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10 Abstract

11 Cyanobacteria harmful algal blooms are of a global concern, but all currently available algicides 

12 in market are non-selective and have potential side effects on non-target species. In the present 

13 work, two series of compounds (4 and 6) comprising 16 novel 1,2,3-triazole aminopyrimidines 

14 were rational designed and synthesized as control agent for cyanobacteria. Our design focus was 

15 the inhibiting cyanobacteria by inhibition against pyruvate dehydrogenase complex E1 

16 (PDHc-E1). Compounds 4 and 6 showed potent inhibition against Escherichia coli PDHc-E1 (IC50 

17 = 4.13-23.76 μM) and also strong algicidal activities against Synechocystis sp. PCC 6803 (EC50 = 

18 1.7-8.1 μM) and Microcystis sp. FACHB905 (EC50 = 2.1-11.8 μM). In particular, the algicidal 

19 activities of 6d against four algal species were not only higher than that of prometryn; they were 

20 also comparable to or higher than that of copper sulfate. The analogs 4c, 4d, 6d, and 6e displayed 

21 potent algicidal activities and inhibition of E. coli PDHc-E1 but exhibited negligible inhibition of 

22 porcine PDHc-E1. As revealed by molecular docking, site-directed mutagenesis, enzymatic 

23 assays, and an inhibition kinetic analysis, 4c and 6d inhibited PDHc-E1 in a competitive manner. 

24 Our results suggest that highly selective, effective algicides can be developed by rationally 

25 designing competitive PDHc-E1 inhibitors. 

26 Keywords: synthesis; PDHc-E1 inhibitor; anti-cyanobacteria; selectivity; molecular docking
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28 1 Introduction

29 Along with increasing eutrophication and global warming, cyanobacteria harmful algal 

30 blooms (Cyano-HABs) have become a worldwide concern.1-3 Cyano-HABs can destroy aquatic 

31 ecosystems by depleting oxygen levels, with cyanobacteria themselves producing cyanotoxins that 

32 threaten aquatic organism survival and human health.4, 5 An urgent need to control Cyano-HABs 

33 therefore exists. One of the most convenient control methods is the application of chemicals.6, 7 

34 Applied chemicals include inorganic copper fungicides (e.g., copper sulfate, copper oxychloride, 

35 and copper citrate), herbicides (e.g., prometryne, diquat, paraquat, atrazine, and simazine), and 

36 chemical oxidants (e.g., chlorine dioxide, hydrogen peroxide, potassium permanganate, and 

37 calcium peroxide).8 Unfortunately, all currently available algicides in market are non-selective and 

38 have potential side effects on non-target species, including human beings. This non-selectivity has 

39 served as the impetus for designing chemicals that target unique enzymes of cyanobacteria.  

40 Pyruvate dehydrogenase E1 (PDHc-E1), a member of the pyruvate dehydrogenase complex, 

41 catalyzes the only irreversible step of a multistep process using thiamine diphosphate (ThDP) and 

42 Mg2+ as cofactors.9 PDHc-E1 is therefore a feasible target for the evaluation of novel algicides. 

43 Given the indispensability of ThDP in pyruvate metabolism in microbe,10, 11 the design and 

44 synthesis of ThDP analogs as PDHc-E1 inhibitors may be a good strategy for the discovery of 

45 novel algicides. 

46 We thus aimed to design an algicide that can selectively inhibit PDHc-E1. Cyanobacteria and 

47 Escherichia coli, which are both prokaryotes, have nuclei without nuclear membranes and lack 

48 membrane-bound plastids. Because the crystal structure of cyanobacterial PDHc-E1 has not been 

49 reported, we were only able to design new inhibitors against PDHc-E1 from E. coli (PDB code: 
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50 1L8A).12 We first synthesized a series of 1,2,3-triazole aminopyrimidines I (Fig. 1) and 

51 demonstrated their effectiveness as inhibitors against E. coli PDHc-E1.13 However, these 

52 compounds displayed poor algicidal activity. Compounds II, III and IV (Fig. 1) were then 

53 synthesized by modifying the phenoxy moiety of I. Most of these new compounds showed potent 

54 inhibition against both E. coli PDHc-E1 and cyanobacteria that was significantly superior to I.14 

55 Particularly, compound IV-21l (R1= I, R = 6-Br) (Fig.1) has the best inhibition against the 

56 cyanobacteria strain Synechocystis sp. PCC6803 with an EC50 of 0.7 μM.14 However, the synthesis 

57 process of this compound is complicated, and its water- and fat-solubility is poor because of its 

58 three different nitro-containing heterocycles. These findings encouraged us to design more potent 

59 PDHc-E1 inhibitors by modifying I with the aid of E. coli PDHc-E1 structure-based molecular 

60 docking methods. The molecular docking analysis indicated that the “linker portion” between the 

61 1,2,3-triazole and benzene ring of I could not form hydrogen bonds with any amino acid residues 

62 in the active site of E. coli PDHc-E1. We hypothesized that the formation of a hydrogen bond 

63 between the “linker portion” and the amino acid residues in the active site should be greatly 

64 beneficial for enhancing inhibition against E. coli PDHc-E1. For this purpose, we considered an 

65 imine or amide group containing a NH or C=O moiety, which could be used as a hydrogen donor 

66 (NH) or receptor (C=O). Our recent work has therefore focused on using an imine or amide group 

67 as the “linker portion” to obtain a novel series of 5-((4-((substituted 

68 amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)- 2-methylpyrimidin-4-amine (4) and 

69 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-substituted-1H-1,2,3-triazole-4-carboxamide (6) 

70 compounds (Fig. 2).

71 Here, we report the chemical synthesis of the 2 series of compounds (4 and 6) and their 
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72 biological activities against E. coli PDHc-E1 and five algal species (Synechocystis sp. PCC6803, 

73 Microcystis sp. FACHB905, Anabaena sp. FACHB82, Aphanizomenon sp. FACHB1395, and 

74 Nostoc sp. FACHB713). 

75 2 Material and Methods

76 2.1 Chemistry

77 All melting points (m.p.) were determined with a digital model X-5 apparatus (uncorrected). 

78 1H and 19F nuclear magnetic resonance (NMR) spectra were recorded on a Bruker spectrometer at 

79 400 MHz and 376 MHz with tetramethylsilane as the internal standard. Chemical shifts were 

80 reported in δ (ppm) (parts per million) values. A MicroMass GCT CA 055 instrument was used to 

81 acquire high-resolution electron impact mass spectra (HR-EIMS) under electron impact (70 eV) 

82 conditions. Elemental analyses were performed on a Vario ELIIICHNSO element analyzer, and 

83 crystal structures were obtained with Bruker AEPEX DUO CCD diffractometer. All chemicals 

84 and reagents used for syntheses were purchased from commercial sources; they were of AR grade 

85 and used without further purification.

86 2.2 Procedure for the preparation of 5-azidomethyl-2-methylpyrimidine-4-yl-amine 1. 

87 As described by Erixon,15 a stirring suspension of 30.6 mmol thiamine chloride (Vitamin B1), 

88 75.4 mmol sodium azide and 3.0 mmol sodium sulfite in water (100mL) was heated at 65 oC. 

89 After 5 h, 100 mmol citric acid (pH ≈ 4) was added into the aqueous solution. The reaction 

90 mixture was stirred at room temperature. After 30 min, potassium carbonate was added until the 

91 pH value reached 8.0. A white precipitation of the product began forming immediately. The 

92 suspension was thoroughly stirred and filtered. The filter cake was washed with saturated 

93 potassium carbonate solution and dried to afford a white solid (Yield: 65%, m.p. 150-152 oC).
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94 2.3 General procedure for preparation of N-(prop-2-yn-1-yl)anilines 3.

95 According to the procedure described by Majumdar,16 to a stirred suspension of an 

96 appropriate substituted aniline 2 (12 mmol) and potassium carbonate (10 mmol) in dry DMF (15 

97 mL) was added propargyl bromide (10 mmol). The reaction mixture was stirred at room 

98 temperature and monitored by thin layer chromatography (TLC). After the reaction finished, the 

99 reaction mixture was washed with water (15 mL) and extracted with EtOAc (60 mL). The 

100 combined organic extracts were then washed with brine (20 mL), dried over Na2SO4, and 

101 concentrated in vacuo. The crude products was further purified by a silica gel column using a 1:20 

102 (v/v) acetate/petroleum ether mixture as the eluent, which afforded the corresponding 

103 N-(prop-2-yn-1-yl)aniline 3. A series of 3 could be obtained by this procedure in the yields of 

104 72-85 %. 

105 2.4 General procedure for preparation of N-phenylpropiolamides 5.

106 Compounds 5 were synthesized via the method repoted by Ramachandran.17 To a stirred 

107 suspension of dicyclohexylcarbodiimide (DCC) (12 mmol) in dichloromethane (DCM) (50 mL), 

108 propiolic acid was added slowly at -5 oC ~ 0 oC. After 1 h of stirring at 0 oC, a solution of 

109 substituted aniline (10 mmol) in DCM (20 mL) was added to the reaction mixture and then stirred 

110 at room temperature for 24 h. After the reaction finished, the reaction mixture was filtered and the 

111 filtrate was evaporated in vacuo. The residue was purified by a silica gel column using a 1:50 (v/v) 

112 ethyl acetate/petroleum ether as the eluent, which afforded the corresponding 

113 N-phenylpropiolamide 5. A series of 5 could be obtained by this procedure in the yields of 

114 53-79%.

115 2.5 General procedure for the synthesis of 1,2,3-triazole aminopyrimidines 4 and 6. 
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116 To a stirring suspension of 1 (2 mmol) and an appropriate intermediate 3 or 5 (2 mmol) in 

117 THF, CuI (0.2 mmol) and Et3N (2.4 mmol) were added sequentially. The reaction mixture was 

118 stirred at room temperature for overnight prior the addition of water (30 mL). The product 

119 suspension was filtered and dried. The filter cake was further purified by recrystallization 

120 (methanol/dichloromethane) to give corresponding title compound 4 or 6. Two series of 4 and 6 

121 could be obtained by same procedure.

122 2.5.1 2-methyl-5-((4-((phenylamino)methyl)-1H-1,2,3-triazol-1-yl)methyl)pyrimidin-4-amine 

123 (4a)

124 Yellow solid; Yield 57%; m.p.188-189 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.29 (s, 

125 3H, CH3), 4.24 (d, J = 5.4 Hz, 2H, CH2), 5.37 (s, 2H, CH2), 6.03 (s, 1H, Ar-H), 6.51 (t, J = 7.0 Hz, 

126 1H, Ar-H), 6.58 (d, J = 7.8 Hz, 2H, Ar-H), 6.91 (s, 2H, Ar-H, 1,2,3-trizole), 7.03 (t, J = 7.4 Hz, 

127 2H, NH, pyrimidine-H), 7.93 (s, 2H, NH2); HRMS (ESI): calcd. for C15H17N7 [M+H]+ 296.16182, 

128 found: 296.16210; Elemental Anal. Calcd for C15H17N7: C, 61.00; H, 5.80; N, 33.20. Found: C, 

129 60.87; H, 5.91; N, 32.75.

130 2.5.2 

131 5-((4-(((2-chlorophenyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)-2-methylpyrimidin-4-a

132 mine (4b)

133 Yellow solid; Yield 60%; m.p.136-138 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.29 (s, 

134 3H, CH3), 4.39 (d, J = 5.5 Hz, 2H, CH2), 5.36 (s, 2H, CH2), 5.90 (t, J = 5.6 Hz, 1H, Ar-H), 6.55 (t, 

135 J = 7.1 Hz, 1H, Ar-H), 6.71 (d, J = 8.3 Hz, 1H, Ar-H), 6.91 (s, 2H, Ar-H, 1,2,3-triazole-H), 7.05 

136 (t, J = 7.4 Hz, 1H, NH), 7.21 (d, J = 7.6 Hz, 1H, pyrimidine-H), 7.92 (s, 2H, NH2); HRMS (ESI): 

137 calcd. for C15H16ClN7 [M+H]+ 330.12285, found: 330.12283; Elemental Anal. Calcd for 
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138 C15H16ClN7: C, 54.63; H, 4.89; N, 29.73. Found: C, 54.71; H, 4.95; N, 29.64.

139 2.5.3 

140 5-((4-(((3-chlorophenyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)-2-methylpyrimidin-4-a

141 mine (4c)

142 Yellow solid; Yield 67%; m.p.149-151 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.32 (s, 

143 3H, CH3), 4.30 (d, J = 5.7 Hz, 2H, CH2), 5.44 (s, 2H, CH2), 6.46 (t, J = 5.6 Hz, 1H, Ar-H), 

144 6.51-6.63 (m, 2H, Ar-H), 6.66 (s, 1H, Ar-H), 6.97 (s, 2H, 1,2,3-triazole-H, pyrimidine-H), 7.08 (t, 

145 J = 8.0 Hz, 1H, NH), 8.01 (s, 2H, NH2); HRMS (ESI): calcd. for C15H16ClN7 [M+H]+ 330.12285, 

146 found: 330.12276; Elemental Anal. Calcd for C15H16ClN7: C, 54.63; H, 4.89; N, 29.73. Found: C, 

147 54.55; H, 4.91; N, 29.81.

148 2.5.4 

149 5-((4-(((4-chlorophenyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)-2-methylpyrimidin-4-a

150 mine (4d)

151 Yellow solid; Yield 72%; m.p.174-176 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.32 (s, 

152 3H, CH3), 4.26 (d, J = 3.9 Hz, 2H, CH2), 5.45 (s, 2H, CH2), 6.29 (s, 1H, Ar-H), 6.62 (d, J = 8.6 

153 Hz, 2H, Ar-H), 6.97 (s, 2H, Ar-H, 1,2,3-triazole-H), 7.08 (d, J = 8.6 Hz, 2H, pyrimidine-H, NH), 

154 7.98 (s, 2H, NH2); HRMS (ESI): calcd. for C15H16ClN7 [M+H]+ 330.12285, found: 330.12296; 

155 Elemental Anal. Calcd for C15H16ClN7: C, 54.63; H, 4.89; N, 29.73. Found: C, 54.56; H, 4.77; N, 

156 29.75.

157 2.5.5 

158 5-((4-(((3-bromophenyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)-2-methylpyrimidin-4-a

159 mine (4e)
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160 Yellow solid; Yield 65%; m.p.143-145 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.29 (s, 

161 3H, CH3), 4.25 (d, J = 4.4 Hz, 2H, CH2), 5.39 (s, 2H, CH2), 6.31-6.46 (m, 1H, Ar-H), 6.61 (dd, J = 

162 25.3, 7.1 Hz, 2H, Ar-H), 6.76 (s, 1H, Ar-H), 6.95 (dd, J = 19.2, 11.0 Hz, 3H, NH, 1,2,3-trizole-H, 

163 pyrimidine-H), 7.95 (s, 2H, NH2); HRMS (ESI): calcd. for C15H16BrN7 [M+H]+ 374.07233, found: 

164 374.07211; Elemental Anal. Calcd for C15H16BrN7: C, 48.14; H, 4.31; N, 26.20. Found: C, 48.01; 

165 H, 4.42; N, 26.43.

166 2.5.6 

167 2-methyl-5-((4-(((3-(trifluoromethyl)phenyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)pyri

168 midin-4-amine (4f)

169 Yellow solid; Yield 62%; m.p.144-146 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.32 (s, 

170 3H, CH3), 4.36 (s, 2H, CH2), 5.43 (s, 2H, CH2), 6.63 (s, 1H, Ar-H), 6.77-7.13 (m, 5H, Ar-H, 

171 1,2,3-triazole-H, pyrimidine-H), 7.29 (s, 1H, NH), 8.02 (s, 2H, NH2); 19F NMR (376 MHz, 

172 DMSO-d6) δ(ppm): -61.25; HRMS (ESI): calcd. for C16H16F3N7 [M+H]+ 364.1492, found: 

173 364.14954; Elemental Anal. Calcd for C16H16F3N7: C, 52.89; H, 4.44; N, 26.98. Found: C, 53.05; 

174 H, 4.51; N, 27.04.

175 2.5.7 

176 2-methyl-5-((4-(((4-(trifluoromethyl)phenyl)amino)methyl)-1H-1,2,3-triazol-1-yl)methyl)pyri

177 midin-4-amine (4g)

178 Yellow solid; Yield 69%; m.p.150-152 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.28 (s, 

179 3H, CH3), 4.31 (s, 2H, CH2), 5.39 (s, 2H, CH2), 6.58 (s, 1H, Ar-H), 6.84 (d, J = 28.3 Hz, 5H, 

180 Ar-H, 1,2,3-triazole-H, pyrimidine-H), 7.24 (s, 1H, NH), 7.97 (s, 2H, NH2); 19F NMR (376 MHz, 

181 DMSO-d6) δ(ppm): -61.24; HRMS (ESI): calcd. for C16H16F3N7 [M+H]+ 364.1492, found: 
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182 364.14949; Elemental Anal. Calcd for C16H16F3N7: C, 52.89; H, 4.44; N, 26.98. Found: C, 52.71; 

183 H, 4.52; N, 26.84.

184 2.5.8 2-methyl-5-((4-((p-tolylamino)methyl)-1H-1,2,3-triazol-1-yl)methyl)pyrimidin-4-amine 

185 (4h)

186 Yellow solid; Yield 72%; m.p.75-77 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.32 (s, 

187 6H, 2CH3), 4.44 (s, 2H, CH2), 5.52 (s, 2H, CH2), 7.01 (s, 1H, Ar-H), 7.21 (d, J = 28.3 Hz, 5H, 

188 Ar-H, 1,2,3-triazole-H, pyrimidine-H), 7.67 (s, 1H, NH), 8.68 (s, 2H, NH2); HRMS (ESI): calcd. 

189 for C16H19N7 [M+H]+ 310.17747, found: 310.17727; Elemental Anal. Calcd for C16H19N7: C, 

190 62.12; H, 6.19; N, 31.69. Found: C, 59.98; H, 6.05; N, 31.64.

191 2.5.9 

192 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-phenyl-1H-1,2,3-triazole-4-carboxamide (6a)

193 Yellow solid; Yield 65%; m.p.249-251 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.33 (s, 

194 3H, CH3), 5.54 (s, 2H, CH2), 7.06 (d, J = 32.0 Hz, 3H, Ar-H), 7.33 (s, 2H, Ar-H), 7.82 (s, 2H, 

195 NH2), 8.10 (s, 1H, 1,2,3-triazole-H), 8.71 (s, 1H, pyrimidine-H), 10.45 (s, 1H, NH); HRMS (ESI): 

196 calcd. for C15H15N7O [M+H]+ 310.14108, found: 310.14102; Elemental Anal. Calcd for 

197 C15H15N7O: C, 58.24; H, 4.89; N, 31.70. Found: C, 58.38; H, 4.77; N, 31.58.

198 2.5.10 

199 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(3-chlorophenyl)-1H-1,2,3-triazole-4-carboxa

200 mide (6b)

201 Yellow solid; Yield 78%; m.p.>260 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.31 (s, 3H, 

202 CH3), 5.53 (s, 2H, CH2), 6.98 (s, 2H, Ar-H), 7.13 (d, J = 7.4 Hz, 1H, Ar-H), 7.33 (d, J = 7.5 Hz, 

203 1H, Ar-H), 7.73 (d, J = 8.2 Hz, 1H, 1,2,3-triazole-H), 7.97 (s, 2H, NH2), 8.71 (s, 1H, 

Page 10 of 34

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



204 pyrimidine-H), 10.63 (s, 1H, NH); HRMS (ESI): calcd. for C15H14ClN7O [M+H]+ 344.10211, 

205 found: 344.10201; Elemental Anal. Calcd for C15H14ClN7O: C, 52.41; H, 4.10; N, 28.52. Found: 

206 C, 52.53; H, 4.05; N, 28.64.

207 2.5.11 

208 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(4-chlorophenyl)-1H-1,2,3-triazole-4-carboxa

209 mide (6c)

210 Yellow solid; Yield 82%; m.p.>260 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.31 (s, 3H, 

211 CH3), 5.54 (s, 2H, CH2), 6.99 (s, 2H, Ar-H), 7.36 (d, J = 5.9 Hz, 2H, Ar-H), 7.82 (d, J = 6.2 Hz, 

212 3H, NH2, 1,2,3-triazole-H), 8.69 (s, 1H, pyrimidine-H), 10.59 (s, 1H, NH); HRMS (ESI): calcd. 

213 for C15H14ClN7O [M+H]+ 344.10211, found: 344.10215; Elemental Anal. Calcd for C15H14ClN7O: 

214 C, 52.41; H, 4.10; N, 28.52. Found: C, 52.26; H, 3.98; N, 28.44.

215 2.5.12 

216 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(3-bromophenyl)-1H-1,2,3-triazole-4-carbox

217 amide (6d)

218 White solid; Yield 77%; m.p.>260 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.34 (s, 3H, 

219 CH3), 5.57 (s, 2H, CH2), 7.04 (s, 2H, Ar-H), 7.32 (s, 2H, Ar-H), 7.83 (s, 1H, NH2), 8.17 (s, 1H, 

220 1,2,3-triazole-H), 8.76 (s, 1H, pyrimidine-H), 10.68 (s, 1H, NH); HRMS (ESI): calcd. for 

221 C15H14BrN7O [M+H]+ 388.0516, found: 388.05113; Elemental Anal. Calcd for C15H14BrN7O: C, 

222 46.41; H, 3.63; N, 25.26. Found: C, 46.53; H, 3.55; N, 25.40.

223 2.5.13 

224 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(4-bromophenyl)-1H-1,2,3-triazole-4-carbox

225 amide (6e)
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226 White solid; Yield 84%; m.p.>260 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.34 (s, 3H, 

227 CH3), 5.56 (s, 2H, CH2), 7.03 (s, 2H, Ar-H), 7.54 (d, J = 6.8 Hz, 2H, Ar-H), 7.83 (d, J = 7.1 Hz, 

228 2H, NH2), 8.12 (s, 1H, 1,2,3-triazole-H), 8.75 (s, 1H, pyrimidine-H), 10.65 (s, 1H, NH); HRMS 

229 (ESI): calcd. for C15H14BrN7O [M+H]+ 388.0516, found: 388.05100; Elemental Anal. Calcd for 

230 C15H14BrN7O: C, 46.41; H, 3.63; N, 25.26. Found: C, 46.27; H, 3.72; N, 25.14.

231 2.5.14 

232 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(4-fluorophenyl)-1H-1,2,3-triazole-4-carboxa

233 mide (6f)

234 Yellow solid; Yield 71%; m.p.>260 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.32 (s, 3H, 

235 CH3), 5.56 (s, 2H, CH2), 7.02 (s, 2H, Ar-H), 7.18 (t, J = 7.7 Hz, 3H, Ar-H, , 1,2,3-triazole-H), 7.83 

236 (s, 2H, NH2), 8.71 (s, 1H, pyrimidine-H), 10.56 (s, 1H, NH); 19F NMR (376 MHz, DMSO-d6) 

237 δ(ppm): -118.62; HRMS (ESI): calcd. for C15H14FN7O [M+H]+ 328.13166, found: 328.13175; 

238 Elemental Anal. Calcd for C15H14FN7O: C, 55.04; H, 4.31; N, 29.95. Found: C, 54.87; H, 4.51; N, 

239 30.08.

240 2.5.15 

241 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole

242 -4-carboxamide (6g)

243 White solid; Yield 76%; m.p.193-195 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.31 (s, 

244 3H, CH3), 5.53 (s, 2H, CH2), 6.99 (s, 2H, Ar-H), 7.43 (d, J = 7.0 Hz, 1H, Ar-H), 7.50-7.67 (m, 1H, 

245 Ar-H), 8.06 (d, J = 7.6 Hz, 2H, NH2), 8.28 (s, 1H, 1,2,3-triazole-H), 8.73 (s, 1H, pyrimidine-H), 

246 10.80 (s, 1H, NH); 19F NMR (376 MHz, DMSO-d6) δ(ppm): -61.19; HRMS (ESI): calcd. for 

247 C16H14F3N7O [M+H]+ 378.12847, found: 378.12864; Elemental Anal. Calcd for C16H14F3N7O: C, 
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248 50.93; H, 3.74; N, 25.98. Found: C, 51.07; H, 3.55; N, 26.13.

249 2.5.16 

250 1-((4-amino-2-methylpyrimidin-5-yl)methyl)-N-(p-tolyl)-1H-1,2,3-triazole-4-carboxamide 

251 (6h)

252 White solid; Yield 77%; m.p.245-247 oC; 1H NMR (400 MHz, DMSO-d6) δ(ppm): 2.31 (s, 

253 3H, CH3), 3.63 (s, 3H, CH3), 5.61 (s, 2H, CH2), 7.12 (d, J = 34.8 Hz, 4H, Ar-H), 7.72 (s, 3H, NH2, 

254 1,2,3-triazole-H), 8.73 (s, 1H, pyrimidine-H), 10.40 (s, 1H, NH); HRMS (ESI): calcd. for 

255 C16H17N7O [M+H]+ 324.15673, found: 324.15644; Elemental Anal. Calcd for C16H17N7O: C, 

256 59.43; H, 5.30; N, 30.32. Found: C, 59.57; H, 5.55; N, 29.90.

257 2.6 Crystallographic study

258 A colorless single crystal of 4b suitable for X-ray analysis was cultured from a mixture of 

259 methanol and dichloromethane at room temperature. Unit cell determination and data collection 

260 were performed using Mo Kα radiation ( = 0.71073 Å) on a Bruker AEPEX DUO CCD 

261 diffractometer in - scan mode at 298(2) K. The structure was solved directly using the 

262 SHELXS program of the SHELXTL package and refined by full-matrix least-squares methods 

263 with SHELXL. The position of all hydrogen atoms were determined from difference Fourier 

264 maps. All non-hydrogen atoms of 4b were refined with anisotropic thermal parameters.

265 2.7 Enzyme inhibition assay for PDHc-E1 

266 The preparation of PDHc-E1 from E. coli and the measurement of enzymatic activities were 

267 essentially as previously reported.18 The half maximal inhibitory concentration (IC50) was 

268 determined in a reaction mixture containing 50 mM K3PO4 (pH 6.4), 0.4 mM 

269 2,6-dichlorophenolindophenol (DCPIP), 50 μM sodium pyruvate as the substrate, 5 μg PDHc-E1 
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270 purified enzyme, and 50 μM ThDP. Title compounds with different concentration gradients were 

271 incubated for 5 min with PDHc-E1 at 37 oC prior to addition of the pyruvate substrate. IC50 values 

272 were obtained from a nonlinear least-squares fitting of the data using the Hill kinetic equations 

273 under the Growth/Sigmoidal model in Origin 7.0 software as described previously.19 

274 Site-directed mutations were introduced to PDHc-E1 using the Fast Mutagenesis System 

275 (TransGen Biotech, Beijing, China).The pMAL-c2X-PDHc-E1 plasmid constructed by Feng19 was 

276 used as a wild-type template. All operations were performed according to the manufacturer’s 

277 protocol (TransGen Biotech). The accuracy of the desired mutations was confirmed by DNA 

278 sequencing. Mutant PDHc-E1 was expressed and purified in the same manner as that used for the 

279 wild type.

280 2.8 Fluorescence spectroscopic analysis

281 Fluorescence spectroscopic measurements were carried out on a FluoreMax-P fluorescence 

282 spectrophotometer (Horiba Jobin Yvon, Longjumeau, France) according to a previously described 

283 protocol.20 Fluorescence quenching of wild-type and mutant PDHc-E1 by different concentrations 

284 of the title compounds was measured at an emission of 305-500 nm in a 1-cm cuvette. The 

285 excitation wavelength was at 290 nm. To correct for background interference, wild-type or mutant 

286 PDHc-E1 in buffer was used as a control. The binding constant Ka was calculated using the 

287 following formula: ln [(F0 – F) / F] = ln Ka + n ln [Q], where F0 and F are the fluorescence 

288 intensities of protein in the absence and presence of the title compounds, respectively, and [Q] is 

289 the concentration of the quencher. A plot of ln [(F0 – F) / F] vs. ln [Q] gave a straight line using 

290 least squares analysis. The intercept on the Y-axis was equal to the log value of Ka.

291 2.9 Determination of inhibition types
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292 A series of experiments was performed to determine the inhibition kinetics of 4c and 6d. The 

293 inhibitor concentrations of 4c were 0, 10, and 20 μM and those of 6d were 0, 5, and 10 μM. 

294 Substrate (ThDP) concentrations were 0, 0.1, 0.2, 0.4, 0.8, 2, 4, 10, 16, 20, 30, 50, and 100 μM in 

295 all kinetic studies. Pre-incubation and measurement times were the same as described in section 

296 2.7. DMSO was used as a blank control for background correction. The reaction velocity was 

297 calculated using the following formula: V = ΔOD600 / (K × 5), where ΔOD600 is the absorbance 

298 difference at 600 nm over 5 min, K is the slope of the DCPIP standard curve, and 5 is the reaction 

299 time of the kinetic experiments. A similar set of experiments in the absence of inhibitors 4c and 6d 

300 was also performed under the same conditions. The kinetic parameters Vmax and Km were obtained 

301 by curve fitting according to the classical Michaelis-Menten equation.

302 2.10 Molecular docking 

303 The crystal structure of the PDHc-E1 (PDB code: 1L8A) was obtained from the PDB data 

304 base (Protein Data Bank, https://www.rcsb.org/). Hydrogen atoms were first added to the protein 

305 using the PDB2PQR server.21 ThDP and hit compounds were constructed and optimized with 

306 Gasteiger charges using SYBYL7.0 and then docked into the active pocket of the prepared 

307 PDHc-E1 using Surflex-Dock.14 AutoDock 4.222 was used to investigate the binding modes of the 

308 newly developed compounds.

309 2.11 In vivo anti-algal assay

310 Synechocystis sp. PCC6803, Microcystis sp. FACHB905, Anabaena sp. FACHB82, 

311 Aphanizomenon sp. FACHB1395, and Nostoc sp. FACHB713 were cultured in 96-well 

312 microplates according to a previously described method.2 The inhibition rate of the title 

313 compounds against the five cyanobacteria species was estimated using the following formula: 
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314 inhibition (%) = {1➖ [∆ODt,680➖ ∆ODi,680] / ∆ODo,680}×100, where, ∆ODo,680 and ∆ODt,680 are 

315 absorbance differences at 680 nm of the cyanobacteria in the blank control and title compounds 

316 amended cultures, respectively, and ∆ODi,680 is the absorbance difference at 680 nm of the best 

317 compound in each assay. Half maximal effective concentrations (EC50) were estimated with 

318 logistic fitting. DMSO was used as a blank control. The commonly used algicides prometryn and 

319 copper sulfate, and compound IV-21l (R1 = I, R = 6-Br) (Fig.1), which displayed the best 

320 inhibition against PCC6803 (EC50 = 0.7 μM) in our previous study,14 served as positive controls. 

321 3 Results and Discussion

322 3.1 Chemistry

323 3.1.1 Synthesis

324 Sixteen novel ThDP analogs in the series of 4 and 6 were designed and synthesized (Scheme 

325 1). The synthetic routes are rather simple and convenient. 

326
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327 Scheme 1. Synthesis of the title compounds 4 and 6

328 In this synthetic route, compound 1, which was synthesized from thiamine hydrochloride, 

329 was in turn an important intermediate in the synthesis of 4 and 6. The skeleton of title compounds 
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330 4 and 6 contains a 1,2,3-triazole ring, which can be readily constructed via “click chemistry”, a 

331 concept introduced by Noble laureate K. Barry Sharpless.23, 24 In the work presented here, series 4 

332 and 6 were synthesized from 1 via a 1,3-dipolar cycloaddition reaction that employed copper(I) 

333 iodide and triethylamine in conjunction with terminal alkynes 3 and 5, respectively. Copper(I) 

334 iodide acts as a catalyst in this process, in which Cu+ catalyzes the reaction of terminal alkynes 

335 and azide groups to form 1,2,3-triazole ring.25, 26 Compounds 3 were prepared by the reaction of 

336 propargyl bromide with the appropriate substituted anilines in DMF with K2CO3 as a base, while 

337 compounds 5 were obtained by the condensation of substituted anilines with propiolic acid in the 

338 presence of DCC.

339 Sixteen novel title compounds were smoothly synthesized by the above-mentioned synthetic 

340 method, which had the advantages of being simple, mild, easy and efficient. The generated 

341 compounds were fully characterized by 1H NMR, 19F NMR, and HRMS and confirmed by 

342 elemental analysis. 

343 3.1.2 Crystal structure of compound 4b

344 Crystal data for 4b are presented in Table 1, while Fig. 3 provides a perspective view based 

345 on the atomic labeling system (CCDC-1536365; these data are available free of charge from the 

346 Cambridge Crystallographic Data Centre). According to the structural analysis, 4b has a U shaped 

347 conformation, which is close to its binding pose. 

348 3.2 Enzyme inhibitory activity against E. coli PDHc-E1

349 The inhibitory activity of title compounds 4a-h against E. coli PDHc-E1 was evaluated. The 

350 resulting IC50 values, which are summarized in Table 2, suggested that the inhibition of 4a-h 

351 could be improved by introducing an imine group into the linker portion. The structural skeleton 
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352 of 4 was accordingly further optimized by introducing an amide group as a linker to generate the 

353 series 6a-h.

354 We found that the inhibitory activity was further enhanced by changing the imine group into 

355 an amide group. All compounds in series 6 had higher inhibitory activities than those of series 4 

356 and lead compound I. For a given R group, compounds with an amide linkage, i.e., 6a (R = H, 

357 IC50 = 14.70 ± 0.14 μM), 6b (R = 3-Cl, IC50 = 9.48 ± 0.25 μM), 6c (R = 4-Cl, IC50 = 7.12 ± 0.08 

358 μM), 6d (R = 3-Br, IC50 = 4.13 ± 0.26 μM), 6g (R = 3-CF3, IC50 = 7.41 ± 0.01 μM), and 6h (R = 

359 4-CH3, IC50 = 10.06 ± 0.17 μM), had higher inhibitory activities than the corresponding 

360 compounds with an imine group, i.e., 4a (R = H, IC50 = 46.32 ± 0.24 μM), 4c (R = 3-Cl, IC50 = 

361 11.53 ± 0.33 μM), 4d (R = 4-Cl, IC50 = 15.54 ± 0.01 μM), 4e (R = 3-Br, IC50 = 10.91 ± 0.65 μM), 

362 4f (R = 3-CF3, IC50 = 15.74 ± 0.14 μM), and 4h (R = 4-CH3, IC50 = 23.76 ± 0.01 μM). We 

363 observed that compounds in both series 4 and 6 with an electron-withdrawing R group, i.e., Br, F, 

364 Cl, or CF3, displayed higher inhibition than their counterparts containing the electron-donating R 

365 group CH3. Compounds with no substitution on the benzene ring, such as 4a and 6a, showed the 

366 weakest inhibition in both series 4 and 6. The highest inhibitory activity, an IC50 value of 4.13 

367 μM, was exhibited by 6d, which had 3-Br as the R group. According to our results, the linker 

368 between the 1,2,3-triazole and benzene ring in the parent structure played a critical role in the 

369 inhibition against E. coli PDHc-E1. Compared with an ether group, the use of an imine group or 

370 amide group as a linker was much more beneficial to the inhibitory activity. 

371 3.3 Inhibitory mechanisms of 4 and 6

372 To determine the inhibitory mechanisms of series 4 and 6, compounds 4c and 6d were chosen 

373 and their kinetic inhibitions on E. coli PDHc-E1 were studied. We determined the maximum 

Page 18 of 34

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



374 velocity (Vmax) and Michaelis constant (Km) in the presence and absence of either 4c or 6d.

375 Michaelis-Menten equation curves are shown in Fig. 4, and Vmax and Km are listed in Table 3. 

376 As indicated by Table 3, Vmax remained nearly constant whether 4c or 6d was in the presence or 

377 absence, while Km increased as the concentration of either 4c or 6d was increased. On the basis of 

378 these observations, we conclude that 4c and 6d act as competitive inhibitors of ThDP against E. 

379 coli PDHc-E1.

380 3.4 Selectivity

381 Many ThDP analogs with poor enzyme selectivity, such as thiamine thiothiazolone 

382 pyrophosphate have been reported to have high inhibitory activity against both E. coli PDHc-E1 

383 (Ki = 64 nM) and human PDHc-E1 (Ki = 74 nM).27 Determining the inhibition selectivity of our 

384 candidates between mammals and E. coli PDHc-E1 is thus important. We selected porcine 

385 PDHc-E1 as a mammalian target because its sequence is 98.5% similar to that of human 

386 PDHc-E1. Compounds 4c, 4e, 6d, and 6e, which had good inhibitory activity against both E. coli 

387 PDHc-E1 and cyanobacteria, were chosen for the enzyme-selectivity examination. We found that 

388 these compounds exhibited 100% inhibition against E. coli PDHc-E1 at 100 μM, but their 

389 inhibition was negligible (<19%) against porcine PDHc-E1. The excellent selectivity of these new 

390 ThDP analogs indicates they may have low mammalian toxicity (Table 4).

391 3.5 Analyses of interactions

392 To identify the possible binding mode of the title compounds, compounds 4e and 6d were 

393 docked into the active pocket of PDHc-E1. As shown in Fig. 5, compounds 4e and 6d occupy the 

394 ThDP-binding pocket in a ‘V’ conformation. On the right side of the ‘V’ conformation, the 

395 4-aminopyrimidine ring of 4e and 6d forms hydrogen bonds with residues V192, M194, and 
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396 E571, which is similar to the interactions between ThDP and the corresponding residues.12 On the 

397 left side of the ‘V’ conformation, the terminal benzene ring of 4e and 6d can form cation-π and 

398 hydrophobic interaction with K392 and L264, respectively.

399 It was found that 4e (IC50 = 10.91 ± 0.65 μM) and 6d (IC50 = 4.13 ± 0.26 μM) displayed 

400 significantly higher inhibition against E. coli PDHc-E1 than did Ib (IC50 = 26.44 ± 1.68 μM). We 

401 next investigated the difference in binding when the ether group (the linker) was modified to an 

402 imine or amide group. As shown in Fig. 5, the benzene ring of 4e and 6d can participate in 

403 hydrophobic interactions with L264, which is obviously different from compound I. As illustrated 

404 in Fig. 5B, a new hydrogen bond between H640 and the N atom of 1,2,3-triazole is additionally 

405 formed as a result of the introduction of the amide group, which changes of the structure of 6 and 

406 contributes to its better inhibition against PDHc-E1 (IC50 = 4.13 μM). In contrast, only a weak 

407 intermolecular interaction takes place between 4e and H640 according to molecular docking 

408 analysis.

409 To further confirm the predicted interactions of the title compounds with E. coli PDHc-E1, 4e 

410 and 6d were studied by site-directed mutagenesis and enzymatic assays. The IC50 values of 4e and 

411 6d against mutants V192A (73.03 and 41.75 μM, respectively), M194A (87.45 and 33.13 μM, 

412 respectively), L264A (105.41 and 44.73 μM, respectively), and H640A (25.52 and 22.79 μM, 

413 respectively) were much higher than the IC50 values against the wild-type PDHc-E1 (10.91 and 

414 4.13 μM, respectively) (Fig. 6). According to the results, the residues, V192, M194, L264 and 

415 H640 play an important role in the binding of 4e or 6d with E. coli PDHc-E1. PDHc-E1 with an 

416 E571A or K392A mutation is completely inactive, however, which prevented the detection of 

417 enzyme inhibitory activity. The binding affinity of the title compounds to mutants E571A and 
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418 K392A was therefore assessed using fluorescence spectroscopy. The association constant (Ka) of 

419 4e to mutants E571A and K392A was found to be decreased more than 30 fold, compared with 

420 that of 4e to the wild-type PDHc-E1 (Table 5). The binding affinity of 6d to both mutants was 

421 also decreased more than 24 fold (Table 5). The above observations indicate that the predictions 

422 based on molecular docking were in accord with the experimental results of site-directed 

423 mutagenesis.

424 3.6 Inhibition against cyanobacteria

425 To examine the practicality of title compounds 4 and 6, several compounds with acceptable 

426 inhibition against E. coli PDHc-E1 were selected and evaluated for their anti-cyanobacteria 

427 activity. Five algal species (Synechocystis sp. PCC6803, Microcystis sp. FACHB905, Anabaena 

428 sp. FACHB82, Aphanizomenon sp. FACHB1395, and Nostoc sp. FACHB713) with agricultural 

429 and environmental significance were used for this assay. Prometryn (a commercial herbicide) and 

430 copper sulfate, two algicides currently in common use, were used as positive controls. Compound 

431 IV-21l (R1= I, R = 6-Br) (Fig.1), which displayed the best inhibition against PCC6803 (EC50 = 0.7 

432 μM) in our previously published study,14 was also selected as a positive control. 

433 As shown in Table 6, most compounds in series 4 and 6 had poor inhibition against 

434 FACHB713, but all title compounds except 4a showed a broad spectrum of algicidal activity 

435 against four of the algal species (PCC6803, FACHB905, FACHB82, and FACHB1395). 

436 Compounds 4b-4h and 6a-6d had better potency against PCC6803 and FACHB905 than did 

437 prometryn. For example, 4c, 4e, 4g, 4h, 6d, 6e, and 6g, with EC50 < 3 μM, showed stronger 

438 inhibition against both algal species than did prometryn (PCC6803, EC50 = 13.1±0.7; FACHB905, 

439 14.7 ± 0.8 μM). The algicidal activity of 4c (EC50 = 1.7 ± 0.2 μM) against PCC6803 was also 
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440 comparable to that of copper sulfate (EC50 = 1.8 ± 0.1 μM). Moreover, 6d not only exhibited 

441 much higher algicidal activity (PCC6803, EC50 = 1.6 ± 0.3 μM; FACHB905, EC50 = 2.2 ± 0.2 μM; 

442 FACHB82, EC50 = 1.2 ± 0.1 μM; FACHB1395, EC50 = 1.3 ± 0.3 μM) than prometryn but also had 

443 activity comparable to or higher than that of copper sulfate (PCC6803, EC50 = 1.8 ± 0.1 μM; 

444 FACHB905, 1.5 ± 0.1 μM; FACHB82, EC50 = 2.8 ± 0.3 μM; FACHB1395, EC50 = 1.6 ± 0.1 μM). 

445 Although the previously reported compound IV-21l showed excellent inhibition against PCC6803 

446 (EC50 = 0.7 ± 0.1 μM) and FACHB713 (EC50 = 7.8 ± 2.2 μM), its inhibitory activity against 

447 FACHB905 (EC50 = 4.4 ± 0.2 μM), FACHB82 (EC50 = 9.2 ± 1.1 μM) and FACHB1395 (EC50 = 

448 4.5 ± 0.2 μM) was significantly lower than that of compound 6d. It’s worth noting that compound 

449 IV-21l should be synthesized by a six-step sequence starting from 2-amino-5-bromobenzoic acid. 

450 However, it takes only three steps to synthesize compound 6d. The synthesis of 6d has the 

451 advantage of being simple and easy. In addition, IV-21l has poor water- and fat-solubility because 

452 of its three different nitro-containing heterocycles. Overall, 6d is a better candidate for further 

453 study than IV-21l.

454 The inhibitory potency of the title compounds against cyanobacteria seems to be positively 

455 well correlated with their inhibition against E. coli PDHc-E1. Compounds with higher levels of E. 

456 coli PDHc-E1 inhibition displayed stronger potency against the different cyanobacterial species. 

457 For instance, 4b-h and 6a-h exhibited higher levels of inhibition against E. coli PDHc-E1 (IC50 = 

458 4.13-23.76 μM) and also exhibited good potency against PCC6803 (EC50 = 1.6-4.4 μM) and 

459 FACHB905 (EC50 = 2.1-8.5 μM). In particular, 6d, which had the best inhibition against E. coli 

460 PDHc-E1, also displayed potent inhibition against PCC6803, FACHB905, FACHB82, and 

461 FACHB1395. The reverse was true for compounds I and 4a, which had lower levels of enzyme 
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462 inhibition (IC50 > 26 μM) and lower algicidal activities (EC50 > 50 μM). These results indicate that 

463 an effective algicide can be developed by designing a potent E. coli PDHc-E1 inhibitor. 
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Tables

Table 1. Crystallographic data of compound 4b.

Parameters Data

chemical formula C15H16ClN7

formula weight 329.80

crystal system monoclinic

space group P2(1)/c

crystal color colorless

a (Å) 14.488(4)

b (Å) 9.884(2)

c (Å) 12.319(3)

 (deg) 90

 (deg) 115.098(4)

 (deg) 90

V (Å) 1597.6(7)

Z 4

Dcalc (Mgm-3) 1.371

 range (deg) 2.58-26.00

hkl range -17  h  16; -12  k  12; -15  l  15

F (0 0 0) 688

no. collected refl. 14090

no. ind. Refl. (Rint) 3126 (0.0908)

data/ restraints/ parameters 3126 / 0 / 209

Absorption coefficient (mm-1) 0.250

R1; wR2 [I > 2(I)] 0.0500; 0.1225

R1; wR2 (all data) 0.0776; 0.1434

GOOF 1.015

Table 2. Structure and inhibitory activity of I, 4, and 6

N

N

NH2

N
N N O

R N

N

NH2

N
N N HN

R N

N

NH2

N
N N HN

R
O

L 4 6

Compd. R
IC50

 (μM) Inhibitory 

against E. coli PDHc-E1
Compd. R

IC50 (μM) Inhibitory 

against E. coli PDHc-E1

L1 H 55.15 ± 4.65 4h 4-CH3 23.76 ± 0.01

L2 4-Cl 26.44 ± 1.68 6a H 14.70±0.14

L3 3-CF3 32.73 ± 0.17 6b 3-Cl 9.48 ± 0.25

4a H 46.32 ± 0.24 6c 4-Cl 7.12 ± 0.08

4b 2-Cl 13.41 ± 0.82 6d 3-Br 4.13 ± 0.26

4c 3-Cl 11.53 ± 0.33 6e 4-Br 5.65 ± 0.01

4d 4-Cl 15.54 ± 0.01 6f 4-F 5.92 ± 0.02
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4e 3-Br 10.91 ± 0.65 6g 3-CF3 7.41 ± 0.01

4f 3-CF3 15.74 ± 0.14 6h 4-CH3 10.06 ± 0.17

4g 4-CF3 14.08 ± 0.89

Table 3. Vmax and Km values of compounds 4c and 6d against E. coli PDHc-E1

Compd. Concentration (μM) Vmax (μM/min/mg) Km (μM)

0 7.05 ± 0.17 2.49 ± 0.27

10 7.53 ± 0.54 6.91 ± 1.324c

20 7.10 ± 0.43 29.44 ± 2.24

0 8.24 ± 0.72 2.9 ± 1.14

5 7.62 ± 0.23 5.27 ± 0.526d

10 7.69 ± 0.29 19.13 ± 1.06

Table 4. Inhibition of 4 and 6 against E. coli and porcine PDHc-E1

E. coli PDHc-E1 Porcine PDHc-E1
Compd.

IC50(μM) Inhibitory potency † (%) Inhibitory potency † (%)

4c 11.53±0.33 100.00±0.05 9.48±0.25

4e 10.91±0.65 100.00±0.36 11.76±0.14

6d 4.13±0.26 100.00±0.06 16.41±0.01

6e 5.65±0.01 100.00±0.01 18.06±0.17
†, Inhibitory potency (%) of compounds against enzyme in vitro at 100 μM as average of triplicate.

Table 5 The association constant (Ka) for 4e and 6d binding to PDHc-E1 with K392A and E571A 
mutation

Ka×105 M-1

Mutation type
4e 6d

WT 72.7 14.7

K392A 1.7 0.59

E571A 2.3 0.43

Table 6. Structures and EC50 values against cyanobacteria of compounds I, 4, 6, and IV-21l 

N

N

NH2

N
N N X

R N

N

NH2

N
N N HN

R
O

L: X=O; 4: X=NH 6

N

N

NH2

N
N N N

N

O

I

Br
IV-21l

EC50 (μM)
Compd. R

PCC6803 FACHB905 FACHB82 FACHB1395 FACHB713

L1 H >50 >50 >50 >50 >50

L2 4-Cl >50 >50 >50 >50 >50

L3 3-CF3 >50 >50 >50 >50 >50

4a H >50 >50 >50 >50 >50

4b 2-Cl 4.2±1.0 8.5±0.4 8.6±2.1 5.5±0.4 >50
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4c 3-Cl 1.7±0.2 4.9±0.4 10.6±1.7 3.3±0.2 >50

4d 4-Cl 3.3±0.3 3.8±0.1 28.1±15.4 7.5±0.2 >50

4e 3-Br 2.6±0.2 2.1±0.2 >50 >50 >50

4f 3-CF3 3.8±0.8 4.1±0.3 8.4±1.5 6.5±1.9 8.7±1.2

4g 4-CF3 2.2±0.1 2.5±0.3 >50 8.0±1.0 >50

4h 4-CH3 2.2±0.3 2.9±0.8 16.3±2.2 11.1±0.1 >50

6a H 3.0±0.1 3.2±1.6 >50 5.7±0.3 >50

6b 3-Cl 3.7±0.5 4.3±1.0 >50 6.7±1.4 >50

6c 4-Cl 4.4±0.6 3.9±0.4 >50 15.2±7.7 >50

6d 3-Br 1.6±0.3 2.2±0.3 1.2±0.1 1.3±0.3 >50

6e 4-Br 2.9±0.3 2.8±0.4 >50 12.2±2.3 >50

6f 4-F 3.0±0.8 3.4±0.8 >50 12.5±3.8 >50

6g 3-CF3 2.7±0.9 2.8±2.4 >50 >50 >50

6h 4-CH3 2.8±0.4 3.4±0.4 9.0±1.5 5.4±0.3 8.6±0.9

IV-21l 0.7±0.1 4.4±0.2 9.2±1.1 4.5±0.2 7.8±2.2

Prometryne 13.1±0.7 14.7±0.8 19.3±0.4 15.2±0.1 17.9±0.3

CuSO4 1.8±0.1 1.5±0.1 2.8±0.3 1.6±0.1 2.4±0.2
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Figures:

Figure 1. Structures of ThDP and known PDHc-E1 inhibitors.

Figure 2. Design of the new 1,2,3-triazole aminopyrimidines 4 and 6.

Figure 3. Crystal structure of compound 4b by X-ray diffraction determination.
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Figure 4. Enzyme kinetic experiments data of 4c and 6d against E. coli PDHc-E1.

Figure 5. Optimal binding model for compounds 4e (A) and 6d (B) at the active site of E. coli 
PDHc-E1 docked by Autodock 4.2. PDHc-E1 is shown as ribbon, ligands and some key residues 

are shown as stick, and hydrogen bonds are shown as dashed lines.

Figure 6. IC50 values of 4e and 6d against wild type (WT) E. coli PDHc-E1 and its mutants. The 
substrate is pyruvate acid, and the cofactor is ThDP.
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