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ABSTRACT: In the search for new anti-resistance acetohydroxyacid synthase (AHAS, EC
2.2.1.6) inhibitors to combat weed resistance associated with AHAS mutations, a series of
2-[(4,6-dimethoxy-1,3,5-triazin-2-yl)oxy]-6-(substituted phenoxy)benzoic acids 11-38 were
designed and synthesized via the strategy of conformational flexibility analysis. Compounds
21, 22, 26, 33, 36 and 38 with high potency against both wild-type AtAHAS and its P197L
mutant were identified as promising candidates with low resistance factors (RF, defined as
the ratio between the £; values towards P197L mutant and wild type AHAS) ranging from
0.73 to 6.32. Especially, compound 22 (RF = 0.73) was further identified as the most potent
anti-resistance AHAS inhibitor due to its significantly reduced resistance level compared with
tribenuron-methyl (RF' = 2650) and bispyribac (RF = 4.57). Furthermore, compounds 26, 33,
36 and 38 also displayed promising herbicidal activities against sensitive and resistant
(P197L) Descurainia sophia at the dosage of 75-150 g of active ingredient (ai)/ha. Notably,
compounds 33 and 38 still maintained over 60% herbicidal activity toward the resistant weed
even at much lower dosages (37.5 g.ai/ha). Therefore, the designed scaffold has the great
potential to discover new candidate compounds for the control of weed resistance associated

with AHAS mutation.

KEYWORDS: AHAS inhibitors, structure-activity relationship, anti-resistance property,

P197L mutant, herbicidal activity, molecular docking
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INTRODUCTION

Acetohydroxyacid synthase (AHAS, EC 2.2.1.6), an essential enzyme in the
branched-chain amino acids (BCAAs) biosynthesis, mainly catalyzes the synthesis of
2-aceto-2-hydroxybutyrate and 2-acetolactate via condensation of a single molecule of
2-ketobutyrate with a single molecule of pyruvate (the pathway of isoleucine biosynthesis) or
two molecules of pyruvate (the pathways of leucine and valine biosynthesis), respectively. It
has been considered to be an attractive target for both drug and agrochemical discovery due to
its special biological functions and gene conservation throughout diverse species (plants,
bacteria, fungus, algae).'” In particular, AHAS has a great importance in the field of herbicide
research, and it is a target of five classes of herbicides, including triazolopyrimidine
sulfonamides  (TPs),  sulfonylureas  (SUs),  pyrimidinyl-(thio)benzoates  (PTBs),
sulfonylamino-carbonyl-triazolinones (SCTs) and imidazolinones (IMIs) (Figure 1).4'7

Unfortunately, AHAS-inhibiting herbicides are facing serious weed resistance due to their
long-term overuse in agricultural applications and possession of only a single ligand-binding
site in AHAS.*'® Weed resistance to AHAS inhibitors is mainly caused by single-point
mutations in the region of the binding site, causing a reduction in the binding affinity between
the AHAS and its inhibitors.”'? According to a recent survey, the biotypes of 144 weed species
have evolved different degrees of resistance to AHAS herbicides globally, and this number is
increasing year after year."”™"* In all the surveyed 144 resistant weed species associated with
AHAS mutations, the mutation at Pro-197 is the most common cause of resistance to AHAS

16, 17

inhibitors (there are about 70 resistant weeds caused by mutation at Pro-197), and 8 types

of mutations (Ala, Thr, Ser, Arg, Gln, Leu, His, Ile substitutions) are involved in Pro-197.% 1821
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There are currently several commercialized AHAS herbicides which show similar inhibitory
activities against wild-type AHAS as well as its P197 mutants,”* for example, imazaquin,
imazapyr, pyrithiobac and bispyribac have low degrees of resistance against Pro-197-Ser or
Pro-197-His mutants. More importantly, weed resistance caused by the Pro-197-Leu mutation
has been extensively reported around the world, and this mutant has caused serious
cross-resistance to most types of AHAS inhibitors. For example, the resistance levels for most
sulfonylureas and other AHAS herbicides (in IMIs, TPs and PTBs) have been increased up to
more than 100-fold and 10-fold respectively, as a result of Pro-197-Leu mutation.”” However,
reports of novel anti-resistance herbicides active against Pro-197-Leu mutation in AHAS are
quite rare. Therefore, the development of a new anti-resistance AHAS inhibitor with a strong in
vitro and in vivo activity against P197L mutant is highly desirable. In the current study, we have
sought to design and synthesize novel AHAS inhibitors with such activities.

There are several solutions to combat mutation-linked drug resistance. For example, drug
combinations, multiple targeting design, targeting highly conserved residues, targeting protein
backbone and conformational flexibility drug design. In our previous work, we discovered that
the ligand conformation of sulfonylurea and triazolopyrimidine sulfamide AHAS inhibitors did
not undergo any significant changes in wild-type AfAHAS and its mutants because of their rigid
bridges (SO,NHCONH and SO,NH). As a result, these inhibitors no longer interact with the key
amino acids or they cause steric hindrance with mutants, and that is the resistance mechanism
for these inhibitors.”®>' Therefore, developing AHAS inhibitor with conformational flexibility
should be an effective method to overcome resistance caused by mutation. On the basis of this

strategy, we have recently reported the syntheses, AfAHAS inhibitory and anti-resistance
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activities of 2-aroxyl-1,2,4-triazolopyrimidines,** **

and 2-benzoyloxy-6-pyrimidinyl salicylic
acids,** which have flexible ether bridges. In particular, diaryl ether has received a great deal of
attention in the area of agrochemistry.3 >3% For instance, cyhalofop-butyl (ACCase inhibitor) and
fomesafen (PPO inhibitor) have been used as popular commercial herbicides to eradicate weeds
in the past decade. Additionally, the other commercial fungicides containing diaryl ether, such
as quinoxyfen, famoxadone, tolfenpyrad and metominostrobin, could effectively control plant
pathogens.”’ 38

In our continuing endeavor to seek new anti-resistance AHAS inhibitors, we design a
scaffold by inserting a flexible ether linker in between triazinyl and phenyl ring of
sulfonylureas (Figure 2). Some commercial examples of sulfonylureas include chlorsulfuron,
metsulfuron-methyl, tribenuron-methyl, chlorimuron-ethyl and iodosulfuron-methyl, which are
not effective against weeds with the Pro-197-Leu mutation in AHAS.* ** Also, the binding
model shows that the designed scaffold having an ortho- carboxylic acid group potentially can
accommodate additional hydrogen bonding interactions with the binding site (R377, K256, etc.).
Further, we introduced phenoxy groups on the designed scaffold (meta-position) to increase the
conformational flexibility, and these final structures may lead to the discovery of anti-resistance
AHAS inhibitors (Figure 2). Herein, we synthesized the designed compounds 11-38, measured
the inhibitory effects (against both wild-type AtAHAS and P197L mutant), anti-resistance
properties, and herbicidal activities (against sensitive and resistant Descurainia sophia). We
proposed the binding models of the designed compounds and performed molecular docking,

dynamics simulations and Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)

calculations.
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MATERIALS AND METHODS

Chemicals and Instruments. All purchased reagents were used as receives, if not specified
otherwise. Organic solvents were also directly used without further purification, such as
dimethylformamide (DMF), acetic acid (AcOH), and methanol (MeOH). Using
tetramethylsilane (TMS) as the internal reference, 'H NMR and >C NMR spectra were recorded
in CDCl3 or DMSO-ds as solvent on a Mercury-Plus 400 or 600 MHz spectrometer (Varian,
Palo Alto, CA). A model B-545 melting point apparatus (Biichi, Flawil, Switzerland) was used
to obtain melting points without calibration. High-resolution mass spectra (HRMS) data was
determined with 6224 TOF LC/MS (Agilent Technologies, Santa Clara, CA) instrument. The
column used was a 250 mm x 4.6 mm i.d., 5 um, Eclipse XDB-C18 (Agilent Technologies,
Santa Clara, CA). The flow rate, injection volume and column temperature were set to 0.2
mL/min, 2.0 4L and 25 °C, respectively. Mass spectrometry (MS) was conducted on a DSQII
GC-MS (Thermo Fisher, Austin, TX) instrument with an electrospray ionization (ESI) source.
The heat temperature was from 50 to 300 °C (heating rate of 20 °C /min) and scan ranges of
m/z 100-500 for MS. The GC column used was a 30 m x 0.25 mm i.d., 0.25 um (film
thickness), Zebron ZB-35 HT Inferno (Phenomenex, Torrance, CA).

Synthetic Chemistry. The synthesis of the target compounds 11-38 is illustrated in
Figure 3. The synthesis included seven steps from the commercially available 3-flouroanisole,
compound 1, as the starting material. The regioselective formylation of 1 with
N,N-Dimethylformamide (DMF) using n-BuLi/TMEDA/DIPA (in situ
deprotonation/metalation) afforded the aldehyde 2. The aldehyde 2 when treated with diverse

substituted phenols 3aa-bb using K,CO; in DMF gave 2-methoxy-6-(substituted
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phenoxy)benzaldehydes 4aa—bb. The subsequent oxidation of the formyl group of the
molecules 4aa—bb were achieved by using 30% H,0, and 50% aq. KOH in MeOH followed
by acidification, which resulted 2-methoxy-6-substitutedphenoxybenzoic acids Saa—bb. The
acids Saa—bb were subjected to the demethylation reaction by treating with BBr; which
yielded hydroxy acids 6aa—bb. In the next step, the acid groups of 6aa—bb were protected
with benzyl bromide 7 using KHCO; in DMF leading to the corresponding benzyl esters
8aa-bb. The crude compounds 8aa-bb were then treated  with
2-chloro-4,6-dimethoxy-1,3,5-triazine 9 using K,COj3; in DMF, yielding compounds 10aa—bb.
In the final step, the ester hydrolysis of crude compounds 10aa—bb with H, and Pd/C in
CH;OH/AcOH generated the desired target compounds 11-38. The chemical structures of the
synthesized target compounds were established by '"H NMR, *C NMR and HRMS data.
Further, the single crystal structure of compound 22 was confirmed by X-ray diffraction
(Figure 4).

X-ray Diffraction. Compound 22 was crystallized from a mixture of n-hexane and
chloroform to give colorless crystals suitable for single crystal X-ray analysis. Crystals 22 (0.20
mm x 0.15 mm X 0.15 mm) were mounted in fluoropolyether oil. On a Bruker SMART APEX
DUO CCD area detector diffractometer (Bruker AXS, Madison, WI), cell dimensions and
intensities were measured at 296 K with graphite-monochromated Mo Ka radiation 4 = 0.71073
A; Onax =26.00; 15699 measured reflections; 4131 independent reflections Ri,= 0.0231. Data
integration and data reduction were carried out with the SAINT Plus program. The intensity
data were corrected for Lorentz, polarization and absorption effects (T = 0.9848; Tun

=0.9799). The structure was solved by direct method using SHELXS97 and refined with
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SHELXL970. Based on F* using the weight of 1/[¢°(F,°) + (0.0788P)* + 0.3909P], full-matrix
least-squares refinement gave final values of R; = 0.0388, R, = 0.1157, and GOF(F) = 1.044
for 303 variables, 303 parameters, and 4131 contributing reflections. Maximum/minimum
residual electron density = 0.177 per -0.213 e.A”, and maximum shift/error = 0.000. Hydrogens
were either found or placed in calculated positions and isotropically refined using a riding
model. The non-hydrogen atoms were refined anisotropically. We deposited the
crystallographic data for compound 22 with the Cambridge Crystallographic Data Centre
(CCDC) with deposition no. 1558575.%!

33, 34
* 7" the

AtAHAS Inhibitory Experiments. As described in our previous studies,
wild-type AfAHAS and P197L mutant were expressed from the plasmids pET28a
(+)-AtAHAS and pET28a (+)-AtAHAS-Pro197Leu, respectively. In addition, the in vitro
inhibitory activity (K; value) of the synthesized compounds against wild-type AtAHAS and
P197L mutant were studied using the method described previously.42'44 The results are
summarized in Table 1.

Computational Modeling and Calculation of Binding Free Energies. The crystal
structure of wild-type AtAHAS (PDB ID:5K20) was taken from the Protein Data Bank.” The
P197L mutant was introduced to the wild-type ligand-protein complexes by using the
biopolymer mutation modeling tool in SYBYL v2.0. The conformations of the mutant
complexes were further minimized by using the Powell method of 3000 steps for residues in
3A around the mutational site. The AutoDock v4.2 software was used to dock representative

inhibitors into A/AHAS which clustered by 2 A of Root-Mean-Square Deviation (RMSD).

Criteria and molecule modeling was visualized by PyMOL v1.3. On the basis of the result of
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previous 1~2 ns equilibrating Molecular Dynamics (MD) simulation of commercial
compounds and the reported crystal structure of bispyribac, we chose the final conformations
of target compounds to calculate binding free energy via Molecular-Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) method.*’

Herbicidal Activity. Sensitive and resistant (Pro-197-Leu in AHAS) Descurainia
sophia (D. sophia) were selected as representative weeds for screening the compounds, and
the herbicidal activities were evaluated as described previously.** ** Before testing, all of the
synthesized compounds were dissolved in DMF and diluted with Tween-80 (100 mg/mL).
The solutions were further diluted with water to the tested concentrations. In the greenhouse,
the seeds of D. sophia were incubated with 0.05% GA3 solution for 1 day, and then prepared
seeds were planted at flowerpots (inner diameter of 7.5 cm) and its growth at temperatures
kept at 15 °C (night) and 25 °C (day). When D. sophia had grown to the four-leaf stage, they
were treated by the inhibitor-containing solutions at the required concentrations (150, 75 or
37.5 g ai/ha). Herbicidal activity was evaluated visually after 35 days via post-emergence
treatment, with three replicates per treatment. The results of herbicidal activity of all the

compounds are described in Table 2.

RESULTS AND DISCUSSION

Enzyme Inhibition Activities (against P197L Mutant and Wild-Type ArtAHAS) and
Structure-Activity Relationship. According to the previously mentioned methods, the
inhibition constants (K; values) of compounds 11-38 were investigated against wild-type

AtAHAS and P197L mutant. The commercial AHAS herbicide tribenuron-methyl and
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bispyribac were chosen as the positive controls.

Among the 28 newly synthesized compounds (Table 1), most of them exhibited moderate
to excellent activities against P197L mutant. In particular, compounds 21 (3,4-benzo) and 22
(4-ph) were identified as the most potent inhibitors against P197L mutant with K; values of 3.17
uM and 2.71 uM respectively. In order to optimize compound 11 (R' = H), we initially focused
on introducing a single substituent (R') on the phenoxy ring, which could affect the enzyme
inhibitory activity. In most cases, the different mono substitutions at the para- or meta- position
of the phenoxy ring gave rise to compounds with higher inhibitory activities compared with the
compounds modified at the ortho- position. Taking the fluorine substituent as an example, the
activity of compound 14 (2-F) was reduced to 108.00 uM (K, p197. value), when compared with
compounds 16 (4-F, K pio7. = 21.40 uM) and 15 (3-F, Ki pio7r= 60.50 uM). (The same
phenomenon applies to chlorine substituent). Additionally compared with the single substituted
derivatives 12-20 (F, Cl, Me substitution), 31 with 2,4-di-Cl (K pio7.= 7.58 M) substitutions
at the R' position showed increased inhibitory activity against P197L mutant, which implied
introducing dual substituted groups on the phenoxy group might enhance the inhibitory activity.
Unfortunately, when —Cl1 at different positions or other halogens (such as —F, -Br) substituents
were introduced, the inhibitory activity did not improved and, even in some cases decreased,
for instance compounds 23 (2,3-di-F, Kj pio71= 228.00 uM), 24 (2,4- di-F, K; pio71= 84.30 uM),
30 (2,3-di-Cl, Kj, pio7i= 75.70 uM), 32 (2,5-di-Cl, Kj pig97t= 55.30 uM) and 37 (3-Br-4-F, K
pro7.= 145.00 uM). However, upon introducing both a methyl group and a halogen atom on the
phenoxy ring, the inhibitory activity improved as compared with the compounds with a single
substitution (12-20). For example, the inhibitory activities of compounds 26 (2-F-3-CHs, K;,

10

ACS Paragon Plus Environment

Page 10 of 35



Page 11 of 35

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Journal of Agricultural and Food Chemistry

pio7i= 3.35 uM), 33 (2-Cl-4-CHs, Kj pi97t= 3.70 uM), and 38 (3-CH;3-4-Br, K; pio71.= 3.34 uM)
reached a micromolar level, which were more than 55-fold higher than the commercial control
tribenuron-methyl (Ki, p1971=212.00 M).

At the same time, larger sterically hindered structures also had a favorable effect on
increasing the inhibitory activity. For example, compounds 21 (3,4-benzo, Kj pjg71= 3.17 uM)
and 22 (4-Ph, Kj pio7.= 2.71 uM) showed higher activity than 11 (K pig71= 52.80 uM) and
almost similar activity to bispyribac (Ki pio71= 2.47 uM). We then pursued the experiments with
molecular modeling to analyze the binding mode of the representative compound 21 with the
P197L mutant. As shown in Figure 5A, compound 21 had a conservative m-m stacking
interaction with W574 and its carboxyl group formed strong hydrogen bonds with many
residues in the P197L mutant AHAS, such as G120, K256, R377 and S653. Although all the
compounds had similar binding pattern with compound 21, the van der Waals (VDW)
interactions and binding free energy were all remarkably enhanced in presence of steric
hindrance on the structures (compounds 21 and 22) (Table S1). We conclude that, hybrids of
triazine-salicylic acids (phenoxy-substituted) connecting through ether bridges could therefore
be used as a new scaffold for discovering novel AHAS inhibitors against P197L mutant.

Interestingly, most of the compounds exhibited good enzyme inhibiting activities against
wild-type AtAHAS as well. As shown in Table 1, compound 11 (R'= H) exhibited good activity
(Ki, wr= 4.20 uM), and the introduction of substituents at R! improved the inhibitory activity.
For example, compound 26 (2-F-3-CH3;) showed excellent inhibitory activity (Kj wr= 0.53 uM),
equal to the commercial control bispyribac (Ki wr = 0.54 uM). The structure-activity
relationship (SAR) can be summarized as follows: in general, compared with the substitution at

11
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the para- and ortho- position of the substrates, substitution of groups at meta-position increased
the enzyme inhibitory activities against wild-type A/AHAS. For example, the inhibitory activity
of compound 15 (m-F, K; wr=2.01 uM) was 6-fold higher than 16 (p-F, K; wr = 11.90 uM), and
13-fold higher than 14 (o-F, K wr = 27.40 uM). Compounds with -Cl, -Me substituents
followed the same trend: m-Cl > p-CI > 0-Cl (18 > 19 > 17); m-CH; > p-CH; (13 > 12) (Table
1).

Furthermore, the number and position of substitutions on the phenoxy group also could
affect their inhibitory activity against wild-type AtAHAS. More specifically, introducing both a
m-methyl group and an o-fluoro atom at R', compound 26 (2-F-3-CHs, K wr= 0.53 uM),
produced the best inhibitory activity. From the binding models, the binding of compound 26
(Figure 5C) in wild-type AtAHAS active channel was very similar to that of compound 11
(Figure 5B). But the introduction of o-F atom (compound 26) could form a strong hydrogen
bond with S654 (3.5 A) and the introduction of the m-Me increased the hydrophobic interaction,
which resulted in an elevation of electrostatic energy and VDW energy. Finally, compound 26
exhibited a higher binding free energy (A Ge, wr = —25.60 kcal/mol) against wild-type
AtAHAS as compared with the unsubstituted compound 11 (A Ge, wr = —20.81 kcal/mol)
(Table 1).

The Molecular Basis of Anti-resistance Mechanism. To illuminate the relationship
between the structure and resistance at molecular level, we carried out molecular simulation
for representative molecules and binding free energy calculations for the synthesized
derivatives. As shown in Table 1, the ranges of the calculated binding free energies (A Gea)
were from —13.98 to —25.60 kcal/mol and —12.01 to —21.74 kcal/mol for wild-type AtAHAS

12
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and P197L mutant respectively. More importantly, the AA G (A Gpio7:— A Gwr) indicated that
the difference between the binding free energy for P197L mutant and wild-type AfAHAS, and
it can be used as a criterion to determine resistance caused by P197L mutation. The calculated
AA Gy ranged from 7.26 to —0.90 kcal/mol, whereas the experimental AA G, ranged from
7.83 to —0.77 kcal/mol. It is worth mentioning that the relative order of the calculated
AA Gcu of these analogues corresponded with that of actual AA Ge, qualitatively
(AAGep=-RT Ln Kirio1./ Ki,wr). A linear correlation between the calculated AA G, and
experimental AA Gy, was acquired with a correlation coefficient of R =092 (Figure 6),
which confirmed the reliability and rationality of the anti-resistance theoretical models built
in this work. In addition, in order to quantitate the degree of resistance of inhibitors caused by
P197L mutation, we defined the resistance factor (RF) as the ratio between the K; values of
the mutant to that of wild-type enzyme. This ratio was calculated for evaluating the effects of
the compounds 11-38 on resistance (RF' = K; pio71/ Ki, wr). It turned out the larger the value
of RF, the lower the drug resistance or it could be deduced that the smaller the value of
AA Gy, the higher drug resistance.

As shown in Table 1, the K; values of compound 11 (unsubstituted) against P197L
mutant and wild-type AtAHAS were determined to be 52.80 uM and 4.20 uM respectively.
Comparing these values indicated that the resistance factor (RF) value was 12.57, which was
far smaller than the positive control, tribenuron-methyl with RF = 2650. The different
substituent groups (R') on phenoxy ring of compound 11 could greatly affect the resistance
factor (RF). In comparison with the parent compound 11, the RF values of compounds with
3-F, 2-Cl or 3-Cl substitutions (compounds 15, 17 or 18) were not conducive to the reduction

13
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of the resistance factor (RF' values were increased by over 2-fold). Taking compound 15 as an
example, although it had a good inhibitory activity (K; wr= 2.01 uM) against wild-type
AtAHAS, its K; value was 60.50 uM toward the P197L mutant.

From energy component analysis (Table S1 and Table S2), we found that the
electrostatic energy (AE..) and VDW energy (A Eyqw) of compound 15 showed a higher
value for wild-type AtAHAS compared with the P197L mutant, which resulted in enthalpy
contribution (A H) to having a smaller value for wild-type AtAHAS. Hence, the binding free
energy of compound 15 (A Gey = —22.39 kcal/mol) against wild-type AtAHAS was lower
than the same against P197L mutant (A Gcy = —15.30 kcal/mol) and its AA G, value was
7.09 kcal/mol, which was consistent with the experimental value (AA Gey, = 8.44 kcal/mol;
RF = 30.10). Furthermore, the compounds bearing 4-CH3, 4-F, 3.4-benzo- and 4-Cl, 2-F-
substitutions (compounds 12, 16, 21 and 29) had slightly lower binding affinity against the
P197L mutant (A Gey = —17.54, —16.56, —21.74 and —17.73 kcal/mol respectively) than
against wild-type AfAHAS (A G = —18.94, —19.00, —23.38 and —19.58 kcal/mol
respectively). These numbers were also in good agreement with the experimental values (RF
=1.31, 1.80, 1.77 and 1.20 respectively). These results indicated that these inhibitors had low
resistance level. It is fair to conclude that the compounds which had a lower binding free
energy against the P197L mutant than the same against wild-type AtAHAS (AA Ge < 0
kcal/mol), could be considered as potential anti-resistance inhibitors. In line with this, when
the R' group on the phenoxy group changed from -H to 4-Ph, 2,3-Cl, the compounds showed
less resistance, for instance in compounds 22 (RF = 0.73) and 30 (RF = 0.81). However, in
consideration of their inhibitory activity, compound 22 appears to have a better anti-resistance
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AHAS inhibitory activity simply because it had the lowest resistance factor and displayed
excellent inhibitory activities against both the P197L mutant and wild-type AfAHAS.

To explain the anti-resistance property, we investigated the binding modes using
compound 22 as a representative. As depicted in Figures 5D-F, compound 22 had a
conservative m-n stacking interaction with W574 and its carboxyl group could form hydrogen
bonds with the residues (G120, K256, R377 and S653) of the both wild-type AtAHAS and
P197L mutant. When the amino acid residue was mutated (P197L), a steric clash occurred
between L197 and the biphenyl structure of compound 22. The flexible bridge of the
molecule led to the ligand shifting deeply into the pocket, thereby increasing the VDW
interactions (AA Eygw = —2.49 kcal/mol). At the same time, this strengthened the hydrogen
bond between the ligand and G120, but it could not compensate for the weakened hydrogen
bonds between the ligand and amino acid residues R377 and K256 (AA Eg.= 1.29 kcal/mol).
On the other hand, the mutation reduced the loss of solvation energy (AA Eppso = —1.83
kcal/mol) and increased entropy compensation (—7AA S = 2.54 kcal/mol). Above all,
compound 22 showed better binding affinities for the P197L mutant than wild-type AtAHAS
(AA Gea = —0.48 kcal/mol) (Table 1). This could also justify why compound 22 could
potentially be an anti-resistance AfAHAS inhibitor (AA Gex, < 0 keal/mol, RF <1).

To overcome resistance associated with AHAS mutation, we needed to consider the
factors mentioned earlier (i.e. inhibitory activity and resistance factor). On the basis of above
observations, compounds 21, 22, 26, 33 and 38 had low RF values and showed excellent
inhibitory activities against both wild-type ArfAHAS and P197L mutant. Notably, the
inhibitory activity of compound 22 (4-Ph) was improved significantly compared to
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unsubstituted compound 11 (20-fold), tribenuron-methyl (78-fold) and was equivalent to
bispyribac (0.9-fold) against P197L mutant. At the same time, the RF value of compound 22
was also reduced about 3630-fold and 6-fold in comparison to the positive controls
tribenuron-methyl and bispyribac respectively. The energy component analysis (Table 1) also
showed that compound 22 had equal and low binding free energy against wild-type AtAHAS
and P197L mutant respectively, which corresponded with the experimental results.

Herbicidal Activity against Sensitive and Resistant Descurainia sophia. To further
investigate the greenhouse in vivo herbicidal activity of the synthesized compounds 11-38, we
selected sensitive and resistant (Pro-197-Leu mutation in AHAS) D. sophia as representative
weeds. We selected commercial AHAS herbicides tribenuron-methyl and bispyribac as
controls.*® Some of the synthesized compounds displayed promising herbicidal activity against
both sensitive and resistant weeds. Furthermore, the growth of inhibited weeds could be
recovered to a certain extent when we added additional branched-chain amino acids (valine,
leucine and isoleucine) to the herbicidal assays (data not shown). This indicated that these
compounds targeted AHAS in the tested weeds.

As shown in Table 2, most derivatives exhibited moderate to good control against sensitive
D. sophia at the rate of 150 g ai/ha. Compounds 15, 18, 26, 33, 36 and 38 clearly exhibited over
90% inhibition. Even at lower dosage of 37.5 g ai/ha, compounds 15 and 38 displayed more
than 80% inhibition against the sensitive weeds, and these results were comparable to that of
tribenuron-methyl and bispyribac. It can be noted that some compounds also demonstrated
good herbicidal activity against resistant D. sophia (P197L). Compounds 21, 22, 26, 31, 33 and
36 at 150 g ai/ha showed more than 60% weed control, and compound 38 displayed almost
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100% inhibition against the resistant weed, which was a stronger inhibitory effect than the
tribenuron-methyl inhibition against the resistant weed. When the dosage was reduced to 37.5 g
ai/ha, tribenuron-methyl showed weak herbicidal activity against the resistant D. sophia (<30%
inhibition). In contrast, compounds 33 and 38 as well as another control, bispyribac, exhibited
good inhibition (> 60%) against the resistant D. sophia. This was consistent with the
observation from their AHAS-inhibiting activities in vitro against the P197L mutant (Table 1).
Surprisingly, although some of the synthesized compounds had good anti-resistance properties
in vitro, their herbicidal activities against the sensitive or resistant weeds were not satisfactory.
For example, compounds 21 and 22 showed a low RF value and excellent inhibitory activity
against the two enzymes (P197L mutant and wild-type AtAHAS); however, their activities
against the resistant and sensitive weeds could not compete with that of tribenuron-methyl and
bispyribac. The main reason for such discrepancy could be that these compounds (21 and 22)
might not possess the expected absorption, distribution, metabolism, and excretion (ADME)
properties.

To summarize our findings, compounds 26, 33, 36 and 38 displayed good herbicidal
activity against both the sensitive and resistant D. sophia. In particular, compounds 33 and 38
showed better or equivalent inhibition against the resistant D. sophia compared with
tribenuron-methyl and bispyribac at three dosages (37.5, 75 and 150 g ai/ha). Therefore it can
be inferred that those compounds not only ensured high herbicidal potency, but also showed
better anti-resistance properties than tribenuron-methyl.

In conclusion, in this study a series of 28 hybrids of triazine-salicylic acids (phenoxy
substituted) connected through an ether bridge were designed through conformational
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flexibility and scaffold hopping. These compounds were synthesized and evaluated for their
AtAHAS inhibition, anti-resistance property and herbicidal activity. Compounds 21
(3,4-benzo), 22 (4-Ph), 26 (2-F-3-CHs), 33 (2-Cl-4-CH3), 36 (3-CH3-4-Cl) and 38
(3-CH3-4-Br) had low resistance factor (RF ranging from 0.73 to 6.32) and showed excellent
inhibitory activities against both wild-type AtfAHAS and its P197L mutant. In particular,
compound 22 (K; wr = 3.69 uM, K pio7. = 2.71 uM, RF=0.73) was found to be the most
potent anti-resistance AfAHAS inhibitor and its resistance level was reduced about 3630-fold,
and 6-fold when compared with control tribenuron-methyl (RF=2650) and bispyribac
(RF=4.57), respectively. Computational simulations revealed that the conformational
flexibility of these compounds was the main reason for the low resistance causing by P197L
mutation. Further greenhouse in vivo assays showed that compounds 26, 33, 36 and 38
displayed promising herbicidal activity against both the sensitive and resistant (P197L) D.
sophia. We believe that compounds 33 and 38 have the potential to overcome weed resistance
conferred by P197L mutant in AHAS because they maintained more than 60% inhibition
against both the sensitive and resistant D. sophia at an application rate as low as 37.5 g ai/ha.
On the basis of the aforementioned discussion, the designed hybrid structures can be regarded
as new leads for the development of anti-resistance AHAS inhibitors to overcome weed

resistance.

Supporting Information

Supporting Information includes the energy component analysis of compounds 11-38 in P197L

mutant and wild-type ArAHAS (Table S1 and Table S2), inhibition curves for
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compounds 22 and 38 against wild-type 4tAHAS and P197L mutant (Figure S1), the detailed
synthetic procedures, physical and spectrum data of compounds 11-38. This material is

available free of charge via the Internet at http://pubs.acs.org.
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FIGURE CAPTIONS:

Figure 1. Chemical structures of commercial AHAS inhibitors.

Figure 2. Design strategy of the novel anti-resistance AHAS compounds.

Figure 3. Synthetic route of the title compounds 11-38. Reagents and Conditions: (i) n-BuLi,
TMEDA, DIPA, DMF, -78 °C; (ii) K,CO;, DMF, 100 °C; (iii) KOH, 30% H,0,, CH;0H,
60 °C; (iv) BBr3;, CH,Cly, -78 °C; (v) KHCO3, DMF, 100 °C; (vi) K,CO3;, DMF, 60 °C; (vii) Ha,
Pd/C(10%), CH;0H, AcOH, RT.

Figure 4. X-ray crystal structures for compound 22.

Figure 5. (A) The binding mode of compound 21 in P197L mutant interaction; (B and C)
Binding modes for compounds 11 and 26 interactions with wild-type 4tAHAS; (D and E)
Binding modes of compound 22 interactions with wild-type 4tAHAS and P197L mutant; (F)
Binding mode for compound 22 interactions with wild-type AtAHAS (blue), and the P197L
mutant (green) are overlaid. [Simulated binding modes of the interaction between
representative compounds (11, 21, 22 and 26) and wild-type AtAHAS or P197L mutant. The
black dashed lines represent hydrogen bonds between ligands and key residues].

Figure 6. The correlation between the difference of calculated and experimental binding free

energy (AA G).
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Table 1. Inhibitory Activities and the Binding Free Energy of Compounds 11-38 against
Wild-Type AtAHAS and P197L Mutant.

Com 1 K; (uM) A Gy (kcal/mol) AA G (kcal/mol)
od. R Wild-Type P197L Wild-Type P197L  RF* MG AAGu!
AtAHAS Mutant AtAHAS  Mutant
11 H 420+0.37 52.80 +7.50 —20.81 —-15.72  12.57 5.09 6.27
12 4-CH; 1780+ 1.60  23.40+1.70 —-1894 —1754 131 1.40 0.68
13 3-CH; 6.45+1.20 20.10 +1.90 —20.15 —-17.79  3.12 2.36 2.82
14 2-F 2740+990 108.00+11.00 —1734 —1472 394 2.62 3.40
15 3-F 2.01 £0.46 60.50 = 9.40 —2239 —1530 30.10 7.09 8.44
16 4-F 11.90 +1.10 21.4+2.50 —19.00 —16.56 1.80 2.44 1.45
17 2-Cl 827+9.60 212.00+23.00 —19.17 —12.63 25.63 6.54 8.04
18 3-Cl1 1.84+£0.36 43.40 £6.70 —23.21 —-15.94 23.59 7.26 7.83
19 4-Cl 451+037 56.00 + 7.20 —2027 —1576 1242 4.51 6.24
20 2-Br 25.70 £ 6.40 65.70 £7.50 —19.05 —16.16  2.55 2.88 233
21 3.4-benzo 1.79+£0.18 3.17£0.15 —2338 —21.74 177 1.64 1.42
22 4-Ph 3.69+0.89 271+0.12 —20.69 —21.17 0.73 —0.48 =0.77
23 2,3-diF 158+1.90 228.00+24.00 —1890 —12.01 14.43 6.89 6.62
24 2,4-diF 14.70 +3.60 84.30 + 7.00 —-1984 —1486 5.73 4.98 433
25 2,5-diF 572+ 1.36 26.30+£3.90 —20.95 —1748 459 3.46 3.78
26 3-CH;-2-F 0.53+0.03 335+0.42 —25.60 2172 632 3.88 4.57
27 4-CH;-2-F 6.07+0.79 20.20 +1.80 —21.12  —-17.19 333 3.93 2.98
28 5-CH;-2-F 5.37+0.65 61.2+7.20 —2134  —16.53 1140 4.81 6.03
29 2-F-4-Cl 15.70 £2.30 18.90 £2.70 -1958 —17.73 1.20 1.85 0.46
30 2,3-diCl 92.90 +9.90 75.70 = 7.80 —1398 —14.88  0.81 —0.90 —0.51
31 2,4-diCl 2.12+0.35 7.58 +1.02 —22.55  —20.11 3.58 2.44 3.16
32 2,5-diCl 14.40 £2.50 55.30 £ 6.50 —1855 —1637 3.84 2.19 3.34
33 2-Cl-4-CH; 1.59+0.45 3.70+0.51 —23.18 —21.62 233 1.56 2.09
34 2-Br-4-F 458+1.22 47.0+3.80 —-21.60 —1637 10.26 5.24 577
35 2-CH;-4-ClI  3.25+0.56 9.16 £1.71 —21.75 —19.54 282 222 2.57
36 3-CH;-4-Cl 1.34+0.28 6.42+0.80 —23.61 —20.44  4.79 3.17 3.88
37 3-Br-4-F 6.94+0.68 145.00+15.00 —19.69 —13.21 20.89 6.48 7.53
38 3-CH;-4-Br 1.41+£0.28 3.34+0.40 —2327 2111 237 2.16 2.14
Tribenuron-methyl 0.08+0.01  212.00 £47.00 —29.73 —12.77 2650 16.96 24.33
Bispyribac 0.54+0.06 2.47+0.41 —2542 2214 457 3.28 3.76

“RF = K; pio71/ Kiowr; " AA Gexp= —RT Ln(Kj p1o71/ Ki, wr).
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Table 2. Herbicidal Activity of Compounds 11-38 against Sensitive and Resistant D.sophia“.

Compd. Do.se Sensitine Resista.ntb Compd. D(?se Sensitive Resista.n'i
(gai/ha)  D.sophia D.sophia (gaitha)  D.sophia D.sophia
11 150 o ++ 27 150 e ++
12 150 +++ ++ 28 150 +++
13 150 4+ ++ 29 150 ++
14 150 4+ - 30 150 + -
15 150 +++++ e 31 150 -+ e
75 4+ - 75 +++ +
37.5 ++++ - 37.5 + -
16 150 4+ ++ 32 150 +++ +
17 150 e - 33 150 e S
18 150 +++++ ++ 75 e e
75 o+ + 37.5 +++ F++
375 +++ - 34 150 ot +
19 150 ++++ + 35 150 +++ ++
20 150 +++ + 36 150 +++++ +4++
21 150 ++++ +++ 75 +++++ +
75 ++ ++ 37.5 +++ -
37.5 + - 37 150 +++ -
22 150 +++ +++ 38 150 +++++ +4+++
75 ++ ++ 75 F++++ -
37.5 - - 37.5 ++++ +4++
23 150 -+ - Tribenuron- 150 e 4
24 150 ++++ - methyl 75 A+ ++
25 150 -+ - 375 A+t +
26 150 F+++ H+++  Bispyribac 150 - bt
75 -+ e 75 -+ +H+
37.5 ++ ++ 37.5 -+ 4+

“Abbreviations: D.sophia: Descurainia sophia. "The mutation site of resistant D.sophia:

Pro-197-Leu in AHAS. “Rating scale of herbicidal activity (percentage of inhibition): +++++,
>90%; ++++, 80—89%; +++, 60—79%; ++, 30—-59%; +, 10-29%; —, <10%.
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