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Figure S1. Chemical structures of corresponding bivalent ligands and monovalent control ligands 

and β-FNA. 
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Figure S2. Effects of bivalent compound VZMC013 on DAMGO-induced Ca2+ mobilization in 

Gqi5-transfected mMOR-CHO cells. (a) VZMC013 exhibited no agonism to increase the 

intracellular calcium level. DAMGO was used as a control. (b) VZMC013 dose-dependently 

antagonized the DAMGO-induced intracellular calcium increase. Naltrexone was used as a 

control. 

 

 

Figure S3. CCR5 Inhibition (%) corresponds to the ability of a tested compound to displace the 

radiolabeled ligand. (a) The competitive radioligand binding curve of VZMC013. (b) The 

competitive radioligand binding curve of VZMC014. 
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Figure S4. Effects of bivalent compound VZMC013 and monovalent compound VZMC014 on 

CCL5-induced Ca2+ mobilization in Gqi5-transfected HOS-CCR5 cells. (a) VZMC013 and 

VZMC014 failed to increase the intracellular calcium levels, suggesting a complete lack of 

agonist properties at CCR5. CCL5 was used as a control. (b) VZMC013 and VZMC014 dose-

dependently antagonized CCL5-induced intracellular calcium increases. Maraviroc was used as a 

control. 

 

 

Figure S5. Comparison of intracellular concentration of HIV-1BaL (RLU) in OPRM1- and control 

plasmid transfected TZM-bl cells. 
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Figure S6. (a) The binding mode of VZMC013 in the MOR-CCR5 heterodimer complex. (b) The 

MOR-CCR5_VZMC013 complex in the membrane-aqueous sodium chloride solution system. 
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Figure S7. (a) The docking pose of naltrexone in the inactive MOR. (b) The binding mode of 

maraviroc in the crystal structure of the CCR5. The MOR and CCR5 shown as cartoon models in 

light-orange and light-blue, respectively. The key residues in the MOR and CCR5 shown as stick 

models in green and orange, respectively. Naltrexone and maraviroc shown as stick and sphere 

models in light-blue and green, respectively. The ionic interaction and hydrogen bond shown as 

dashed lines in red and yellow, respectively. (c) The rotation of the triazole moiety of VZMC013 

in the MOR-CCR5_VZMC013 complex after 100 ns MD simulation. The atoms related to the 

dihedral angle were labeled with red circle. 
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Figure S8. The putative binding of gp120 with the MOR-CCR5_VZMC013 complex. gp120 

shown as a cartoon model in cyan. V3 loop of gp120 shown as a cartoon model in orange. MOR-

CCR5 heterodimer shown as a cartoon model in pink. Compound VZMC013 shown as a stick 

model in magentas. Key residues of the CCR5 and V3 loop shown as stick models in light-blue 

and green, which labeled in black and blue text, respectively.  
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Table S1. MOR radioligand binding affinity. 

Compounds Ki (nM) 
VZMC002 9.2 ± 3.4a 
Naltrexone  0.7 ± 0.1a 

aData have been reported in Reference 1, and are presented here for comparison. 

 

Table S2. CCR5 radioligand binding affinity.a 

Compounds Ki (nM)b 

VZMC014 41 ± 1 

VZMC018 7.15 ± 0.26 

VZMC020 NDc 

MIP-1β 0.056 ± 0.006 
a[125I]MIP-1α was used as the radioligand in the binding assay. 

bKi values were calculated using the Cheng-Prusoff equation. The values are the mean ± SEM of at least three 

independent experiments. 

cNot determined. 

 

Table S3. Inhibition of CCL5-stimulated intracellular Ca2+ mobilization.a 

Compounds IC50 (nM) 
VZMC014 116 ± 2.53 
VZMC018 39.6 ± 4.01 
VZMC020 919 ± 45.4 
VZMC003 622 ± 36b 
Maraviroc  0.77 ± 0.20 

aThe values are the mean ± SEM of at least three independent experiments. 

bData have been reported in Reference 1, and are presented here for comparison purposes. 

 

Table S4. Inhibition of HIV-1BaL and cytotoxicity in GHOST CCR5 cells.a 

Compounds EC50 (µM) TC50 (µM) TI 

VZMC014 2.62 ± 1.25 > 100 > 38 

VZMC002 > 100 > 100 - 

Maraviroc 0.018 ± 0.002 > 0.5 > 28 

a Measured in triplicate. 
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Table S5. Residues within 5 Å proximity of the bivalent ligand in association with the MOR-

CCR5_VZMC013 complex after 100 ns MD simulations.a 

Portions of the bivalent ligand VZMC013 Interactional residues 

The CCR5 pharmacophore  Y371.39, W862.60, Y892.63, Y1083.32, F1093.33, 

F1123.36, N1634.64, C178ECL2, S179ECL2, S180ECL2, 

F182ECL2, T1955.39, I1985.42, W2486.48, Y2516.51, 

L2556.55, T2596.59, E2837.39, M2877.43  

The MOR pharmacophore D1473.32, Y1483.33, M1513.36, L2325.38, V2365.42, 

I2966.51, H2976.52, V3006.55, W3187.35, I3227.39  

Spacer A301.32, R311.33, A872.61, A902.64, A912.65, 

W2265.32, N2305.36, E2295.35, K2335.39, K3036.58  

aThe residues in Bold represented the residues playing important roles in the binding of compound VZMC013 

with the MOR-CCR5 heterodimer and these residues also presented in the binding of maraviroc and naltrexone in 

their respective receptors, the CCR5 and MOR.  

 

Table S6. Residues with 5 Å around maraviroc and naltrexone in the respective receptors, CCR5 

and MOR.a  

Complex Residues 

CCR5_ Maraviroc Y371.39, W862.60, Y892.63, Y1083.32, F1093.33, F1123.36, Q1945.38, 

T1955.39, I1985.42, W2486.48, Y2516.51, L2556.55, T2596.59, M2797.35, 

E2837.39, M2877.43  

MOR_Naltrexone D1473.32, Y1483.33, M1513.36, W2936.48, I2966.51, H2976.52, I3227.39, 

Y3267.43 
aThe residues in Bold represented the residues played important roles in the binding of maraviroc and naltrexone 

with their respective receptors, CCR5 and MOR, also existed in the binding of compound VZMC013 with the MOR-

CCR5 heterodimer.  
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Table S7. The distances between atom of ligand and atom of receptor in the MOR_naltrexone, 

CCR5_maraviroc, and MOR-CCR5_VZMC013 complexes.    

Complex Atom@Ligand Atom@Receptor Distance (Å) 

MOR_naltrexone N17 OD2@D1473.32 3.0 

 O15 OH@Y1483.33 2.8 

 C5 CZ3@W2936.48 4.6 

 C36 CZ@Y3267.43 3.6 

    

CCR5_maraviroc C9 CB@C178ECL2 8.1 

 C22 CZ@F182ECL2 5.4 

 O1 OG@S179ECL2 6.0 

 O1 OG@S180ECL2 5.8 

    

MOR-CCR5_VZMC013 N17 OD2@D1473.32 7.1 

 O15 OH@Y1483.33 6.4 

 C5 CZ3@W2936.48 8.2 

 C36 CZ@Y3267.43 7.3 

 C9 CB@C178ECL2 5.2 

 C22 CZ@F182ECL2 3.5 

 O1 OG@S179ECL2 3.4 

 O1 OG@S180ECL2 3.6 
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Spectra of key intermediate 24 and target compounds 

1H NMR, 13C NMR, 19F NMR, and HRMS spectra for 24 
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1H NMR, 13C NMR, 19F NMR, and HRMS spectra for VZMC013 
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1H NMR, 13C NMR, 19F NMR, and HRMS spectra for VZMC014 
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1H NMR, 13C NMR, 19F NMR, and HRMS spectra for VZMC017 
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1H NMR, 13C NMR, 19F NMR, and HRMS spectra for VZMC018 
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1H NMR, 13C NMR, 19F NMR, and HRMS spectra for VZMC019 
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1H NMR, 13C NMR, and 19F NMR spectra for VZMC020 
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HPLC analysis 

VZMC013 

 

 

2.5 5.0 7.5 10.0 12.5 15.0 17.5

Minutes

0

100

200

300

400

mAU

6.
7

68

17
.7

0
3

c:\star\data\yi zheng\mor-ccr5\vzmc13\copy of vzmc13(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\vzmc13\copy of vzmc13(40.60).run

1 = 210 nm Results

2019-10-28 15:57

0.00

0.25

0.50

0.75

1.00

1.25

AU

1.
31

3

1.
73

9

5.
74

1

6
.1

79

1
2.

51
8

18
.7

17

c:\star\data\yi zheng\mor-ccr5\blank-1(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\blank-1(40.60).run

1 = 210 nm Results

NA



S27 
 

VZMC014 

 

 

 

VZMC017 

 

 

 

 

2.5 5.0 7.5 10.0 12.5 15.0 17.5

Minutes

0

50

100

150

200

250

mAU

6
.5

8
3

18
.4

82

c:\star\data\yi zheng\mor-ccr5\vzmc14\copy of vzmc14(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\vzmc14\copy of vzmc14(40.60).run

1 = 210 nm Results

2019-10-28 16:03

0.00

0.25

0.50

0.75

1.00

1.25

AU

1
.3

13

1
.7

39

5
.7

41 6.
1

79

12
.5

18

1
8.

71
7

c:\star\data\yi zheng\mor-ccr5\blank-1(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\blank-1(40.60).run

1 = 210 nm Results

NA

2.5 5.0 7.5 10.0 12.5 15.0 17.5

Minutes

0.00

0.25

0.50

0.75

1.00

1.25

AU

5
.2

3
5

7
.3

0
0c:\star\data\boshi huang\bivalent project\vzmc017-2.run File:

Channel:

Last recalc:

c:\star\data\boshi huang\bivalent project\vzmc017-2.run

1 = 210 nm Results

2019-12-6 13:48

0.00

0.25

0.50

0.75

AU c:\star\data\boshi huang\bivalent project\blank-11182019.run File:

Channel:

Last recalc:

c:\star\data\boshi huang\bivalent project\blank-11182019.run

1 = 210 nm Results

2019-12-5 12:17



S28 
 

VZMC018 

 

 

 

VZMC019 

 

 

 

 

2.5 5.0 7.5 10.0 12.5 15.0 17.5

Minutes

0.00

0.25

0.50

0.75

1.00

AU

0.
89

1

7
.1

3
7

8
.0

62

c:\star\data\boshi huang\vzmc018.run File:

Channel:

Last recalc:

c:\star\data\boshi huang\vzmc018.run

1 = 210 nm Results

2019-12-5 12:17

0.00

0.25

0.50

0.75

1.00

AU c:\star\data\boshi huang\blank-11182019.run File:

Channel:

Last recalc:

c:\star\data\boshi huang\blank-11182019.run

1 = 210 nm Results

2019-12-5 12:17

2.5 5.0 7.5 10.0 12.5 15.0 17.5

Minutes

0

100

200

300

400
mAU

6
.8

67

18
.3

64

c:\star\data\yi zheng\mor-ccr5\vzmc19\yz-iii-8-2(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\vzmc19\yz-iii-8-2(40.60).run

1 = 210 nm Results

2019-10-28 15:22

0.00

0.25

0.50

0.75

1.00

AU

1.
6

58

3.
9

34

5.
74

7

6.
2

03

10
.0

07

12
.4

14

18
.3

85
18

.5
81

18
.7

94

19
.8

32

c:\star\data\yi zheng\mor-ccr5\blank(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\blank(40.60).run

1 = 210 nm Results

2019-10-28 15:26



S29 
 

VZMC020 

 

 

References 

1. Yuan, Y.; Arnatt, C. K.; El-Hage, N.; Dever, S. M.; Jacob, J. C.; Selley, D. E.; Hauser, 

K. F.; Zhang, Y., A bivalent ligand targeting the putative mu opioid receptor and chemokine 

receptor CCR5 heterodimer: binding affinity versus functional activities. MedChemComm 

2013, 4 (5), 847-851. 

 

2.5 5.0 7.5 10.0 12.5 15.0 17.5

Minutes

0

50

100

150

200

mAU

6.
5

89

18
.4

53

c:\star\data\yi zheng\mor-ccr5\vzmc20\copy of vzmc20(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\vzmc20\copy of vzmc20(40.60).run

1 = 210 nm Results

2019-10-28 15:48

0

250

500

750

mAU

1.
31

3

1.
73

9

5
.7

41 6.
1

79

12
.5

18

18
.7

17

c:\star\data\yi zheng\mor-ccr5\blank-1(40.60).run File:

Channel:

Last recalc:

c:\star\data\yi zheng\mor-ccr5\blank-1(40.60).run

1 = 210 nm Results

NA


