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Synthesis of 1-(2-pyridyl)-β-carboline 

A mixture of tryptamine (1.62g, 10mmol) and pyridine-2-carboxaldehyde (1.07g, 

10mmol) in 300mL of anisole was heated to reflux for 2 hours and then 10% Pd/C (2g) 

was added and heated for 24 hours. The reaction mixture was filtered and rotary 

evaporation of the filtrate gave the residue. The crude product was purified by silica 

gel column with petroleum ether: dichloromethane=3:1 as the eluent. The solvent was 

removed and a yellow solid was obtained (1.2g, yield 49%). Anal. Calc. for C16H11N3: 

C 78.35; H 4.52; N 17.13%, Found: C 78.31; H 4.55; N 17.14%.1H NMR (400 MHz, 

DMSO-d6) δ 11.97 (s, 1H), 8.90 (d, J = 4.7 Hz, 1H), 8.65 (d, J = 8.0 Hz, 1H), 8.51 (d, 

J = 5.0 Hz, 1H), 8.30 (d, J = 7.8 Hz, 1H), 8.25 (d, J = 5.0 Hz, 1H), 8.05 (t, J = 7.7 Hz, 

1H), 7.90 (d, J = 8.2 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H), 7.53 (m, 1H), 7.29 (t, J = 7.5 

Hz, 1H). 13C NMR (100 MHz, DMSO-d6) δ 157.10, 148.72, 141.01, 138.08, 137.70, 

137.24, 133.54, 129.90, 128.36, 123.38, 121.62, 120.83, 120.33, 119.56, 115.68, 

112.91.ESI-MS: m/z 246.1[M+H]+. 

General procedure for the preparation of 9-substituted β-carboline derivatives 

To a stirred solution of 1-(2-pyridyl)-β-carboline (0.245g, 1mmol) in 10 ml DMF, 

sodium hydride (50% in mineral oil, 0.048g, 1mmol) and bromo-hydrocarbon (1mmol) 

was added. The reaction mixture was stirred at room temperature for 1 hour. After 

reaction was finished, the mixture was poured into ice water and extracted with ethyl 

acetate. The organic layer was washed with water and dried. Removal of the solvent 

gave the crude product that was purified by silica gel column (dichloromethane: 

methanol=100:1 as the eluent). The solvent was removed and the product was 

obtained. 

Compound 2 (yield 90%) Anal. Calc. for C23H17N3: C 82.36; H 5.11; N 12.53%, 

Found: C 82.40; H 5.09; N 12.51%. 1H NMR (500 MHz, CDCl3) δ 8.61 (d, J = 4.8 

Hz, 1H), 8.56 (d, J = 5.1 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.07 (d, J = 5.1 Hz, 1H), 

7.63 (td, J = 7.6, 1.0 Hz, 1H), 7.56 (t, J = 7.7 Hz, 2H), 7.43 (d, J = 8.3 Hz, 1H), 7.32 (t, 

J = 7.5 Hz, 1H), 7.29−7.26 (m, 1H), 7.06 (t, J = 7.3 Hz, 1H), 7.00 (t, J = 7.5 Hz, 2H), 

6.50 (d, J = 7.4 Hz, 2H), 5.52 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 158.40, 148.16, 
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143.18, 143.10, 138.62, 137.45, 136.75, 134.59, 131.63, 128.97, 128.46, 127.13, 

125.76, 125.31, 123.09, 121.75, 121.54, 120.38, 114.80, 110.58, 48.80.ESI-MS: m/z 

336.1[M+H]+. 

Compound 3 (yield 85%) Anal. Calc. for C23H16FN3: C 78.17; H 4.56; F 5.38; N 

11.89%, Found: C 78.14; H 4.61; N 12.24%. 1H NMR (500 MHz, CDCl3) δ 8.69 (s, 

2H), 8.44 (d, J = 4.5 Hz, 1H), 8.34 (d, J = 7.9 Hz, 1H), 7.95 (s, 1H), 7.87 (t, J = 8.2 

Hz, 1H), 7.77 (t, J = 7.9 Hz, 1H), 7.55 (d, J = 8.5 Hz, 1H), 7.53−7.46 (m, 2H), 6.73 (t, 

J = 8.5 Hz, 2H), 6.42 (dd, J = 8.2, 5.3 Hz, 2H), 5.56 (s, 2H). 13C NMR (125 MHz, 

CDCl3) δ 162.89, 160.94, 148.16, 143.38, 137.03, 136.88, 132.73, 132.70, 132.51, 

129.59, 127.25, 127.19, 125.59, 123.62, 121.91, 121.19, 120.81, 115.36, 115.19, 

110.49, 48.19.ESI-MS: m/z 354.1[M+H]+. 

Compound 4 (yield 87%) Anal. Calc. for C24H19N3: C 82.49; H 5.48; N 12.03%, 

Found: C 82.46; H 5.51; N 12.02%. 1H NMR (500 MHz, DMSO-d6) δ 8.68 (d, J = 4.3 

Hz, 1H), 8.48 (d, J = 5.0 Hz, 1H), 8.38 (d, J = 7.8 Hz, 1H), 8.31 (d, J = 5.0 Hz, 1H), 

7.86 (td, J = 7.7, 1.5 Hz, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.62 

(t, J = 7.7 Hz, 1H), 7.48 (dd, J = 7.0, 5.4 Hz, 1H), 7.34 (t, J = 7.4 Hz, 1H), 6.79 (d, J = 

7.9 Hz, 2H), 6.30 (d, J = 7.9 Hz, 2H), 5.58 (s, 2H), 2.09 (s, 3H). 13C NMR (125 MHz, 

DMSO-d6) δ 158.27, 148.17, 143.27, 142.73, 138.47, 137.17, 136.42, 134.94, 134.20, 

131.03, 129.24, 129.17, 125.92, 125.53, 123.64, 122.18, 121.14, 120.58, 115.23, 

111.43, 47.90, 20.96.ESI-MS: m/z 350.2[M+H]+. 

Compound 5 (yield 65%) Anal. Calc. for C24H19N3: C 82.49; H 5.48; N 12.03%, 

Found: C 82.45; H 5.47; N 12.05%. 1H NMR (500 MHz, CDCl3) δ 8.78 (s, 1H), 8.57 

(s, 1H), 8.20 (s, 1H), 8.09 (s, 1H), 7.97 (s, 2H), 7.61 (d, J = 6.1 Hz, 1H), 7.47 (s, 2H), 

7.32 (d, J = 6.8 Hz, 1H), 7.13 (s, 3H), 6.63 (s, 2H), 4.49 (s, 2H), 2.66 (s, 2H). 13C 

NMR (125 MHz, CDCl3) δ 158.31, 148.61, 142.37, 142.21, 138.12, 137.88, 137.25, 

134.19, 131.81, 128.94, 128.56, 128.52, 126.60, 125.63, 123.41, 121.76, 121.52, 

120.25, 114.83, 110.31, 46.71, 35.29.ESI-MS: m/z 350.2[M+H]+. 

Compound 6(yield 67%) Anal. Calc. for C18H15N3: C 79.10; H 5.53; N 15.37%, 

Found: C 79.08; H 5.55; N 15.36 %. 1H NMR (500 MHz, CDCl3) δ 8.74 (d, J = 4.8 
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Hz, 1H), 8.53 (d, J = 5.1 Hz, 1H), 8.16 (d, J = 7.8 Hz, 1H), 8.02 (d, J = 5.1 Hz, 1H), 

7.92 (d, J = 7.6 Hz, 1H), 7.88 (td, J = 7.6, 1.7 Hz, 1H), 7.57 (t, J = 7.7 Hz, 1H), 7.45 

(d, J = 8.3 Hz, 1H), 7.39−7.35 (m, 1H), 7.28 (t, J = 7.5 Hz, 1H), 4.18 (q, J = 7.1 Hz, 

2H), 1.02 (t, J = 7.2 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 158.89, 148.53, 142.65, 

142.16, 138.22, 137.09, 134.24, 131.42, 128.69, 125.07, 123.31, 121.72, 121.63, 

119.98, 114.78, 110.26, 40.13, 14.05.ESI-MS: m/z 274.1[M+H]+. 

Compound 7(yield 62%) Anal. Calc. for C20H17N3: C 79.70; H 6.35; N 13.94%, 

Found: C 79.67; H 6.38; N 13.95%. 1H NMR (500 MHz, CDCl3) δ 8.76 (d, J = 4.7 

Hz, 1H), 8.57 (d, J = 5.2 Hz, 1H), 8.19 (dd, J = 7.9, 0.7 Hz, 1H), 8.11 (d, J = 5.2 Hz, 

1H), 8.03 (d, J = 7.8 Hz, 1H), 7.94 (td, J = 7.7, 1.8 Hz, 1H), 7.63−7.58 (m, 1H), 7.50 

(d, J = 8.4 Hz, 1H), 7.42 (ddd, J = 7.6, 4.9, 1.1 Hz, 1H), 7.32 (td, J = 7.5, 0.8 Hz, 1H), 

4.24 (d, J = 6.7 Hz, 2H), 0.79−0.69 (m, 1H), 0.19−0.12 (m, 2H), -0.12 – -0.17 (m, 

2H). 13C NMR (125 MHz, CDCl3) δ 157.07, 148.55, 143.16, 141.46, 137.23, 136.78, 

134.29, 132.34, 129.15, 125.76, 123.60, 121.72, 121.28, 120.28, 114.84, 110.78, 

49.05, 10.51, 3.58.ESI-MS: m/z 300.1[M+H]+. 

Compound 8(yield 87%) Anal. Calc. for C27H19N3: C 84.13; H 4.97; N 10.90%, 

Found: C 84.11; H 4.99; N 10.89%. 1H NMR (500 MHz, CDCl3) δ 8.64 (s, 1H), 8.58 

(s, 1H), 8.26 (dd, J = 7.8, 1.0 Hz, 1H), 8.16 (s, 1H), 7.72−7.67 (m, 1H), 7.65 – 7.54 

(m, 3H), 7.51 (d, J = 8.5 Hz, 2H), 7.49 – 7.45 (m, 1H), 7.42−7.35 (m, 3H), 7.32 (s, 

1H), 6.88 (s, 1H), 6.69 (d, J = 8.5 Hz, 1H), 5.68 (s, 2H). 13C NMR (125 MHz, CDCl3) 

δ 156.89, 148.28, 143.54, 142.07, 137.26, 136.79, 134.66, 134.48, 133.12, 132.62, 

132.43, 129.50, 128.27, 127.72, 127.66, 126.22, 125.87, 125.54, 124.46, 123.83, 

123.45, 121.88, 121.31, 120.71, 114.91, 110.72, 49.10.ESI-MS: m/z 386.2[M+H]+. 

Compound 9(yield 70%) Anal. Calc. for C29H19N3O: C 78.88; H 5.24; N 11.50; O 

4.38%, Found: C 78.85; H 5.26; N 11.51, O 4.39%. 1H NMR (500 MHz, CDCl3) δ 

8.71 (d, J = 4.6 Hz, 1H), 8.59 (d, J = 5.2 Hz, 1H), 8.20 (dd, J = 7.9, 0.8 Hz, 1H), 8.13 

(dd, J = 5.2, 0.8 Hz, 1H), 8.08 (d, J = 7.7 Hz, 1H), 7.98 – 7.91 (m, 1H), 7.69 – 7.62 

(m, 2H), 7.44−7.39 (m, 1H), 7.39 – 7.33 (m, 1H), 7.19 – 7.13 (m, 2H), 6.87 (td, J = 

7.4, 1.0 Hz, 1H), 6.64−6.56 (m, 2H), 4.68 (t, J = 5.9 Hz, 2H), 4.07 (t, J = 5.9 Hz, 
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2H). 13C NMR (125 MHz, CDCl3) δ 158.27, 156.69, 148.56, 143.31, 141.37, 137.44, 

136.77, 134.53, 132.68, 129.51, 125.88, 123.88, 121.80, 121.28, 121.19, 120.80, 

115.00, 114.40, 111.13, 110.91, 66.16, 44.92.ESI-MS: m/z 366.2[M+H]+. 

Compound 10(yield 73%) Anal. Calc. for C25H21N3O: C 79.13; H 5.58; N 11.07; O 

4.22%, Found: C 79.09; H 5.60; N 11.06, O 4.25%. 1H NMR (500 MHz, CDCl3) δ 

8.68 (d, J = 4.7 Hz, 1H), 8.55 (d, J = 5.1 Hz, 1H), 8.18 (d, J = 7.8 Hz, 1H), 8.07 (d, J 

= 5.1 Hz, 1H), 7.86 (q, J = 7.7 Hz, 2H), 7.64−7.54 (m, 2H), 7.38 (t, J = 5.9 Hz, 1H), 

7.32 (t, J = 7.2 Hz, 1H), 7.24−7.16 (m, 3H), 6.96−6.88 (m, 2H), 4.48 (t, J = 6.1 Hz, 

2H), 4.16 (s, 2H), 3.47 (t, J = 6.1 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 148.21, 

142.93, 142.16, 137.70, 136.99, 134.45, 133.02, 131.67, 129.47, 128.71, 128.20, 

127.57, 127.39, 125.34, 123.19, 121.37, 121.22, 120.11, 114.61, 110.77, 72.97, 68.07, 

45.04.ESI-MS: m/z 380.2[M+H]+. 

Compound 11(yield 70%) Anal. Calc. for C20H19N3O: C 75.69; H 6.03; N 13.24; O 

5.04%, Found: C 75.66; H 6.06; N 13.23, O 5.05%. 1H NMR (500 MHz, CDCl3) δ 

8.74 (d, J = 4.3 Hz, 1H), 8.54 (d, J = 5.0 Hz, 1H), 8.16 (d, J = 7.7 Hz, 1H), 8.04 (d, J 

= 5.1 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.91 (td, J = 7.7, 1.7 Hz, 1H), 7.63−7.54 (m, 

2H), 7.44−7.37 (m, 1H), 7.30 (ddd, J = 7.9, 5.8, 2.2 Hz, 1H), 4.40 (t, J = 6.4 Hz, 2H), 

3.44 (t, J = 6.4 Hz, 2H), 3.15 (q, J = 7.0 Hz, 2H), 0.94 (t, J = 7.0 Hz, 3H). 13C NMR 

(125 MHz, CDCl3) δ 158.42, 148.34, 142.89, 142.37, 137.91, 137.03, 134.58, 131.58, 

128.70, 125.40, 123.25, 121.40, 121.31, 120.12, 114.65, 110.78, 68.55, 66.53, 45.15, 

15.06.ESI-MS: m/z 318.2[M+H]+. 

General procedure for the preparation of copper complexes 

Cu(NO3)2·3H2O (0.25mmol, 0.06g), Ligand (0.25mmol) and methanol (0.1mL) were 

placed in a thick Pyrex tube (ca 25 cm long). The mixture was frozen by liquid N2, 

vacuumized and sealed. Then it was heated at 80°C for 24 hours. Green block crystals 

suitable for X-ray diffraction analysis were harvested. 

Complex 12 (yield 48%) Anal. Calc. for C23H17CuN5O6: C 52.82; H 3.28; N 13.39; 

O 18.36%, Found: C 52.81; H 3.29; N 13.38; O18.37%. ESI-MS: m/z 460.06 
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[CuL(NO3)]+. 

Complex 13 (yield 42%) Anal. Calc. for C23H16CuFN5O6: C 51.07; H 2.98; N 12.95; 

O 17.75%, Found: C 51.05; H 2.99; N 12.94; O17.76%. ESI-MS: m/z 478.05 

[CuL(NO3)]+. 

Complex 14 (yield 49%) Anal. Calc. for C24H19CuN5O6: C 53.68; H 3.57; N 13.04; 

O 17.88%, Found: C 53.67; H 3.58; N 13.03; O17.89%. ESI-MS: m/z 474.08 

[CuL(NO3)]+. 

Complex 15 (yield 41%) Anal. Calc. for C24H19CuN5O6: C 53.68; H 3.57; N 13.04; 

O 17.88%, Found: C 53.66; H 3.59; N 13.03; O17.90%. ESI-MS: m/z 474.08 

[CuL(NO3)]+. 

Complex 16 (yield 45%) Anal. Calc. for C18H15CuN5O6: C 46.91; H 3.28; N 15.20; 

O 20.83%, Found: C 46.90; H 3.29; N 3.27; O 20.85%. ESI-MS: m/z 398.04 

[CuL(NO3)]+. 

Complex 17 (yield 40%) Anal. Calc. for C20H17CuN5O6: C 49.33; H 3.52; N 14.38; 

O 19.71%, Found: C 49.31; H 3.54; N 14.37; O 19.72%. ESI-MS: m/z 502.09 

[CuL(DMSO)(NO3)]+. 

Complex 18 (yield 53%) Anal. Calc. for C27H19CuN5O6: C 56.59; H 3.34; N 12.22; 

O 16.75%, Found: C 56.57; H 3.35; N 12.21; O 16.77%. ESI-MS: m/z 510.09 

[CuL(NO3)]+. 

Complex 19 (yield 49%) Anal. Calc. for C24H19CuN5O7: C 52.13; H 3.46; N 12.66; 

O 20.25%, Found: C 52.13; H 3.45; N 12.65; O 20.26%. ESI-MS: m/z 490.08 

[CuL(NO3)]+. 
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Complex 20 (yield 47%) Anal. Calc. for C25H21CuN5O7: C 52.96; H 3.73; N 12.35; 

O 19.75%, Found: C 52.94; H 3.74; N 12.33; O 19.77%. ESI-MS: m/z 504.10 

[CuL(NO3)]+. 

Complex 21 (yield 42%) Anal. Calc. for C20H19CuN5O7: C 47.57; H 3.79; N 13.87; 

O 22.18%, Found: C 47.55; H 3.81; N 12.86; O 22.19%. ESI-MS: m/z 442.07 

[CuL(NO3)]+. 

 
Protein Purification 
His-tagged proteins containing Mcl-1 (residues 171-327), Bcl-2 (residues 1-202 with 

inserted Bcl-xL sequence from residues 35 to 50), Bcl-xL (residues 1-209 lacking its 

C-terminal transmembrane domain with a deletion of the flexible loop region 45-85), 

Bcl-w (residues 1-155), A1/Bfl-1 (residues1-151), were expressed from the pHis-TEV 

vector (a modified pET vector) in E. coli BL21 (DE3) cells. Cells were grown at 37℃ 

in 2×YT containing antibiotics to an OD600 density of 0.6. Protein expression was 

induced by 0.4 mM IPTG at 37 ℃ for 4 hours. Cells were lysed in 50 mM Tris pH 8.0 

buffer containing 500 mM NaCl, 0.1% bME and 40 μl of Leupectin/Aprotin. All 

protein were purified from the soluble fraction using Ni-NTA resin (QIAGEN), 

following the manufacturer’s instructions. Mcl-1 was further purified on a Source 

Q15 column (Amersham Biosciences) in 25 mM Tris pH 8.0 buffer, with NaCl 

gradient. Bcl-2 and Bcl-xL were purified on a Superdex75 column (Amersham 

Biosciences) in 25 mM Tris pH 8.0 buffers containing 150 mM NaCl and 2 mM DTT 

and at -80 ℃ in presence of 25% Glycerol. 

Determination of the Kd values of fluorescent probes to anti-apoptotic proteins 

Fluorescein tagged BID BH3 (Bcl-2 Homology 3) peptide was used as a fluorescent 

probe in the FP-based binding assays. Two fluorescent labeled BID BH3 peptide 

probes were used: i) fluorescein tagged BID peptide (Flu-BID), labeled with 

fluorescein on the N-terminus of the BH3 peptide (79-99); ii) Bid BH3 peptide (80-99) 
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labeled with 5-FAM, named as FAM-BID (Abgent). Their Kd values were determined 

to all members of the Bcl-2 family proteins with a fixed concentration of the tracer (2 

nM of Flu-BID and FAM-BID) and different concentrations of the tested proteins, in 

a final volume of 125 μl in the assay buffer (100 mM potassium phosphate, pH 7.5, 

100 μg/ml bovine γ-globulin, 0.02% sodium azide, Invitrogen, Life Technologies, 

supplemented with 0.01% Triton X-100 and 4% DMSO). Plates were mixed and 

incubated at room temperature for 2 hours and the polarization values in 

millipolarization units (mP) were measured at an excitation wavelength of 485 nm 

and an emission wavelength of 530 nm. Equilibrium dissociation constants (Kd) were 

calculated by fitting the sigmoidal dose-dependent FP increases as a function of 

protein concentrations using Graphpad Prism 6.0 software. Based upon analysis of the 

dynamic ranges for the signals and their Kd values, Flu-BID was selected as the tracer 

in the Mcl-1 and Bcl-2 competitive binding assays, while FAM-BID was selected as 

the tracer for the rest of the proteins, A1/Bfl-1, Bcl-w and Bcl-xL. The Kd value of 

Flu-BID to Mcl-1 was 34 ± 3.5 nM, and to Bcl-2 was 20 ± 0.86 nM and the Kd values 

of FAM-BID to A1/Bfl-1 was 0.83 ± 0.06 nM, to Bcl-w was 5.5 ± 1.6 nM, and to 

Bcl-xL was 10 ± 4.0 nM respectively, in our saturation experiments. 

Fluorescence Polarization-Based Binding Assays.  

FP-based binding assays were developed and optimized to determine the binding 

affinities of small-molecule inhibitors to the recombinant Mcl-1, A1/Bfl-1, Bcl-w, 

Bcl-2, and BclxL proteins. Protocols for expression and purification of used 

antiapoptotic proteins and determination of Kd values of fluorescent probes to 

proteins are provided in the Supporting Information. On the basis of the Kd values, 

the concentrations of the proteins used in the competitive binding experiments were 

90 nM for Mcl-1, 40 nM for Bcl-w, 50 nM for Bcl-xL, 60 nM for Bcl-2, and 4 nM for 

A1/Bfl-1. The fluorescent probes, Flu-BID and FAM-BID, were fixed at 2 nM for all 

assays except for A1/Bfl-1, where FAM-BID was used at 1 nM. Then 5μL of the 

tested compound in DMSO and 120 μL of protein/probe complex in the assay buffer 

(100 mM potassium phosphate, pH 7.5; 100 μg/mL bovine gamma globulin; 0.02% 



 
S9 

 

sodium azide, purchased from Invitrogen, Life Technologies, supplemented with 0.01% 

Triton X-100) were added to assay plates (Microfluor 2Black, Thermo Scientific), 

incubated at room temperature for 3 h, and the polarization values (mP) were 

measured at an excitation wavelength at 485 nm and an emission wavelength at 530 

nm using the plate reader Synergy H1 Hybrid, BioTek. IC50 values were determined 

by nonlinear regression fitting of the competition curves (GraphPad Prism 6.0 

Software). The Ki values were calculated by the reported method1. 

 
ELISA assay 
For this assay, Biotinylated Bim peptide (residues 

81-106,biotin-(β)A-(β)A-D-M-R-P-E-I-W-I-A-Q-E-L-R-R-I-G-D-E-F-N-A-Y-Y-A-R-

R-amide, (hereafter called biotin-Bim) was diluted to 0.09 μg/mL in SuperBlock 

blocking buffer in PBS (Pierce Biotechnology, Inc, Rockford, IL, catalog # 37515) 

and incubated for 1.5 h in 96-well microtiter plates already coated with streptavidin 

(Qiagen, Catalog # 15500) to allow the formation of the complex between Biotin-Bim 

and streptavidin. All incubations were performed at room temperature unless 

otherwise noted. Each inhibitor was first dissolved in pure DMSO to obtain a 10 mM 

stock solution. For each tested inhibitor, different concentrations of theinhibitor were 

incubated with 20 nM His-tagged Mcl-1 protein in PBS for 1 h with a final DMSO 

concentration of 4%. The plates were washed three times with PBS containing 0.05% 

Tween-20. The inhibitor and protein mixture (100 μL) were transferred to the plate 

containing the biotin-Bim/streptavidin complex and incubated for 2 h. The plate was 

then washed as before and mouse anti-His antibody that conjugated with horseradish 

peroxidase (Qiagen, Catalog # 34460) was added into the wells and incubated for 1 h. 

The plate was then washed with PBS containing 0.05% Tween-20. Finally, TMB (100 

μL, Beyotime, Catalog # P0209) was added to each well; the enzymatic reaction was 

stopped after 30 min by addition of H2SO4 (100 μL, 2M). Absorbances were 

measured with a TECAN GENios (Swiss, TECAN) microplate reader using a 

wavelength of 450 nm. Three independent experiments were performed with each 
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inhibitor to calculate average IC50 value and 95% confidence intervals. 
 
Docking 
Three dimensional crystal structure of Myeloid cell leukemia 1 (Mcl-1) in complex 

with 7-(4-carboxyphenyl)-3-(3-(naphthalen-1-yloxy)propyl)-pyrazolo[1,5-a] 

pyridine-2-carboxylic acid was obtained from the Protein Data Bank (PDB Code: 

3WIX, 1.9 Å)2. The co-crystalized structure was prepared using QuickPrep module of 

MOE (Chemical Computing Group Inc. Molecular Operating Environment) 3 version 

2016.08 for correcting the structure issues (such as breaking bonds, missing loops, 

etc.), adding hydrogens and calculating the partial charges. The binding site for Mcl-1 

has been well characterized based on the structural information derived from the 

co-crystalized structures (PDB Codes: 3WIX/3WIY/3WIZ). The 2D structures of the 

four compounds were built using the Builder module in MOE and converted to 3D 

structures through the energy minimization. MOE Dock module was used for docking 

simulation of the four compounds and predicting their binding affinity with the Mcl-1 

protein structure. The binding site of the co-crystalized ligand was chosen as the 

binding pocket for the docking simulations. Classical Triangle Matching was selected 

for the placement method and the number of the placement poses was set to 100. The 

output docking poses were evaluated by the default London dG score. Then the Rigid 

Receptor Method which keep ligand-binding groove rigid was employed in the 

refinement step. The number of the final docking poses was set to 10, then the first 10 

ranked poses were submitted to minimize using Amber10:EHT force field in MOE. 

The GBVI/WSA dG score was used to evaluate the binding of the compounds with 

the Mcl-1 protein. The binding modes and the protein-ligand interactions were 

analyzed in MOE after the refinement minimization. 

 

SPR (Affinity determination by competition in solution) 

The solution competitive SPR-based assay was performed on Biacore T-200. Affinity 

determination by competition in solution experiments were performed at 30 ℃ in 10 

mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 1 mM TCEP, 2% glycerol, 0.05% 



 
S11 

 

P20 and 1%DMSO. N-terminal biotin-labeled Bim BH3 peptide (141-166 amino 

acids) was immobilized on streptavidin (SA) chip giving density of 1400 RU 

(Response Units). The preincubated Mcl-1 protein (20 nM) with tested 

small-molecule inhibitors for at least 30 min was injected over the surfaces of the chip 

(20μL/min). Response units were measured at 15 s in the dissociation phase, and the 

specific binding was calculated by subtracting the control surface signal from the 

surfaces with immobilized biotin-labeled Bim BH3. IC50 values were determined by 

nonlinear least-squares analysis using GraphPad Prism 6.0 software. 

 

SPR (Direct binding assay) 

All protein samples were centrifuged at 20,000 × g for 30 min before the SPR 

measurements, which were performed by using a BIAcore T-200 (BIAcore). CM-5 

chips were coated with Mcl-1 via primary amines by using the standard 

amino-coupling kit (BIAcore). For coupling, 1 mg/mL Mcl-1 solution in 10 mM 

sodium acetate (pH 5.5) was injected. Mcl-1 coupling levels ranged from 7000 to 

9000 resonance units (RU). Small-molecule inhibitors were injected at a flow rate of 

20 μL/min over surfaces on which Mcl-1 were immobilized. (10 mM HEPES pH 7.4, 

175 mM NaCl, 25 μM EDTA, 1 mM TCEP, 0.01% P20 and 1% DMSO was used as a 

running buffer.) Affinity and binding kinetic parameters were determined by global 

fitting to a 1:1 reaction model within the Biacore T200 Evaluation Software (GE 

Healthcare). 

 

Ultrafiltration study 
Mcl-1 binding of copper complex was quantitatively evaluated by ultrafiltration. Each 

Amicon Ultr-0.5 centrifugal filter device (10000NMWL) was load with 200μL of 

either Mcl-1 solution (1μM saline) or normal saline (control) within 2min of mixing 

with the copper complex (1μM). The centrifugal filter device was loaded and 

centrifuged in the centrifuge rotor at 1000g for 10min. Copper complex 

concentrations in unfiltered protein solutions and their ultrafiltrates were determined 
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by ICP-MS. The percentage of free (unbound) copper complex was calculated as: 

𝑥 =
[(drug concentration in protein ultrafiltrate)÷(drug concentration in unfiltered protein solution)]

[(drug concentration in saline ultrafiltrate)÷(drug concentration in unfiltered saline solution)]
 

 

Cellular thermal shift assay (CETSA) 

Cultured cells (approximately 30 million cells are required to establish one melting 

curve) were harvested and resuspended with culture medium to a cell density of 5 

million cells per ml and seeded into T25 flasks (Coring Plastics). Cells were treated 

with either complex 14 or vehicle (DMSO) for 1 h in an incubator at 37℃. The cell 

suspensions were collected and diluted with PBS, then divided into 100 μL aliquots in 

PCR 0.2 ml tubes and heated at designated temperatures (45-63℃) for 3min in a PCR 

machine followed by 3 min of cooling at room temperature. The treated cells were 

freeze-thawed twice using liquid nitrogen and a hearting block set at 25℃. The 

resulting cell lysates were centrifuged at 20,000×g for 20 min at 4℃. The 

supernatant was transferred to new microtube from the cell debris and aggregates, and 

then analyzed by Western blot. 

For the isothermal dose-response experiment cultured cells were harvested and treated 

with complex 14 (0.5, 5, 50, 500, 5000, 50000nM) for 1h at 37℃. The treated cells 

were heated at 57℃ following the procedure described above. The treated cells were 

freeze-thawed twice using liquid nitrogen and a hearting block set at 25℃. The 

resulting cell lysates were centrifuged at 20,000×g for 20 min at 4℃. The 

supernatant was transferred to new microtube from the cell debris and aggregates, and 

then analyzed by Western blot. 
 
MTT assay 
Cells were seeded in 96-well plates ([(5.0 ×103)/180 μL]/well). Cells were grown for 

12 h to reach 70% confluence before treatment, and an amount of 20 μL of tested 

various concentrations of compounds was added to each well. The final 

concentrations of the tested compounds were 0.625 1.25, 2.5, 5.0, 10.0, and 20.0 μM, 
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respectively. The resultant solutions were subsequently added to a set of wells. 

Control wells contained media with 0.5% DMSO. The microtiter plates were 

incubated at 37 °C in a humidified atmosphere of 5% CO2/95% air for 24h. At the 

end of each incubation period, the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (10 μL, 

5 mg/mL) was added to each well, and the cultures were incubated further for 6 h at 

37 °C in a humidified atmosphere of 5% CO2/95% air. After removal of the 

supernatant, DMSO (100 μL) was added to dissolve the formazan crystals. The 

absorbance was read on a microplate reader at 490/630nm. The cytotoxicity was 

evaluated based on the percentage of cell survival compared with the negative control. 

The final IC50 values were calculated by the Bliss method (n = 5). All tests were 

repeated in at least five independent trials. 

 
Apoptosis Analysis 
Apoptosis was detected by flow cytometric analysis of annexin V staining. Briefly, 

adherent cells were harvested and suspended in the annexin-binding buffer (5 × 105 

cells/mL). Then cells were incubated with annexin V-FITC and PI for 1 h at room 

temperature in the dark and immediately analyzed by flow cytometry. The data are 

presented as biparametric dot plots showing PI red fluorescence vs annexin V-FITC 

green fluorescence. 
 
Caspase-3/9 activity assay 
The measurement of caspase-3 and caspase-9 activity was performed by CaspGLOW 

fluorescein active caspase-3 and caspase-9 staining kit. After treatment with test 

compound for 24 h, respectively, the cells in RPMI 1640 medium with 10% FBS at a 

density of 1 × 106 cells/mL were harvested, washed with PBS three times, and then 

resuspended in 300 μL volume; 1 μL of FITC-DEVD-FMK or FITC-LEHD-FMK 

was consequently added and incubated for 1.0 h at 37 °C in 5% CO2 incubator. The 

cells were then examined by a FACSAria II flow cytometer equipped with a 488 nm 

argon laser. The results were represented as the percent change on the activity 
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comparing with the control.  

 
Cytochrome c release assay. 
NCI-H460 cells were treated with complex 39 for 6h, washed with PBS and harvested 

in lysis buffer delivered with the cytochrome c release apoptosis assay kit (Abcam, 

ab65311). Cells were then homogenized using an ice cold tissue grinder (40 passes). 

Homogenates were centrifuged at 700 g for 10 min at 4℃. The supernatants were 

transferred into fresh tubes and centrifuged at 10000 g for 30 min at 4℃. The 

supernatants were collected as cytosolic fractions. Re-suspend the pellet in 100 μL 

Mitochondrial Extraction Buffer, vortex for 10 seconds and save as Mitochondrial 

Fraction. Cytochrome c release was determined by western blotting. 
 
Western Bolt 
Cells harvested from each well of the culture plates were lysed in 150 μL of extraction 

buffer consisting of 149 μL of RIPA lysis buffer and 1 μL of PMSF (100 mM). The 

suspension was centrifuged at 10 000 rpm at 4 °C for 10 min, and the supernatant (10 

μL for each sample) was loaded onto 10% polyacrylamide gel and then transferred to 

a microporous polyvinylidene difluoride (PVDF) membrane. Western blotting was 

performed using antibody and horseradish-peroxidase-conjugated anti-mouse or 

anti-rabbit secondary antibody. The protein bands were visualized using 

chemiluminescence substrate. 

 

SiRNA transfection 

NCI-H460 cells were trypsinized and resuspended to 40,000 cells/mL in RPMI-1640 

medium supplemented with 10% FBS and 2 mM L-glutamine. In a 15 ml conical tube, 

5 mL of OPTIMEM, 15μL of 20 μM siRNA targeting Bak (Ambion Silencer(R) 

Select, catalog s1881, Thermo Fisher Scientific) Bax (Stealth siRNA, catalog 

HSS141354, Thermo Fisher Scientific) or 20 μM non-targeting siRNA (4390847, 

Thermo Fisher Scientific), and 50 μL of Lipofectamine RNAiMAX (Thermo Fisher 

Scientific) were mixed and incubated at room temperature for 20 min. 15 mL of cell 



 
S15 

 

suspension was added to each siRNA master mix. 100 μL of this was dispensed into 

each well of a 96-well black-wall, clear-bottom flat assay plate, and incubated for 48 

h (37℃, 5% CO2). 

 

Co-IP 

Cells were cultured in RPMI-1640 with 10% FBS and 2 mM L-glutamine in flasks. 

Cells were collected into 50 mL centrifuge tubes and resuspended in serum-free 

medium (5 million/mL). 10 mL of cells was plated into a 10 cm dish (one per 

treatment), and incubated in a tissue culture incubator (37℃, 5% CO2) for 1−2 h 

without compound. Compounds were prepared in DMSO and added to cells for 6 h. 

Media and cells were removed and transferred into a 15 mL conical tube and 

centrifuged at 1000 rpm for 5 min. After supernatant was removed, 0.5 mL ice-cold 

lysis buffer (10 mM HEPES, pH 7.0, 150 mM NaCl, 1% CHAPS, 1 mM EDTA, 5 

mM MgCl2, Roche Complete Protease inhibitor tabs (1 tab/10 mL, Roche Diagnostics 

Corporation), Roche PhosSTOP phosphatase inhibitor tabs (1 tab/10 mL, Roche 

Diagnostics Corporation) was added to each tube. Pellets were resuspended in lysis 

buffer, and lysate was collected into a microcentrifuge tube on ice and incubated for 

20 min with vortexing every 5 min. After incubation, tubes were centrifuged at 14,000 

r.p.m. at 4 ℃ for 15 min, and supernatants were transferred to a fresh microcentrifuge 

tube. Protein concentration was measured using a bicinchoninic acid assay (BCA, 

Thermo Scientific). 1.0 mg of fresh lysate in a volume of 500 μL was used for each IP. 

Samples were pre-cleared for 30 min using rotation at 4 ℃ with 20 μL of a 50% 

slurry of Protein A/G magnetic beads (Thermo Scientific). Lysate was incubated with 

10 μg of mouse anti-Mcl-1 antibody (MABC43, EMD Millipore) overnight at 4 ℃ 

with rotation. Mcl-1 protein was immunoprecipitated by incubating 20 μL of 50% 

slurry of Protein A/G magnetic beads with lysates for 1 h at 4 °C with rotation. The 

beads were washed 4 times with 1.5 mL ice-cold 50% lysis buffer and 50% PBS. 50 

μL LDS Sample Buffer (Invitrogen, Life Technologies) with 10% Sample Reducing 

Agent (Invitrogen, Life Technologies) was added to each IP pellet. Original lysates 
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were also prepared for SDS-PAGE by adding LDS buffer and sample reducing agent 

to the 2.0 mg/mL lysate. 

 

Acute Toxicity Study. 

Kunming mice (18-22g, half male and half female) were purchased from Beijing HFK 

Bioscience Co., Ltd (Beijing, China, approval No. SCXK 2014-004). The mice were 

weighed and randomly divided into groups (10 mice/group). Test compounds were 

administered by intraperitoneal injection (0.1 mL/10 g) at various doses, whereas the 

control groups received solvent only. After the compound was administered, 

behavioral changes, signs of toxicity or death and the latency of death were observed 

over a span of 14 days. And the LD50 value was calculated. 

 

Hematoxylin and Eosin (H&E) Staining. 

Tissues were fixed in 4% formaldehyde solution and processed routinely for paraffin 

embedding. Sections were cut at around 4 μm thickness and placed on glass slides, 

and counterstained with hematoxylin and eosin. Samples were then observed under 

fluorescence microscopy using an Eclipse E800 Nikon (Nikon, Tokyo, Japan). 

Representative images were shown. 

 

Tunel Assay 

The apoptotic cell death was assayed using in situ detection of DNA fragmentation 

with the terminal deoxynucleotidyltransferase (TUNEL) assay. Tissue sections (4 μm) 

were warmed for 30 min (64 °C), deparaffinized, and rehydrated. Terminal transferase 

mediated dUTP nick end-labeling of nuclei was performed using the APO-BrdU 

TUNEL Assay kit (A-23210; Molecular Probes, Eugene, OR) following the 

manufacturer’s protocol. Samples were then observed under fluorescence microscopy 

using an Eclipse E800 Nikon (Nikon, Tokyo, Japan). Representative images were 

shown. 
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In vivo xenograft model assay 

Male BALB/C nude mice aged 6 weeks (Beijing HFK Bioscience Co., Ltd, approval 

No. SCXK 2014-004) were used to establish the NCI-H460 xenograft model. The 

mice were maintained under controlled environmental conditions of constant 

photoperiod (12 h light-dark cycle at 24℃and 65-85% humidity). Solid tumors were 

constructed by subcutaneous injection of 5×106 NCI-H460 cells into the flank region 

of the nude mice (n = 6). The tumor-implanted mice were treated i.p. with vehicle (5% 

DMSO in saline, v/v) or with 5, 10, 15 mg/kg tested compound every day. Cisplatin 

(2 mg/kg, per 2 days) was used as a positive control. The body weight and tumor size 

of the mice were measured per 2 days. The tumor size was determined by measuring 

the length (l) and width (w) and calculating the volume (V = lw2/2). 

 

Statistical Analysis 

The experiments have been repeated from three to five times, and the results obtained 

are presented as the mean ± standard deviation (SD). Significant changes were 

assessed by using Student’s t test for unpaired data, and p values of <0.05 were 

considered statistically significant. 
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Figure S1. 1H NMR (400MHz, DMSO-d6) spectrum of 1. 

 

 
Figure S2. 13C NMR (100MHz, DMSO-d6) spectrum of 1. 
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Figure S3. ESI-MS spectra of 1. 
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Figure S4. 1H NMR (500MHz,CDCl3) spectrum of 2. 

 
Figure S5. 13C NMR (125MHz, CDCl3) spectrum of 2. 
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Figure S6. ESI-MS spectra of 2. 

 
Figure S7. 1H NMR (500MHz, CDCl3) spectrum of 3. 

 

 
Figure S8. 13C NMR (125MHz, CDCl3) spectrum of 3. 
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Figure S9. ESI-MS spectra of 3. 
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Figure S10. 1H NMR (500MHz, DMSO-d6) spectrum of 4. 

 

 
Figure S11. 13C NMR (125MHz, DMSO-d6) spectrum of 4. 
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Figure S12. ESI-MS spectra of 4. 
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Figure S13. 1H NMR (500MHz, CDCl3) spectrum of 5. 

 
Figure S14. 13C NMR (125MHz, CDCl3) spectrum of 5. 
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Figure S15. ESI-MS spectra of 5. 

 
Figure S16. 1H NMR (500MHz, CDCl3) spectrum of 6. 
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Figure S17. 13C NMR (125MHz, CDCl3) spectrum of 6.  
 

 

Figure S18. ESI-MS spectra of 6. 
 



 
S28 

 

 
Figure S19. 1H NMR (500MHz, CDCl3) spectrum of 7. 

 
 

 
Figure S20. 13C NMR (125MHz, CDCl3) spectrum of 7. 
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Figure S21. ESI-MS spectra of 7. 
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Figure S22. 1H NMR (500MHz, CDCl3) spectrum of 8. 

 
 
 

 
Figure S23. 13C NMR (125MHz, CDCl3) spectrum of 8. 
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Figure S24. ESI-MS spectra of 8. 
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Figure S25. 1H NMR (500MHz, CDCl3) spectrum of 9. 

 
 

 
Figure S26. 13C NMR (125MHz, CDCl3) spectrum of 9. 
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Figure S27. ESI-MS spectra of 9. 
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Figure S28. 1H NMR (500MHz, CDCl3) spectrum of 10. 

 
 

 
Figure S29. 13C NMR (125MHz, CDCl3) spectrum of 10. 

 



 
S35 

 

 

 
Figure S30. ESI-MS spectra of 10. 
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Figure S31. 1H NMR (500MHz, CDCl3) spectrum of 11. 

 
 

 
Figure S32. 13C NMR (125MHz, CDCl3) spectrum of 11. 
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Figure S33. ESI-MS spectra of 11. 
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Figure S34. ESI-MS spectra of 12. 

 

 
Figure S35. ESI-MS spectra of 13. 
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Figure S36. ESI-MS spectra of 14. 
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Figure S37. ESI-MS spectra of 15. 
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Figure S38. ESI-MS spectra of 16. 
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Figure S39. ESI-MS spectra of 17. 
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Figure S40. ESI-MS spectra of 18. 
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Figure S41. ESI-MS spectra of 19. 
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Figure S42. ESI-MS spectra of 20. 
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Figure S43. ESI-MS spectra of 21. 

 
Table S1. Crystal data and structure refinement for complex 12. 
 

Empirical formula C46H34Cu2N10O12 
Formula weight 1045.91 
Temperature / K 293(2) 
Crystal system monoclinic 
Space group I2/a 

a / Å, b / Å, c / Å 16.8352(10), 16.3997(8), 17.1951(10) 
α/°, β/°, γ/° 90.00, 104.187(6), 90.00 
Volume / Å3 4602.6(4) 

Z 4 
ρcalc / mg mm-3 1.509 

μ / mm-1 0.999 
F(000) 2136.0 

2Θ range for data collection 6.98 to 52.74° 
Index ranges -21 ≤ h ≤ 21, -20 ≤ k ≤ 10, -21 ≤ l ≤ 19 

Reflections collected 12038 
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Independent reflections 4708[R(int) = 0.0412] 
Data/restraints/parameters 4708/1026/316 

Goodness-of-fit on F2 1.047 
Final R indexes [I>2σ (I)] R1 = 0.0518, wR2 = 0.1114 
Final R indexes [all data] R1 = 0.0913, wR2 = 0.1352 
Largest diff. peak/hole / e 

Å-3 
0.49/-0.35 

 
Table S2. Crystal data and structure refinement for complex 13. 

Empirical formula C46H32Cu2F2N10O12 
Formula weight 1081.90 
Temperature / K 293(2) 
Crystal system monoclinic 
Space group P21/c 

a / Å, b / Å, c / Å 16.8759(4), 15.9707(4), 17.4386(4) 
α/°, β/°, γ/° 90.00, 98.630(2), 90.00 
Volume / Å3 4646.83(19) 

Z 4 
ρcalc / mg mm-3 1.546 

μ / mm-1 0.998 
F(000) 2200.0 

2Θ range for data collection 6.76 to 52.74° 
Index ranges -21 ≤ h ≤ 21, -19 ≤ k ≤ 19, -21 ≤ l ≤ 21 

Reflections collected 42151 
Independent reflections 9474[R(int) = 0.0332] 

Data/restraints/parameters 9474/52/649 
Goodness-of-fit on F2 1.058 

Final R indexes [I>2σ (I)] R1 = 0.0415, wR2 = 0.1044 
Final R indexes [all data] R1 = 0.0577, wR2 = 0.1169 

Largest diff. peak/hole / e Å-3 0.65/-0.39 
 
Table S3. Crystal data and structure refinement for complex 14. 

Empirical formula C48H38Cu2N10O12 
Formula weight 1073.98 
Temperature / K 296.15 
Crystal system monoclinic 
Space group P21/c 

a / Å, b / Å, c / Å 16.811(2), 15.4704(19), 17.817(2) 
α/°, β/°, γ/° 90.00, 91.704(2), 90.00 
Volume / Å3 4631.7(9) 

Z 4 
ρcalc / mg mm-3 1.540 

μ / mm-1 0.995 
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F(000) 2200.0 
2Θ range for data collection 3.48 to 52.74° 

Index ranges -21 ≤ h ≤ 21, -19 ≤ k ≤ 19, -22 ≤ l ≤ 22 
Reflections collected 54769 

Independent reflections 9450[R(int) = 0.0531] 
Data/restraints/parameters 9450/42/651 

Goodness-of-fit on F2 1.025 
Final R indexes [I>2σ (I)] R1 = 0.0376, wR2 = 0.0877 
Final R indexes [all data] R1 = 0.0587, wR2 = 0.0987 

Largest diff. peak/hole / e Å-3 0.47/-0.54 
 
Table S4. Crystal data and structure refinement for complex 15. 

Empirical formula C24H19CuN5O6 
Formula weight 536.98 
Temperature / K 296.15 
Crystal system monoclinic 
Space group P21/c 

a / Å, b / Å, c / Å 14.530(4), 9.596(2), 16.812(4) 
α/°, β/°, γ/° 90.00, 104.163(4), 90.00 
Volume / Å3 2272.8(10) 

Z 4 
ρcalc / mg mm-3 1.569 

μ / mm-1 1.014 
F(000) 1100.0 

2Θ range for data collection 4.92 to 50.7° 
Index ranges -17 ≤ h ≤ 17, -11 ≤ k ≤ 11, -20 ≤ l ≤ 20 

Reflections collected 20848 
Independent reflections 4145[R(int) = 0.0824] 

Data/restraints/parameters 4145/1/325 
Goodness-of-fit on F2 1.035 

Final R indexes [I>2σ (I)] R1 = 0.0499, wR2 = 0.1267 
Final R indexes [all data] R1 = 0.0731, wR2 = 0.1428 

Largest diff. peak/hole / e Å-3 0.62/-0.97 
 
Table S5. Crystal data and structure refinement for complex 16. 

Empirical formula C18H15CuN5O6 
Formula weight 460.89 
Temperature / K 293(2) 
Crystal system triclinic 
Space group P-1 

a / Å, b / Å, c / Å 8.6786(5), 9.0784(4), 12.8990(7) 
α/°, β/°, γ/° 106.973(5), 102.760(5), 93.004(4) 
Volume / Å3 940.54(9) 
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Z 2 
ρcalc / mg mm-3 1.627 

μ / mm-1 1.210 
F(000) 470.0 

2Θ range for data collection 6.34 to 52.74° 
Index ranges -10 ≤ h ≤ 10, -11 ≤ k ≤ 11, -16 ≤ l ≤ 16 

Reflections collected 9726 
Independent reflections 3838[R(int) = 0.0363] 

Data/restraints/parameters 3838/101/272 
Goodness-of-fit on F2 1.056 

Final R indexes [I>2σ (I)] R1 = 0.0405, wR2 = 0.0835 
Final R indexes [all data] R1 = 0.0534, wR2 = 0.0907 

Largest diff. peak/hole / e Å-3 0.28/-0.25 
 
Table S6. Crystal data and structure refinement for complex 17. 

Empirical formula C40H34Cu2N10O12 
Formula weight 973.85 
Temperature / K 296.15 
Crystal system triclinic 
Space group P-1 

a / Å, b / Å, c / Å 8.1175(18), 10.537(2), 12.642(3) 
α/°, β/°, γ/° 98.848(3), 96.090(3), 108.469(3) 
Volume / Å3 999.6(4) 

Z 1 
ρcalc / mg mm-3 1.618 

μ / mm-1 1.143 
F(000) 498.0 

2Θ range for data collection 3.3 to 52.74° 
Index ranges -10 ≤ h ≤ 10, -13 ≤ k ≤ 13, -15 ≤ l ≤ 15 

Reflections collected 11857 
Independent reflections 4066[R(int) = 0.0256] 

Data/restraints/parameters 4066/56/289 
Goodness-of-fit on F2 1.037 

Final R indexes [I>2σ (I)] R1 = 0.0358, wR2 = 0.0929 
Final R indexes [all data] R1 = 0.0444, wR2 = 0.0986 

Largest diff. peak/hole / e Å-3 0.74/-0.44 
 
Table S7. Crystal data and structure refinement for complex 19. 

Empirical formula C24H19CuN5O7 
Formula weight 552.98 
Temperature / K 296.15 
Crystal system monoclinic 
Space group P21/c 
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a / Å, b / Å, c / Å 7.693(4), 8.837(4), 34.968(18) 
α/°, β/°, γ/° 90.00, 92.661(8), 90.00 
Volume / Å3 2375(2) 

Z 4 
ρcalc / mg mm-3 1.547 

μ / mm-1 0.976 
F(000) 1132.0 

2Θ range for data collection 2.34 to 50.7° 
Index ranges -9 ≤ h ≤ 9, -10 ≤ k ≤ 10, -42 ≤ l ≤ 35 

Reflections collected 19081 
Independent reflections 4327[R(int) = 0.0844] 

Data/restraints/parameters 4327/0/334 
Goodness-of-fit on F2 1.078 

Final R indexes [I>2σ (I)] R1 = 0.0927, wR2 = 0.2684 
Final R indexes [all data] R1 = 0.1224, wR2 = 0.2849 

Largest diff. peak/hole / e Å-3 0.84/-1.00 
 
Table S8. Crystal data and structure refinement for complex 20. 

Empirical formula C25H21CuN5O7 
Formula weight 567.01 
Temperature / K 293(2) 
Crystal system triclinic 
Space group P-1 

a / Å, b / Å, c / Å 9.1490(5), 9.2693(5), 15.0569(7) 
α/°, β/°, γ/° 92.266(4), 104.281(5), 96.492(5) 
Volume / Å3 1226.49(11) 

Z 2 
ρcalc / mg mm-3 1.535 

μ / mm-1 0.947 
F(000) 582.0 

2Θ range for data collection 6.78 to 52.74° 
Index ranges -11 ≤ h ≤ 11, -11 ≤ k ≤ 11, -18 ≤ l ≤ 18 

Reflections collected 14180 
Independent reflections 5024[R(int) = 0.0375] 

Data/restraints/parameters 5024/1062/343 
Goodness-of-fit on F2 1.048 

Final R indexes [I>2σ (I)] R1 = 0.0420, wR2 = 0.0873 
Final R indexes [all data] R1 = 0.0646, wR2 = 0.0990 

Largest diff. peak/hole / e Å-3 0.27/-0.29 
 
Table S9. Crystal data and structure refinement for complex 21. 

Empirical formula C40H38Cu2N10O14 
Formula weight 1009.88 
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Temperature / K 296.15 
Crystal system monoclinic 
Space group P21/c 

a / Å, b / Å, c / Å 17.240(9), 13.177(7), 19.200(10) 
α/°, β/°, γ/° 90.00, 96.979(8), 90.00 
Volume / Å3 4329(4) 

Z 4 
ρcalc / mg mm-3 1.549 

μ / mm-1 1.062 
F(000) 2072.0 

2Θ range for data collection 2.38 to 52.74° 
Index ranges -21 ≤ h ≤ 21, -16 ≤ k ≤ 16, -23 ≤ l ≤ 23 

Reflections collected 51403 
Independent reflections 8852[R(int) = 0.0294] 

Data/restraints/parameters 8852/93/597 
Goodness-of-fit on F2 1.033 

Final R indexes [I>2σ (I)] R1 = 0.0353, wR2 = 0.0979 
Final R indexes [all data] R1 = 0.0469, wR2 = 0.1071 

Largest diff. peak/hole / e Å-3 0.48/-0.47 
 
Table S10 Selected bond distances (Å) and bond angles (°) for complex 12-17 and 19-21. 
Complex12      
Cu1- O1 

 

2.401(3) Cu1 -O4 
 

1.966(3) Cu1- N1 
 

1.978(3) 

Cu1- N3 
 

1.974(3) O4 -Cu1- O1 
 

80.09(11) O4 -Cu1- N1 
 

173.51(13) 

O4- Cu1 -N3 
 

92.25(13) N1- Cu1 - O1 
 

103.00(11) N3 -Cu1 -O1 
 

111.18(11) 

N3- Cu1 -N1 
 

81.32(12)     
Complex13      
Cu1 -O1 

 

2.0032(18) Cu1- O4 
 

1.954(2) Cu1 -N1 
 

1.973(2) 

Cu1- N3 
 

1.982(2) O4 -Cu1 -O1 
 

87.61(8) O4 -Cu1 -N1 
 

173.08(8) 

O4 -Cu1 -N3 
 

92.18(9) N1 -Cu1 -O1 
 

99.17(8) N1 -Cu1 -N3 
 

81.18(9) 

N3 -Cu1 -O1 
 

174.96(9)     
Complex14      
Cu1- O1 

 

2.0043(18) Cu1 -O4 
 

1.9608(19) Cu1 -N1 
 

1.980(2) 

Cu1- N3 
 

1.990(2) O4 -Cu1- O1 
 

89.99(8) O4 -Cu1- N1 
 

172.49(8) 

O4- Cu1- N3 
 

91.26(8) N1- Cu1- O1 
 

97.51(8) N1- Cu1- N3 
 

81.29(9) 

N3- Cu1- O1 
 

175.07(8)     
Complex15      
Cu1- O1 

 

1.959(2) Cu1- O4 
 

1.996(2) Cu1- N1 
 

1.985(3) 

Cu1- N3 
 

1.968(3) O1- Cu1- O4 
 

89.04(10) O1- Cu1- N1 
 

95.48(11) 

O1- Cu1- N3 
 

167.90(11) N1- Cu1- O4 
 

169.83(11) N3- Cu1- O4 
 

95.29(11) 

N3- Cu1- N1 
 

82.12(11)     
Complex16      
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Cu1- O1 
 

1.9885(19) Cu1- O4 
 

1.990(2) Cu1- N1 
 

1.972(2) 

Cu1- N3 
 

1.959(2) O1- Cu1- O4 
 

91.38(9) N1- Cu1- O1 
 

94.18(9) 

N1- Cu1- O4 
 

166.73(9) N3- Cu1- O1 
 

166.98(9) N3- Cu1- O4 
 

94.89(9) 

N3- Cu1- N1 
 

82.19(9)     
Complex17      
Cu1- O1 

 

1.956(2) Cu1- O4 
 

2.010(2) Cu1- N1 
 

1.997(2) 

Cu1- N3 
 

1.990(2) O1- Cu1- O4 
 

88.32(9) O1- Cu1- N1 
 

95.14(9) 

O1- Cu1- N3 
 

176.24(8) N1- Cu1- O4 
 

176.53(9) N3- Cu1- O4 
 

94.71(9) 

N3- Cu1- N1 
 

81.85(9)     
Complex19      
Cu1- O2 

 

1.995(6) Cu1- O5 
 

1.983(7) Cu1- N1 
 

1.977(7) 

Cu1- N3 
 

1.985(7) O5- Cu1- O2 
 

92.3(3) O5- Cu1- N3 
 

95.0(3) 

N1- Cu1- O2 
 

92.0(3) N1- Cu1- O5 
 

170.7(4) N1- Cu1- N3 
 

83.3(3) 

N3- Cu1- O2 
 

161.5(3)     
Complex20      
Cu1- O2 

 

1.9908(19) Cu1- O5 
 

1.9682(19) Cu1- N1 
 

1.977(2) 

Cu1- N3 
 

1.973(2) O5- Cu1- O2 
 

88.95(8) O5- Cu1- N1 
 

174.06(8) 

O5- Cu1- N3 
 

94.80(8) N1- Cu1- O2 
 

94.93(8) N3- Cu1- O2 
 

170.59(8) 

N3- Cu1- N1 
 

82.05(8)     
Complex21      
Cu1- O2 

 

1.987(2) Cu1- O5 
 

1.995(2) Cu1- N1 
 

1.983(2) 

Cu1- N3 
 

1.981(2) O2- Cu1- O5 
 

90.42(10) N1- Cu1- O2 
 

96.93(9) 

N1- Cu1- O5 
 

168.55(9) N3- Cu1- O2 
 

171.80(9) N3- Cu1- O5 
 

91.67(10) 

N3- Cu1- N1 
 

82.29(9)     
 

 

Figure S44.  UV-Vis absorption spectra of compound 3-4 and complex 13-14 in Tris-HCl 
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buffer solution in the time course 0 h and 72h. 

Figure S45. The mass spectra of compound 3-4 in Tris-HCl buffer solution in the time 
course 0 h and 72h. 
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Figure S46. The mass spectra of compound 13-14 in Tris-HCl buffer solution in the time 

course 0 h and 72h. 
 

 
Figure S47. Kinetic characteristics of the complex 14 binding to Mcl-1 as measured by SPR. 
 
Table S11 Direct binding of complex 14 to Bcl-2 antiapoptotic proteins. Values were obtained by 
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ultrafiltration study. 

Compound 
Free (unbound) complex determined by ultrafiltration(%) 

Mcl-1 Bcl-2 Bcl-xl Bcl-w A1/Bfl-1 

Complex 14 6.59±0.85 48.77±5.24 56.32±6.17 44.28±3.88 38.55±4.21 

 

 
Figure S48. SDS-PAGE gel electrophoresis followed by coomassie staining of Mcl-1 
in the absence and presence of complex 14 (1 hour at room temperature).  
 

 
Figure S49. (A-C). Docking structures of the complexes 12-14 with Mcl-1 protein. (D) 
View of the overlaid structures. Molecular docking simulations of the compounds 
with Mcl-1 protein (Protein Data Bank (PDB): 3WIX) were carried out with MOE 
version 2016.08. 
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Figure S50. CETSA in NCI-H929 cells: (A) Mcl-1 melting curve determination; (B) 
compound titration and EC50 determination at 57℃. 
 

Table S12. IC50
a (µM) values of ligands (1-11) and copper(II) complexes (12−21) against four 

tumor cell lines and normal liver cell LO2. 

 

Compound R HepG2 T-24 MGC80-3 NCI-H460 LO2 

1 -H >40 >40 >40 >40 >40 

2 
 

>40 25.8± 1.2 30.1± 1.9 21.4± 2.2 >40 

3 
 

>40 21.3± 2.5 26.4± 1.5 19.7± 1.3 >40 

4  
>40 24.7± 1.9 17.9± 2.1 18.9± 1.7 >40 

5 
 

>40 17.3± 0.9 22.1± 1.9 9.8± 1.6 >40 

6 CH2CH3 >40 >40 >40 >40 >40 

7 
 

>40 >40 >40 >40 >40 

8  
>40 >40 >40 >40 >40 

9  
>40 >40 >40 >40 >40 

10 
 

>40 >40 >40 >40 >40 

11  >40 >40 >40 >40 >40 
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12 
 

4.3±0.3 3.6±0.4 3.8±0.2 4.6±0.3 7.1±0.6 

13 
 

>40 13.3±0.9 9.7±0.7 12.6±0.4 >40 

14  
2.6±0.2 3.6±0.5 3.7±0.4 2.4±0.1 6.2±0.7 

15 
 

2.9±0.2 2.7±0.2 3.5±0.3 3.0±0.2 3.0±0.1 

16 CH2CH3 3.5±0.2 7.3±0.5 7.5±0.7 7.7±0.9 7.6±0.6 

17 
 

5.1±0.4 2.1±0.3 4.5±0.5 5.3±0.4 3.3±0.2 

18  
2.6±0.2 1.9±0.1 3.2±0.3 1.2±0.1 2.1±0.2 

19  
2.1±0.1 1.7±0.1 5.1±0.6 5.8±0.5 3.3±0.2 

20 
 

4.2±0.3 2.6±0.2 6.4±0.7 7.5±0.8 4.2±0.5 

21  11.1±0.9 4.0±0.3 5.2±0.5 >40 6.2±0.5 

Cisplatinb  8.3 ± 0.6 15.1 ± 1.1 11.1 ± 0.5 17.5 ± 0.9 12.8 ± 0.9 

Cu(NO3)2  >40 >40 >40 >40 >40 

aIC50 values are presented as the mean ± SD (standard error of the mean) from five independent 

experiments. b Cisplatin was dissolved in saline. 

 
Table S13 Median Lethal Dose (LD50) Values of the Tested Compounds. 
compound LD50(mg/kg) 95%confidence interval(mg/kg) 
cisplatin 11.1 10.0-12.3 
Complex 13 91.6 84.1-99.7 
Complex 14 79.5 73.1-86.4 
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Figure S51. NCI-H460 cells were treated with the siRNA targeting Bax and Bak 
mRNA for 48 h before treatment with complex 14 or staurosporine for 6h, then the 
cells were analyzed by flow cytometry. 

 
Figure S52 Pharmacokinetic evaluation in mice: concentration−time profile of complexes 13, 14 
in plasma following a single dose (10mg/kg).  
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Figure S53. The mass spectra of complex 13 in blood. 
 

 
Figure S54. The mass spectra of complex 14 in blood. 
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