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Significance to metallomics

Chlorambucil is a famous anticancer drug for some types of cancer. Also, the Pt-based drugs 

of chlorambucil have been reported as potent anticancer drugs for different cancer cell lines. 

However, reports on gold(III) complexes with chlorambucil are scanty. Therefore, in the 

present work, cyclometalated gold(III) complex supported by chlorambucil coupled with 

phenylpyridine and the hybrid of vitamin B1 with dithiocarbamate as water-soluble complex 

is reported with the aim of introducing a new and efficient anticancer drug for mechanistic 

studies in colon and breast cancer for TrRx targets in the cell death pathways.
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1 Conjugation of Gold (III) Complex with Vitamin B1 and Chlorambucil Derivatives: 

2 Anticancer Evaluation and Mechanistic Insights

3 Leila Tabrizi *a, Fatemeh Abyar*b 

4 a School of Chemistry, National University of Ireland, Galway, University Road, Galway, H91 

5 TK33, Ireland.

6 b Department of Chemical Engineering, Faculty of Engineering, Ardakan University, P.O. Box 

7 184, Ardakan, Iran.

8

9 Abstract

10 The synthesis of a novel class of cyclometalated gold(III) complex supported by chlorambucil 

11 coupled with phenylpyridine (CHL-N^C) and the hybrid of vitamin B1 with dithiocarbamate 

12 (B1-DTC) with formula [(CHL-N^C)AuIII(B1-DTC)](Cl2), 1, has been synthesized and fully 

13 characterized using different techniques, including multinuclear NMR, mass spectrometry, as 

14 well as elemental analysis. This complex is water-soluble and stable in biological environment. 

15 This new complex offers a new scaffold to explore biological properties of gold(III) complex as 

16 anticancer drug. Antiproliferative activities of the complex 1 and free ligands against the breast 

17 and colon cancer cells showed auspicious results with IC50 in the micromolar range for complex 

18 1 and more active than cisplatin and free ligands with the selectivity over normal epithelial cells, 

19 MRC-5. The DNA binding and inhibition of thioredoxin reductase of complex 1 were studied 

20 and compared with the molecular docking results. Moreover, the Au cellular uptake and 

21 apoptosis of this new complex were investigated.

22 Keywords: Chlorambucil, Vitamin B1, Gold (III) Complex, Cytotoxicity, Thioredoxin 

23 Reductase.
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24 1. Introduction

25    The discovery of the anticancer properties of cisplatin opened the use of metallodrugs in cancer 

26 research. 1-6 The gold (I)/(III) complexes have been extensively considered as anticancer effects 

27 in vitro and in vivo. 7-9 Gold (I)/(III) complexes have the different mechanisms of action with 

28 inhibition of the enzyme thioredoxin reductase (TrxR), poly(adenosine diphosphate (ADP)-

29 ribose) polymerase 1 (PARP-1), reactive oxygen species (ROS) generation, proteasome 

30 inhibition, DNA interaction, and kinases alteration. 10-16 These different modes of action support 

31 gold complexes to use as effective cytotoxic agents against cancer cells for multidrug-resistant 

32 tumor cells. 9

33    Cyclometallated gold(III) with (C^N), (N^N^C) or (C^N^C) ligands has been revealed the 

34 activities up to the low-micromolar range. 17-20 Mono-cyclometallated (C^N)Au(III) complexes 

35 have performed mainly remarkable as a result of the large groups of (C^N) ligands accessible, 

36 comprising derivatives of N,N-dimethylbenzylamine, phenylpyridine, benzylpyridine, 

37 iminophosphorane. 21-24 These cyclometalation approaches are acquiescent to the coordination of 

38 biologically significant or ancillary donor ligands for modification and developed activity. 9,25-28

39    Dithiocarbamate (DTC) ligands are also famous for stabilizing Au(III) center. There are some 

40 reports in the literature that gold (III) dithiocarbamate complexes showed the effective in vitro 

41 anticancer activity. 29-31 The connotation of (C^N) cyclometallated ligands with dithiocarbamates 

42 ligands have been discovered in Au(III)-based drug candidates by iminophosphorane or 

43 phenylpyridine ligands as anticancer agents with IC50 values in the low to submicromolar ranges 

44 against different human cancer cells. 26, 32-34

45    Vitamin B1 (or thiamine) is composed of an aminopyrimidine and a thiazole ring linked by a 

46 methylene bridge. There are some reports in the literature for using vitamin B1 or derivatives 

47 such as oxythiamine, 2-(α-hydroxybenzyl) thiamine, thiamine monophosphate and thiamine 

Page 3 of 28 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
3 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
an

te
rb

ur
y 

- 
C

hr
is

tc
hu

rc
h 

on
 3

/3
/2

02
0 

12
:1

9:
07

 P
M

. 

View Article Online
DOI: 10.1039/C9MT00304E

https://doi.org/10.1039/c9mt00304e


3

48 pyrophosphate for making Hg, Cd, Zn, Pt, Cu, Co, Mn, and Rh complexes for biological studies 

49 and structure analysis. 35-53

50    Chlorambucil is a chemotherapy medication to treat some kinds of cancer with Hodgkin's 

51 disease, leukemia, lymphoma, and some breast, lung and ovarian cancers. Some struggles have 

52 been completed to conjugate the cytotoxic agent chlorambucil to CPPs (cell-penetrating 

53 peptides) with the aim of increasing its efficiency. 54-57 Chlorambucil conjugated with Pt-based 

54 drugs has been reported as potent anticancer drugs for different cell lines. 58-60

55    The gold complex of chlorambucil promises to combine synergistic anticancer activities of the 

56 constituents and would most likely be very effective against various types of cancer. However, 

57 reports on such complexes are scanty or somewhat unavailable. Recently, we reported the 

58 chlorambucil coupled with an alkynyl group was used as a ligand in the synthesis of 

59 mononuclear gold(I) complex and heteronuclear titanocene-gold complex for renal cancer. 61 In 

60 continuation our work, here we report the chlorambucil coupled with phenylpyridine as new 

61 (C^N) cyclometallated ligand (CHL-N^C) in the synthesis of mononuclear gold(III) complex 

62 and the hybrid of vitamin B1 with dithiocarbamate (B1-DTC) as ancillary sulfur donor ligand 

63 with formula [(CHL-N^C)AuIII(B1-DTC)](Cl2) with the aim of introducing a new and efficient 

64 anticancer drug for mechanistic studies in colon and breast cancer.

65 2. Results and discussion

66 2.1. Synthesis and characterization

67 The 4-(4-(bis(2-chloroethyl)amino)phenyl)-N-(2-phenylpyridin-4-yl)butanamide (chlorambucil-

68 phenylpyridine, CHL-N^C) (Scheme 1) was synthesized by coupling the chlorambucil and 4-

69 amino-2-phenylpyridine as described in experimental part and Scheme S1. The sodium 

70 dithiocarbamate vitamin B1 (B1-DTC) (Scheme 1) was synthesized by reaction vitamin B1 
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71 hydrochloride and carbon disulfide in the presence of NaOH (Scheme S2). The complex [(CHL-

72 N^C)AuIII(B1-DTC)](Cl2), 1 (Scheme 1) was synthesized by reacting to the CHL-N^C and  B1-

73 DTC with Sodium tetrachloroaurate(III) dihydrate (Na[AuCl4]. 2H2O) (Scheme S3). The B1-

74 DTC and complex 1 are completely soluble in water, DMF, DMSO, methanol, and ethanol. But 

75 CHL-N^C is soluble in DMF, DMSO, methanol, ethanol, acetonitrile, and chloroform.

76    The CHL-N^C, B1-DTC, and complex 1 were characterized by multinuclear NMR (1H, 13C, 

77 and 31P), and mass spectrometry and their high purity were confirmed by elemental analysis (see 

78 Figures S1-S9 of the Supporting Information). The obtained signals of 1H and 13C NMR spectra 

79 were consistent with the proposed structures of the CHL-N^C, B1-DTC, and complex 1.

80 The ESI-MS spectra of compounds showed peaks centered at m/z 456.16 [M + H] + (CHL-N^C), 

81 375.01 [M - Na] - (B1-DTC), and 1028.30 [M - Cl] + (complex 1) with the typical isotope 

82 patterns the same as simulated ones. The H-b of complex 1 appeared at 7.22 ppm in 1H NMR 

83 spectrum that shifted from 8.29-8.35 ppm in free ligand CHL-N^C by coordination to Au(III) 

84 center. Moreover, the carbon of dithiocarbamate appeared at 210 ppm in 13C NMR spectrum of 

85 B1-DTC that shifted to 197 ppm in complex 1, illustrating the presence of a complex. This 

86 significant shielding of the carbon dithiocarbamate in comparison with the free ligand B1-DTC, 

87 in agreement with data reported in the literature for the dithiocarbamate compounds. 62
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91 Scheme 1. Structures of synthesized compounds.
92

93 2.2. Stability of the compounds

94    The stabilities of the CHL-N^C, B1-DTC, and complex 1 were evaluated in DMSO: PBS 

95 buffer (1:99 v/v) for CHL-N^C and PBS buffer for B1-DTC, and complex 1 solution by HPLC-

96 UV at 37 ºC. The results confirmed the purity of the compounds and their stabilities during 72 h 

97 (Figure S10). Also, the stability of compounds was studied in DMEM (Dulbecco’s Modified 

98 Eagle’s Medium - high glucose) solution for 72 h (Figure S11). As it is clear, there is no 

99 detectable change in retention time during three days, confirming the stability of these 

100 compounds under physiological conditions. 
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101 2.3. DNA interaction study

102    DNA is the main potential biological target for several anticancer metallodrugs. Therefore, the 

103 possibility of interaction complex 1 with DNA was explored by multispectroscopic methods and 

104 molecular docking simulations. The UV–visible absorption titration of complex 1 in the absence 

105 and presence of CT DNA is presented in Figure 1. The hypochromism and redshift were 

106 observed by increasing of CT DNA concentration that confirmed the interaction complex 1 with 

107 CT DNA. 63 The Kb value of the complex 1 was calculated 7.87 × 10 4 M-1. This Kb is in the 

108 range of gold(III) complexes that usually interact weak or moderate with DNA. 64

109

110 Figure 1. UV–visible spectra of the complex 1 (10 μM) in Tris–HCl buffer by increasing CT 

111 DNA concentrations (0-100 µM). Arrow shows that the absorption intensities decrease upon 

112 increasing DNA concentration (0-100 µM).

113    Moreover, the EtBr (ethidium bromide) displacement tests were performed by fluorescence 

114 titration (Figure S12) to achieve more information on the mode of DNA interaction. The 

115 fluorescence intensity of EB about 600 nm was decreased by increasing the concentration of the 
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116 complex 1 that confirmed the displacement of the DNA bound EB by 1. The Kq value of the 

117 complex 1 was calculated 8.86 × 104 M-1. 

118    Besides, the effect of the complex 1 and Hoechst 33258 (as groove binder) on the viscosity of 

119 CT DNA was studied (Figure S13). The relative viscosity of DNA was constant when the 

120 concentrations of complex 1 or Hoechst increased. This observation confirmed the groove 

121 binding of complex 1 with CT DNA. 63

122 2.4. In vitro antiproliferative activity and cellular uptake

123    Although the ligand CHL-N^C was poorly soluble in an aqueous cell culture medium, but it 

124 was soluble enough in the aqueous culture medium with 1% DMSO. However, the B1-DTC and 

125 complex 1 were soluble in an aqueous cell culture medium. IC50 values for the CHL-N^C, B1-

126 DTC, and complex 1 were then determined on a panel of human cancer cell lines, including 

127 breast adenocarcinoma (MCF-7 and MDA-MB-231) and human colon cancer (HCT-116) as well 

128 as non-tumorigenic cells human lung fibroblasts (MRC-5). Results were determined using a 

129 MTT assay after 72 h of incubation in comparison to cisplatin and auranofin. The results are 

130 reported in Table 1.

131    The free ligands CHL-N^C and B1-DTC were less effective against the MCF-7 and MDA-

132 MB-231 and HCT-116 tumor cell lines (IC50 > 30 μM). However, the complex 1 showed the high 

133 levels of cytotoxicity towards all the tested cell lines. The complex 1 exposed an activity that 

134 was 14.5 and 12.41 times higher than that of cisplatin towards MCF-7 and MDA-MB-231 breast 

135 cancer with IC50 values 1.25 and 2.12 μM, respectively. Moreover, the complex 1 was 12.60 

136 times more active than cisplatin towards HCT-116 colon cancer cells with IC50 value 0.43 μM. 

137 Moreover, the complex 1 was more active than auranofin against the MCF-7 and HCT-116 

138 tumor cell lines and approximately as the same activity as auranofin against MDA-MB-231 cell 
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139 lines. The complex 1 was also tested against non-tumorigenic cells, MRC-5, which was less 

140 active in the healthy cell than cisplatin and auranofin. The calculated SI (selectivity index) value 

141 was 21.61 and approximately 11.87 times higher than that obtained for cisplatin. 

142

143 Table 1. IC50 values for compounds in comparison to cisplatin against different human cancer 

144 cell lines and healthy MRC-5 cells after 72 h of incubation.

145
146   

147  

148 Wit

149 h 

150 the 

151 aim 

152 of concluding the relationship concerning cytotoxicity of the compound with intracellular gold 

153 accumulation, the uptake of the complex 1 was considered in MCF-7 cancer cells by the graphite 

154 furnace atomic absorption spectroscopy (GF-AAS). After treatment by complex 1 (IC50 

155 concentration) for 24 h, the intracellular level of gold was detected (192.6 ± 1.4 ng Au/106 cells) 

156 that is higher than the cellular uptake values of gold (66.2-136.5 ng Au/106 cells) in MCF-7 cells 

157 by treatment other gold (III) complexes in the literature. 65

158 2.5. Inhibition of Thioredoxin Reductase

159    As TrxR is the main target for gold(III) complexes, complex 1 was verified in vitro for their 

160 ability to both cytosolic (TrxR1) and mitochondrial (TrxR2) thioredoxin reductases and 

161 compared with auranofin, an well-known TrxR inhibitor and cisplatin as anticancer reference 

162 drug. The complex 1 exposed suitable inhibitors of TrxR1 and TrxR2 with IC50 values in the 

Compounds IC50 (μM) ± SD SI

MCF-7 MDA-MB-231 HCT-116 MRC-5

CHL-N^C > 30 > 30 > 30 ND ND

B1-DTC > 30 > 30 > 30 ND ND

Complex 1 1.25 ± 0.03 2.12 ± 0.05 0.43 ± 0.05 82.12 ± 0.10 21.61

Cisplatin 18.21 ± 0.10 26.31 ± 0.21 5.42 ± 0.12 30.27 ± 0.20 1.82

Auranofin 2.89 ± 0.05 2.25 ± 0.15 3.78 ± 0.10 62.43 ± 0.25 21.02

ND: not determined. 
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163 nanomolar range of concentrations (Table 2). The complex 1 is about 6.43 and 2.56 fold more 

164 active than auranofin in inhibiting TrxR1 and TrxR2, respectively. However, complex 1 is more 

165 sensitive in inhibiting TrxR1 compare to TrxR2, probably as a result of more accumulation 

166 inside cytosolic than mitochondria.

167    Also, TrxR activity in MCF-7 cells was treated with complex 1 and compared with auranofin 

168 and cisplatin under the same experimental conditions (Figure 2) with DTNB (5,5'-dithiobis(2-

169 nitrobenzoic) acid) reduction and the insulin reduction test. The TrxR activities were measured in 

170 cell extract with an endpoint method and represented by the percentage of enzyme activity of the 

171 lysates from control cells without treatment. 66 In both methods, complex 1 inhibited TrxR 

172 activity more than auranofin. However, in the insulin reduction test, complex 1 induced more 

173 decrease in TrxR activity.

174 The glutathione reductase (GR) and glutathione peroxidase (GPx) activities were also tested for 

175 complex 1 and auranofin at increasing concentrations (1-100 μM) and IC50 values were 

176 calculated from the dose-effect curves (Table 2). GR and GPx were affected by complex 1 in less 

177 acitivity than auranofin and in the micromolar range of concentration i.e. three orders of 

178 magnitude higher than those required for TrxR inhibition. The complex 1 showed the less 

179 activity of inhibiting GR and GPx than that observed for auranofin. These results clearly suggest 

180 that the complex 1 specially inhibit thioredoxin reductase over the other redox enzymes. The less 

181 GR and GPx activity of  complex 1 indicated that the C-terminal selenocysteine (Sec) residue in 

182 the active site of TrxR is a main target for this compound. 67 These results are in comaprion with 

183 other Au(I) complexes that GR and GPx cannot be inhibited by these compounds. 68

184

185
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186 Table 2. Inhibitory effects of compounds on TrxR1 and TrxR2 (IC50, nM), and TrxR activity (%) 

187 in MCF-7 cells.

188

189

190

191

192

193

194

195 Figure 2. (A) Inhibition of TrxR in the MCF-7 cell lysates by complex 1 and auranofin (A) by 

196 DTNB (5,5'-dithiobis(2-nitrobenzoic) acid) reduction (B) with the insulin reduction test. Error 

197 bars represent the standard deviation of three independent experiments.

198 2.6. Induction of apoptosis

199    To determine the apoptosis effect and the percentage of the necrotic or late apoptotic cells and 

200 early apoptotic MCF-7 cells, the cells were treated with 1 μM of complex 1 and cisplatin for 24 h 

201 that were analyzed by the annexin V-FITC/PI assay (Figure 3). The complex 1 (1 μM), about 

202 77.02% and 5.38% of the MCF-7 cells were in the early and late apoptotic phase, respectively. 

TrxR1

IC50 (nM)

TrxR2

IC50 (nM)

GR

IC50 (μM)

GPx

IC50 (μM)

Complex 1 0.21 ± 0.03 1.45 ± 0.20 52.45 ± 0.18 71.31 ± 0.12

Auranofin 1.35 ± 0.20 3.71 ± 0.13 32.25 ± 0.27 65.13± 0.15

Cisplatin > 30 > 30 > 100 > 100
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203 However, for cisplatin in this concentration, the percentages of the early and late apoptotic phase 

204 were to 18.35% and 8.17% in MCF-7. Thus, the complex 1 showed the induced cell death 

205 follows mostly through apoptosis. 

206

207 Figure 3. Flow-cytometric analysis of MCF-7 cells after staining with Annexin-V FITC and 

208 propidium iodide (PI) for 24 h of incubation with 1 μM of complex 1 and cisplatin (Top right 

209 quadrant, dead cells in late stage of apoptosis; bottom right quadrant, cells undergoing apoptosis; 

210 bottom left quadrant, viable cells). Representative data from three independent experiments are 

211 shown.

212 2.7. Molecular docking calculations

213    Molecular docking calculations were carried out as a method to find the appropriate site for the 

214 interaction of complex 1 with targets. For molecular docking calculations, structures of different 

215 targets were taken from protein data bank (PDB, RCSB website). Ganguly et al 69 have been 

216 newly reported crystal structure of human DNA (PDB ID: 5zld) with sequence d ((5'-

217 D(*CP*GP*CP*GP*AP*AP*AP*TP*TP*TP*CP*GP*CP*G)-3'))2. Crystal structure of the 

218 human thioredoxin reductase-thioredoxin (TrxR1) with PDB entire: 3QFA 70 and thioredoxin-2 

219 enzyme (TrxR2 ) with PDB ID: 4O32  71 were taken from the with the resolution 2.2  and  2.19 

220 Å, respectively. 72 TrxR is a homodimeric flavoprotein crucially involved in the regulation of 
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221 cellular redox homeostasis, growth, and differentiation. Its importance in various diseases makes 

222 TrxR a highly interesting drug target. Therefore, investigations on their active sites play an 

223 important role in designing drugs and to find inhibition of the TrxR activity.

224    For the determination of best interaction modes, the pre-molecular docking analyses were done 

225 by Hex 8 73 and Auto Dock 4.2 package 74 for finding the best active site of interaction. Also, the 

226 lowest energy structures were selected for future molecular calculations. Then the active site 

227 with the highest binding affinity was obtained from pre docking as the initial file in the focus 

228 calculations with Autodock 4.2 program. Genetic algorithm (GA) was used to search for finding 

229 low energy site of the target with the combined conformation/orientation states. The GA can be 

230 done for docking flexible molecules with a number of runs set to 50 into surface targets. 75 The 

231 size of the grid box in the focus docking calculations for DNA, TrxR 1 and 2 were set 66*78*66, 

232 82*96*106 and 90*88*88 Aᵒ³ the x, y and z directions, respectively also the binding sites were 

233 computed by grid point spacing of 0.375 Å for all calculations. Other molecular docking 

234 procedure’s parameters were used as the default program.  

235  The lowest calculated binding free energies (G0
b) are tabulated in Table 3 for experimental and 

236 theoretical investigations. The binding constant Kb of the complex–receptor has obtained 

237 according to the below equation which R is the gas constant and T indicates room temperature in 

238 degree Kelvin at the computational results. 

239 ΔG°b = −RT lnKb

240  The binding mode and intermolecular interaction of complex 1 with receptors such as DNA, 

241 TrxR 1 and 2 were shown in Figures 4 to 6. The H-bond schemes of the interaction between the 

242 complex 1 and receptors in the active site were also shown as well as. It can be seen, H-bond 

243 acceptors and donors with a range of colors. For the better understanding type of interactions, 
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244 hydrophobic interactions have been presented with colors and two-dimensional view as well as. 

245 Similarly, H-bond interactions, which are related to the other interactions between the complex 1 

246 and receptors from the active site, including pi-pi stakes, pi-sigma, pi-pi T shaped and van der 

247 Waals interactions, were obtained for all active sites.

248

249  Table 3. Comparison between experiment and theoretical free energy ΔG° (kcal·mol−1) and 

250 relative binding constant Kb of complex 1 with receptors. 

251

252

253

254

255

256

257 DNA: The highest mode energy of complex 1 with DNA has been shown in Figure 2, which has 

258 an excellent presentation for major groove interaction. Ligplot + software shows a two-

259 dimensional interaction in Figure 4.b as well as. There is one hydrogen bond between the 

260 nitrogen atoms of complex 1 by oxygen atom of the adenine base of DNA with 3.24 Å lengths. 

261 This bond has been indicated by a green dash line in Figure 4.b. In addition, hydrophobic 

262 interactions have been shown Figures 4c and d in the active binding site of DNA. It can be seen 

263 that the hydrophobic interactions are major interaction for this active mode. Many Bases have 

264 more than a hydrophobic role in the docked position.

265

266

267

Receptor ΔG° theo ΔG° exp Kb theo Kb exp

DNA -6.00 -6.09 6.6 × 10 4 6.87 × 10 4

TrxR1 -5.88 - 5.3 × 10 4 -

TrxR2 -5.09 - 1.2 × 10 4 -
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268

269

270

(a) (b)

(c) (d)
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271 Figure 4. (a) the complex 1 is docked in the active site of DNA with interaction main bases also 

272 (b) 2-D view of the bases of DNA with dominant interactions. H-bond and hydrophilicity ratio 

273 presentation complex 1 with DNA in the active site have been shown in the (c) and (d), 

274 respectively.

275 TrxR1 study: The best mode interaction with the key amino acid residues at the active site of 

276 TrxR1 with complex 1, type of interactions and H-bond presentation have been shown in Figure 

277 5. For a better understanding of interactions, two and three views of main residues in the docked 

278 pose were investigated. An active site is the part of TrxR1 that directly binds to complex 1. This 

279 active site involved residues, such as Asp 417, His239, Gln 78, Ser 415, His 243, Ala 495, Gly 

280 496, Gly 499, Asn 419, Pro 34 and Arg 416 interactin with complex 1.  It can be seen, there are 

281 three hydrogen bonds between the complex 1 with amino acids of TrxR1. Figure 5.d shows that 

282 schematic representation of hydrogen bonds with bond lengths of 2.27, 2.96, and 3.02 Å. One of 

283 the hydrogen bonds between the oxygen of complex 1 with the nitrogen of Asp418, which has 

284 been indicated by a green dash line with 2.27 Å bond length in (see Figure 5.d). There is a major 

285 interaction that is hydrophobic, which has been presented as well as. Results show that TrxR1 

286 has better interaction with complex 1 which some good agreements with the inhibition of the 

287 TrxR activity due to interaction with complex 1 as viewpoints experimentally and theoretically. 

288 Table 3 shows that binding free energy of interaction TrxR1 with complex 1 is more than TrxR2. 

289 Both experimental and theoretical studies showed that complex 1 has the strong ability to inhibit 

290 TrxR1 in comparison with TrxR2.

291

292

293
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294

295

296

297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325 Figure 5.  (a) Docking pose of the energy-minimized structure of complex 1 with Asp 417,His239, Gln 

326 78, Ser 415, His 243, Ala 495, Gly 496, Gly 499, Asn 419, Pro 34 and Arg 416 in the active site of TrxR1 

327 also different residues were indicated by specific colors. (b) The main H-bond interaction complex 1 with 

328 the amino acids of TrxR1 in the active mode was shown. All interaction types between complex 1 and 

329 TrxR1 residues in the active site with three (c) and (d) two views.

330

(b)(a)

(d)(c)
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331 TrxR2 study: 

332    As it can be seen in Figure 6, all type of interaction complex 1 with residues of TrxR2 were 

333 indicated at 2-D and 3 views.  As mentioned before, the best energy of interaction and binding 

334 constant have been indicated in Table 3. This result has been compared with experimental value 

335 and a good agreement was observed. For a better understanding of interaction, active site with 

336 the type of interactions was presented in the three and a two-dimensional schemes in Figures 5 c 

337 and d. This active site was defined by the amino acid residues surrounding the bound complex 1. 

338 Lys 107, Lys 97, Gln 89, Lys 80, Leu 110, Phe 78, TRp 81, Lys 123, Gln 88, Thr 90 and 86 are amino 

339 acids in the TrxR2 Active site. It can be seen, there is one hydrogen bond between the complex 1 

340 and Thr 86 (Threonine amino acid) with bond length 2.94 Å. 

341 Finally, based on the results can be decided that hydrophobic interactions are as major 

342 interactions in the active site for interaction with TrxR2. Also, TrxR1 has better interaction with 

343 complex 1, which is a good agreement with experimental values. 

344

345

346

347

348

349

350

351

352

353

354
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355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375 Figure 6. (a) the best docking pose of complex 1 with the  residues of TrxR2 with hydrophobicity ratio. 

376 (b) The main H-bond interaction complex 1 with the amino acids of TrxR2 was shown. All interaction 

377 types between complex 1 and Lys 107, Lys 97, Gln 89, Lys 80, Leu 110, Phe 78, TRp 81, Lys 123, Gln 

378 88, Thr 90 and 86 of TrxR2 residues in the active site by (c) three and (d) two-dimensional presentations.

(c)
(d)

(a) (b)
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379 Molecular Orbital calculations

380 There are four cases for shapes of High Occupied Molecular Orbital (HOMO) and Low 

381 Unoccupied Molecular Orbital (LUMO) of complex 1 which have been shown in the Figure S15, 

382 as well as. These shapes have also been calculated with the previous method and basis sets in the 

383 Gaussian 09 software. Here, the effect of different interactions on the complex 1 has been 

384 studied by orbital molecular shapes. Change of receptors because that density of electron will be 

385 change so the shape of HOMO and LUMO are different. Case (a) is free complex 1 which 

386 optimized in the gas phase then the molecular orbital study has carried out. In this case, HOMO 

387 is mostly localized on the Au and S atoms and phenlypridine moiety but its LUMO is more on 

388 the phenyl ring of phenlypridine moiety. Shapes of HOMO and LUMO in the deforming 

389 complex after interaction with different receptors have been presented in Figures S15-b to S15-d. 

390 A comparison of the case (a) with (b) shows that the change in the HOMO of complex 1 after 

391 interaction with DNA is observable. Different between HOMO in the two cases is because of the 

392 effect of the receptor. Distribution of density of electrons for case (b) is more localized on the 

393 Au, sulfur atoms, phenlypridine, and amine of vitamin B1 moiety. This effect does not observe 

394 in the LUMO of complex 1 because it is nearly localized on the vitamin B1 moiety. Generally, 

395 HOMO is mostly localized on the phenlypridine moiety, Au, and S atoms in three cases. It is 

396 seen that the effect of the interaction complex 1 with TrxR1 on the molecular orbital is different 

397 and some part of chlorambucil has a role in the HOMO. In addition, the density of electron of Au 

398 atom is more than two previous cases. But, LUMO closer dispersed on vitamin B1 part of 

399 complex 1, Au and sulfur atoms. It evidences that interaction with TrxR1 causes the density of 

400 electron distribution localized only on the vitamin B1 part of the molecule so phenlypridine, in 

401 this case, does not role in the shape of LUMO. It may be happened because of three strong 
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402 hydrogen bonds between atoms of complex 1 with amino acids of TrxR1. Also, a comparison 

403 between case (c) and (d) shows that molecular orbital is more than localized on the Au, sulfur 

404 atoms and phenlypridine part. Therefore it can be interpreted that the interaction of TrxR1 is 

405 weaker than TrxR1. The shape of molecular orbital for case (d) is near the same of free complex 

406 1 so it can be seen that interaction TrxR2 does not have more effect on the distribution of density 

407 of electron of complex 1. 

408 3. Conclusions

409    A novel class of cyclometalated gold(III) complex of the type [(CHL-N^C)AuIII(B1-

410 DTC)](Cl2), 1, that CHL-N^C: chlorambucil coupled with phenylpyridine (CHL-N^C) and B1-

411 DTC: hybrid of vitamin B1 with dithiocarbamate, has been designed and synthesized. The water 

412 soluble gold(III) complex has been examined for its antiproliferative effects against breast 

413 adenocarcinoma (MCF-7 and MDA-MB-231) and human colon cancer (HCT-116) as well as 

414 non-tumorigenic cells human lung fibroblasts (MRC-5). The free ligands were less active with 

415 IC50 > 30 μM in all breast and colon cancer cell lines. However, the complex 1 was 14.5, 12.41, 

416 12.60 times higher than that of cisplatin towards MCF-7, MDA-MB-231 breast cancer, and 

417 HCT-116 colon cancer, respectively, with IC50 range value 0.43-2.12 μM. Furthermore, the 

418 complex 1 was less active in the healthy cell (non-tumorigenic cells, MRC-5) with selectivity 

419 index values about 11.87 times greater than cisplatin. The experimental and docking study 

420 showed the groove binding of complex 1 with CT DNA. The docking studies showed that the 

421 complex is more sensitive to the TrxR relative to the DNA. Therefore, the complex mainly 

422 interacts with the TrxR and its biological activity may be consequently TrxR inhibition compare 

423 to DNA interaction. Both experimental and theoretical studies showed that complex 1 inhibits 

424 the TrxR1 more than TrxR2 and is about 6.43 and 2.56 fold more active than auranofin in 
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425 inhibiting TrxR1 and TrxR2, respectively. Also, TrxR activity in MCF-7 cells showed that 

426 complex 1 inhibited TrxR activity 1.74 times more than auranofin and about 73.42% in 

427 comparison to TrxR activity in control cells. The apoptosis study of complex 1 showed 77.02% 

428 and 5.38% of the MCF-7 cells were in the early and late apoptotic phase, respectively. This 

429 observation showed the induced cell death through apoptosis. Overall, these studies document 

430 the importance of a new scaffold of gold(III) complex with the conjugation of vitamin B1 and 

431 the chemotherapy medication chlorambucil derivatives for the biological properties of the class 

432 of cyclometalated Au(III) complexes as anticancer drugs.
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