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Supplementary Methods 

  

Chemical synthesis. N,N-diisopropyl ethylamine (0.6 mmol), 4-dimethylaminopyridine 

(0.03 mmol) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.45 

mmol) were added to a solution of carboxylic acid (0.3 mmol) and amine (0.3 mmol) in 

anhydrous dichloromethane (2 mL). The reaction was stirred at room temperature for 5 

hours and subsequently concentrated in vacuo. The resulting residue was purified by 

flash chromatography to provide the desired compounds. The purity of all compounds 

was greater than 95 % according to NMR analysis. The chemical scheme for each 

compound is shown below. 

 484-3/MF1213 

 

1H NMR (500 MHz, CDCl3) δ = 7.33 – 7.20 (m, 2H), 7.18 (t, J=1.8, 0H), 7.09 (d, J=7.5, 

0H), 3.96 (s, 1H), 3.84 – 3.38 (m, 3H), 1.58 – 1.34 (m, 1H), 1.37 – 1.15 (m, 1H); 13C 

NMR (126 MHz, CDCl3) δ 170.9, 163.8, 142.3, 135.2, 130.4, 127.3, 125.7, 123.8, 67.5, 

29.3, 15.2; IR: 3398, 2983, 2253, 1627, 1242, 733 cm-1; HRMS (ESI) m/z 395.1255 

[calcd for C19H21N4O2ClNa (M)+ 395.1251]. 

484-4/MF1216 

 

1H NMR (500 MHz, CDCl3) δ = 7.51 (s, 0H), 7.45 (d, J=8.3, 1H), 7.39 – 7.31 (m, 0H), 

7.14 (d, J=4.7, 0H), 7.07 (d, J=8.1, 1H), 3.92 – 2.97 (m, 4H), 1.61 – 1.32 (m, 1H), 1.20 
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(s, 1H); 13C NMR (126 MHz, CDCl3) δ 171.0, 166.2, 139.5, 135.7, 132.2, 127.3, 127.0, 

126.5, 120.6, 29.2, 15.2; IR: 3399, 3009, 2924, 2250, 1630, 1431, 1199, 908, 733 cm -1; 

HRMS (ESI) m/z 419.0428 [calcd for C19H20N2O2SBr (M)+ 419.0429]. 

484-11/MF1238 

 

1H NMR (500 MHz, CDCl3) δ = 7.48 (s, 1H), 7.37 – 7.21 (m, 5H), 7.12 (d, J=6.3, 2H), 

4.22 – 2.85 (m, 9H), 1.55 (s, 7H); 13C NMR (126 MHz, CDCl3) δ 174.6, 166.0, 148.2, 

135.8, 135.2, 130.5, 127.1, 127.1, 127.0, 126.4, 125.0, 123.3, 47.2, 28.3; IR: 3585, 

2985, 2253, 1641, 1383, 1096, 907, 733cm-1; HRMS (ESI) m/z 775.1932 [calcd for 

C38H42N4O4S2Cl2 (M)2+ 775.1922]. 

484-12/MF1239 

 

1H NMR (500 MHz, CDCl3) δ = 7.48 (s, 0H), 7.34 (d, J=8.1, 0H), 7.18 (d, J=8.4, 0H), 

7.12 (d, J=4.6, 0H), 3.91 – 2.99 (m, 1H), 1.54 (s, 1H); 13C NMR (126 MHz, CDCl3) δ 

174.8, 166.0, 144.6, 135.8, 132.7, 129.4, 127.1, 127.0, 126.4, 126.3, 46.9, 28.4; IR: 

3398, 2917, 1631, 1428,m 1257, 1009, 736 cm-1; HRMS (ESI) m/z 377.1074 [calcd for 

C19H22N2O2SCl (M)+ 377.1091]. 

484-13/MF1240 
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1H NMR (500 MHz, CDCl3) δ = 7.51 (s, 0H), 7.40 – 7.33 (m, 0H), 7.30 – 7.19 (m, 1H), 

7.14 (d, J=4.9, 1H), 7.08 (d, J=7.5, 1H), 3.88 – 2.80 (m, 4H), 2.22 – 1.87 (m, 0H), 1.62 – 

1.31 (m, 1H), 1.22 (s, 1H); 13C NMR (126 MHz, CDCl3) δ 170.8, 166.1, 142.6, 135.8, 

135.1, 130.3, 127.1, 127.1, 127.0, 126.5, 125.5, 125.5, 123.8, 29.4, 15.4; IR: 3398, 

2874, 2254, 1632, 1432, 1012, 733 cm-1; HRMS (ESI) m/z 389.1099 [calcd for 

C20H22N2O2SCl (M)+ 389.1091]. 

484-15/MF1244 

 

1H NMR (500 MHz, CDCl3) δ = 7.52 (s, 1H), 7.38 – 7.29 (m, 3H), 7.19 (t, J=7.8, 1H), 

7.16 – 7.09 (m, 2H), 3.92 – 3.02 (m, 8H), 1.51 – 1.34 (m, 2H), 1.22 (s, 2H); 13C NMR 

(126 MHz, CDCl3) δ 170.9, 166.3, 142.7, 135.5, 130.6, 130.0, 128.4, 128.4, 127.3, 

126.92, 126.6, 124.3, 123.3, 29.3, 15.4; IR: 3399, 2983, 2253, 1626, 1425, 1243, 1014, 

734cm-1; HRMS (ESI) m/z 419.0434 [calcd for C19H20N2O2SBr (M)+ 419.0429]. 

484-17/MF1246 

 

1H NMR (500 MHz, CDCl3) δ = 7.50 (s, 1H), 7.36 – 7.32 (m, 1H), 7.29 – 7.27 (m, 1H), 

7.15 – 7.09 (m, 3H), 3.85 – 3.04 (m, 9H), 1.53 – 1.34 (m, 2H), 1.19 (s, 2H); 13C NMR 

(126 MHz, CDCl3) δ = 171.0, 171.0, 166.2, 139.0, 135.8, 132.6, 129.2, 127.1, 127.0, 

126.9, 126.5, 29.2, 15.2; IR: 3444, 2861, 1633, 1428, 1257, 1011, 732 cm-1; HRMS 

(ESI) m/z 397.0737 [calcd for C19H19N2O2SClNa (M)+ 397.0753]. 
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484-18/MF1250 

 

1H NMR (500 MHz, CDCl3) δ = 7.53 (s, 1H), 7.41 – 7.33 (m, 2H), 7.25 (s, 1H), 7.14 (d, 

J=4.8, 1H), 7.07 – 6.99 (m, 1H), 3.85 – 3.33 (m, 8H), 1.50 – 1.42 (m, 2H), 1.21 (s, 2H); 

13C NMR (126 MHz, CDCl3) δ = 170.6, 166.5, 140.7, 135.2, 133.3, 131.1, 131.0, 127.5, 

127.4, 127.4, 126.9, 126.7, 125.1, 29.0, 15.5; IR: 3399, 1778, 1631, 1200, 1012, 909, 

732 cm-1; HRMS (ESI) m/z 409.0539 [calcd for C19H19N2O2SCl2 (M)+ 409.0544]. 
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Supplementary Tables  
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Supplementary Table 1. Inhibition of HIV-1 infection by N,N'-difunctionalized piperazines 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ID R1 R2 
IC50 JR-FL 

(M)a 
IC50 A-MLV 

(M)a 
Therapeutic Index

110 
 

 
>112 >112  

111 
 

 

13.2 ± 7.5 >112 >8 

112 
 

 

~112 >112  

113 
 

 

>112 >112  

114 
 

 
>112 >112  

115 
 

 

5.5 ± 1.2 >112 >20 

116 
 

 

>112 >112  

117 
 

 

>112 >112  

118 
 

 
4.7 ± 3.5 >112 >20 

119 
 

 

>112 >112  

120 
 

 

>112 >112  
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aThe ability of the compounds to inhibit the single-round infection of recombinant luciferase-expressing 

HIV-1 pseudotyped with the HIV-1JR-FL Env or the Env from the control amphotropic murine leukemia virus 

(A-MLV) was tested. Compounds were initially tested using JC53 target cells15 and inhibition of active 

compounds was confirmed using Cf2Th-CD4/CCR5 cells. Inhibition data from two independent 

experiments, performed in duplicate with Cf2Th-CD4/CCR5 cells, were averaged and the IC50 values 

were calculated by fitting the data to the four-parameter logistic equation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

121 
 

>112 >112  

122 
 

>112 >112  

127 >112 >112  

128 >112 >112  
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Supplementary Table 2. Structure-activity relationships of Compound 118 analogues  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

aThe ability of the compounds to inhibit the infection of recombinant luciferase-expressing HIV-1 

pseudotyped with the HIV-1JR-FL Env or the A-MLV Env was tested. Compounds were tested once with 

JC53 target cells and at least once with Cf2Th-CD4/CCR5 cells. Similar inhibition efficiency was observed 

with both cells. Inhibition data from two independent experiments (for compounds 245, 249 and 252) or a 

ID R1 R2 R3 R4 
IC50 JR-FL 

(M)a 
IC50 A-MLV 

(M)a 
Therapeutic 

Index 

242 
 

H H H >112 >112  

243 
 

H H H >112 >112  

244 
 

H H H >112 >112  

245 H H H 8.6 ± 3.2 >112 >13 

246 
 

H H Br 0.7 ± 0.2 >112 >160 

247 
 

H Cl H 1.2 ± 0.2 >112 >93 

248 
 

H CF3 H 1.4 ± 0.5 >112 >80 

249 
 

H H Cl 4.0 ± 1.7 >112 >28 

250 H H H 102.4 ± 35.0 >112 >1 

252 
 

H Br H 1.1 ± 0.1 >112 >101 

257 
 

H OCH3 CH3 3.4 ± 0.8 >112 >32 

258 
 

OCH3 H H 51.7 ± 4.5 >112 >2 

261 
 

CH3 H H >112 >112  

262 
 

H H F 6.0 ± 4.8 >112 >18 

263 
 

F H H 61.2 ± 39.7 >112 >1.8 
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single experiment (all the rest), all performed in duplicate with Cf2Th-CD4/CCR5 cells, were averaged. 

IC50 values were calculated by fitting the data to the four-parameter logistic equation.  
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Supplementary Table 3. Structure-activity relationships of Compound 484 analogues 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aThe ability of the compounds to inhibit the infection of recombinant luciferase-expressing HIV-1 with the 

HIV-1JR-FL or A-MLV Env was tested. Inhibition data from 2-3 independent experiments (for compounds 

480-484) or a single experiment (all the rest), all performed in duplicate with Cf2Th-CD4/CCR5 cells, were 

averaged. IC50 values were calculated by fitting the data to the four-parameter logistic equation.  

ID R1 R2 R3 R4 
IC50 JR-FL 

(M)a 
IC50 A-MLV 

(M)a 
Therapeutic 

Index 

480 
 

H H Br 1.0 ± 0.2 >112 >112 

481 
 

H Cl H 1.5 ± 0.2 >112 >75 

482 
 

H Cl H 15.3 ± 2.0 >112 >7 

483 
 

H Cl H 3.2 ± 0.7 >112 >35 

484 
 

H Cl H 0.4 ± 0.1 >112 >280 

485 
 

H Cl H 73.9 ± 12.5 67.3 ± 10.1 0.9 

486 
 

H Cl H 21.9 ± 6.8 >112 >5 

487 -CH(CH2CH3)2 H Cl H 68.6 ± 14.4 >112 >1.6
488 -CH2CH2CH3 H Cl H >112 >112  
489 -CH2CH(CH3)2 H Cl H >112 >112  

490 
 

H Cl H 62.4 ± 13.1 >112 >1.7 

491 -CH(CH3)3 H Cl H 35.4 ± 10.2 >112 >3

492 H Cl H 96.2 ± 8.6 >112 >1.2 

493 
 

H Cl H 24.8 ± 11.5 >112 >4 

494 
 

H Cl H 2.0 ± 0.2 2.7 ± 1.2 1.4 

495 H Cl H >112 >112  
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Supplementary Table 4. The effect of 484 and DMJ-II-121 on infectivity of different HIV-1 

mutants 

 Region 
Secondary 
structure 

484 DMJ-II-121 

  IC50 [µM]a 
Fold 

change  
IC50 [µM]a 

Fold 
change  

JR-FL       
WT   0.40 ± 0.10 1 15.04 1 

D107R C1  5.40 ± 1.08 13.5 2.4 ± 0.4 0.2 
I109W C1  1.39 ± 0.27 3.5 32.6 ± 2.3 2.2 
W112A C1  11.56 ± 5.75 28.9 >100 > 6.7 
Q114E C1  0.81 ± 0.06 2.0 42.6 ± 2.6 2.8 
V134A V1  0.63 ± 0.03 1.6 6.3 ± 0.2 0.4 
N139A V1  0.33 ± 0.04 0.8 16.8 ± 1.2 1.1 
M147A V1  0.24 ± 0.15 0.6 7.7 ± 0.6 0.5 
E153A V1  0.65 ± 0.11 1.6 3.1 ± 0.1 0.21 
I154A V1  14.85 ± 2.91 37.1 0.29 ± 0.15 0.02 
K155A V1  2.54 ± 0.31 6.4 ND  
N156A   6.00 ± 2.72 15 0.19 ± 0.08 0.01 
R166A V2  0.68 ± 0.04 1.7 ND  
Y173A V2  0.41 ± 0.10 1.0 3.1 ± 0.2 0.21 
L175A V2  0.58 ± 0.05 1.5 0.85 ± 0.11 0.06 
Y177A V2  13.40 ± 1.64 33.5 0.69 ± 0.12 0.05 
K178A V2  0.36 ± 0.02 0.9 ND  
L193Ab V2  > 112 > 280 0.06 ± 0.004 0.004 
I194A V2  0.25 ± 0.02 0.6 ND  
T320E V3  0.62 ± 0.03 1.6 ND  

S375Wb C3  > 112 > 280 > 100 > 6.7 
Q422A C4  3.08 ± 0.86 7.7 2.42 ± 0.09 0.2 
I423Ab C4  41.48 ± 5.10 103 2.29 ± 0.51 0.2 
I424A C4  14.54 ± 2.62 36.4 30.24 ± 7.34 2 

M426Lb C4  32.95 ± 3.03 82.4 21.8 ± 2.7 1.5 
M426A C4  0.01 ± 0.001 0.03 31.77 ± 8.14 2.1 
Q428A C4  0.33 ± 0.01 0.8 > 100 > 6.7 
V430A C4  ND  > 100 > 6.7 
K432A C4  0.60 ± 0.02 1.5 18.21 ± 2.64 1.2 
M434Ab C4  1.36 ± 0.50 3.4 5.12 ± 2.0 0.3 
Y435A C4  4.97 ± 0.82 12.4 > 100 > 6.7 
Y435K C4  94.66 ± 10.82 236.6 59.1 ±6.8 4 
W479A C5  0.22 ± 0.01 0.6 > 100 > 6.7 

       
ADA       
WT   27.82 ± 2.33  1.6 ± 0.14  

V1V2 V1/V2  >112 >4 0.063 ± 0.047 0.04 
 
 
 

    
 

 

      
      

a 
Recombinant HIV-1 pseudotyped with the indicated wild-type (WT) or mutant HIV-1JR-FL Envs was 

tested for inhibition by 484 or the CD4-mimetic compound DMJ-II-121.The IC50 values and fold change 

(relative to WT Env) associated with moderate and high resistance are highlighted in orange and red, 

Sensitive              WT             Resistant
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respectively; those associated with moderate and large increases in sensitivity are highlighted in blue 

and green, respectively. IC50 values were calculated by fitting the average inhibition data from 2-3 

independent experiments, most of them performed in triplicate, to a four-parameter logistic equation. 

b
 Highly resistant mutants to BMS-806 (fold change: I423A > 1000, S375W >1000, L193A=75. M426L 

and M434A were previously reported to confer resistance to BMS-80616-18) 

c
 Interestingly, the S375W change, which fills the Phe 43 cavity with the indole ring of the substituted 

tryptophan residue,20 resulted in complete resistance to both inhibitors as well as to BMS-806. The Phe 

43 cavity-filling S375W substitution may sterically impede 484 binding or decrease HIV-1 sensitivity to 

conformational blockers by increasing Env sampling of the CD4-bound conformation.19,20 The deletion 

of the V1/V2 region, another alteration that increases Env sampling of the CD4-bound conformation,21 

also resulted in decreased HIV-1 sensitivity to 484.  
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Supplementary Table 5. Docking scores and IC50 values of 484-related compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a The IC50 values of the compounds for inhibition of HIV-1JR-FL infection of Cf2Th-CD4/CCR5 cells are 

shown. Docking score calculation is described in the Methods section; inactive compounds are shown in 

red. 

Compounds Structure IC50 JR-FL 
(μM) 

Docking Scorea 

Glide 
MM-GBSA 
(kcal mol-1) 

484-18 0.08 -11.48 -40.20 

484-17 0.16 -11.31 -38.84 

484 Supplementary Table 3 0.4 -11.16 -43.15 

484-13 0.4 -11.22 -39.58 

484-4 0.4 -11.23 -38.84 

484-15 0.5 -11.03 -39.43 

252 Supplementary Table 2 1.0 -11.22 -43.74 
480 

Supplementary Table 3 
1.0 -11.08 -45.49 

481 1.5 -10.88 -38.40 
483 3.2 -10.72 -38.20 
249 Supplementary Table 2 4.0 -11.33 -45.49 
118 

Supplementary Table 1 
4.7 -11.08 -40.64 

115 5.5 -11.22 -36.73 

484-11 >112 -10.99 -36.54 

484-12 >112 -10.67 -36.37 

484-3 >112 -9.05 -33.59 
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Supplementary Table 6. Antibodies used in this study 
 
   

Ligand Group Target 
19b 

Antibodies that 
recognize 

CD4-bound 
Env 

conformations 

gp120 V3 loop1  

17b 
A discontinuous epitope that contains residues of the 2, 3, 
20, and 21 sheets2  

902090 A linear epitope composed of residues 171-1773  

830A 
V2i (V2-integrin) antibody, contacts residues R153, V154, T175, 
Y177, L179, D180 and I194 on the surface of a gp120 V2 -
barrel4  

F105 
Weakly 

neutralizing 
Weakly neutralizing CD4-binding site antibody5,6  

VRC01 
VRC03 

3BNC117 
broadly 

neutralizing 
antibodies 
(bNAbs) 

CD4-binding site7,8  

PG9 Quaternary V2 gp120 epitope9  
VRC34 gp120-gp41 hybrid epitope10  
10-1074  
PGT121 

V3-directed antibody; binding depends on the presence of 
glycosylation at Asn 3327,11  

10E8 
7H6 
4E10 

Membrane-proximal external region of gp41 (MPER)12-14  
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Supplementary Table 7. Primary HIV-1 strains that contain amino acids other than leucine 

at position 193 and the related 20-21 amino acid sequence 

  

 Residue 191-201 
(V2) 

Residue 420-435  
(20-21) 

JR-FL (reference) YRLISCDTSVI IKQIINMWQEVGKAMY 
A1D.UG.2011.DEURF11UG006.KF716485 YRIINCNTSAI IKQIINMWQRAGKAMY 
01_AE.CN.2007.LN070008.JX112854 YRIINCNTSVI IRQIINMWQGAGQAMY 
01_AE.TH.-.NP03.AB485654 YRIINCNSSVI IKQIINMWQGAGQAMY 
01_AE.CN.2010.CYM059.JX112796 YRITSCNTSVI IKQFVNMWQGVGQAMY 
01_AE.CN.2010.10LNA103.JX960608 YRIINCNTSVI IKQIVRMWQGVGQAMY 
B.CO.2001.PCM074.AY561240 YRMISCNTSSV IKQIINMWQEVGKAMY 
BC.IN.2002.NARI9-3.EU000508 YRMINCNTSVI IKQIINMWQEVGRAMY 
BC.IN.2002.INDNARI_0218440.EU000514 YRMIHCNTSTI IKQIVNMWQEVGRAMY 
BC.MM.1999.mIDU103.AB097873 YRMINRNTSVI IKQVVNMWQEVGKAMY 
B.TH.2004.04TH601066.JN248329 YRMIHCNTSVI IRQIVNMWQEVGKAMY 
B.US.-.CR0382N.FJ469725 YTVISCNTSVI IKQFINRWQEVGKAMY 
B.US.2007.07US_SAJ_C166_MS.JF689886 YIIRSCNTSVI IKQIINMWQEVGKAMY 
B.JP.2011.DEMB11JP002.KF716497 YRIINCNTSVI IKQIINMWQTVGKAMY 
B.US.2006.CR0276Z.FJ469714 YRVISCNTSVI IKQFINRWQEVGKAMY 
B.ES.2006.X2102.EU786677 YRVISCNTSVI IKQFINMWQEVGKAMY 
B.US.2006.06US_SAJ_C165_TJ.JF689863 YRIINCNTSVI IKQIINLWQEVGKAMY 
B.AR.1998.ARCH054.AY037268 YRIKSCNTSVI IKQFINMWQKVGKAMY 
B.US.2007.HIV_US_BID-V3044_2007.JQ403066 YRVISCNTSVI IKQIINMWQEVGKAMY 
B.KR.2003.03HJY8.JQ316131 YTMINCNSSAI IKHIINRWQEVGKAMY 
B.CY.2008.CY237.JF683784 YRMTSCNTSVI IRQIVNLWQEVGKAMY 
B.US.2005.USPI38417EI33y05051pcWG2B2.JN024363 YRMISCNTSVI IRQIVNRWQEVGKAIY 
B.BR.2005.05BR1078.JN692461 YMMINCNTSVI IKQIINKWQEVGKAMY 
B.ZA.2003.03ZAPS045MB2.DQ396398 YMIRSCNTSVI IKQFINMWQEVGKAMY 
B.BR.2003.BREPM1024.EF637056 YMIINCNTSVI IKQIINKWQEVGKAMY 
B.DK.2004.PMVL_018.EF514697 YRMISCNTSVI IKQIINMWQEVGKAMY 
B.PL.-.DEMBXXPL001.KC596069 EPIPIHYCAPA IKQIINMWQKVGKAMY 
B.JP.1999.DR1348.AB287370 YRMISCNTSII IKQIINMWQGVGKAMY 
B.US.2010.DEMB10US004.KC473827 YIMTSCNTSVL IKQIINMWQEVGKAMY 
B.JP.-.DR1712.AB604946 YRMISCNTSVI IKQVINMWQEVGKAMY 
B.US.-.F7174.DQ886032 YRMINCNTTVI IKQIINMWQEVGRAMY 
B.PE.2006.502_0648_FL02.JF320215               YRITSCNTSTI IKQIINMWQEVGKAMY 
B.US.2011.CP12-10.KF384799 YRIRSCNTSVI IKQIINMWQEVGKAMY 
BF1.BR.1999.BREPM107.AY771588 YMIINCNTSVI IKQIINRWQEVGKAMY 
B.US.2007.HIV_US_BID-V3020_2007.JQ403059 YRMINCNTSVI IKQIINMWQEVGKAMY 
C.IN.2005.C.IN.05.NIRT723.1.KF766541 YRFINCNTSTI IKQFINMWQEVGRAMY 
C.BW.1996.96BW1104.AF110969 YRFINCSTSTS IKQFINLWQEVGRAMY 
C.BW.1996.96BWM032.AF443075 YRWINCNTSSI IKQIINTWQEVGRAIY 
C.ZA.2000.1214MB.AY463236 YRIISCNTSTI IKQMINMWQGVGRAMY 
D.ZA.1986.R482.AY773341 YRFICCNTSAI IRQIIYMWQKVGKAMY 
G.CM.2001.A1786.FJ389367 YRMINCNVSTI IKQIVRMWQRVGQAMY 
O.GA.2011.11Gab6352.JX245015 YTIINCNSTTI LRQVVRSWMGGQSGLY 
02D.GH.2003.GHNJ193.AB231897 YRVINCNTLSH IKQIVRMWQRVGQAMY 
02_AG.CM.2001.01CM_0074NY.AY371131 YRFINCNTSAI IKQIVNMWQKVGQAMY 
11_cpx.FR.1999.MP1307.AJ291720 YNINKCNIVTI IKQIVRLWQRVGQAMY 
17_BF.PY.2002.PY02_PSP0096.EU581823 YRIIRCNTSTI IRQVVNMWQEVGRAMY 
18_cpx.CU.1999.CU68.AY894993 CIGINCNVSXI IKQIVRMWQRTGQAMY 
19_cpx.CU.1999.CU7.AY894994 -KIINCNTSAI IKQVVNMWQ-VGQAMY 
35_AD.IR.2011.11IR.KSH29F.AB703611 YRVINCNTSAI IKQIINMWQRTGQAMY 
39_BF.BR.2003.03BRRJ327.EU735536 ---TNCNSSTI IKQIVNMWQEVGRAMY 
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Supplementary Table 8. Primers used in the study for site directed mutagenesis 

Change Sequence 
HIV-1JR-FL 

I420A 
5'-catcaccctgccttgcagggccaagcagatcatcaacatg-3' 
5'-catgttgatgatctgcttggccctgcaaggcagggtgatg-3' 

K421A 
5'-caccctgccttgcaggatcgcccagatcatcaacatgtggc-3' 
5'-gccacatgttgatgatctgggcgatcctgcaaggcagggtg-3' 

Q422A 
5'-cctgccttgcaggatcaaggccatcatcaacatgtggcagg-3' 
5'-cctgccacatgttgatgatggccttgatcctgcaaggcagg-3' 

Q422D 
5'-ctgccttgcaggatcaaggacatcatcaacatgtggcag-3' 
5'-ctgccacatgttgatgatgtccttgatcctgcaaggcag-3' 

Q422E 
5'-tgccttgcaggatcaaggagatcatcaacatgtgg-3' 
5'-ccacatgttgatgatctccttgatcctgcaaggca-3' 

Q422K 
5'-tgccttgcaggatcaagaagatcatcaacatgtgg-3' 
5'-ccacatgttgatgatcttcttgatcctgcaaggca-3' 

Q422N 
5'-ctgccttgcaggatcaagaacatcatcaacatgtggcag-3' 
5'-ctgccacatgttgatgatgttcttgatcctgcaaggcag-3' 

Q422R 
5'-ccctgccttgcaggatcaagagaatcatcaacatgtggcagga-3' 
5'-tcctgccacatgttgatgattctcttgatcctgcaaggcaggg-3' 

Q422T 
5'-cctgccttgcaggatcaagaccatcatcaacatgtggcagg-3' 
5'-cctgccacatgttgatgatggtcttgatcctgcaaggcagg-3' 

I423A 
5'-ccttgcaggatcaagcaggccatcaacatgtggcagga-3' 
5'-tcctgccacatgttgatggcctgcttgatcctgcaagg-3' 

I423F 
5'-cttgcaggatcaagcagttcatcaacatgtggcag-3' 
5'-ctgccacatgttgatgaactgcttgatcctgcaag-3' 

I423K 
5'-cttgcaggatcaagcagaagatcaacatgtggcaggag-3' 
5'-ctcctgccacatgttgatcttctgcttgatcctgcaag-3' 

I423L 
5'-ccttgcaggatcaagcagctgatcaacatgtggcaggag-3' 
5'-ctcctgccacatgttgatcagctgcttgatcctgcaagg-3' 

I423M 
5'-tgccttgcaggatcaagcagatgatcaacatgtgg-3' 
5'-ccacatgttgatcatctgcttgatcctgcaaggca-3' 

I423V 
5'-ccttgcaggatcaagcaggtgatcaacatgtggcaggag-3' 
5'-ctcctgccacatgttgatcacctgcttgatcctgcaagg-3' 

I423R 
5'-gccttgcaggatcaagcagcggatcaacatgtggcaggagg-3' 
5'-cctcctgccacatgttgatccgctgcttgatcctgcaaggc-3' 

I424A 
5'-gcaggatcaagcagatcgccaacatgtggcaggagg-3' 
5'-cctcctgccacatgttggcgatctgcttgatcctgc-3' 

N425A 
5'-ggatcaagcagatcatcgccatgtggcaggaggtgg-3' 
5'-ccacctcctgccacatggcgatgatctgcttgatcc-3' 

M426A 
5'-gatcaagcagatcatcaacgcctggcaggaggtgggcaagg-3' 
5'-ccttgcccacctcctgccaggcgttgatgatctgcttgatc-3' 

W427A 
5'-agcagatcatcaacatggcccaggaggtgggcaaggc-3' 
5'-gccttgcccacctcctgggccatgttgatgatctgct-3' 

Q428A 
5'-cagatcatcaacatgtgggccgaggtgggcaaggccatg-3' 
5'-catggccttgcccacctcggcccacatgttgatgatctg-3' 

E429A 
5'-tcaacatgtggcaggccgtgggcaaggccatg-3' 
5'-catggccttgcccacggcctgccacatgttga-3' 

V430A 
5'-aacatgtggcaggaggccggcaaggccatgtatg-3' 
5'-catacatggccttgccggcctcctgccacatgtt-3' 

G431A 
5'-gtggcaggaggtggccaaggccatgtatg-3' 
5'-catacatggccttggccacctcctgccac-3' 
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Change Sequence 
HIV-1JR-FL 

K432A 
5'-gtggcaggaggtgggcgccgccatgtatgctcctc-3' 
5'-gaggagcatacatggcggcgcccacctcctgccac-3' 

A433G 
5'-ggaggtgggcaagggcatgtatgctcctc-3' 
5'-gaggagcatacatgcccttgcccacctcc-3' 

M434A 
5'-ggaggtgggcaaggccgcctatgctcctcccatca-3' 
5'-tgatgggaggagcataggcggccttgcccacctcc-3' 

Y435A 
5'-gtgggcaaggccatggctgctcctcccatcag-3' 
5'-ctgatgggaggagcagccatggccttgcccac-3' 

Y435D 
5'-gtgggcaaggccatggacgctcctcccatcagg-3' 
5'-cctgatgggaggagcgtccatggccttgcccac-3' 

Y435E 
5'-gtgggcaaggccatggaggctcctcccatcagg-3' 
5'-cctgatgggaggagcctccatggccttgcccac-3' 

Y435F 
5'-ggtgggcaaggccatgtttgctcctcc-3' 
5'-ggaggagcaaacatggccttgcccacc-3' 

Y435G 
5'-ggtgggcaaggccatgggcgctcctcccatcaggg-3' 
5'-ccctgatgggaggagcgcccatggccttgcccacc-3' 

Y435H 
5'-gtgggcaaggccatgcacgctcctcccatcagg-3' 
5'-cctgatgggaggagcgtgcatggccttgcccac-3' 

Y435I 
5'-ggtgggcaaggccatgatcgctcctcccatcaggg-3' 
5'-ccctgatgggaggagcgatcatggccttgcccacc-3' 

Y435K 
5'-gtgggcaaggccatgaaggctcctcccatcagg-3' 
5'-cctgatgggaggagccttcatggccttgcccac-3' 

Y435L 
5'-ggtgggcaaggccatgctggctcctcccatcaggg-3' 
5'-ccctgatgggaggagccagcatggccttgcccacc-3' 

Y435M 
5'-ggtgggcaaggccatgatggctcctcccatcaggg-3' 
5'-ccctgatgggaggagccatcatggccttgcccacc-3' 

Y435N 
5'-gtgggcaaggccatgaacgctcctcccatcagg-3' 
5'-cctgatgggaggagcgttcatggccttgcccac-3' 

Y435P 
5'-ggtgggcaaggccatgcccgctcctcccatcaggg-3' 
5'-ccctgatgggaggagcgggcatggccttgcccacc-3' 

Y435Q 
5'-gtgggcaaggccatgcaggctcctcccatcagg-3' 
5'-cctgatgggaggagcctgcatggccttgcccac-3' 

Y435R 
5'-ggtgggcaaggccatgcgggctcctcccatcaggg-3' 
5'-ccctgatgggaggagcccgcatggccttgcccacc-3' 

Y435S 
5'-ggtgggcaaggccatgagcgctcctcccatcaggg-3' 
5'-ccctgatgggaggagcgctcatggccttgcccacc-3' 

Y435T 
5'-ggtgggcaaggccatgaccgctcctcccatcaggg-3' 
5'-ccctgatgggaggagcggtcatggccttgcccacc-3' 

Y435V 
5'-ggtgggcaaggccatggtggctcctcccatcaggg-3' 
5'-ccctgatgggaggagccaccatggccttgcccacc-3' 

Y435W 
5'-gaggtgggcaaggccatgtgggctcctccca-3' 
5'-tgggaggagcccacatggccttgcccacctc-3' 

HIV-1BG505 

I423A 
5'-ataactctcccatgcagaataaagcaagccataaatatgtggcagagaataggacaa-3' 
5'-ttgtcctattctctgccacatatttatggcttgctttattctgcatgggagagttat-3' 

HIV-1ZM53M.PB12 

I423A 
5'-acagacatcatactcctatgtagaataaaacaagccataaacatgtggcaggaggtag-3' 
5'-ctacctcctgccacatgtttatggcttgttttattctacataggagtatgatgtctgt-3' 

HIV-1190049 

I423A 
5'-acactcccatgcagaataaaacaagccataaacatgtggcaggg-3' 
5'-ccctgccacatgtttatggcttgttttattctgcatgggagtgt-3' 
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Concentration [M] 

 Compound IC50 [M] R2

191955-A4 (clade A)    
■ 115 >112  
● 118 >112  
▲ 245 >112  
▼ 249 >112  
◄ 252 65.7 ± 10.1 0.93 
► 480 >112  
♦ 481 >112  
●  482 >112  
■  483 93.8 ± 18.7 0.92 
●  484 33.4 ± 5.7 0.96 

JR-FL (clade B)    
■ 115 5.5 ± 1.2 0.98
● 118 4.7 ± 3.5 0.93
▲ 245 8.6 ± 3.2 0.95
▼ 249 4.0 ± 1.7 0.96
◄ 252 1.1 ± 0.1 0.99
► 480 0.5 ± 0.2 0.98
♦ 481 1.5 ± 0.2 0.99
●  482 15.3 ± 2.0 0.98
■  483 3.2 ± 0.7 0.98
●  484 0.4 ± 0.1 0.95

YU2 (clade B)    
■ 115 13.1 ± 3.3 0.98
● 118 74.2 ± 8.2 0.95
▲ 245 52.0 ± 10.2 0.96
▼ 249 33.6 ± 2.9 0.99
◄ 252 16.0 ± 2.3 0.98
► 480 21.8 ± 4.5 0.96
♦ 481 19.9 ± 5.1 0.95
●  482 47.6 ± 4.1 0.99
■  483 34.5 ± 6.3 0.97 
●  484 5.4 ± 0.8 0.99 

AD8 (clade B)    
■ 115 5.8 ± 1.4 0.97
● 118 12.8 ± 6.9 0.91
▲ 245 22.1 ± 8.6 0.91
▼ 249 17.1 ± 4.2 0.93
◄ 252 10.8 ± 3.5 0.93
► 480 5.2 ± 2.1 0.97
♦ 481 12.9 ± 3.1 0.95
●  482 27.6 ± 10.4 0.91
■  483 14.6 ± 7.4 0.90 
●  484 0.7 ± 0.4 0.97 
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KB9 (clade B)    
■ 115 62.0 ± 20.1 0.91 
● 118 >112  
▲ 245 >112  
▼ 249 >112  
◄ 252 48.3 ± 6.5 0.97
► 480 >112  
♦ 481 41.3 ± 7.9 0.93
●  482 >112  
■  483 >112  
●  484 30.7 ± 8.9 0.89

Du422.1 (clade C)    
■ 115 97.5 ± 61.5 0.43 
● 118 74.6 ± 18.1 0.89 
▲ 245 103.3 ± 66.4 0.50 
▼ 249 >112  
◄ 252 18.9 ± 12.8 0.70 
► 480 13.1 ± 4.2 0.90 
♦ 481 38.6 ± 19.7 0.66 
●  482 43.5 ± 18.2 0.70 
■  483 9.4 ± 3.4 0.90 
●  484 7.9 ± 3.2 0.86 

ZM53M.PB12 (clade C)    
■ 115 48.5 ± 7.1 0.94 
● 118 77.0 ± 23.3 0.73 
▲ 245 21.4 ± 11.1 0.77 
▼ 249 31.2 ± 8.5 0.88 
◄ 252 11.7 ± 2.8 0.96 
► 480 17.7 ± 6.4 0.86 
♦ 481 3.4 ± 2.6 0.86 
●  482 46.8 ± 15.0 0.83 
■  483 9.8 ± 4.9 0.89 
●  484 4.0 ± 1.4 0.91 

ZM109 (clade C)    
■ 115 17.6 ± 8.6 0.87 
● 118 >112  
▲ 245 103.9 ± 7.6 0.96 
▼ 249 73.7 ± 12.2 0.91 
◄ 252 49.7 ± 3.6 0.98 
► 480 49.8 ± 18.3 0.84 
♦ 481 55.7 ± 14.0 0.87  
●  482 105.7 ± 29.1 0.71 
■  483 >112  
●  484 22.2 ± 8.5 0.87 
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Ce0393_C3 (clade C)    
■ 115 4.6 ± 2.9 0.87 

● 118 >112  

▲ 245 18.9 ± 9.6 0.77 

▼ 249 5.3 ± 2.3 0.95 

◄ 252 40.0 ± 12.8 0.82  

► 480 27.9 ± 11.9 0.78 

♦ 481 8.6 ± 4.5 0.67 

●  482 44.4 ± 24.9 0.71  

■  483 10.8 ± 5.1 0.85  

●  484 3.8 ± 2.0 0.94 

CAP210.2.00.E8 (clade C)    
■ 115 >112  

● 118 84.3 ± 47.2 0.65 

▲ 245 >112  

▼ 249 >112  

◄ 252 65.3 ± 22.2 0.64 

► 480 >112  

♦ 481 >112  

●  482 98.3 ± 22.0 0.62 

■  483 >112  

●  484 70.5 ± 8.0 0.98 

190049 (clade D)    
■ 115 6.4 ± 4.6 0.84 

● 118 >112  

▲ 245 21.1 ± 7.4 0.97 

▼ 249 9.8 ± 2.0 0.96 

◄ 252 3.6 ± 1.4 0.95 

► 480 5.7 ± 1.8 0.90 

♦ 481 2.9 ± 1.9 0.89 

●  482 25.5 ± 7.1 0.93 

■  483 18.2 ± 4.4 0.88 

●  484 2.7 ± 1.2 0.84 

191821 (clade D)    
■ 115 43.1 ± 11.3 0.85 

● 118 >112  
▲ 245 29.0 ± 6.9  0.91

▼ 249 58.6 ± 24.7  0.67

◄ 252 16.5 ± 7.9  0.81

► 480 12.7 ± 5.4  0.84

♦ 481 6.3 ± 3.4  0.80

●  482 38.0 ± 8.5  0.88

■  483 17.7 ± 5.1  0.93

●  484 1.4 ± 1.2  0.92

 

 

0.01 0.1 1 10 100
0

20

40

60

80

100

120

140

160

 

0.01 0.1 1 10 100
0

20

40

60

80

100

120

140

 

0.01 0.1 1 10 100
0

20

40

60

80

100

120

140

160

 

0.01 0.1 1 10 100
0

20

40

60

80

100

120

140



 S22

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. Inhibition of different HIV-1 strains by selected compounds. Ten 

related compounds were selected based on their potency against HIV-1JR-FL for profiling the 

antiviral activity against recombinant HIV-1 pseudotyped with different HIV-1 Envs. The Envs 

were derived from diverse laboratory-adapted, transmitted/founder and primary HIV-1 strains. 

Inhibition data from 2-3 independent experiments, each performed in duplicate, were averaged. 

IC50 values were calculated by fitting the averaged data to the four-parameter logistic equation. 
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191859 (clade D)    
■ 115 40.8 ± 19.5 0.80 

● 118 >112  

▲ 245 >112  

▼ 249 36.3 ± 5.5 0.97 

◄ 252 25.9 ± 7.9 0.91 

► 480 37.3 ± 12.0 0.85 

♦ 481 22.1 ± 6.2 0.90 

●  482 >112  

■  483 65.5 ± 11.3 0.89 

●  484 11.2 ± 3.9 0.94 
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Supplementary Figure 2. Opposing effects of 484 and the CD4-mimetic compound DMJ-II-

121 on CD4-induced rearrangements of HIV-1 Env. The effect of the specified small 

molecules on the binding of C34-Ig (a) or the 17b (b) or PG9 (c) antibodies to the cell-surface 

HIV-1JR-FL∆CT Env trimer was measured by two-color flow cytometry. Soluble CD4 (sCD4) was 

added in some cases, as indicated. For PG9 binding, HIV-1JR-FL∆CT E168K+N188A, which 

restores the PG9 epitope to the HIV-1JR-FL Env, was used. Compounds were tested at 1, 5, 50 

and 100 M (1, 5 and 50 M for testing the effects of 484 on C34-Ig binding (a, left panel), or as 

specified) and no cytotoxic effects were observed at these concentrations. (d) A control for the 

experiment shown in panel (b): binding of 17b to HIV-1JR-FL∆CT in the presence of increasing 

concentrations of sCD4 (1.2, 3.7, 11, 33 and 100 g/ml), All incubations were done at room 

temperature to allow efficient Env binding without significant shedding. Results shown are 

representative of those obtained in 2-3 independent experiments. APC, allophycocyanin; FITC, 

fluorescein isothiocyanate; MFI, mean fluorescence intensity.   
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Supplementary Figure 3. Available structures of the CD4-bound conformation of HIV-1 

Env. (a) Cryoelectron tomographic map of HIV-1 Env bound to sCD4 and fit with sCD4 and 

gp120 crystal structures.22  The sCD4 is shown in yellow and HIV-1 gp120 core in red. Asterisk 

indicates a density presumably corresponding to the gp120 V1/V2 region and magenta ovals 

mark the V1/V2 stem. (b) Model of the CD4-bound conformation of gp120 built by a 

computational protocol that used cryo-electron tomography maps (from a), atomic-resolution 

structures of the CD4-bound gp120 core, and information on binding interactions (PDB 3J70).23 

(c) Density map of HIV-1 Env bound to sCD4 determined by single-particle cryoelectron 

microscopy (cryo-EM) fit with coordinates of the molecular dynamics model of full-length CD4-

bound gp120.24 (d) Structure based on the cryo-EM density map of an HIV-1BG505 sgp140 

SOSIP.664 Env-sCD4-17b-8ANC195 complex (PDB 5THR; the V1/V2 region is schematically 

shown). The atoms shown involve amino acid residues whose alteration resulted in changes in 

484 or DMJ-II-121 sensitivity, and are colored according to the key in Figure 2c. 

V1/V2 
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c 
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Supplementary Figure 4. Docking the control BMS-626529 compound into the crystal 

structure of HIV-1BG505 sgp140 SOSIP.664. Docking was performed as described in the 

Methods section and the calculated root mean square distance (RMSD) between the position of 

BMS-626529 in the crystal structure (cyan sticks) and the position after docking (orange sticks) 

is 1.0 Å.  
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Supplementary Figure 5. Modeling the binding of 484 to HIV-1 Env. (a) The binding site of 

484 to one protomer of HIV-1 Env was estimated using molecular modeling and the cocrystal 

structure of BMS-626529 with the HIV-1BG505 soluble gp140 SOSIP.664 trimer.25 (b) Predicted 

484-interacting residues in the binding site of HIV-1 Env. (c) A LOGO plot describing the 

conservation of amino acids in HIV-1 gp120 regions comprising the proposed 484-binding site. 

The amino acid sequence in specified regions was compared to the sequence present in HIV-1 

isolates using QuickAlign (HIV sequence database, www.hiv.lanl.gov). Graphical representation 

of the distribution of amino acids at a specific position was generated with WebLogo.26 The size 

of the letters represents the probability of finding a specific amino acid residue at that position. 

An asterisk indicates a residue proposed to contact 484. (d) Alignment of four regions 

associated with HIV-1JR-FL resistance to 484 from the panel of isolates in Fig. 1A. Residues that 

differ from the sensitive HIV-1JR-FL are shown in red. A greater number of changes in the 1, V2 

and 20-21 regions is consistent with the profile of resistance. The DNA sequence for two 

isolates (191955-A4 and C30393_C3) was not available. The positions of the first and last 

residues in each region are shown above the sequences.  
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Supplementary Figure 6. Conservation and Evolution of Residue Tyr 435 in Primate 

Lentiviruses. (a) A significant bias in codon usage for the Tyr 435 amino acid in HIV-1 is not 

conserved in simian immunodeficiency virus (SIV). Tyr 435 is highly conserved (99.1%) in HIV-1 

variants but exhibits only moderate conservation (69.3%) in SIV isolates. (b) Amino acid 

sequences of HIV-1 isolates that carry a residue other than tyrosine at position 435 are enriched 

in serine and then phenylalanine residues at this position. In contrast, substitution at Tyr 435 is 

almost exclusively to phenylalanine in sequences of SIV isolates (middle panel). Two randomly 

chosen control tyrosine residues in HIV-1 Env (residues 217 and 384) were also shown to 

exhibit preferential substitutions of phenylalanine (right panel). (c) For HIV-1 strains that do not 

carry Tyr 435, predominance of serine versus phenylalanine at position 435 is most notable in 

clade B and C. Clade A and all other HIV-1 clades show preferences for phenylalanine at this 

position. (d) Phylogenetic relationship between the different groups of primate lentiviruses. The 

percentage of the virus strains that carry amino acids other than tyrosine at position 435 are 

indicated. Evolution from SIV.CPZ to HIV-1 apparently imposed a stringent requirement for the 

tyrosine at position 435. Our mutagenesis results (Fig. 3e) raise the possibility that variation in 

residue 435 was driven by different requirements for Env responsiveness to CD4 binding. 
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Supplementary Figure 7. Changes in gp120 residues 435, 422 and 320 strongly influence 

HIV-1JR-FL susceptibility to the 19b antibody. Residues 435 and 422 of the 20-21 element 

are in close proximity to residue 320 of the V3 region in the HIV-1BG505 soluble gp140 

SOSIP.664 structure (PDB 4TVP). Potential contacts link the 20-21 residues (Tyr 435 and 

Gln 422) to a residue in the base of the V3 loop (Thr 320). The inhibition by the 19b antibody of 

viruses with the indicated wild-type (WT) or mutant Envs is shown. Altered residues are shown 

in red letters. Inhibition data from 2-3 independent experiments, each performed in duplicate, 

were averaged. IC50 values were calculated by fitting the averaged data to the four-parameter 

logistic equation. 
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Supplementary Figure 8. The effect of different amino acid substitutions at residue 423 
on the sensitivity of HIV-1JR-FL to Env ligands recognizing downstream conformations. (a) 
The indicated amino acid changes were introduced into HIV-1JR-FL Env and infection of the 

related pseudotyped virus was tested in the presence of the specified ligands. IC50 values were 
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calculated after fitting the inhibition curves to the four-parameter logistic equation. Substitutions 

that are found in primary HIV-1 isolates are labeled as natural and all others as non-natural. (b) 
Distribution of different amino acids among 2500 primary isolates at residue 423. (c) 
Comparison of the effect of natural and the non-natural substitutions at residue 423 on virus 

sensitivity to ligands that recognize downstream conformations. Color code is the same as that 

shown in panel (a). Mann-Whitney test was used to estimate statistical significance between the 

groups; ** , P value < 0.05. Sensitivity to 17b is shown in panel (a) but was not analyzed in 

panel (c) because the 17b epitope contains residue 423 (Rizzuto CD, Wyatt R, Hernandez-

Ramos N, Sun Y, Kwong PD, Hendrickson WA, Sodroski J. 1998. A conserved HIV gp120 

glycoprotein structure involved in chemokine receptor binding. Science 280:1949-1953). 

Therefore, lack of 17b activity against Ile 423 mutants may be related to poor antibody binding.  
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Supplementary Figure 9. Fibril formation by peptides derived from the 19 and 20 region 

of gp120 (Enhancing Factor C (EF-C) WT and EF-C I423A peptides). (a) Fibrils formed by 

the two 12-mer peptides were detected using electron microscopy. The peptides were diluted to 

40 g/ml, added to a formvar/carbon grid and negatively stained with NanoVan. Medium 

(x23,000 or x30,000) and high (x68,000) magnifications are shown. The peptide sequence and 

secondary structures within gp120 are shown (b) The enhancing effect of peptides from (a) on 

infectivity of different viruses. 
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