 6.29 (6.49) 7.15 (7.66) 4.98 (4.62) 5.68 (5.73)
P08142 KA 11 438 (3.81) 4.02 (3.73) 3.45 2.23(3.22)
P37251 T R F HUAF 1R 4.81 (4.78) 4.25(2.94) 4.06 (2.87) 233 (3.94)
P42463 BRI R 5.23 4.09 3.16 435
POA622 GRS S B 3.53 3.80 3.74 3.99
P0A623 A3 ST B 3.53 3.80 3.74 3.99
P45261 iR I VA 5.33 5.77 3.71 2.52
033112 R 43 SOFF T 3.67 431 3.41 3.09
Q59498 Bl G5 A% AT 1R L Fh 4.54 4.16 3.86 3.50
P57321 T £ T A Y A 434 4.77 4.69 237
085293 15 22 Xl A SEAE 4.06 4.67 493 1.85
Q89AP7 T FE AT S A LA 4.01 4.12 439 2.50
Q02137 AR FLER 5.27 4.49 2.79 3.55
P40811 SRATFEVD TR 4.38 423 3.75 247
QYRQ65 1o 3 AR A5 F A A TR 3.64 4.08 4.66 2.59
T B S e I S

QitES TR R R R HERER 3 &)

BRI ZESTE. AT T I E AHAS B 5B Fh
J& AHAS FE(E. coli AHAS )37 {H &L iR FE 1) 2 7 1
(WS HFE R, B S2 KE 4). iRl IT AHAS i
I ERAIERR I T, 5 E. coli AHAS 11 He#g, dE{RSF
I %, RS E. coli AHAS 111 AL, %18 % 5 IR
3, MM E. coli AHAS 11 ¥ pK; {H TN 25 S 4 5 56 )
PAE B AR, BRI, % AH 2 75 2 1& Bl T A B
AHAS XJ T 55 pKi (E TS5 R 2 R 2 F K, I8 E
RE— M, R OR TR R R E M BE M &R, K
HONF T HHAR R E A GRS, #A AT BE R 28520 0 i)
HaF 5.

GV HIAEME AHAS SR K HE R
R RIAN. WE, BEZEYNEA A EZ &
MRS R, ANREHERRTE R IR I AR & R AR T 8 1
BRI Y SR ) Ak 5 A8 R A8 A S |l ke S | R IR D g B )
O XA, B TIEE ST, AT R IR 2.

DRLtE, SR AHBA T A R BR BRI 5 AN [F M8 AHAS
FERIER 77 5, SRR G4, RN KRS0 inE
LRI A EZ AR L. HAT, AT XX Y
MEEF SAFERE AHAS 4SBT —
B IALALAERAIE.

R4 BRFIE E. coli AHAS T1 5 FIFI B AHAS W E IRk IL %=
TP

Table 4 Comparison of the residues of AHAS in herbicide binding site
from model species and AHAS from prediction set

B R A EEERRES AR EERR S
LR IT 19 13
[iEas 18 11
Rl B 2 AT 1 17 9
KIGHFF i 1 14 10
R 111 26 12
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ARSCI T T = WA s e B 5 g SIS o . 7] o) B3 %) E
coli AHAS 1 K ILGAR R & 4. FIR A K07
) 5E BRI AR BRI 1E(MB-QSAR) &S | fE L ATHI I R
AR S S R O RS SIS R S A 2 TR
7~ T RIFHIA S MB-QSAR/CoMFA R 7Y ()32 SCIGAIE
FHq*=0.691, B3 XIRUFM M R E2=0.947, HPER
TR e SME r2prea=0.759; MB-QSAR/CoMSIA 7 ] 4
NAE A9 0.625, 0.960 F110.619. %458 HAT 41T 41
ERTIIRE 7, 8T R BB RS RO AT REL B 1)
Y R - T O R TR VR e R R AR AT M 4 )
SR B R B o R HR B T A MME R 15
B[R, R — e R R T R MR ik
PR BTN e

4 KIGERSY
41 HKFH SR
) B AR G R, AR 95% LA b HLas
HJiEd "TH NMR (nuclear magnetic resonance)~ *C NMR .
LC-MS (liquid chromatography-mass spectrometry)= /5
AT T IR, oA R AR 2 WO,
42 WL
42.1 E. coli AHAS I R ZAR&GH ., RA R EWM <
E. coli AHAS 11 AR . R0K Je gk DA &
&G W 0 1% 25 B OSCHR U122 R A7 R AR AR 7E Jo kL
pQE-GMwt (H LA %1 Ben-Gurion University of the
NegeV ) David M. Chipman #{45 $& {1t) i) 36l b A4 22 1.
B 7 AHAS 8§ R pQE-GMwt R IA 733, i B
ZHEEEA(DMSO)# iR, f2] DMSO £ K SAA 7 1)
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o F 5 R

BRI 4%. R EH 50 mmol/L BEFRHH
ZZpF(pH 7.5), 10 mmol/L MgCl,, 1 mmol/L Fiifi% & #
R (ThDP), 10 umol/L #% % R — A% HFR(FAD), 100
mmol/L EHER, LA S Fk BERAL &9, o BEd £ %)
FERD AR FAME B K B EENE 2~4 ). 0]
K ALEE TGS 2 SR I-12:2729),

PATE LK (RAM) 5 K (BB I OB 9 bt B
“F(resistance factors, RF, RF= Ki(Z&4Z1A)/K;(*HF 4= #Y))
(G S1). RF EERA, 1t BH P ) A AR B0 i) 750 P 4100 i
TETERC IR, S A RN LA, 1% AR T T 1) 71
FERANERURR, B, 0 R K T 2 2 B v 42k
422 HAARE coli AHAS I AL & B 2 R TARGE M
SOE EIE-3

RO TAET, JRATCE3K1F T E. coli AHAS 11 AL
MV HE T RGN TEAGAAR N = G L5 U130, A, FRATTH
AutoDock4. 0B B4 ¢ [ BLIE X 42 BN AR E. coli
AHAS 11 A B ZE 1, IR S5 A 3R A5 B A Y
E. coli AHAS 11 A0V I 5 8 FE A BAE H & T
B A ETEAE AR E coli AHAS 1 ALY 3 45
G, BESNE TRIIRBMAGE WS, @i
SYBYL A+ (Tripos Inc.)f’] MINIMIZE SUBSET £kt
flitk, RT3 E. coli AHAS 1 {4k 7 FE 5845 0k 5 [ By A
FAEF S R, AR S S R SCHRN 1331,
423 FHAAE coli AHAS 11 LT & B B % T ARE
R NS

£ 3D-QSAR i, B& 77 M IEEUR 5 A 5T
I 2 RIS V22 S I G R RRAE, JBETT T REAAAE I T H0E
RIMTC R ZE S S IEHT ] TAEN-1330 75 AR HF 50 Hh 3RATT
T =ME AT

(DVBH E. coli AHAS 11 fEALIEIE T 2 24 IR TR
F0E 2R (A-D).

Q)& & G S & 2 s i) BB R R R R A
JHF(A-11-3, A-I1-4, A-11-5, A-11-6, HrplhifEeit®
SAYEE R e 505 5 R B R R R TR A 1 i PR, B
Bl A).

QEERAWEWFHMEEE A IEEE T
(A-I1D).

424  NEEFMKE R

PN 2545 (Training  set) 514 (Test set) 1[5
ARG IEIRN B FAUAHUCHED, A3 M E0d 43 A ¥ i
AR, K894 B E. coli AHAS T1 K H: 77 548K 2y
YR SRR SD).

425 HFHitFERE@ B

OB EN—RINEAF KD T, ZRIBATHTH L
1B, DL R 24, T S T35 70 M1 (CoMFA) H 11 43
THE. B FAERNERE: 1.2 nmX 1.2 nmX 1.2 nm, %
(A% P KON 0.2 nm, PREFEF2RAL: sp’, +1, AeEE
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5L
{H: 125.46 kJemol™.

CoMSIA )5 K F 5 CoMFA #5E R M [ 4% £,
PREFE 24208 0.1 nm. KA & 7 FE L& 4% i 55 A
JiR 2 A 3A e, ek Rk BRIA I 0.3. CoMSIA
B 215> I3 A LR (S), #HEIE), Bk
(H), S5 141D)MERZEIA(A). AT A 7] RE
WA T AT T %52

PATHSIRTF 1) 5 T 34 50 (H (CoMFA 1H) 555 T35 H
AT FE X (CoMSIA B A B AR, DARE HIH 2 W il
WK BN E(pK) A RS R, R R /> SRk it
TG RN AT, B 38 R IE/ AR RS G, #3324
A B KD T MB-QSAR/CoMFA K. MB-QSAR/
CoMSIA ##i7,

4.2.6 MB-QSAR £ A 3 th 3 7| F & it £ 14 69 A M)

F AT M UniProt #¢ #% /% (http://www.uniprot.org/
uniprot/) ™ # T # r A2 . VEW DL K A B A B 1
AHAS fi#§ J¢ %] . {E SWISS-MODEL MR %5 #% (http://
swissmodel.expasy.org/) I PAFRATTEL A ) E. coli AHAS 11
(285 K AR RIS A T R RLEE 4. 4% IR 4.2.2 FTFTIR
JEAR B EATS DY T A B 7 Gt B . U s o
R T A ] B A ELAE F P TE MR A . X AN R ol
] AHAS BEfR N E. coli AHAS 11 EfZRAAK, FIXC
HRLVI-13:300 K A ST 1) MB-QSAR BEALSHE A 15 A [
B BRI 1 pKG AELIEAT TR0
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