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32  Figure S1 Three proposed binding models of HPPA in HPPD active site. (a) Inspired by the
33  crystal structure of pseudomonas fluorescens HPPD. (b) Hypothesized according to the crystal
34  structure of streptomyces avermitilis HPPD complexed with NTBC. (c) Hypothesized
35 according to the HMA binding mode in hydroxymandelate synthase. The key residues showed

36  as purple sticks, and HPPA showed as green, yellow and pink sticks, respectively.
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41  Figure S2 Gel filtration analyses to analyze the oligomerization state of the purified AtHPPD
42  (a) and the SDS-PAGE of AtHPPD (b).
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Figure S3 Overall structure of AtHPPD-HPPA complex. (a) Four molecules in one
asymmetric unit which is made up of two homodimers. The metal ion (M) in the active site is

shown as deep salmon sphere. HPPA was shown in cyan stick. (b) Ribbon diagram of

homodimer structure.
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Figure S4 Overall binding mode of HPPA in AtHPPD active site. HPPA forms T-n interaction
with Phe381 and weak hydrophobic interaction with residues Leu368 and Leu427.
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Figure S5 Sequence alignment of HPPD from different species. The facial triad residues
involved in the chelation with Fe?* are shown in red and indicated by red stars. Residues
involved in the direct interactions with HPPA indicated by red triangle, while those involved

in the H bond network indicated by orange triangle. Other conserved residues are shown in

blue.
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Figure S6 Structural comparison of AtHPPD-HPPA complex (light blue) with holo-AtHPPD
structure (yellow). (a) The conformational alteration of residue Phe428 on the C-terminal

a-helix. (b) The g-trand fragment (framed with red line in figure S5) rotated about 30<and
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Figure S11 Inhibitory kinetics of AtHPPD by compound Y13161. Each reaction mixture

contains 20 mM HEPES (pH 7.0), 2 mM Sodium ascorbate, 100 uM FeSO4, 14 nM AtHPPD,

a certain amount of HPPA ((a) 80 uM; (b) 170 uM), and compound Y13161 (1, 2.0 uM; 2, 3.0

uM; and 3, 4.0 uM). Experimental data are shown as colored dots and theoretical values as

black solid lines. Insets: Plots of kobs against concentration of compound Y13161. (c) Plot of

the apparent rate constant A against concentration of HPPA. Inset: Plot of 1/A against

concentration of HPPA. (d) Plot of the apparent rate constant B against concentration of

HPPA.

S8



96
97

98

99

100

101

102

103

104

105

106
107

(a) 1.5

131
111
0.9
0.7
05
03

[MAA] (uM)

0.1

(C)o.so

0.25

" 020
S

< 0.15
=

2010
<

0.05

0.00

Figure S12 Inhibitory kinetics of hHPPD by compound Y13161. Each reaction mixture
contains 20 mM HEPES (pH 7.0), 2 mM Sodium ascorbate, 100 uM FeSOas, 12 nM hHPPD, a
certain amount of HPPA ((a) 80 uM; (b) 170 uM), and compound Y13161 (1, 8.33 uM; 2,
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Figure S13 Comparison of docking binding mode (blue) and MD simulated model (yellow)
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108  with co-crystal structure (pink) of AtHPPD- Y13161.

109

Glu3g4
Phe381
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110
111 Figure S14 The interactions of Y13161 with AtHPPD. (a) Active site pocket of AtHPPD

112 occupied by Y13161. (b) The 2Fo—Fc map of Y13161 contoured at 1.0 o. (c) The hydrophobic
113  interaction of the cyclohexane moiety of Y13161 with Phe419, Pro280 and Val228.

114

115

116

117

510



118  Supplemental Tables

119 Table S1 Data collection and refinement statistics for the AtHPPD-HPPA
120  AtHPPD-Y13161 complex.

AtHPPD-HPPA AtHPPD-Y 13161

Crystal parameters

Space group P21 Cl21
a,b,c(A) 95.60, 95.29, 98.00 77.33, 83.88, 66.31
o By (P 90.0, 92.1, 90.0 90.0, 100.1, 90.0

Diffraction data

Resolution range (A) 2 50-2.8 (2.85-2.8) @ 40-2.4 (2.48-2.40) @

Completeness (%) @

Unique reflections

98.2 (99.8) @
42692 (4294) 2

95.7 (88.7)
15659 (1474) @

Rmerge 0.177 (0.500) @ 0.092 (0.208)
CC1/2 0.982 (0.828) @ 0.967 (0.950) @
Vo(I) 6.34 (2.85) @ 19.7 (5.34)
Subunits per asym. unit 4 1
Refinement statistics
Rwork 0.254 (0.282) 2 0.193 (0.202) 2
Rrree 0.316 (0.383) 2 0.245 (0.261)2
RMSD Bond length (&) 0.004 0.004
RMSD Bond angle (9 0.90 0.61
Clashscore 6.55 3.21

Components of the asymmetry unit (Number of non-hydrogen atoms)

two dimers one monomer
Protein 11102 2828
Substrate or inhibitor 33 32
Waters 212 35
Ramachandran plot (%)
Favoured 94 97
Outlier 0 0
121 *Numbers in parentheses refer to the highest resolution shell.

S11

and



122

Table S2 Top 100 compounds from virtual screening with their rank.
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Table S3 Binding free energy evaluation (kcal/mol) for the top 100 compounds after the

structure optimization.

Molecule  H-bond®  Electrostatic®  vdW¢ Conformazion Desolvation® Binding free

entropy energy
83 -0.01 -1.85 -13.06 1.19 2.49 -11.24
36 -0.02 -1.74 -11.23 0.89 1.43 -10.67
89 0.00 -1.67 -11.04 0.89 1.39 -10.43
24 -0.07 -1.51 -12.35 1.49 2.14 -10.30
66 -0.03 -1.54 -12.59 1.49 2.40 -10.28
43 -0.16 -1.57 -12.34 1.49 2.34 -10.24
93 -0.04 -1.56 -10.74 0.89 1.46 -9.98
57 -0.01 -1.51 -12.23 1.79 2.17 -9.79
71 0.00 -1.09 -11.81 0.89 2.30 -9.71
72 -0.08 -1.57 -11.16 0.89 2.23 -9.69
58 -0.21 -1.37 -10.24 0.30 1.88 -9.64
78 -0.03 -1.58 -10.83 0.60 2.20 -9.64
81 0.00 -1.43 -11.02 0.89 1.96 -9.60
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-9.25

0.80

1.19

0.89

1.49

1.49

0.89

0.89

1.19

1.49

1.49

1.19

1.19

1.49

1.79

1.19

1.79

1.49

1.49

0.89

1.79

0.30

1.79

1.49

0.89

1.19

1.79

1.49

1.19

2.74

2.33

1.79

2.28

2.82

2.44

2.49

2.45
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2.34

2.64

2.38

2.82

2.60

1.88

2.30

2.83

2.77

2.62

2.53

1.58

3.01

3.36

2.18

1.68

2.94

2.51

1.97

-0.58

-9.45

-9.36

-9.36

-9.14

-9.13

-9.08

-9.08

-9.07

-9.06

-8.98

-8.89

-8.83

-8.82

-8.73

-8.64

-8.56

-8.54

-8.52

-8.45

-8.42

-8.34

-8.34

-8.29

-8.23

-8.12

-8.12

-7.99
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-0.27

-0.57

-0.05

-0.38

-0.77

-0.91

0.00
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-0.04
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-0.01

-0.69

-0.86

-0.06

0.00

0.00

0.00

-0.01

-0.02

0.00

-0.90

-0.53

0.00

-0.03

-0.01

-1.08

0.00

-0.24

-0.98

-2.24

-1.74

-2.10

-0.46

-2.87

-1.54

-2.30

-2.77

-1.83

-1.27

-2.19

-2.76

-1.76

-1.59

-1.80

-1.79

-2.25

-1.58

-2.51

-2.29

-2.22

-1.61

-2.04

-1.35

-5.54

-1.81

-1.94

-9.47

-9.04

-10.92

-10.48

-9.60

-8.11

-9.11

-9.11

-8.03

-10.50

-9.78

-9.65

-8.81

-9.50

-8.89

-9.44

-9.06

-8.83

-8.65

-8.47

-8.92

-8.92

-7.38

-9.83

-8.52

-5.37

-9.20

-9.07

0.89

1.19

1.79

1.79

0.89

1.49

0.89

1.19

0.89

1.79

1.49

1.79

1.49

1.49

1.19

1.79

1.49

1.79

1.19

1.19

1.79

1.79

0.89

1.79

1.49

1.79

1.49

1.49

1.84

2.80

3.20

3.51

2.28

2.75

2.14

2.74

2.35

3.05

2.08

3.30

3.50

2.47

1.95

2.18

2.15

2.15

1.96

2.70

3.24

2.81

1.03

3.08

1.37

3.19

2.52

2.79

-7.98

-7.86

-7.72

-7.66

-7.65

-7.64

-7.63

-7.59

-7.59

-7.50

-7.49

-7.44

-7.44

-7.36

-7.33

-1.27

-7.21

-7.16

-7.10

-7.09

-7.08

-7.08

-7.07

-7.03

-7.01

-7.01

-6.99

-6.97
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-0.01

-0.58

-0.15

-1.12

-0.01

-0.01

-0.02

-0.18

-0.02

-0.01

-0.01

-0.71

-0.32

-0.34

-0.45

0.00

-1.02

-0.31

-0.01

-0.03

-0.24

-0.01

-0.37

-0.02

-0.30

-0.04

-0.03

-0.01

-1.71

-2.02

-1.79

-2.12

-2.45

-1.96

-2.14

-2.04

-2.48

0.59

-1.76

-2.63

-1.86

-2.30

-1.86

-1.97

-2.08

-2.20

-1.20

-1.55

-2.11

-2.87

-1.54

-1.44

-2.85

-1.83

-1.93

-2.39

-9.14

-8.52

-9.23

-8.21

-9.47

-0.66

-8.34

-8.68

-8.90

-10.96

-9.10

-7.63

-9.24

-8.21

-8.87

-7.99

-7.98

-1.72

-9.27

-7.47

-8.00

-8.42

-9.14

-9.66

-8.17

-7.65

-6.68

-5.89

1.19

1.49

1.19

1.49

2.09

1.79

1.19

1.19

1.79

0.89

1.49

1.19

1.79

1.79

1.79

1.19

1.79

1.79

1.79

0.89

1.19

2.09

1.79

1.79

1.79

1.49

1.49

1.19

2.73

2.72

3.07

3.08

3.01

3.02

2.54

2.99

2.90

2.80

2.70

3.16

3.05

2.56

2.89

2.30

2.87

2.16

247

1.98

2.98

3.15

3.28

3.57

3.84

247

2.51

2.68

-6.93

-6.92

-6.91

-6.88

-6.84

-6.82

-6.76

-6.71

-6.71

-6.69

-6.68

-6.61

-6.57

-6.51

-6.51

-6.47

-6.41

-6.27

-6.21

-6.18

-6.18

-6.06

-5.98

-5.76

-5.68

-5.56

-4.63

-4.42
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127

128

129

130

131

132

133

134

135

136

137

138

139

140

41 -0.01 -1.28 -5.05 1.19 151 -3.62

96 -0.86 -1.15 -5.92 1.19 3.45 -3.29

99 -0.20 -1.98 -5.23 2.39 1.76 -3.26

aHydrogen bonding term, PElectrostatic energies term, °van der Waals term, conformation

entropy contribution, ¢desolvation contribution.

Table S4 Binding free energy (kcal/mol) calculated for top 10 compounds after structure

minimization and MD simulation.

Molecule  H-bond®  Electrostatic®  vdW°¢ Conformatdion Desolvation® Binding
entropy free energy
72 -0.05 -1.61 -11.75 1.19 2.52 -9.70
93 -0.79 -1.61 -9.29 0.89 1.59 -9.20
36 -0.02 -1.72 -10.59 1.19 1.96 -9.18
66 -0.02 -1.08 -11.45 1.49 2.17 -8.89
83 -0.23 -1.27 -10.47 1.19 2.19 -8.60
71 -0.12 -1.73 -10.12 1.19 2.23 -8.55
43 0.00 -0.96 -10.69 1.49 1.90 -8.27
57 -0.24 -0.94 -10.41 1.79 1.87 -7.94
24 -0.05 -0.77 -9.70 1.49 1.56 -1.47
89 -0.05 -0.56 -8.91 0.89 1.37 -71.26

aHydrogen bonding term, PElectrostatic energies term, Svan der Waals term, %conformation

entropy contribution, édesolvation contribution.
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141  Table S5 Herbicidal activity of Y13161 and Mesotrione.

Compd. Dose (g ai/ha) EC? SF# Ds? AR? EP? AL

Y13161 150 100 100 95 100 70 100
75 92.5 100 85 100 65 100

375 87.5 100 80 100 55 97.5

Mesotrione 150 85 20 95 100 100 100
75 75 0 60 100 100 100

375 30 0 30 100 100 100

142 aAbbreviations: EC, Echinochloa crus-galli; SF, Setaria faberii; DS, Digitaria sanguinalis; AR, Amaranthus
143 retroflexu; EP, Eclipta prostrata; AJ, Abutilon juncea.

144
145

146 Table S6 Crop selectivity of Y13161 and Mesotrione (150 g ai/ha).

Compd. soybean rape cotton maize rice wheat  sorghum

Y13161 55 85 30 0 20 10 0

Mesotrione 55 100 70 10 50 40 70

147
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Supplemental methods

Method S1 Preparation of compound Y13161.

All chemical reagents were commercially available and treated with standard methods
before use. Solvents were dried and redistilled before use. *H NMR spectra were recorded on
a VARIAN Mercury-Plus 600 or 400 spectrometers in CDClz or DMSO-de with TMS as the
internal reference, 3C NMR spectra were recorded in CDClz on a VARIAN Mercury-Plus
400 (101 MHz) spectrometer, and chemical shifts () are given in ppm relative to the centre
line of a triplet at 77.0 ppm of CDCIs. The following abbreviations are used to designate
multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad. High resolution
mass spectra (HRMS) were obtained on an Agilent 6224 TOF LC/MS (USA). Melting points
were taken on a Buchi B-545 melting point apparatus and are uncorrected.

Scheme 1. Synthetic route of compound Y13161.
(0] (0] (0] (0] (0] (0] (0]
O GIETLA S ETRS COE R GO
NOZ N02 N02 NH2
1-1 1-2 1-3 1-4
0 0 j;) 0 © o o
N’go N/go N’go
15 H 6 | 17 |
A0
OH O (0]
LT et
ek
— N O —
@ I 0 N’go
6] 1-8 |

1-9 Y13161

Reagents and conditions: (a) KOH, KMnQO4, HCI; (b) CH30OH, H2SO4, reflux; (c) Ha, 10%
Pd/C; (d) 2-isocyanato-1,3-dimethylbenzene, Pyridine, 100 C; (e) Cs2COgs, iodomethane,
DMF, rt; (f) Sulfuric acid, acetic acid, H20; (g) SOCl,, THF, reflux; (h)
1,3-cyclohexanediones, EtsN, CHCI3, 0 °C; (i) Acetone cyanohydrin, EtsN, CH2Cly, rt.

Synthesis of 4-nitroisophthalic acid 1-2. To a three neck 2500 mL round-bottom flask
equipped with a mechanical stirrer and a reflux condenser were added

5-methyl-2-nitrobenzoic acid (100 g, 553 mmol) and water (1000 mL). KOH (31 g, 553 mmol)
s21
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199

200

201
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was added with stirring; after the reaction mixture became clear, the solution was heated to
90 C and KMnO4 (262.2 g, 1659 mmol) was added portion-wise over about 1 h. The
suspension was then heated at this temperature for another 3 h, the reaction medium was
filtered, and the residue was washed with hot water (100 mL) for three times. The filtrate was
cooled to room temperature and acidified with concentrated HCI to pH = 1~2. The resulting
white solid was collected by filtration and washed with water (100 mL) for three times, then
dried to give 1-2 as a white solid (105 g, yield 90 %). mp, 244-246 C; 'H NMR (600 MHz,
DMSO-d6) 6 13.99 (brs, 2H), 8.34 (d, J = 1.2 Hz, 1H), 8.27 (dd, J = 8.4, 1.8 Hz, 1H), 8.08 (d,
J =8.4 Hz, 1H).

Preparation of dimethyl 4-nitroisophthalate 1-3. To a three neck 1000 mL round-bottom
flask equipped with a mechanical stirrer and a reflux condenser were added 4-nitroisophthalic
acid 1-2 (100 g, 474 mmol) and methanol (500 mL). Concentrated H.SO4 (30 mL) was added
drop-wise to the suspension over 30 min. The resulting solution was heated to reflux
overnight, and the methanol was then removed under reduced pressure. After cooling to room
temperature, the resulting white solid was dissolved in 900 mL EtOAc, the organic phase was
washed with H20 (200 mL) for three times, then with saturated aqueous NaHCO3 (200 mL)
for three times, and finally with saturated brine (200 mL) for three washes. The organic layer
was dried by anhydrous Na2SO4 and concentrated by rotary evaporation to give 1-3 as a white
solid (107.6 g, yield 95%). mp, 84-86 °C; 'H NMR (600 MHz, CDCls) & 8.44 (s, 1H), 8.29 (d,
J=8.4Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 3.99 (s, 3H), 3.95 (s, 3H).

Preparation of dimethyl 4-aminoisophthalate 1-4. To a solution containing dimethyl
4-nitroisophthalate 3 (100 g, 419 mmol) in 800 mL EtOAc was added 10 g of 10% Pd/C. The
mixture was hydrogenated at normal pressure for 20 h. After the reaction was completed
according to TLC detection, the reaction medium was filtered through a bed of Celite, and the
residue was washed with EtOAc (50 mL) for three times. After removal of the solvent under
reduced pressure, 1-4 was obtained as a white solid (84.8 g, yield 97%). mp, 127-129 C; 'H
NMR (400 MHz, CDCI3) 6 8.59 (d, J = 1.6 Hz, 1H), 7.91 (dd, J = 8.4 Hz, 2.0 Hz, 1H), 6.66
(d, J = 8.8 Hz, 1H), 6.28 (brs, 2H), 3.90 (s, 3H), 3.88 (s, 3H).
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Synthesis of methyl 3-(2,6-dimethylphenyl)-2,4-dioxo-1,2,3,4-
tetrahydroquinazoline-6-carboxylate 1-5. Dimethyl 4-aminoisophthalate 1-4 (20 mmol) and
pyridine (30 mL) were added to a two neck 100 mL round-bottom flask and
2-isocyanato-1,3-dimethylbenzene (25 mmol) was added with stirring. The resulting solution
was heated to 100 ‘C under N2 atmosphere for about 6 h. After completion of the reaction
according to TLC detection, the reaction solution was cooled to room temperature and poured
into water (100 mL). The mixture was stirred vigorously for 30 min and during this process a
solid was formed. The resulting solid was collected by filtration and washed with ether (50
mL), then dried under vacuum to afforded 1-5 in yield of 84%, mp 257-259 ‘C. 'H NMR
(400 MHz, DMSO-d6) 6 12.10 (s, 1H), 8.52 (d, J = 2.0 Hz, 1H), 8.26 (dd, J = 8.4, 2.0 Hz,
1H), 7.37 (d, J = 8.4 Hz, 1H), 7.29-7.24 (m, 1H), 7.20 (d, J = 7.2 Hz, 2H), 3.88 (s, 3H), 2.03
(s, 6H).

Preparation of methyl 3-(2,6-dimethylphenyl)-1-methyl-2,4-dioxo-1,2,3,4-
tetrahydroquinazoline-6-carboxylate 1-6. Compounds I-5 (15 mmol) and DMF 75 mL were
added into a single neck round bottom flask, and Cs,COs3 (18 mmol) was added to the solution
with stirring. After stirring at room temperature for 30 min, methyl iodide (30 mmol) was
added to the mixture and the reaction mixture was then stirred for another 6-24 h. After
completion of the reaction according to the TLC detection, the reaction mixture was poured
into water (300 mL), and stirred vigorously for 30 min. The resulted solid was collected by
filtration and washed with water (50 mL), then dried under vacuum to afforded 1-6 in yield of
81%, mp 234-236 ‘C. 'H NMR (600 MHz, DMSO-d6) 6 8.61 (s, 1H), 8.35 (d, J = 9.0 Hz,
1H), 7.69 (d, J = 8.4 Hz, 1H), 7.29-7.23 (m, 1H), 7.20 (d, J = 7.2 Hz, 2H), 3.90 (s, 3H), 3.61
(s, 3H), 2.02 (s, 6H).

Synthesis of 3-(2,6-dimethylphenyl)-1-methyl-2,4-dioxo-1,2,3,4-
tetrahydroquinazoline-6-carboxylic acid 1-7. 1-6 (10 mmol), HOAc (100 mL), and water
(50 mL) was added into a single neck 500 mL round bottom flask, and H.SO4 (50 mL) was
added into the mixture over 20 min. The suspension was then heated to 100 ‘C for 12 h, until
the reaction was completed according to TLC detection. The reaction medium was cooled to

room temperature, poured into ice-cold water (500 mL) and stirred for 30 min. The resulting
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solid solid was collected by filtration and washed with water (50 mL) and dried in vacuo to
afford 1-7 in yield of 95%, mp 269-271 ‘C. *H NMR (600 MHz, DMSO-d6) ¢ 13.29 (brs,
1H), 8.60 (d, J = 1.2 Hz, 1H), 8.33 (dd, J = 8.4, 1.2 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.26 (t,
J=7.2 Hz, 1H), 7.20 (d, J = 7.2 Hz, 2H), 3.61 (s, 3H), 2.02 (s, 6H).

Synthesis of 3-oxocyclohex-1-en-1-yl 3-(2,6-dimethylphenyl)-1-methyl-2,4-
dioxo-1,2,3,4-tetrahydroquinazoline-6-carboxylate 1-8. 1-7 (2 mmol) and THF (40 mL)
were added into a single neck flask, two drops of DMF was added to the mixture, and SOCI;
(3 mmol) was added to the solution over 10 min with stirring. The suspension was then heated
to reflux for 3 h. The solvent of the reaction was removed under reduced pressure to afford
the acid chloride; the acid chloride thus obtained was then dissolved in CHCI3z (20 mL). The
solution was added drop-wise to a solution of cyclohexane-1,3-dione (2 mmol) and Et3N (4
mmol) in CHCIz (20 mL) at 0 °C. The mixture was then stirred at room temperature for 1 h,
until the reaction was completed according to TLC detection. Water (50 mL) was added to the
solution, and the mixture was stirred vigorously for 30 min. The organic layer was washed by
aqueous HCI solution (50 mL, 1 mol/L), saturated aqueous NaHCO3z (50 mL) and brine (50
mL) in this order, dried by anhydrous Na>SOa, and concentrated by rotary evaporation. The
residue was purified via flash chromatography to give intermediate 1-8 in yield of 75%, mp
167-169 “C.H NMR (600 MHz, CDCl3) J 8.97 (s, 1H), 8.42 (d, J = 9.0 Hz, 1H), 7.41 (d, J =
9.0 Hz, 1H), 7.29 (d, J = 7.2 Hz, 1H), 7.21 (d, J = 7.2 Hz, 2H), 6.09 (s, 1H), 3.73 (s, 3H), 2.57
(s, 2H), 2.34 (s, 2H), 2.12 (s, 6H), 1.17 (s, 6H).

Preparation of 3-(2,6-dimethylphenyl)-6-(2-hydroxy-6-oxocyclohex-1-ene-1-
carbonyl)-1-methylquinazoline-2,4(1H,3H)-dione (Y13161). Compound I-8 (1 mmol) was
dissolved in anhydrous CH>Cl> (30 mL) with stirring and EtsN (2 mmol) and acetone
cyanohydrin (0.1 mmol) were added into the solution; the mixture was then stirred at room
temperature under N2 protection for 12 h. The progress of the reaction to completion was
followed by TLC detection. The organic layer was washed with aqueous HCI solution (30 mL,
1 mol/L) for three times, and brine (30 mL) for two times, dried by anhydrous Na>SO4 and
then concentrated by rotary evaporation. The residue was purified via flash chromatography

to give compound 1-9 in yield of 90%, mp, 187-189 °C; *H NMR (600 MHz, CDCls) 6 16.83
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(s, 1H), 8.45 (d, J = 1.8 Hz, 1H), 7.90 (dd, J = 9.0, 1.8 Hz, 1H), 7.29 (d, J = 9.0 Hz, 1H), 7.24
(d, J = 7.2 Hz, 1H), 7.18 (d, J = 7.2 Hz, 2H), 3.69 (s, 3H), 2.78 (t, J = 6.0 Hz, 2H), 2.52 (t, J =
6.6 Hz, 2H), 2.14-2.06 (m, 8H). C NMR (101 MHz, CDCls) § 196.52, 196.38, 194.30,
160.24, 149.89, 143.26, 135.50, 135.27, 133.59, 132.94, 130.20, 128.83, 128.48, 114.87,
112.99, 37.91, 32.18, 31.05, 18.91, 17.71. 3C NMR (101 MHz, CDCls) & 196.35, 196.26,
194.18, 160.12, 149.72, 143.13, 135.42, 135.15, 133.53, 132.79, 129.99, 128.65, 128.32,
114.70, 112.94, 112.87, 37.76, 32.01, 30.92, 18.77, 17.57. HRMS (ESI): calcd for C24H25N20s
[M*Na]* 441.1426, found: 441.1420.

Method S2 Inhibitory Kinetics of HPPD.

Scheme S2. The reaction mechanism for the competitive slow-binding inhibitors.
I
+
k )
S+ E == ES ks SE+P

k,
k+UJ{k-U

El

Where S, E, | and P represent the substrate, enzyme, inhibitor and product, respectively.
According to the substrate reaction kinetic theory, the accumulation of product with time can

be expressed by equation (1):

[P]=v,t+2 s (1-e™)
kobs (1)

where vo and vs are the initial and steady-state velocities of the reaction in the presence of
inhibitor. kobs is the observed first order rate constant, which can be generated against inhibitor
concentration.

kobs = A[I ]0 +B (2)

Experimentally, the association and dissociation rate constants k+o and k.o can be ascertained

by studying the effect of [S] on the apparent rate constants A and B.
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: (4)

where K is Michaelis-Menten constants.

Method S3 Computational Simulation.

Structure-based virtual screening. Among the commercialized HPPD herbicides, six of them
belongs to the triketone derivatives and they are the most deeply studied, owning to their
structure diversity. So we constructed a triketone-linked molecules library by using an in house
fragment library based on the fragment-based drug design (FBDD) strategy.[1] The library
consists of three-dimensional structures of 9,402 medicine fragments and 5,833 pesticide
fragments. The three-dimensional structure of motif 2-benzoylcyclohexane-1,3-dione were
constructed with SYBYL 7.0[2] as the core and then linked it to all the fragments by using a
modified version of AutoGrow program.[3] Finally, we got the molecule library, that contains
15,235 triketone derivatives for virtual screening. The structure of AtHPPD was taken from the
Protein Data Bank (PDB ID 1SQD) and was prepared with Discovery Studio 2.5 software.[4] A
consensus docking strategy was performed to get binding pose for every library molecule.
AutoDock 4.0,[5] Vina 1.1.2,[6] Plants 1.2,[7] LeDock[8] were used to search binding
conformations for molecules at the iron(Il) active center of AtHPPD. For every docking tools
we got 20 conformations and then all of them were clustered by 0.8 A of RMSD criteria. During
the docking process, GIn293 representative conformations were selected from every cluster and
the semiempirical score function in AutoDock4.0 was used to evaluate binding free energy for
the ligand-AtHPPD system. The best scored conformation was taken into account as the final
docking pose. Finally, we got the binding energy ranking list for 14,751 molecules after

excluding some invalid data (work flow can been see in main text Fig. 4).
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Structure optimization and MD simulation. The top 100 structures (Table S2) of 14,751 result
were selected out for further study. Three-step energy minimization were carried out to every
selected ligand-AtHPPD complex by using Sander of Amber16 program,[9] first to minimize
all the hydrogens and other atoms were fixed. Secondly, only backbone atoms of HPPD were
fixed, and others were allowed to move. Thirdly, all atoms were free to move. For all the three
steps, we used steepest descent method for 2000 steps and conjugated gradient method for
2000 steps. The binding free energy between the top 100 molecules and AtHPPD was
recalculated based on the optimized structures. The results were shown in Table S3 ranked by
the value of binding free energy. To further confirm the binding stability, molecular dynamics
(MD) simulation was performed for the 10 best bound candidates (number 83, 36, 89, 24, 66, 43,
93, 57, 71, 72) of the 100 molecules with the AtHPPD. For MD simulationm, the quantum
mechanics (QM) calculations were first performed for the 10 candidates at the HF/6-31+G*
basis function to obtain the electrostatic potential by using the restrained electrostatic
potential (RESP) method.[10] Then, Antechamber module in Amberl6 program was
employed to generate RESP charges for the molecules. The optimized structures in previous
step were used as initial ligand-AtHPPD complex structure for MD simulation and the
topology and coordinate files were constructed with Leap module in Amber16 program under
ff14SB force field.[11] Each complex was solvated in the TIP3P waters[12] and neutralized
by the counterions. 50 ps’s simulation was first added to the solvent molecules and ions for
getting an equilibrated solvent environment. Then the system temperature was heated from 0
K to 298 K during 100 ps. At last, 6 ns’s simulation was maintained at 298 K with a constant
pressure. During the MD simulation, we used a distance constraint setting to make the
bidentate association between active site Fe(ll) and oxygens on ligand triketone motif keep a
reasonable distance. The periodic boundary condition and SHAKE algorithm[13] were also
applied for the MD simulation. The plot of root-mean-square deviation (RMSD) of the protein
backbone and ligand atoms across the whole MD process was examined for convergence (Fig.
S13). We can find that all the five candidates can reach equilibrium states according to the
RMSD values of the MD trajectory. For a more precise examination of binding free energy,

100 snapshots for every of the 10 compounds were extracted from the last 1ns MD trajectory
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with a time interval of 10 ps by using Cpptraj module[14] in Amber16 program. The average
binding free energy were calculated by using the AutoDock semiempirical score function. The
binding free energy (Table S3) for the 10 candidates range from -6.80 kcal/mol to -9.70
kcal/mol. Molecule 72 shows the best binding affinity with the value -9.70 kcal/mol. Compared
the energy terms between molecule 72 and others, the mainly difference comes from the van
der Waals (vdW) energy term, that means molecule 72 has stronger vdW interaction with
HPPD than the others. The co-crystal structure of molecule 72 bind with AtHPPD were
resolved by us, and it is used to compare with the docking binding mode and MD convergent
conformation (Fig. S14). We can see that the docking conformation (blue) and MD convergent
conformation (yellow) of molecule 72 keep very similar binding pose with the crystal

conformation (green).
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