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3.12. (R)-1-Benzyloxy-2,3-bis(hexyloxy)propane (19)

To a mixture of 16 {0.366 g, 2.03 mmol) in DMF (10 ml) was
added NaH (0.406 g, 16.9 mmol) followed by bromohexane
(0.708 ml, 5.0 mmol), and the resulting mixture was stirred at
room temperature under argon for 24 h. The reaction was
quenched with MeOH, and concentrated under reduced
pressure, and then the residue was diluted with AcOEt. The
organic phase was washed with H,O and saturated aqueous
NaCl, dried over Na,SO,;, and then concentrated under
reduced pressure. The crude product was purified by silica gel
column chromatography (hexane-AcOEt = 5:1) to afford 19
(0.506 g, 70%) as a colorless oil.

'H NMR (CDCl;) 8: 0.88 (6H, m, CH; x 2), 1.29 (12H, bs,
CH, % 6), 1.52-1.59 (2H, m, CH, X 2), 3.40-3.59 (9H, m,
CH,OCH, x 3, CH,OCH,CcHs, CH,CHCH,), 4.55 (2H, s,
CeH5CH,), 7.25-7.34 (5H, m, C¢Hs). **C NMR (CDCl;) 6 14.0,
22.5, 25.7, 25.7, 29.5, 30.0, 31.6, 70.2, 70.5, 70.6, 71.6, 73.2,
77.8, 127.4, 127.5, 128.2, 138.3. IR (KBr) 3070, 3030, 2970,
2850, 1600, 1455, 1380, 1270, 1115, 730, 700 cm™, MS (FAB)
m/z 351 (M + H)". HRMS(FAB) m/z caled for C;,H3405 (M + H)"
351.2889. Found: 351.2892. TLC; R 0.58 (hexane-AcOEt =
5:1).

3.13. 1,2-O-Dihexyl-sn-glycerol (20)

19 (0.406 g, 1.13 mmol) was allowed to react under the same
conditions as described for the preparation of 18 to give 20
(0.285 g, 84%) as a colorless oil.

H NMR (CDCls) &: 0.87 (3H, t, J = 6.7 Hz, CH; x 2), 1.30
(12H, m, CH, x 6), 1.54-1.57 (4H, m, CH, x 2), 2.30 (1H, bs,
OH), 3.42-3.71 (9H, m, CH,OCH, % 3, CH,OCH,C¢Hs,
CH,CHCH,). *C NMR (CDCl;) &: 14.0, 22.6, 25.7, 29.5, 30.0,
31.6, 31.6, 63.0, 70.3, 70.9, 71.8, 78.2. IR (KBr) 3440, 2960,
2930, 1465, 1380, 1120 em™. MS (FAB) m/z 261 (M + H)".
HRMS(FAB) m/z caled for Cy5H;30sNa (M + Na)* 283.2249.
Found: 283.2252. TLC; Ry 0.53 (hexane-AcOEt = 2:1).

3.14. (R)-1-Benzyloxy-3-methoxypropan-2-ol (21)

A mixture of 16 (0.50 g, 2.74 mmol) and dibutyltin oxide
(0.697 g, 2.80 mmol) in toluene (50 ml) was refluxed for 3 h in
a Dean-Stark apparatus to remove water. The mixture was con-
centrated under reduced pressure. To the residue was added
cesium fluoride (0.759 g, 5.0 mmol), and the mixture was sus-
pended in heated DMF (30 ml) at 100 °C. To the resulting sus-
pension was added methyl iodide (0.311 ml, 10.0 mmol) at
—~78 °C, and the mixture was stirred at room temperature
under argon with light shielding for 48 h. After concentration
of the reaction mixture under reduced pressure, the residue
was purified by silica gel column chromatography (hexane-
AcOEt = 1: 2) to afford 21 (0.386 g, 71%] as a colorless oil.

'H NMR (CDCI3) &: 2.71 (1H, bs, OH), 3.36 (3H, s, OCHs),
3.38-3.56 (4H, m, CH;0CH,, CH,0H), 3.98 (1H, d, J = 4.4 Hz,
CH,CHCH,), 4.54 (2H, s, C¢HsCH,), 7.25-7.32 (5H, m, CsHs).
13C NMR (CDCl3) & 59.0, 69.2, 71.2, 73.3, 73.7, 127.6, 128.3,
137.8. IR (KBr) 3450, 3060, 3030, 2890, 1500, 1450, 1360, 1330,
1200, 1100, 970, 740, 700 cm™. HRMS(FAB) m/z caled for
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CHi605 (M + Na)® 219.0997. Found: 219.1012. TLC; R¢ 0.58
(hexane-AcOEt = 1:2).

3.15. (R)-1-Benzyloxy-2-heptanoyl-3-methoxypropane (22)

21 (0.119 g, 0.608 mmol) was allowed to react under the same
conditions as described for the preparation of 17 to give 22
(0.175 g, 93%) as a colorless oil.

'H NMR (CDCl;) &: 0.85-0.90 (3H, m, CH,), 1.25-1.36 (6H,
m, CH, x 3), 1.57-1.67 (2H, m, CH,), 2.34 (2H, t, J = 7.5 Hz,
CH,), 3.35 (3H, s, OCHj), 3.55-3.57 (2H, d, J = 5.1 Hz,
CH,OCH,), 3.61-3.62 (2H, d, J = 5.0 Hz, C¢H,CH,OCH,),
4.50-4.59 (2H, dd, J = 12.1, 12.3 Hz, C¢H;CH,), 5.16-5.22 (1H,
m, CH,CHCH,), 7.25-7.37 (5H, m, C¢Hs). *C NMR (CDCl3) &:
14.0, 22.4, 24.9, 28.7, 31.4, 34.3, 59.2, 68.6, 71.0, 71.3, 73.2,
127.6, 127.6, 128.3, 138.0, 173.4. IR (KBr) 3290, 2990, 2850,
1740, 1500, 1460, 1370, 1100, 740, 700 cm™. HRMS(FAB) m/z
caled for CigH,00, (M + H)™ 309.2066. Found: 309.2068. TLC;
R¢0.23 (hexane-AcOEt = 9:1).

3.16. 2-O-Heptanoyl-1-O-methyl-sn-glycerol (23)

22 (0.390 g, 1.27 mmol) was allowed to react under the same
conditions as described for the preparation of 18 to give 23
(0.258 g, 93%) as a colorless oil.

'H NMR (CDCl,) &: 0.88 (3H, t, ] = 6.8 Hz, CHj), 1.26-1.35
(6H, m, CH, x 3), 1.59-1.65 (2H, m, CH,), 2.32~-2.39 (3H, m,
OH, CH,), 3.38 (3H, s, OCHj), 3.55-3.60 (1H, dd, J = 4.8, 10.6
Hz, CH,OCH,(CH)), 3.59-3.64 (1H, dd, J = 4.9, 10.4 Hz,
CH;0CH,(CH)), 3.79 (2H, d, J = 4.4 Hz, CH,OH), 5.00-5.03
(1H, m, CH). *C NMR (CDCl;) &: 14.0, 22.4, 24.9, 28.7, 31.4,
34.3, 59.3, 62.5, 71.6, 72.7, 173.7. IR (KBr) 3630, 3240, 2810,
1735, 1460, 1110 cm™*. HRMS(FAB) m/z caled for C;;H,306
(M + H)" 219.1596. Found: 219.1590. TLC; R; 0.44 (hexane-
AcOEt=1:1).

3.17. (R)-1-Benzyloxy-2-hexyloxy-3-methoxypropane (24)

21 (0.120 g, 0.611 mmol) was allowed to react under the same
conditions as described for the preparation of 19 to give 24
(0.157 g, 92%) as a colorless oil.

'H NMR (CDCl;) & 0.88 (3H, m, CHj), 1.29 (6H, bs, CH, x
3), 1.53-1.60 (2H, m, CH,), 3.35 (3H, s, OCH,), 3.45-3.62 (7H,
m, CH;0CH,, CH,OCH,CgH;, CH,CHCH,, OCH,), 4.55 (2H, s,
CeHsCH,), 7.25-7.34 (5H, m, CeHs). *C NMR (CDCl,) &: 14.0,
22.6, 25.7, 30.0, 31.6, 59.1, 70.0, 70.5, 72.7, 73.3, 77.7, 127.4,
127.5, 128.2, 138.3. IR (KBr) 3285, 3065, 2960, 1600, 1455,
1270, 1200, 1100, 700 cm™". MS (FAB) m/z 281 (M + H)". Anal.
Caled for Cy1H1605: C, 72.82; H, 10.06. Found: C, 72.67; H,
10.28. TLC; Rf 0.58 (hexane-AcOEt = 5: 1).

3.18. 2-O-Hexyl-1-O-methyl-sn-glycerol (25)

24 (0.153 g, 0.54 mmol) was allowed to react under the same
conditions as described for the preparation of 20 to give 25
(0.092 g, 89%) as a colorless oil.

'H NMR (CDCl;) & 0.89 (3H, t, J = 6.8 Hz, CH;), 1.30-1.37
(6H, m, CH, x 3), 1.54-1.61 (2H, m, CH,), 2.35 (1H, bs, OH),
3.37 (3H, s, OCH,), 3.46-3.70 (7H, m, CH;OCH,, CH,OH,
CH,CHCH,, OCH,). **C NMR (CDCl;) 8: 14.0, 22.5, 25.7, 30.0,
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31.6, 59.2, 62.6, 70.3, 72.6, 78.3. IR (KBr) 3310, 2935, 1455,
1104 cm™". MS (FAB) m/z 281 (M + H)". HRMS(FAB) m/z caled
for C11H,,03Na (M + Na)*" 213.1467. Found: 213.1466. TLC; Ry
0.58 (hexane-AcOEt = 1:2).

3.19. p1-2,3,4,5,6-Penta-0-[(1,5-dihydro-2,4,3-benzodio-
xaphosphepin-3-yl) phosphoryl]-myo-inositol 1-{[1,2-0-
diheptanoyl-sn-glyceryl](benzyl)phosphate} (26) and p1-1,3,4,5,6-
penta-0-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)-
phosphoryl]-myo-inositol 2-{[1,2-O-diheptanoyl-sn-glyceryl]-
(benzyl)phosphate} (27)

To a mixture of 18 (0.117 g, 0.54 mmol) in CH,Cl, (5 ml) was
added benzyl-N,N,N',N'-tetraisopropylphosphoramidite
(0.20 ml, 0.54 mmol) followed by MS4A (0.20 g}, and the result-
ing mixture was stirred at room temperature under argon for
15 min. To the mixture was added 1H-tetrazole (0.038 g,
0.54 mmol), and the resulting mixture was stirred at room
temperature under argon for 10 min. To the mixture was
added, completely dissolved, a mixture of compounds 12 and
13 (0.118 g, 0.108 mmol) in CH,Cl, (10 ml) with MS4A, fol-
lowed by adding 1H-tetrazole (0.076 g, 1.08 mmol), and the
resulting mixture was stirred at room temperature for further
24 h. To the mixture was added tert-butylhydroperoxide
(0.082 ml, 0.818 mmol), and stirred at room temperature for
further 5 min. The mixture was purified by silica gel column
chromatography (CH,Cl,-MeOH = 20:1) to afford compound
26 (0.056 g, 22%) as a white solid and compound 27 (0.092 g,
45%) as a white solid.

3.19.1 Compound 26. 'H NMR (CDCl;) &: 0.70-0.80 (6H,
m, CH; x 2), 1.01-1.18 (12H, m, CH, x 6), 1.35-1.40 (4H, m,
CH, x 2), 1.91-2.14 (4H, m, CH, % 2), 3.97-4.03 (2H, dd, ] = 5.1,
5.7 Hz, CH,OP), 4.16-4.33 (3H, m, CH, CH,0CO), 4.68-5.69
(28H, m, CH x 5, CgHsCH,, CH,CHCH,, CeH,(CH,), % 5),
6.91-7.53 (25H, m, C¢H, % 5, CeHs). ">C NMR (CDCl;) §: 13.9,
22.3, 24.5, 28.6, 31.3, 33.9, 61.7, 66.5, 68.4, 68.9, 69.0, 69.1,
69.2, 69.3, 69.4, 69.5, 70.0, 70.2, 73.8, 76.2, 76.7, 76.9, 77.0,
77.2,77.3,127.7, 128.3, 128.4, 128.7, 128.8, 128.9, 129.0, 129.1,
129.2, 129.3, 129.4, 134.9, 135.1, 135.4, 135.6, 135.7, 172.6,
173.1. IR (KBr) 2930, 1740, 1460, 1380, 1300, 1160, 1020, 860,
770, 730 cm™'. HRMS(FAB) m/z caled for C,oHgsO,5PsNa
1581.3473. Found: 1581.3435 (M + Na)'. Mp 98 °C. Anal. Caled
for CyoHgOnsPg: C, 5.57; H, 53.92. Found: C, 5.57; H, 54.37.
R;0.46 (CH,Cl,~-MeOH = 10 : 1).

3.19.2 Compound 27. 'H NMR (CDCl;) 6: 0.75-0.82 (6H,
m, CHj x 2), 1.12-1.19 (12H, m, CH, x 6), 1.40-1.58 (4H, m,
CH, % 2), 2.17-2.25 (4H, m, CH, x 2), 3.99-4.37 (6H, m, CH x 2,
CH,0P, CH,0CO), 4.48-4.64 (2H, m, CH x 2), 4.70-5.77 (25H,
m, CH x 2, CH,CHCHa,, C¢H4(CH,), % 5, CH,CeHs), 7.17-7.44
(25H, m, CeH, X 5, CeH;). *>C NMR (CDCl,) 8: 14.1, 22.6, 24.8,
28.9, 31.6, 34.1, 61.8, 61.9, 65.8, 67.1, 67.2, 69.3, 69.6, 69.7,
69.8, 70.4, 70.9, 71.0, 73.5, 76.3, 76.7, 77.4, 128.0, 128.3, 128.4,
128.5, 128.6, 128.9, 129.0, 129.1, 129.2, 129.3, 129.4, 129.6,
129.7, 129.8, 134.7, 135.0, 135.1, 135.6, 135.7, 135.8, 135.9,
136.0, 173.0, 173.4. IR (KBr) 2930, 1740, 1460, 1300, 1020, 860,
770, 730 cm™'. HRMS(FAB) m/z caled for CyoHgsO,sPgNa
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1581,3473. Found: 1581.3490 (M + Na)". Ry 0.67 (CH,Cly-
MeOH =10:1).

3.20. pi-1-0-(1,2-0-Diheptanoyl-sn-glyceryl) hydrogen
phosphoryl]-myo-inositol 2,3,4,5,6-pentakis(hydrogen-
phosphate): 2

To a solution of 26 (0.030 g, 0.019 mmol) in tBuOH (8 ml) and
H,O0 (1.5 ml) was added 10% Pd-C (0.15 g, 0.14 mmol), and
the resulting mixture was stirred at room temperature under
hydrogen for 24 h. The mixture was filtered through a pad of
celite, and then the celite pad was washed with H,0. The
resulting filtrate was lyophilized. The residue was dissolved in
H,O (2 ml), and filtered through the cation-exchange resin. To
the resulting filtrate (0.009 g, 0.009 mmol) was added triethyl-
amine (0.014 ml, 0.10 mmol), and concentrated under reduced
pressure. The resulting residue was dissolved in H,O, and lyo-
philized to afford 2 (0.010 g, 34% from compound 26) as a
white solid.

'H NMR (D,0) & 0.70 (6H, bs, CH; x 2), 1.12 (12H, bs,
CH, x 6), 1.42 (4H, bs, CH, x 2), 2.06-2.30 (4H, m, CH, x 2),
3.96-4.47 (10H, m, CH x 6, CH,0P, CH,0C0), 5.22 (1H, bs,
CH,CHCH,). HRMS(FAB) m/z caled for Cy3H,70,5Pg 957.0680.
Found: 957.0623 (M — H)".

3.21. p1-2-0-(1,2-0O-Diheptanoyl-sn-glyceryl) hydrogen
phosphoryl]-myo-inositol 1,3,4,5,6-pentakis(hydrogen-
phosphate): 2’

27 (0.045 g, 0.029 mmol) was allowed to react under the same
conditions as described for the preparation of 2 to give 2
(0.008 g, 39% from an acid form of 2') as a white solid.

'H NMR (D,0) & 0.70 (6H, bs, CH; x 2), 0.98-1.22 (12H, m,
CH, % 6), 1.43 (4H, bs, CH, x 2), 2.23-2.28 (4H, m, CH, x 2),
3.34 (1H, bs, CH), 3.60 (1H, bs, CH), 3.77 (1H, bs, CH),
4.05-4.30 (7H, m, CH x 3, CH,0P, CH,0CO), 5.20 (1H, bs,
CH,CHCH,).

‘H NMR (D,0) & 0.66-0.68 (6H, m, CH; x 2), 1.03-1.24
(111H, m, CH, % 6, NCH,CH; x 33), 1.28-1.43 (4H, m, CH, x
2), 1.90-2.28 (4H, m, CH, x 2), 2.86~3.05 (66H, m, NCH,CH; x
33), 3.57-3.59 (1H, m, CH), 3.82 (1H, t, J = 5.6 Hz, CH), 3.99
(2H, bs, CH x 2), 4.08-4.16 (4H, m, CH x 2, CH,0CO),
4.26-4.40 (2H, m, CH,OP), 5.13 (1H, bs, CH,CHCH,). HRMS
(FAB) m/z caled for C,3H,;0,5Ps 957.0680. Found: 957.0756
(M -H)".

3.22. pi-2,3,4,5,6-Penta-0-[(1,5-dihydro-2,4,3-benzodioxa-
phosphepin-3-yl)phosphoryl]-myo-inositol 1-{[2-O-heptanoyl-
1-O-methyl-sn-glyceryl](benzyl)phosphate} (28) and
p1-1,3,4,5,6-penta-0-[(1,5-dihydro-2,4,3-benzodioxa-
phosphepin-3-yl)phosphoryl]-myo-inositol 2-{[2-O-heptanoyl-1-
O-methyl-sn-glyceryl](benzyl)phosphate} (29)
22 (0.117 g, 0.54 mmol) was allowed to react under the same
conditions as described for the preparation of 27 to give 28
(0.098 g, 63%) as a white solid and compound 29 (0.018 g,
11%) as a white solid.

3.22.1 Compound 28. 'H NMR (CDCly) 6: 0.77-0.88 (3H,
m, CH;), 1.19-1.28 (6H, m, CH, x 3), 1.42-1.63 (2H, m, CH,),
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2.21-2.27 (2H, m, CH,), 3.17-3.31 (5H, m, OCH;, CHCH,),
3.45-4.53 (2H, m, CH,CH), 4.25-4.38 (2H, m, CH x 2),
4.88-5.75 (29H, m, CH x 4, CH,C¢H;, CH,OP, CH,CHCH,,
(CH,),CeHs x 5), 7.14-7.48 (25H, m, CeH, % 5, CeHs). IR (KBr)
2930, 1740, 1460, 1380, 1290, 1230, 860, 730, 700 cm ™. HRMS
(FAB) m/z caled for CesH74,0,,PsNa  1483.2741. Found:
1483.2659 (M + Na)". R; 0.63 (AcOEt-CH,Cl,-MeOH = 15:5:1).

3.22.2 Compound 29. 'H NMR (CDCl;) 8: 0.80-0.86 (3H,
m, CHj;), 1.20-1.30 (6H, m, CH, x 3), 1.49-1.74 (2H, m, CHa),
2.24-2.33 (2H, m, CH,), 3.28-3.37 (5H, m, OCH;, CHCH,),
3.45-3.59 (2H, m, CH,CH), 4.17-4.37 (2H, m, CH x 2),
4.90-5.66 (27H, m, CH x 4, CH,C¢Hs, CH,OP, CH,CHCH,,
(CH,),CeHs x 5), 7.16-7.52 (25H, m, CeHy X 5, C¢Hs). IR (KBr)
3000, 2880, 1740, 1460, 1300, 1020, 860, 730 cm™". HRMS(FAB)
m/z caled for CeH740,,PsNa 1483.2741. Found: 1483.2697 (M
+ Na)*. R¢ 0.72 (ACOEt-CH,Cl,~-MeOH = 15:5: 1).

3.23. pr-1-0-(2-O-Heptanoyl-1-O-methyl-sn-glyceryl)
hydrogen phosphoryl]-myo-inositol 2,3,4,5,6-pentakis-
(hydrogenphosphate): 3

28 (0.098 g, 0.0671 mmol) was allowed to react under the same
conditions as described for the preparation of 2 to give 3
(58.2 mg, 44%) as a white solid.

H NMR (D,0) & 0.22 (3H, t, J = 6.4 Hz, CHj), 0.42-0.66
(60H, m, CH, x 3, NCH,CH; x 18), 0.98 (2H, t, ] = 6.8 Hz, CH,),
1.80 (2H, m, CH,), 2.55-2.57 (36H, m, NCH,CH; x 18), 2.74
(3H, s, OCH,), 3.06 (2H, t, J = 6.0 Hz, CHCH,), 3.33 (2H, J =
5.5 Hz, CH,CH), 3.44-3.54 (1H, m, CH), 3.61-3.70 (3H, m,
CH x 3), 3.81-3.94 (2H, m, CH x 2), 4.55-4.64 (1H, bs,
CH,CHCH,). HRMS(FAB) m/z caled for C;6H3,0,6P¢ 858.9948.
Found: 859.0034 (M ~ H)".

3.24. pi-2-0-[(2-O-Heptanoyl-1-O-methyl-sn-glyceryl)
hydrogen phosphoryl]-myo-inositol 1,3,4,5,6-pentakis-
(hydrogenphosphate): 3'

29 (0.018 g, 0.0121 mmol) was allowed to react under the same
conditions as described for the preparation of 2 to give 3'
(0.0051 g, 22%) as a white solid.

'H NMR (D,0) & 0.74 (3H, t, / = 6.2 Hz, CHj), 1.05-1.18
(114H, m, CH, x 3, NCH,CH; x 36), 1.50 (2H, t, J = 7.3 Hz,
CH,), 2.29-2.35 (2H, m, CH,), 2.93-3.19 (72H, m, NCH,CH; x
36), 3.22-3.33 (5H, s, OCH;, CH,CH), 3.56-3.57 (2H, m,
CH,CH), 3.86-3.89 (1H, m, CH), 4.22-4.48 (5H, m, CH x 5),
5.03-5.13 (1H, m, CH,CHCH,). HRMS(FAB) m/z caled for
C16H3,0,6Ps 858.9948. Found: 858.9951 (M — H)".

3.25. pL-2,3,4,5,6-Penta-O-[bis(2-cyanoethyl)phosphoryl]-myo-
inositol 1-{[1,2-0-dihexyl-sn-glyceryl](2-cyanoethyl)phosphate}

(30)

To a solution of 20 (0.098 g, 0.378 mmol) in CH,Cl, (5 ml) was
added (2-cyanoethyl)-N,N,N' ,N'-tetraisopropylphosphoramidite
(0.150 ml, 0.473 mmol) followed by MS4A (0.10 g), and the
resulting mixture was stirred at room temperature under argon
for 15 min. To the mixture was added 1H-tetrazole (0.026 g,
0.378 mmol), and the resulting mixture was stirred at room
temperature under argon for 10 min. To the mixture was
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added completely dissolved compound 12 (0.061 g,
0.0549 mmol) in CH,Cl, (10 ml) and CH,CN (5 ml) with
MS4A, followed by adding 1H-tetrazole (0.035 g, 0.50 mmol),
and the resulting mixture was stirred at room temperature for
further 24 h. To the mixture was added tert-butylhydroperoxide
(0.058 ml, 0.40 mmol), and stirred at room temperature for
further 5 min. The mixture was purified by silica gel column
chromatography (CH,Cl,-MeOH = 7:1 to 5:1) to afford crude
compound 30 (0.025 g, 31%) as a colorless oil.

'H NMR (CD;0D) §: 0.79-0.84 (6H, m, CH; x 2), 1.10-1.23
(12H, m, CH, x 6), 1.47 (4H, bs, CH, x 2), 2.51-2.89 (22H, m,
CH,CH,CN x 11), 3.34-3.71 (7H, m, CH; x 3, CH), 4.22-4.68
(27H, m, CH,CH,CN x 11, CH x 5), 4.68-4.84 (2H, m, CH,),
5.33 (1H, bs, CH). HRMS(FAB) m/z calcd for Cs4HgiN;1056Ps
1508.3678. Found: 1508.3728 (M + Na)’. TLC; R¢ 0.46 (CH,Cl,~
MeOH = 7:1).

3.26. pL-1-0-(1,2-0-Dihexyl-sn-glyceryl) hydrogen phosphoryl}-
myo-inositol 2,3,4,5,6-pentakis(hydrogenphosphate): 4

To a solution of 30 (0.025 g, 0.0168 mmol) in MeOH (5 ml)
was added 25% NH,OH (5 ml, 66.4 mmol), and the resulting
mixture was stirred at 55 °C for 12 h. The mixture was concen-
trated under reduced pressure, and the residue was adapted to
reverse phase chromatography (C;s column, 5 g, 50% CH;CN
to 100% CH;CN). The resulting eluted fraction was concen-
trated under reduced pressure. The residue was dissolved in
H,O (2 ml), and filtered through the cation-exchange resin. To
the resulting filtrate was added triethylamine {0.0460 ml,
0.337 mmol), and concentrated under reduced pressure. The
resulting residue was dissolved in H,O, and lyophilized to
afford 4 (0.016 g, 64%) as a colorless oil.

'H NMR (D,0) & 0.76 (6H, bs, CH;), 1.14-1.19 (66H, m,
CH, x 6, NCH,CHj; x 18), 1.38-1.47 (4H, m, CH, x 2), 3.05-3.12
(36H, m, NCH,CH, x 18), 3.41-3.67 (7H, m, CH, x 3, CH),
3.92-4.19 (5H, m, CH x 5), 4.43-4.88 (3H, m, CH,OP, CH).
HRMS(FAB) mfz caled for C,yH,;0,6P¢ 901.0781. Found:
901.0793 (M — H)".

3.27. pL-2,3,4,5,6-Penta-O-[bis(2-cyanoethyl)phosphoryl]-
myo-inositol 1-{[2-0-hexyl-1-O-methyl-sn-glyceryl|(2-cyanoethyl)-
phosphate} (31)

25 {0.090 g, 0.473 mmol) was allowed to react under the same
conditions as described for the preparation of 30 to give 31
(0.023 g, 41%) as a colorless oil.

'H NMR (CD;0D) & 0.87 (3H, bs, CHj), 1.10-1.30 (6H, m,
CH, x 3), 1.56 (2H, bs, CH,), 2.99 (22H, bs, CH,CH,CN x 11),
3.29-3.74 (10H, m, OCHj, CH, x 3, CH), 4.30-4.49 (22H, m,
CH,CH,CN x 11), 4.74-4.97 (5H, m, CH x 5), 5.41 (1H, s, CH).
HRMS(FAB) m/z caled for CyoH,;N;;0,P¢ 1438.2895. Found:
1438.2861 (M + Na)". TLC; R¢ 0.35 (CH,Cl,-MeOH = 7: 1).

3.28. pi-1-04(2-0-Hexyl-1-O-methyl-sn-glyceryl) hydrogen
phosphoryl}-myo-inositol 2,3,4,5,6-pentakis(hydrogenphosphate): 5
31 (0.023 g, 0.0164 mmol) was allowed to react under the same

conditions as described for the preparation of 4 to give 5
(0.0147 g, 63%) as a colorless oil.

This journal is © The Royal Society of Chemistry 2014
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'H NMR (D,0) & 0.72 (3H, bs, CHj), 1.11-1.16 (60H, m,
CH, x 3, NCH,CHs x 18), 1.44 (2H, bs, CH,), 3.01-3.09 (36H,
m, NCH,CH; x 18), 3.25 (3H, s, OCHj), 3.43-3.65 (5H, m,
CH, x 2, CH), 3.97-4.09 (5H, m, CH x 5), 4.36-4.72 (3H, m,
CH,OP, CH). HRMS(FAB) m/z calcd for C;gH;,0,6Ps 830.9999.
Found: 830.9959 (M — H)".

3.29. Plasmids, cells, and transfection

The designated pEF-Gag (p17) ¢cFLAG was used for expression
vectors of the MA domain. 293 T cells** were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10%
heat-inactivated FBS. The calcium phosphate coprecipitation
method®® was used for the transfection of 293 T cells. Trans-
fected cells were cultured at 37 °C for 48 h before use in
protein purification.

3.30. Protein purification

Vector-transfected 293 T cells were lysed with TNE buffer
(10 mM Tris-HCl, 150 mM NacCl, 1 mM EDTA, 1% NP-40, and
10 pg mL™" aprotinin, pH 7.8) containing 1 mM dithiothreitol
(DTT). After centrifugation (12000 rpm, 4 °C, 5 min), the
supernatant was mixed with Sepharose CL-4B (Sigma-Aldrich,
St. Louis, MO), and the resulting suspension was incubated for
2 h at 4 °C. This incubation was repeated twice, and the final
supernatant was treated with mouse anti-FLAG M2 affinity gel
(Sigma-Aldrich, St. Louis, MO) and 0.5 ng mL™' 1x FLAG
peptide (Sigma-Aldrich, St. Louis, MO), to remove nonspecific
components interacting with the FLAG antibody, and incu-
bated for 8 h at 4 °C. The beads were washed five times with
TNE buffer plus 1 mM DTT. A solution of 150 pg mL™" 3x
FLAG peptide (Sigma-Aldrich, St. Louis, MO) in TBS buffer
(50 mM Tris-HCI and 150 mM NacCl, pH 7.4) with 1 mM DTT
was loaded onto the beads and incubated for 30 min at 4 °C.
Following centrifugation, the resulting supernatant was used
for the SPR assay.

3.31. Protein quantification

The c¢FLAG proteins were resolved by SDS-PAGE followed by
Coomassie Brilliant Blue (CBB) staining. Each gel band was
quantified using Image] (version 1.38x) software, and protein
concentrations were determined by comparing the intensity of
protein bands with the intensity of a protein marker.

3.32. SPR studies

A BIACORE2000 (GE Healthcare, BIACORE AB, Uppsala,
Sweden) was used as the surface plasmon resonance bio-
sensor. To prepare the IP, immobilized sensor chip surface for
the BIACORE, biotinylated 1P,° in HEPES buffer (50 mM
HEPES, 500 mM NacCl, 3.4 mM EDTA, and 0.005% Tween 20,
pH 7.4) was injected over streptavidin covalently immobilized
upon the sensor chip surface (Sensor Chip SA, GE Healthcare,
BIACORE AB, Uppsala, Sweden) until a suitable level was
achieved. The flow buffer contained 10 mM HEPES, 150 mM
NaCl, 3.4 mM EDTA, 0.005% Tween 20, 2% (v/v) glycerol, and
0.5 mg mL™" BSA (pH 7.8). Purified proteins were dialyzed
against flow buffer and injected over the immobilized IP,

This journal is © The Royal Society of Chemistry 2014
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sensor chip. Association was followed for 3 min, and dis-
sociation was measured at a flow rate of 20 uL min™" at 25 °C.
The surfaces were regenerated by injecting three 15 s pulses of
50 mM NaOH in 1 M Nacl, three 15 s pulses of 50 mM NaOH,
and then a single 15 s pulse of 10 uM IP,. The resulting sur-
faces were post conditioned by injecting three 15 s pulses of
10 mM NaOH. Analysis of the response was performed using
evaluation software supplied with the instrument (BlAevalua-
tion version 3.1). To eliminate small bulk refractive change
differences at the beginning and end of each injection,
binding responses were referenced by subtracting the response
generated across a surface modified with biotin.

3.33. Equilibrium-binding measurement

To determine Ky values, 1.96 pM MA was mixed with various
concentrations of inositol phosphates, phosphatidylinositols.
After reaching equilibrium (less than 30 min in all cases at
25 ©C), 60 pL of each mixture was injected over the IP, surface
at 20 pL min~" to quantify the free MA remaining in the equili-
brium mixture. The Ky was obtained by fitting the data to a
solution affinity model using BIA evaluation 3.1: Afree = 0.5(B —
A~ Ky) + (0.25(4 + B + Kg)* — AB)*®, where A = initial concen-
tration of proteins, Ag.. = concentration of unbound proteins
remaining in the equilibrium mixture, and B = initial concen-
tration of 1P,.

3.34. Molecular docking methodology

Docking studies were performed using MOE 2012.10. The
crystal structure of myr-MA (PDB code: 1UPH)*® was obtained
from the Protein Data Bank to prepare protein for docking
studies. The docking procedure was followed using the stan-
dard protocol implemented in MOE 2012.10. To the structure
was added hydrogen atoms and electric charge by Protonate
3D, and the resulting structure was optimized by Amber12:
EHT, and then the dummy atoms were disposed in the
docking site using Site finder (Alpha Site Setting; probe radius
1: 1.4 A, probe radius 2: 1.8 A, isolated donor/acceptor: 3 A,
connection distance: 2.5 f\, minimum size: 3 A, and radius:
2 A). The docking simulation was carried out by ASEDock. The
targeting ligands were assigned in ASEDock, and the confor-
mations were integrated by LowModeMD based on the algor-
ithm of conformation analysis (Step 1; cutoff: 4.5 A, RMS (root
mean square) gradient: 10 keal mol™ A™", energy threshold:
500 keal mol™, Step 2; optimize 5 lowest energy or 5 best score
conformation, cutoff: 8 A, RMS gradient: 0.1 kcal mol™ A™").

4. Conclusion

In this study, lipid-coupled myo-inositol 1,2,3,4,5,6-hexa-
kisphosphate (IP,) derivatives having both 1P, and diacylgly-
cerol moiety that could interact with the HIV-1 MA domain
were designed and synthesized. These compounds, in fact,
bound to the MA domain more tightly than the PIP, derivative
1 or IPs does and may provide the structural basis of the

Org. Biomol. Chem., 2014, 12, 5006-5022 | 5021
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molecular design of novel anti-HIV agents that block the mem-
brane localization of Pr55%%.

Acknowledgements

This work was supported in part by a Grant-in-Aid for Explora-
tory Research (B) (23390028) (to M.O.), a Grant-in-Aid for
Young Scientists (B) (24790124) (to K.A)), and a Grant-in-Aid
for Scientific Research (C) (19659025) (to M.F.) from the Japan
Society for the Promotion of Science, and with the aid of a
special fellowship for culture, education and science (to K.A.)
granted by Kumamoto Health Science University.

References

1 J. W. Wills and R. C. Craven, AIDS, 1991, 5, 639-654.

2 E. O. Freed, Virology, 1998, 251, 1-15.

3 M. R. Conte and S. Matthews, Virology, 1998, 246,
191-198.

4 A. Ono, S. D. Ablan, S. ]J. Lockett, K. Nagashima and
E. O. Freed, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 14889-
14894.

5 J. S. Saad, J. Miller, J. Tai, A. Kim, R. H. Ghanam and

M. F. Summers, Proc. Natl Acad. Sci. U. S. A., 2006, 103,

11364-11369.

N. Shkriabai, S. A. Datta, Z. Zhao, S. Hess, A. Rein

and M. Kvaratskhelia, Biochemistry, 2006, 45, 4077-

4083.

7 K. Anraku, R. Fukuda, N. Takamune, S. Misumi,
Y. Okamoto, M. Otsuka and M. Fujita, Biochemistry, 2010,
49, 5110-5116.

8 K. Anraku, T. Inoue, K. Sugimoto, Y. Okamoto, T. Morii,
Y. Mori and M. Otsuka, Org. Biomol. Chem., 2008, 6, 1822~
1830.

o)}

5022 | Org. Biomol. Chem., 2014, 12, 5006~5022

View Article Online

Organic & Biomolecular Chemistry

9 K. Anraku, T. Inoue, K. Sugimoto, K. Kudo, Y. Okamoto,
T. Morii, Y. Mori and M. Otsuka, Bicorg. Med. Chem., 2011,
19, 6833-6841.

10 E. O. Freed, J. M. Orenstein, A. J. Buckler-White and
M. A. Martin, J. Virol., 1994, 68, 5311-5320.

11 W. Zhou, L. J. Parent, J. W. Wills and M. D. Resh, J. Virol,
1994, 68, 2556-2569.

12 C. G. Ferguson, R. D. James, C. S. Bigman, D. A. Shepard,
Y. Abdiche, P. S. Katsamba, D. G. Myszka and
G. D. Prestwich, Bioconjugate Chem., 2005, 16, 1475-1483.

13 D. C. Billington, R. Baker, J. J. Kulagowski and I. M. Mawer,
J. Chem. Soc., Chem. Commun., 1987, 314-316.

14 W. Bannwarth and A. Trzeciak, Helv. Chim. Acta, 1987, 70,
175-186.

15 N. Nagashima and M. Ohno, Chem. Lett., 1987, 141-144.

16 C.Liu and B. L. Potter, J. Org. Chem., 1997, 62, 8335-8340.

17 Y. Oikawa, T. Tanaka, K. Horita and O. Yonemitsu, Tetra-
hedron Lett., 1984, 25, 5397-5400.

18 S. Ozaki, Y. Kondo, N. Shiotani, T. Ogasawara and
Y. Watanabe, J. Chem. Soc., Perkin Trans. 1, 1992, 729-737.

19 B. Classon, P. Garegg and B. Samuelsson, Acta Chem.
Scand., Ser. B, 1984, 38, 419-422.

20 E. Uhlmann and J. Engels, Tetrahedron Lett., 1986, 27,
1023-1026.

21 E. O. Freed, ]J. M. Orenstein, A. ]. Buckler-White and
M. A. Martin, J. Virol, 1994, 68, 5311-5320.

22 J. Chan, R. Dick and V. M. Vogt, J. Virol., 2011, 85, 10851~
10860.

23 J. Inlora, V. Chukkapalli, D. Derse and A. Ono, J. Virol,
2011, 85, 3802-3810.

24 J. S. Lebkowski, S. Clancy and M. P. Calos, Nature, 1985,
317, 169-171.

25 A. Adachi, H. E. Gendelman, S. Koenig, T. Folks, R. Willy,
A. Rabson and M. A. Martin, J. Virol, 1986, 59, 284-291.

26 C. Tang, E. Loeliger, P. Luncsfold, I. Kinde, D. Beckett and
M. F. Summers, Proc. Natl. Acad. Sci. U. S. A., 2004, 101,
517-522.

This journal is © The Royal Society of Chemistry 2014



Utachee et al. Retrovirology 2014, 11:32

http://www.retrovirology.com/content/11/1/32
RETROVIROLOGY

RESEARCH Open Access

Impact of amino acid substitutions in the V2 and
C2 regions of human immunodeficiency virus
type 1 CRFO1_AE envelope glycoprotein gp120
on viral neutralization susceptibility to broadly
neutralizing antibodies specific for the CD4
binding site

Piraporn Utachee', Panasda Isarangkura-na-ayuthaya® Kenzo Tokunaga®, Kazuyoshi Ikuta®, Naokazu Takeda'”
and Masanori Kameoka'*°"

Abstract

Background: The CD4 binding site (CD4bs) of envelope glycoprotein (Env) gp120 is a functionally conserved,
important target of anti-human immunodeficiency virus type 1 (HIV-1) neutralizing antibodies. Two neutralizing
human monoclonal antibodies, IgGT b12 (b12) and VRCOT, are broadly reactive neutralizing antibodies which
recognize conformational epitopes that overlap the CD4bs of Env gp120; however, many CRFO1_AE viruses are
resistant to neutralization mediated by these antibodies. We examined the mechanism underlying the b12
resistance of the viruses using CRFO1_AE Env (AE-Env)-recombinant viruses in this study.

Results: Our results showed that an amino acid substitution at position 185 in the V2 region of gp120 played a
crucial role in regulating the b12 susceptibility of AE-Env-recombinant viruses by cooperating with 2 previously
reported potential N-linked glycosylation (PNLG) sites at positions 186 (N186) and 197 (N197) in the V2 and C2
regions of Env gp120. The amino acid residue at position 185 and 2 PNLG sites were responsible for the b12 resistance
of 21 of 23 (>91%) AE-Env clones tested. Namely, the introduction of aspartic acid at position 185 (D185) conferred b12
susceptibility of 12 resistant AE-Env clones in the absence of N186 and/or N197, while the introduction of glycine at
position 185 (G185) reduced the b12 susceptibility of 9 susceptible AE-Env clones in the absence of N186 and/or N197.
In addition, these amino acid mutations altered the VRCO1 susceptibility of many AE-Env clones.

Conclusions: We propose that the V2 and C2 regions of AE-Env gp120 contain the major determinants of viral resistance
to CD4bs antibodies. CRFO1_AE is a major circulating recombinant form of HIV-1 prevalent in Southeast Asia. Our data
may provide important information to understand the molecular mechanism regulating the neutralization susceptibility
of CRFO1_AE viruses to CD4bs antibodies.
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Background

The envelope glycoproteins (Env), gpl20 and gp4l, of
human immunodeficiency virus type 1 (HIV-1) play a cen-
tral role in viral transmission and mediate attachment and
incorporation of the virus into target cells through specific
interactions with the CD4 receptor and chemokine co-
receptors [1]. In addition, Env is the major target of anti-
HIV-1 neutralizing antibodies and, in particular, the CD4
binding site (CD4bs) of Env gp120 is a functionally con-
served, important target of neutralizing antibodies [2-7].

Although numerous monoclonal antibodies against
HIV-1 Env have been developed, a limited number of
broadly reactive neutralizing human monoclonal anti-
bodies (nhmAbs) have been established [8-11]. Two
nhmAbs, IgG1 bl2 (b12) and VRCO1, are potent and
broadly reactive neutralizing antibodies which recognize
conformational epitopes that overlap the CD4bs of HIV-1
Env gpl20 [5,7,12-14]. The nhmAb, bl2 was established
from a Fab (IgG1x) phage display library generated from a
bone marrow sample from an HIV-1-infected patient
[12,15], and is able to neutralize diverse strains of HIV-1
[16,17]. In addition, b12 protects hu-PBL-SCID mice and
macaque monkeys from infection with HIV-1 and a
chimeric simian-human immunodeficiency virus (SHIV),
respectively [18-20]. Moreover, adeno-associated virus
vector-mediated gene transfer of the b12 gene protected
humanized mice from HIV infection [21]. VRCO1 is a po-
tent and broadly reactive nhmAb established from an
HIV-1-infected patient, and is capable of neutralizing di-
verse HIV-1 strains [5]. VRCO1 inhibits HIV-1 infection in
RAG-hu (SCID mice injected with human hematopoietic
stem cells) mice [22] and hCD4/R5/cT1 (transgenic mice
carrying the gene encoding human CD4, CCR5 and cyclin
T1) mice [23]. It has been demonstrated that serum anti-
bodies specific for the CD4bs of Env gp120 are responsible
for the potent and broad neutralization of HIV-1 strains
mediated by broadly reactive sera of HIV-1-infected
patients [3]; therefore, it is important to establish a vaccine
strategy to elicit broadly neutralizing antibodies against
CD4bs, such as b12 and VRCO1 [3,5,24]. To this end, the
- regulatory mechanisms underlying the susceptibilities of
various HIV-1 strains to CD4bs antibodies, bl2 and
VRCO1, need to be clarified.

CRFO1_AE is a major circulating recombinant form
(CRF) of HIV-1 prevalent throughout Southeast Asia
[25]. In particular, CRFO1_AE is responsible for more
than 80% of infection cases in Thailand [26]. Although
bl2 is able to broadly neutralize HIV-1 subtypes B, C
and D clinical isolates, it poorly neutralizes many
CRFO1_AE strains [5,16,27,28]. In addition, although
VRCO1 neutralizes 89% of CRFO01_AE strains, the
remaining 11% of the viruses are resistant to VRCO1-
mediated neutralization [5]. The mechanisms of how
CRFO1_AE viruses show low susceptibility or are
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resistant to neutralization by bl2 and VRCO1 are still
not fully understood, and such studies are still ongoing
[29-31]. Recently, we established a series of CRFOI_AE
Env (AE-Env)-recombinant viruses [32] and studied their
neutralization susceptibility to nhmAbs including b12
[27,32]. Our study revealed that 2 potential N-linked gly-
cosylation (PNLG) sites at amino acid positions 186 and
197, designated as N186 and N197 (amino acid number-
ing is based on the Env amino acid sequence of a re-
ference strain, HXB2 [Genbank: K03455]), in the V2 and
C2 regions of AE-Env gpl20 play an important role in
regulating the b12 susceptibility of AE-Env-recombinant
viruses [33). However, many AE-Env-recombinant viruses
tested were still resistant to b12-mediated neutralization;
therefore, we examined further the mechanism underlying
the b12 resistance of AE-Env-recombinant viruses in
this study.

Resulis

PNLG sites at amino acid positions 301, 339, 386 and 392

of Env gp120 play no major role in the b12 susceptibility

of AE-Env-recombinant viruses

Our previous study showed the important role of 2
PNLG sites, N186 and N197, in the V2 and C2 regions
of Env gpl20 in regulating the bl2 susceptibility of
AE-Env-recombinant viruses [33]. Although most AE-
Env-recombinant viruses tested were originally b12 re-
sistant, the removal of N186 and/or N197 conferred
b12 susceptibility to approximately 47% (15 of 32) of
the recombinant viruses (Table 1). However, it was not
possible to confer bl2 susceptibility to the remaining
53% (17 of 32) of AE-Env-recombinant viruses (Table 1),
indicating that other factors besides N186 and N197
are involved in the bl2 resistance of AE-Env-
recombinant viruses. Therefore, we searched for other
determinants of the bl2 susceptibility of AE-Env-
recombinant viruses in this study. First, we compared
the amino acid sequences involved in or in close prox-
imity to the b12 contact sites of gp120, based on a pre-
vious report by Wu et al. [31], between 2 groups of
AE-Env clones. One group consisted of 15 AE-Env
clones which became b12 susceptible after removing
N186 and/or N197, whereas the other group consisted
of 17 AE-Env clones which were still resistant to b12
after removing these PNLG sites (Table 1). We found
that 15 b12-susceptible AE-Env clones contained PNLG
sites less frequently at amino acid positions 301 (N301),
339 (N339) and 392 (N392) of gpl20 than 17 bl2-
resistant clones (Table 2). It was reported that N301
and a PNLG site at position 386 (N386) act as a glycan
shield against neutralizing antibodies and may confer
an advantage for transmission of CRFO1_AE viruses from
mother to infant [34]. In addition, N301, N339, N386 and
N392 are involved in reducing the b12 susceptibility of
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Table 1 The b12 susceptibility of 32 AE-Env clones before and after removing N186 and/or N197

ICsp of b12 (ug/mh®

PNLG site? Mutation(s)
Env clone® N186 N197 Wild-type N186Q N197Q N186Q/N197Q
29CC1 +° + >40° >40 010 834
45PB1 + + >40 >40 >40 1.60
45CCT + + >40 >40 0.02 0.65
47PL1 - + >40 003
55PL1 - + >40 21.90
62PL1 + >40 >40 >40 0.77
65CC4 + + >40 131
99PB2 - + >40 365
99CC8 - + >40 0.10
101PLY + + >40 >40 >40 12.98
102CC2 - + >40 12.20
105PB1 + + >40 >40 007 0.16
105PL2 - + >40 0.29
105PL3 + + >40 >40 003 0.24
107CC2 + + >40 002
21PL2 - + >40 >40
22PL1 - + >40 >40
41PB3 + + >40 >40 >40 >40
41CQ1 + + >40 >40 >40 >40
47CCN - + >40 >40
50PB2 - + >40 >40
50PL1 - + >40 >40
52PB3 - + >40 >40
52PL4 - + >40 >40
52PL7 + + >40 >40 >40 >40
60PB2 - + >40 >40
60PL2 - + >40 >40
60CC3 + + >40 >40 >40 >40
98CC2 - + >40 >40
98CC3 - + >40 >40
99PL2 - + >40 >40
104PB4 - + >40 >40

*PNLG sites at the amino acid positions 186 (N186) and 197 (N197) were present (+) or absent {-) in the wild type of AE-Env clones. Amino acid numbering is

based on the HXB2 Env gp120.

®ICs of b12 for suppressing viral replication was calculated using GraphPad Prism 5 software. Data are shown as the means of at least two independent experiments.
Single or multiple amino acid mutations were introduced into AE-Env-recombinant viruses.

ACso is >40 pg/ml.

subtype B Env (B-Env) [35-38]. Therefore, we examined
the possible involvement of these PNLG sites in regulating
the b12 susceptibility of AE-Env-recombinant viruses. To
this end, a series of AE-Env mutants in which amino acid
substitutions were introduced into these residues was pre-
pared and tested their bl2 susceptibility. The results
showed that the introduction of amino acid substitutions

into these PNLG sites did not improve the b12 suscepti-
bility of selected AE-Env clones, 21PL2, 22PL1, 50PB2,
98CC2 and 104PB4 (Figure 1). In addition, the mutations,
N339Q and N386Q), rather slightly reduced the b12 sus-
ceptibility of an AE-Env clone, 98CC2 (Figure 1D). There-
fore, we concluded that these PNLG sites played no major
role in regulating the b12 susceptibility of AE-Env clones.
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Table 2 PNLG sites at positions 301, 339, 386 and 392 of
gp120 in 32 AE-Env clones

PNLG sites®

Env clone® N301 N339 N386 N392
HXB2 NNT NNT NST NST
29CC1 NNV YTV NTT NNT
45PB1 TNV NKY NTT NNT
45CCT KNV NKV NTT NNT
47P11 KHT KQV NTT NHT
55PL1 NNT SEV NTT T
62PL1 NNT NKT NTT NST
65CC4 YET FEV NTT DNT
99PB2 NN NET NTS NIT
99CC8 NNT NET NTS NIT
101PL1 NNT NET NTS SRT
102CC2 NNT NTT DTT DS-
105PB1 NNT NKY NTT NKT
105PL2 NNT YEV NTT DNA
105PL3 NNT NKV NTT NKT
107CC2 Esl NKT NTT SsT
21PL2 NNT NET NTS NTT
22PL1 NNT NKT NTT NNT
41PB3 NNT Y1V NTT NLN
41CC NNT YTV NTT NNT
47CC11 NNT KQV NTT NHT
50PB2 NNV TEV NTT NDT
50PL1 NNT VKV NTT NNT
52PB3 NNT NAT NTT NMT
52PL4 NNT NAT NTT NMT
52PL7 NNT NAT NTT NMT
60PB2 NNT NQT NTT NQT
60PL2 NNT NQT NTT NQT
60CC3 GNR NQT NTT NQT
98CC2 KNV NET NTT NNT
98CC3 KNV NET NTT NNT
99PL2 DNV NET NTT PGR
104PB4 NNT YKV NTS NNT

*The potential N-linked glycosylation (PNLG) sites at amino acid positions 301
(N301), 339 (N339), 386 (N386) and 392 (N392) were present or absent in the
wild type of 32 AE-Env clones and HXB2. Amino acid sequences were aligned
using the ClustalW algorithm with slight manual adjustment, followed by
examining the potential N-finked glycosylation (PNLG) site using N-Glycosite
(www.hiv.lanl.gov). PNLG sites are shown in bold text, while (-) represents a
gap. Amino acid numbering is based on the HXB2 Env gp120.

brifteen AE-Env clones, 29CC1, 45PB1, 45CC1, 47PL1, 55PL1, 62PL1, 65CC4,
99PB2, 99CC8, 101PL1, 102CC2, 105PB1, 105PL2, 105PL3 and 107CC2 became
b12 susceptible after removing PNLG sites, N186 and/or N197, whereas 17
AE-Env clones, 21PL2, 22PL1, 41PB3, 41CC1, 47CC11, 50PB2, 50PL1, 52PB3,
52PL4, 52PL7, 60PB2, 60PL2, 60CC3, 98CC2, 98CC3, 99PL2 and 104PB4, were
b12 resistant after removing N186 and/or N197.
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A single amino acid substitution in the V2 region of
gp120 significantly alters the b12 susceptibility of
recombinant viruses containing AE-Env clones, 47CC11
and 47PL1

Among 32 AE-Env clones, 2 AE-Env clones, 47PL1 and
47CC11, showed distinct neutralization susceptibility to
bl12 after the removal of N197 (Table 1), although these
AE-Env clones were derived from an HIV-1-infected indi-
vidual and showed a close phylogenetic relationship [32].
Namely, a recombinant virus containing 47PL1-N197Q
(amino acid substitution from asparagine [N] to glutamine
[Q] at position 197 in HXB2 numbering) was highly sus-
ceptible to bl2 [50% inhibitory concentration (ICsg)=
0.03 upg/ml], whereas the recombinant virus contain-
ing 47CC11-N197Q was resistant to bl2-mediated
neutralization (Table 1). In order to search for the de-
terminants of bl2 susceptibility, we compared the
amino acid sequences of Env gpl20 between 47PL1
and 47CC11. Ten positions were found to be different
between bl2-susceptible 47PL1 and bl2-resistant
47CC11 (Figure 2, asterisks). Therefore, a series of
point mutations, H144L, GI185D, NI189S, I190T,
N301Q, 1467T, V4881, R500M, del.NIND (deletion of
4 amino acid residues, NIND in the V2 region of
gp120) (Figure 2) or ins.D460 (insertion of an amino
acid residue D460) was introduced into 47CC11-
N197Q, and recombinant viruses containing these
AE-Env mutants were subjected to neutralization
tests. The results showed that a recombinant virus
containing 47CC11-G185D/N197Q became highly
susceptible to bl12 (ICso=0.03 pg/ml), whereas the 9
remaining 47CC11-N197Q-derived mutants were b12
resistant, similar to 47CC11-N197Q (Figure 3A). In
addition, a mutant AE-Env clone, 47CC11-G185D,
was constructed and subjected to neutralization tests.
A recombinant virus containing 47CC11-G185D was
moderately susceptible to bl2-mediated neutralization
(ICs59 = 7.62 pg/ml), although the extent of bl2 sus-
ceptibility was lower than that of 47CC11-G185D/
N197Q (ICso = 0.03 pg/ml) (Figure 3A). These results
showed that an amino acid substitution, G185D, con-
ferred b12 susceptibility to an AE-Env clone, 47CC11.
In order to confirm the role of the amino acid substi-
tution at position 185 in viral neutralization suscepti-
bility to bl12, a mutation, D185G, was introduced into
47PL1-N197Q, a bl12-susceptible AE-Env mutant, and
its effect on viral b12 susceptibility was tested. The
result showed that a recombinant virus containing
47PL1-D185G/N197Q became bl2 resistant, similar
to the wild type of 47PL1 (Figure 3B). These results
show that the amino acid residue at position 185 in
the V2 region of gp120 plays an important role in de-
termining the bl2 susceptibility of 2 AE-Env clones,
47CC11 and 47PL1. Namely, aspartic acid (D185) and
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Figure 1 The b12 susceptibility of N-linked glycan mutants of AE-Env clones. Amino acid substitutions, N197Q, N301Q, N339Q, N386Q and
N392Q were introduced into AE-Env clones, 21PL2 (A), 22PL1 (B), 50PB2 (C), 98CC2 (D) and 104PB4 (E). Then, the b12 susceptibility of recombinant
viruses containing wild-type and mutant AE-Env clones was evaluated as described in Methods. The results are expressed as percent neutralization,
which was calculated by determining the reduction in viral infectivity in the presence of b12 compared to that in control experiments in the absence

of b12. All data points are the means and standard errors (error bars) of at least two independent experiments.

glycine (G185) residues at amino acid position 185 were
responsible for the bl2 susceptibility and resistance of
47PL1 and 47CC11, respectively.

Comparison of amino acid residue at position 185 of Env
gp120 among subtype B, subtype C and CRFO1_AE viruses
We next studied the amino acid residue at position 185
of gpl20 among HIV-1 subtype B, subtype C and
CRFO1_AE viruses, which were retrieved from the HIV
sequence database. The results showed that 70.5% of B-
Env clones, and 19% and 24% of subtype C Env (C-Env)
and AE-Env clones, respectively, contained D185
(Table 3). In addition, a variation was observed in the
amino acid residue at position 185 of gp120 among C-
Env and AE-Env clones (Table 3). The majority of AE-
Env clones contained D185 (24%), glutamic acid (E185)
(27.5%), G185 (22%) or asparagine (N185) (16%) at pos-
ition 185 of gp120 (Table 3). In addition, among our 32
AE-Env clones, D185 was conserved in 66.7% (10 of 15)
of the clones which were b12 susceptible in the absence
of N186 and/or N197, while G185, N185 or E185 was
contained in 64.6% (11 of 17) of AE-Env clones which
were resistant to b12 after removing N186 and/or N197
(Table 3).

The impact of the amino acid residue at position 185 of
gp120 on the b12 susceptibility of AE-Env-recombinant
viruses

We examined the role of the amino acid residue at pos-
ition 185 in the b12 susceptibility of 3 selected AE-Env-
recombinant viruses. The recombinant virus containing
an AE-Env clone, 52PL7, was bl2 resistant even after
removing N186 and N197 (Figure 4A), while the recom-
binant viruses containing 62PL1 and 101PL1 became
b12 susceptible at a low level after removing N186 and
N197 (Figure 4B and C). However, the introduction of an
amino acid substitution, E185D (Figure 4A), G185D
(Figure 4B) or N185D (Figure 4C), conferred b12 suscepti-
bility to AE-Env mutants or markedly improved their b12
susceptibility. Namely, the introduction of E185D con-
ferred b12 susceptibility to an AE-Env clone, 52PL7-N18
6Q/N197Q (Figure 4A, 52PL7-E185D/N186Q/N197Q),
while a mutation, G185D or N185D markedly improved
the b12 susceptibility of 2 AE-Env clones, 62PL1-N186Q/
N197Q (Figure 4B, 62PL1-G185D/N186QQ/N197Q) and
101PL1-N186Q/N197Q (Figure 4C, 101PL1-N185D/N18
6Q/N197Q). In addition, although the single amino acid
substitution, G185D, conferred bl2 susceptibility to the
wild type of 62PL1 (Figure 4B, 62PL1-G185D) (ICso=



Utachee et al. Retrovirology 2014, 11:32
http://www.retrovirology.com/content/11/1/32

Page 6 of 17

47PL1
47Ccl1

47PL1
47011

47PL1
47CC11

47PL1
47cc11

47PL1
47cc11

47PL1
47Cc11

1 MRVRGTQRNWPNLWKWGTLILGLVIICSASDNLWVTVYYGVPVWRDADTTLFCASDAKAHKTEVHNVWATHACVPTDPNPQEIPLENVTENFNMWKNNIV 101

—C1

EQMHEDVISLWDQSLKPCVKLTPLCVTLNCTEKVTPHNVTLLNASNTLGNITDEMRNCSFNITTELRDKQKKVHALFYRLDIVQIDEK--~--NNYSSTYR 192
........................................ Hic oo v o vors i ey covns 680 00 is o it o i 0 v e o vt aoms mww ot 200 wNIND 0 o W N o

*

LINCNTSVIKQACPKVSFDPIPIHYCTPAGYAILKCNDKNFNGTGPCKNVSSVQCTHGIKPVVSTQLLLNGSLAEEEIITRSENITNNAKIIIVHLNKSV 292

—=C4

102
102
193
193 .
293
293 ........NN.
*
395
B85 ivesmen. -
500 MAKRRVVEREKRA 512
BOG Ruwsssnonsesn 512

Figure 2 Comparison of the amino acid sequences between 2 AE-Env clones, 47PL1 and 47CC11. The deduced amino acid sequences of Env
gp120 were compared between 2 AE-Env clones, 47PL1 [Genbank:EU743768] and 47CC11 [GenbankEU743767]. The amino acid sequences were aligned
using the ClustalW algorithm with slight manual adjustment. The positions of gp120 variable (V) and conserved (C) regions are denoted in the figure.
Dots denote amino acid identity, while dashes represent gaps introduced to optimize alignment. PNLG sites are shown by underlining. The numbering
of amino acid residues is based on the amino acid sequence of HXB2 Env and is shown beside the aligned sequences. Asterisks indicate the amino acid
differences, a deletion, an insertion and an additional PNLG site found in the gp120 amino acid sequence of 47CC11 relative to that of 47PL1.
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Figure 3 The b12 susceptibility of wild-type and mutant AE-Env
clones, 47CC11 and 47PL1. The b12 susceptibility of recombinant
viruses containing wild-type or mutant AE-Env clones, 47CC11 (A) and
47PL1 (B) was evaluated as described in Methods. The results are
expressed as percent neutralization, as described in the legend to
Figure 1. All data points are the means and standard errors (error bars)

8.26 pg/ml), the extent of bl2 susceptibility was further
improved by multiple amino acid substitutions generating
the mutants 62PL1-G185D/N186Q (ICsp=2.32 pg/ml),
62PL1-G185D/N197Q (IC50=0.04 pg/ml) and 62PL1-
G185D/N186Q/N197Q (ICso=0.01 pg/ml) (Figure 4B).
These results suggested that 2 PNLG sites, N186 and
N197, and the amino acid residue at position 185 synergis-
tically regulated the b12 susceptibility of AE-Env clones.
We further examined the role of the amino acid residue
at position 185, N186 and N197 on the b12 susceptibility
of AE-Env clones using recombinant viruses, and the re-
sults are summarized in Tables 4 and 5. In addition, the
relative infectivity of recombinant viruses containing wild-
type or mutant AE-Env clones is shown in Tables 6 and 7.
Most recombinant viruses containing mutant AE-Env
clones maintained their infectivity, while some recombin-
ant viruses lost their infectivity after the introduction of
mutations (Tables 6 and 7). The wild types of 14 AE-Env
clones, 21PL2, 47CC11, 50PB2, 52PB3, 52PL4, 52PL7,
60PB2, 60PL2, 62PL1, 65CC4, 98CC2, 101PL1, 102CC2
and 104PB4, were b12 resistant, and these AE-Env clones
were still b12 resistant or showed comparably low levels
of b12 susceptibility in the absence of N186 and/or N197;
however, the introduction of an amino acid substitution,
G185D, N185D or E185D, to these AE-Env mutants lack-
ing N186 and/or N197, except 60PL2- and 104PB4-
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Table 3 Amino acid residue at position 185 of HIV-1 Env

n D185 E185° G185° N185% Others®
Subtype B° 200 70.5% 6.5% 4.5% 7.5% 11%
Subtype C° 200 19% 15% 7.5% 36% 22.5%
CRFOT_AE® 200 24% 27.5% 22% 16% 10.5%
b12 susceptible CRFO1_AES 15 66.7% 13.3% 6.7% 6.7% 6.7%
b12 resistant CRFO1_AE® 17 11.8% 17.6% 17.6% 294% 23.5%

“Frequency (%) of samples with aspartic acid residue (D185), glutamic acid residue (E185), glycine residue (G185), asparagine residue (N185) or other residues,
alanine, histidine, lysine, methionine, proline, glutamine, arginine, serine, threonine, valine or a gap (others) at amino acid position 185 of Env was estimated.
200 env gene sequences of subtype B, C or CRFO1_AE viruses with sampling dates 2008-2010, 2008-2009 or 2007-2010, respectively, were retrieved from the
HIV sequence database (www.hiv.lanl.gov). The deduced amino acid sequences were translated and examined. Accession numbers are available upon request.

“AE-Env clones which became b12 susceptible after removing N186 and/or N197.
9AE-Env clones which were b12 resistant after removing N186 and/or N197.

derived mutants, markedly improved their b12 susceptibil-
ity (Table 4). In addition, the removal of N186 and/or
N197 conferred bl2 susceptibility to 9 b12-resistant AE-
Env clones, 29CC1, 45CCl1, 47PL1, 99PB2, 99CCS,
105PB1, 105PL2, 105PL3 and 107CC2; however, the intro-
duction of an amino acid substitution, D185G, to those
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Figure 4 The b12 susceptibility of wild-type and mutant AE-Env
clones, 52PL7, 62PL1 and 101PL1. The b12 susceptibility of
recombinant viruses containing wild-type or mutant AE-Env clones,
52PL7 (A), 62PL1 (B) and 101PL1 (C) was evaluated as described in
Methods. The results are expressed as percent neutralization, as
described in the legend to Figure 1. All data points are the means
and standard errors (error bars) of at least three independent experiments.

AE-Env mutants lacking N186 and/or N197 transformed
them into b12-resistant or low-susceptible mutants (Table 5).
In addition, the introduction of a mutation, D185N or
D185E, altered the b12 susceptibility of selected AE-Env
clones, 29CC1, 45CC1, 47PL1, 105PB1 and 105PL3, to a
lesser extent than the alteration by the introduction of
D185G to the corresponding AE-Env clones (Table 5).
These results suggested that D185 is responsible for the
b12 susceptibility of AE-Env clones, while G185, N185
and E185 are responsible to a different extent for b12
resistance or the low susceptibility of AE-Env clones.
Taking together the results shown in Figures 3 and 4 as
well as in Tables 4 and 5, it is demonstrated that the
amino acid residue at position 185 in the V2 region of
gp120 plays a crucial role in the b12 resistance of AE-
Env clones by cooperating with 2 PNLG sites, N186
and N197.

Correlation between the binding efficiency and
neutralization susceptibility of AE-Env-recombinant
viruses to b12

In our previous report, it was suggested that the N-
linked glycosylation of amino acid residues at positions
186 and 197 of gp120 inhibited the binding of bl2 to
gp120 molecule in a computational model of the tri-
meric structure of HIV-1 Env proteins [33]. In order to
study the mechanism of how a single amino acid substi-
tution at the position 185 of gpl120 regulated the b1l2
susceptibility of AE-Env clones, we tested the binding ef-
ficiency of bl2 to AE-Env proteins on viral particles.
The results showed that low or no binding of b12 to the
wild-type Env proteins of three selected AE-Env clones,
47CC11, 50PB2 and 52PB3, was observed (Figure 5,
closed bars). In contrast, the introduction of a single mu-
tation, G185D or N197Q), somewhat improved the binding
efficiency of b12 to these AE-Env proteins relative to the
corresponding wild-type proteins (Figure 5, left hatched
or open bars, respectively), while the introduction of
double mutations, G185D, N185D or E185D (GNE185D),
together with N197Q significantly improved the binding
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Table 4 The b12 susceptibility of AE-Env clones containing G185, N185 or E185, and the derived mutants

ICs0 of b12 (ug/ml)®

Mutation(s)®
Env Wild- N186Q N197Q N186Q/ G185D G185D/ E185D/ G185D/ N185D/ E185D/ G185D/ N185D/ E185D/
clone type N197Q N186Q N186Q N197Q N197Q N197Q N186Q/ N186Q/ N186Q/
N197Q N197Q N197Q
21PL2  >40° >40 14.64
47CC11 >40 >40 762 003
50PB2  >40 >40 0.02
52PB3  >40 >40 036
52PL4 >40 >40 0.27
S52PL7  >40  >40 >40 >40 7.06
60PB2  >40 >40 16.19
60PL2  >40 >40 >40
62PL1  >40  >40 >40 077 826 232 0.04 001
65CC4  >40 131 038
98CC2  >40 >40 >40 5.07
101PL1T  >40  >40 >40 12.98 0.14
102CC2 >40 12.20 0.23
104PB4  >40 >40 >40

?ICso of b12 for suppressing viral replication was calculated using GraphPad Prism 5 software. Data are shown as the means of at least three

independent experiments.

PSingle or multiple amino acid mutations were introduced into AE-Env-recombinant viruses. Amino acid numbering is based on HXB2 Env gp120.

“ICsp is >40 pg/ml.

of bl2 to AE-Env proteins (Figure 5, right hatched bars).
A relative correlation was observed between the b12 bind-
ing efficiency (Figure 5) and the b12 susceptibility of AE-
Env clones in each set of wild-type and mutant clones
(Figure 3A and Table 4). These results suggested that the
amino acid residue at position 185 regulated the b12 sus-
ceptibility of AE-Env clones at the level of the binding of
b12 to Env proteins.

The amino acid residue at position 185 of gp120 does not
affect the b12 susceptibility of 5 B-Env-recombinant
viruses, while the removal of a PNLG site, N186 or N197,
improves the b12 susceptibility of 4 B-Env-recombinant
viruses

We next examined the role of amino acid residue at pos-
ition 185 and 2 PNLG sites, N186 and N197, of gp120 in
regulating the b12 susceptibility of 5 B-Env-recombinant

Table 5 The b12 susceptibility of AE-Env clones containing D185 and the derived mutants

ICso of b12 (pg/ml)®

Mutation(s)®

Env Wild- N186Q N197Q N186Q/ D185G/ D185G/ D185N/ D185E/ D185G/N186Q/
clone type N197Q N186Q N197Q N197Q N197Q N197Q
29CC1 >40° >40 0.10 834 >40 1259 >40 >40
45CC1 >40 >40 0.02 0.65 >40 577 045 >40
47PL1 >40 0.03 >40 >40 530

99PB2 >40 365 >40

99CC8 >40 0.10 >40

105PB1 >40 >40 0.07 0.16 >40 703 >40 >40
105PL2 >40 0.29 >40

105PL3 >40 >40 0.03 0.24 >40 10.09 >40 >40
107CC2 >40 0.02 342

?ICso of b12 for suppressing viral replication was calculated using GraphPad Prism 5 software. Data are shown as the means of at least three

independent experiments.

bSingle or multiple amino acid mutations were introduced into the AE Env-recombinant virus. Amino acid numbering is based on HXB2 Env gp120.

“ICso is >40 pg/ml.
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Table 6 The infectivity of AE-Env clones containing G185, N185 or E185, and the derived mutants

Relative infectivity (RLU)®

Mutation(s)®

Env Wild- N186Q N197Q N186Q/ G185D G185D/ E185D/ G185D/ N185D/ E185D/ G185D/ N185D/ E185D/

clone type N197Q N186Q N186Q N197Q N197Q N197Q N186Q/ N186Q/ N186Q/
N197Q N197Q N197Q

21PL2 3 109 23

47CC1T 1080 670 617 927

50PB2 283 296 356

52PB3 1182 362 873

52PL4 398 440 535

52PL7 161 108 96 168 48

60PB2 366 404 93

60PL2 748 996 908

62PL1 297 447 495 300 696 745 533 78

65CC4 88 29 0 0 105

98CC2 437 103 579 104

101PLT 130 149 50 33 152

102CC2 1056 50 63

104PB4 207 112 452

BInfectivity of Env-recombinant virus was evaluated using U87.CD4.CXCR4 and U87.CD4.CCR5 cells. Relative infectivity of the virus was calculated by comparing it
with the luciferase activity of pNL-envCT (pNL4-3)-infected U87.CD4.CXCR4 cells, which was defined as 100 relative light units (RLU).
®Single or multiple amino acid mutations were introduced into AE-Env-recombinant viruses. Amino acid numbering is based on HXB2 Env gp120.

viruses. Four recombinant viruses containing the wild-type
Env of pNL4-3, QH0692.42, SC422661.8 and pWITO
4160.33, were b12 susceptible, while a recombinant virus
containing that of TRO.11 was b12 resistant (Figure 6). In
addition, the wild-type Env of pNL4-3, QH069242 and
SC422661.8 contained D185, while that of pWIT04160.33
and TRO.11 contained E185 (data not shown). Moreover,
the wild-type Env of pNL4-3 contained N186 and N197,

while that of QH0692.42, SC422661.8, pWIT04160.33 and
TRO.11 contained N197, but not N186 (data not shown).
We introduced an amino acid substitution at position 185;
however, the b12 susceptibility of B-Env clones was not sig-
nificantly altered by the introduction of the mutation
(Figure 6). In contrast, the removal of N186 improved
the b12 susceptibility of pNL4-3 (Figure 6A), while the
removal of N197 improved the bl2 susceptibility of

Table 7 The infectivity of AE-Env clones containing D185 and the derived mutants

Relative infectivity (RLU)®

Mutation(s)®

Env Wild- N186Q N197Q N186Q/ D185G/ D185G/ D185N/ D185E/ D185G/N186Q/
clone type N197Q N186Q N197Q N197Q N197Q N197Q
29CC1 573 587 773 704 708 n 364 662
45PB1 253 363 132 1 0
45CCT 464 780 302 357 243 167 194 68
47PL1 531 66 133 165 169

99PB2 188 79 129

99CC8 472 284 63

105PB1 293 94 64 106 55 67 26 27
105PL2 581 640 397

105PL3 355 128 146 39 108 83 31 26
107CC2 235 48 0 0 43

“Infectivity of Env-recombinant virus was evaluated using U87.CD4.CXCR4 and U87.CD4.CCRS5 cells. Relative infectivity of the virus was calculated by comparing it
with the luciferase activity of pNL-envCT (pNL4-3)-infected U87.CD4.CXCR4 cells, which was defined as 100 relative light units (RLU).
PSingle or multiple amino acid mutations were introduced into AE-Env-recombinant viruses. Amino acid numbering is based on HXB2 Env gp120.
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Figure 5 The binding efficiency of b12 to Env proteins on viral
particles. Recombinant viruses containing wild-type AE-Env clones,
47CC11, 50PB2 and 52PB3, a wild-type B-Env clone, pNL4-3, and
AE-Env mutants, 47CC11-G185D, 47CC11-N197Q, 47CC11-G185D/
N197Q, 50PB2-N197Q, 50PB2-N185D/N197Q), 52PB3-N197Q and 52PB3-
E185D/N197Q, were subjected to the study. The binding efficiency of
b12 to viral particle-associated Env proteins was evaluated as described
in Methods. Data are shown as the percent recovery of Gag p24
antigen, which was associated with virus-b12-magnetic bead complex
relative to the input amount in an assay. The results are presented as
the means and standard errors (error bars) of three independent
experiments. Differences among the binding efficiencies of b12 to the
wild-type and mutant AE-Env proteins were analyzed by the paired t test

and are reported when P <005.

pNL4-3, QHO0692.42, SC422661.8 and pWITO4160.33
(Figure 6A, B, C and D), but not of TRO.11 (Figure 6E).
In addition, the introduction of double mutations,
E185D and N197Q, did not confer bl12 susceptibility to
TRO.11 (Figure 6E), while the introduction of double
mutations, D185G and N197Q, did not alter the b12
susceptibility of QH0692.42 and SC422661.8, relative to
the introduction of a single mutation, N197Q), into
these B-Env clones (Figure 6B and C). Finally, mutant
B-Env clones, pNL4-3-N186Q/N197Q, pNL4-3-D18
5G/N197Q and pWITO4160.33-E185D/N197Q were
also constructed; however, recombinant viruses con-
taining these B-Env mutants showed no infectivity
(Table 8); therefore, we failed to test their b12 suscepti-
bility. These results suggested that the amino acid
residue at position 185 of gpl20 played no major role
in the b12 susceptibility of B-Env clones. In addition, 4
of 5 wild-type B-Env clones were already highly suscep-
tible to bl2 in the presence of N186 and/or N197
(Figure 6A, B, C and D), while the removal of N197 did
not confer bl2 susceptibility to TRO.11 (Figure 6E).
Therefore, we consider that, although 2 PNLG sites,
N186 and N197, of gpl120 play an important role in
regulating the b12 susceptibility of B-Env clones, the
role for these B-Env clones is not as significant as that
for AE-Env clones tested.
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Role of the amino acid residue at position 185, N186 and
N197 in the VRCO1 susceptibility of AE-Env-recombinant
viruses

We next examined the role of the amino acid residue at
position 185, as well as of 2 PNLG sites, N186 and N197,
in the susceptibility of AE-Env-recombinant viruses to
VRCO1-mediated neutralization. VRC01 has been re-
ported to be capable of neutralizing 89% of CRFO1_AE vi-
ruses tested [5]; however, among selected AE-Env clones
tested, the wild types of 56.5% (13 of 23) of AE-Env
clones, 29CC1, 45CC1, 47PL1 and 105PL2 (Table 9) as
well as 21PL2, 47CC11, 52PB3, 52PL4, 52PL7, 60PL2,
62PL1, 102CC2 and 104PB4 (Table 10), were VRCO1 re-
sistant, while those of 43.5% (10 of 23) of AE-Env
clones, 99PB2, 99CC8, 105PB1, 105PL3 and 107CC2
(Table 9), as well as 50PB2, 60PB2, 65CC4, 98CC2 and
101PL1 (Table 10), were susceptible to VRCO1-
mediated neutralization. In addition, the VRCO1 sus-
ceptibility of AE-Env clones, 45CC1, 99CC8, 105PL2,
105PL3 and 107CC2 (Table 9), as well as 21PL2, 50PB2,
52PB3, 52PL4, 60PB2, 60PL2, 65CC4, 98CC2, 101PL1
and 102CC2 (Table 10), was improved after the removal
of N186 and/or N197, suggesting that 2 PNLG sites,
N186 and N197, played a role in regulating the VRCO1
susceptibility of some AE-Env clones tested. We next
studied the role of the amino acid residue at position
185 in the VRCO1 susceptibility of AE-Env clones. The
results showed that the introduction of a mutation,
D185G, to most AE-Env mutants lacking N186 or
N197, except 45CC1- and 105PL2-derived mutants, did
not reduce the VRCO1 susceptibility of AE-Env clones
(Table 9), suggesting that the amino acid residue at 185
had no major role in the VRCO1 susceptibility of these
AE-Env clones. However, the introduction of a muta-
tion, G185D, N185D or E185D, to the AE-Env clones
lacking N186 and/or N197 improved the VRCO1 sus-
ceptibility of AE-Env clones, 21PL2, 50PB2, 52PB3,
52PL4, 60PB2 and 102CC2 (Table 10), while the introduc-
tion of the mutation did not affect significantly or rather
reduced the VRCO1 susceptibility of the remaining AE-Env
clones, 47CC11, 52PL7, 60PL2, 62PL1, 65CC4, 98CC2,
101PL1 and 104PB4 (Table 10). These results suggested
that the amino acid residue at position 185, as well as 2
PNLG sites, N186 and N197, regulated the susceptibility of
some AE-Env clones to VRCOl-mediated neutralization;
however, their role in VRCO1 susceptibility is not as signifi-
cant as that for the b12 susceptibility of AE-Env clones.

Discussion

Amino acid mutations and N-linked glycosylation of par-
ticular amino acid residues affect the protein structure
and change the neutralization susceptibility of HIV-1 Env
[39,40]. Although several reports describe the role of
PNLG sites involved in or in close proximity to the b12
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Figure 6 The b12 susceptibility of wild-type and mutant B-Env clones. The b12 susceptibility of recombinant viruses containing wild-type or
mutant B-Env clones, pNL4-3 (A), QH0692.42 (B}, SC422661.8 (C), pWITO4160.33 (D) and TRO.11 (E) was evaluated as described in Methods. The results
are expressed as percent neutralization, as described in the legend to Figure 1. All data points are the means and standard errors (error bars) of at least
two independent experiments.

contact sites of gp120 in regulating the bl2 susceptibility =~ positions were responsible for determining the b12 resist-
of subtype B viruses [31,34-38], the PNLG sites, N301, ance of 21 of 23 (>91%) AE-Env clones tested. The V1/V2
N339, N386 and N392, had no major role in the b12 sus-  regions of gp120 contact with CD4 molecule when gp120
ceptibility of AE-Env-recombinant viruses (Figure 1). We  binds to CD4 [41,42], and this may account for the role of
therefore searched for other determinants of the bl2 re-  V1/V2 regions in regulating viral susceptibility to neutraliz-
sistance of AE-Env clones using recombinant viruses and  ing antibodies against the CD4bs of gp120, including b12
found that a single amino acid substitution at position 185  [35,43-46]. Previous computational analysis revealed that
in the V2 region of gp120 played a crucial role in regulating  the amino acid residue at position 185 was involved in the
the bl2 susceptibility of AE-Env clones by cooperating regulation of viral b12 susceptibility [29]. The amino acid
with two previously reported PNLG sites, N186 and N197,  residue at position 185 locates near the C-terminus of
in the V2 and C2 regions of gp120 [33]. These amino acid V2 region, where the amino acid sequence is relatively

Table 8 The infectivity of B-Env clones and the derived mutants
Relative infectivity (RLU)?

Mutation(s)®

Env clone Wild-type N186Q N197Q N186Q/N197Q D185G D185N D185E E185D D185G/N197Q E185D/N197Q
pNL4-3 100 71 8 0 107 58 39 0

QH0692.42 958 365 1187 809 870 377

SC422661.8 657 324 569 19 503 395

pWITO416033 49 5 109 0

TROM 294 69 306 107

®Infectivity of Env-recombinant virus was evaluated using U87.CD4.CXCR4 and U87.CD4.CCR5 cells. Relative infectivity of the virus was calculated by comparing it
with the luciferase activity of pNL-envCT (pNL4-3)-infected U87.CD4.CXCR4 cells, which was defined as 100 relative light units (RLU).
bSingle or multiple amino acid mutations were introduced into B-Env-recombinant viruses. Amino acid numbering is based on HXB2 Env gp120.
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Table 9 The VRCO1 susceptibility of AE-Env clones containing D185 and the derived mutants

IC5o of VRCOT (pg/mli)®

Mutation(s)®

Env clone Wild-type N186Q N197Q D185G/N186Q D185G/N197Q
29CC1 >2° >2 >2

45CCT >2 005 0.09

47PL1 >2 >2 >2

99PB2 002 0.10 003

99CC8 116 0.20 0.06

105PB1 007 0.11 0.04

105PL2 >2 0.07 0.09

105PL3 0.25 0.02 0.02

107CC2 033 015 009

?ICso of VRCO1 for suppressing viral replication was calculated using GraphPad Prism 5 software, Data are shown as the means of at least two independent experiments.
bSingle or multiple amino acid mutations were introduced into the AE Env-recombinant virus. Amino acid numbering is based on HXB2 Env gp120.

ICs0 is >2 pg/ml.

conserved and affects the interaction of b12 with gp120
molecule [29,41,47]. In the report, G185 was suggested to
be responsible for viral b12 resistance among several sub-
types and CRFs of HIV-1, while D185, E185 or N185 of
gp120 were responsible for viral b12 susceptibility [29].
Our results demonstrated the role of G185 in viral b12 re-
sistance; however, they were partly inconsistent with the
previous report. Namely, the effect of E185 and N185 on
viral b12 susceptibility was not as significant as that of
D185 in our study; therefore, there is a discrepancy be-
tween our biological and previous computational analyses.

Our previous report showed that high amino acid vari-
ability was observed in the V2 region, as well as in the V1,
V4 and V5 regions, of Env gpl20 among viral genomic
fragments continuously collected for a short period
(3 years) from CRFO1_AE-infected Thai individuals [48],
suggesting that the virus constantly evolved by introducing
mutations in the V2 region of gp120, presumably in order
to counteract anti-HIV-1 humoral immune responses. Env
gp120 and gp41 are the major targets of anti-HIV-1 neu-
tralizing antibodies, and are therefore candidates for vac-
cine antigens. Although an HIV vaccine has been under

Table 10 The VRCO1 susceptibility of AE-Env clones containing G185, N185 or E185, and the derived mutants

1Csp of VRCO1 (pg/mi)®

Mutation(s)®
Env Wild- N186Q N197Q N186Q/  E185D/ G185D/ N185D/ E185D/ G185D/ N185D/ E185D/
cione type N197Q N186Q N197Q N197Q N197Q N186Q/N197Q N186Q/N197Q N186Q/N197Q
21PL2 >2¢ 017 003
47CC11 >2 >2 >2
50PB2 007 003 0.01
52PB3  >2 0.6 003
52PL4  >2 025 008
52PL7  »2 >2 >2
60PB2 028 0.08 004
60PL2  >2 0.02 002
62PLT  >2 >2 >2
65CC4 1.0 028 032
98CC2 038 0.19 0.21
101PLT 050 0.04 012
102CC2 >2 035 0.06
104PB4  >2 >2

®ICso of VRCO1 for suppressing viral replication was calculated using GraphPad Prism 5 software. Data are shown as the means of at least two independent experiments.
"Single or multiple amino acid mutations were introduced into AE-Env-recombinant viruses. Amino acid numbering is based on HXB2 Env gp120.

SICs0 is >2 pg/ml.
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development for more than two decades, no effective vac-
cine is available [49]. Until recently, only one completed
clinical trial in Thailand, RV144, was shown to have 31.2%
protection efficacy against HIV-1 infection [49-51]. The re-
combinant Env gpl20 protein derived from a CRFO1_AE
(A244) strain, A244-rgp120, and that derived from a sub-
type B (MN) strain, MN-rgp120, were used as immuno-
gens in the RV144 clinical trial [52] and the majority of
HIV-1 infection in the trial was caused by CRFO1_AE
viruses (91.7%) [53], which are the predominant CRF of
HIV-1 prevalent in Thailand [26]. Recent analyses of the
vaccine-induced immune responses in the RV144 trial
showed that the induction level of antibodies against the
V2 region of Env gp120 was inversely correlated with the
infection risk [54-56]. In addition, antibodies against
the V2 region recognized both a conformational epitope
presented on a fusion protein containing the V1 and V2
regions of gp120, gp70-V1V2, as well as a linear epitope lo-
cated at amino acid residues 165-178 in the V2 region [55],
while a lysine residue at position 169 (K169) and an isoleu-
cine residue at position 181 (I181) in the V2 region played
an important role in determining vaccine efficacy [57].
These studies suggest that immunodominant regions lo-
cated in the V2 region of Env gp120 are an effective target
of protective immune response against CRFO1_AE viruses,
and the introduction of mutations into a few amino acid
residues in the V2 region significantly affect the effective-
ness of vaccine-induced anti-V2 neutralizing antibodies.
Our study revealed that the major determinants of resist-
ance to a CDdbs antibody, b12, were located in the V2
region of Env gpl20 derived from CRFO1_AE viruses.
Therefore, we believe that further understanding of how
amino acid mutations in the V2 region of Env gp120 affect
the neutralization susceptibility of currently circulating
CRFO1_AE viruses to vaccine candidate-induced neutraliz-
ing antibodies as well as to established broadly reactive
nhmAbs may provide important information to develop
effective HIV-1 vaccines.

Our recent study showed that plasma samples derived
from infected Thai individuals efficiently neutralize AE-
Env-recombinant viruses, while the samples poorly neu-
tralized B-Env- and C-Env-recombinant viruses [58],
consistent with the results described in a previous report
that serum samples derived from subtypes B and E
(CRFO1_AE)-infected Thai individuals showed subtype-
specific neutralizing activity [59]. These results suggest a
difference in the antigenicity of Env gpl20 and gp4l
among CRFO1_AE, subtype B and C viruses. In addition,
the AE-Env immunogen, A244-rgpl120, is suggested to
be able to induce a stronger antibody response against
the V2 region than the B-Env immunogen, MN-rgp120,
in the RV144 trial [55,60]; therefore, the immunogenicity
of the V2 region of Env gp120 might also differ between
CRFO1_AE and subtype B viruses. Env gp120 is the most
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variable HIV-1 protein with typical intersubtype and
intrasubtype differences soaring to 35% and 20%, re-
spectively [61]. In addition, structural differences of the
conserved and variable regions of Env gpl20 are re-
ported between subtype B and C Env molecules [62,63],
while our previous study suggested that different Env re-
gions are affected by host immune pressure between
CRFO1_AE and subtype B viruses [48]. Therefore, the
structure of Env gp120 is somewhat different among di-
verse HIV-1 subtypes and CRFs. The b12 antibody rec-
ognizes a conformational epitope on gpl20; thus, b12
susceptibility of the virus is necessarily affected by the
protein structure of gp120. Our results showed that the
amino acid residue at position 185 in the V2 region of
Env gpl20 played a major role in bl2 susceptibility of
AE-Env clones, but not of B-Env clones, suggesting that
the structure of the V2 region may differ between
CRFO1_AE and subtype B viruses. Although the struc-
ture of the V2 region of Env gp120 derived from subtype
C viruses is already determined [64], that of CRFO1_AE
has not been determined; therefore, we consider that it
is important to solve the protein structure of AE-Env
gpl20 in order to design an effective vaccine antigen
against CRFO1_AE viruses. Since the structure of AE-
Env gpl20 including the V2 region is currently not avail-
able, it is difficult to discuss the structural aspects of the
role of the amino acid residue at position 185 and 2
PNLG sites, N186 and N197, in regulating the bl12 sus-
ceptibility of AE-Env clones; however, the potential
effects of these amino acid substitutions on Env struc-
ture is as follows. According to the structural studies on
BG505 SOSIP.664 gpl40 derived from a subtype A
strain, BG505, the glycan attached at the position 197 of
gp120 contacts with the V3 region of neighboring gp120
molecule in Env trimeric structure, and is suggested to
avoid the premature release of V3 region before the
binding of gp120 to CD4 [65]. In addition, the removal
of N197 from subtypes B and C Env proteins is reported
to increase viral susceptibility to neutralizing antibodies
including b12 [31,35,43,66,67], and this may be due to
the changing in the quaternary structure of Env trim-
mers which leads to increase the accessibility of anti-
bodies to the epitopes. The removal of N197 might
reduce the stability of CD4-unbounded Env proteins and
possibly decreases viral infectivity. However, the removal
of N186 and N197, as well as the introduction of a mu-
tation at amino acid position 185, did not significantly
reduce the infectivity of most AE-Env-recombinant
viruses (Tables 6 and 7), indicating that these AE-Env
clones maintained the functional Env structure in the
presence of these mutations. However, the binding of
b12 to AE-Env proteins was significantly improved by the
introduction of double mutations, G185D, N185D or
E185D together with N197Q, but not by the introduction
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of a single mutation, N197Q or G185D (Figure 5). By con-
sidering these results, the introduction of an amino acid
substitution at position 185 and the removal of N197
might synergistically alter the trimeric structure of AE-
Env proteins and lead to increase the binding efficiency of
bl2 to Env proteins. We believe that our results might
provide important information to take into account the
antigenic and immunogenic diversity of Env gp120 among
different subtypes and CRFs of HIV-1 to develop an effect-
ive HIV-1 vaccine.

Conclusion

In this report, we show that the amino acid residue at
position 185 and 2 PNLG sites in the V2 and C2 regions
of AE-Env gpl20 are the major determinants of viral
resistance to CD4bs antibodies. We believe that our data
may provide important information to understand the mo-
lecular mechanism regulating the neutralization suscepti-
bility of HIV-1 CRFO1_AE viruses to CD4bs antibodies as
well as to design vaccine antigens against these viruses.

Methods

Cells

293T cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (10%
FBS-DMEM). U87.CD4.CCR5 and U87.CD4.CXCR4 cells
were obtained from Drs. HongKui Deng and Dan R.
Littman through the AIDS Research and Reference Reagent
Program (ARRRP) (Division of AIDS, NIAID, NIH), and
were maintained in 10% FBS-DMEM with puromycin
(1 pg/ml) and G418 (300 pg/ml) (complete medium).

Preparation of recombinant proviral constructs

c¢DNAs encoding full-length AE-Env gpl20 and gp4l
were cloned into pNL-envCT [68], a luciferase reporter
proviral DNA derived from pNL4-3 [69], to generate AE-
Env-recombinant proviral constructs as described previ-
ously [32]. In addition, full-length subtype B env clones,
QH0692.42, TRO.11, pWITO04160.33 and SC422661.8
[70], obtained from Drs. Feng Gao, Beatrice H. Hahn, Ming
Li, David C. Montefiori and Jesus F. Salazar-Gonzalez
through the ARRRP, were cloned into pNL-envCT to gen-
erate B-Env-recombinant proviral constructs as described
previously {58]. In order to generate N-linked glycosylation
mutants, N186Q, N197Q, N301Q, N339Q, N386Q and/or
N392Q), were introduced into proviral constructs by site-
directed mutagenesis using the QuikChange site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA). In
addition, single or multiple amino acid mutation(s), H144L,
D185G, D185N, D185E, G185D, N185D, E185D, del NIND
(deletion of 4 amino acid residues, NIND), N189S, 1190T,
ins.D460 (insertion of D460), 1467T, V4881 and/or R500M,
were introduced into proviral constructs by site-directed
mutagenesis.
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Detection of PNLG site in the deduced amino acid
sequence of HIV-1 env gene

PNLG sites in HIV-1 env genes were examined using
N-Glycosite (www.hiv.lanl.gov).

Preparation of recombinant virus

Viral supernatant was prepared by transfecting 293 T
cells with a proviral construct using FuGENE HD trans-
fection reagent (Roche, Basel, Switzerland). Forty-eight
hours after transfection, the supernatant was cleared by
centrifugation for 5 min at 8,000 rpm, and stored in ali-
quots at —-85°C. The concentration of HIV-1 Gag p24 anti-
gen in viral supernatants was measured by enzyme-linked
immunosorbent assay (ELISA) (HIV-1 p24 Antigen Cap-
ture Assay; Advanced Bioscience Laboratory, Rockville,
MD). The relative infectivity of recombinant viruses con-
taining wild-type or mutant Env clones was examined, as
follows. U87.CD4.CXCR4 or U87.CD4.CCR5 cells, which
were seeded into a 24-well plate (3 x 10* cells per 500 pl
per well) 24 h prior to the tests, were infected with recom-
binant viruses (10 ng of p24 antigen). U87.CD4.CXCR4
cells were used as target cells for recombinant viruses con-
taining CXCR4-tropic (X4) or dual-tropic (X4R5) Env,
whereas U87.CD4.CCR5 cells were used as target cells for
the viruses containing CCR5-tropic (R5) Env. Forty-eight
hours after infection, luciferase activity in infected cells
was measured using the Steady Glo Luciferase assay kit
(Promega, Madison, WI) with an LB960 microplate
luminometer (Berthold, Bad Wildbad, Germany). Relative
infectivity of the recombinant virus was calculated by
comparing it with the luciferase activity of pNL-envCT
(pNL4-3)-infected U87.CD4.CXCR4 cells, which was de-
fined as 100 relative light units (RLU).

Neutralization tests

Neutralization susceptibilities of a recombinant virus to
nhmAbs against the CD4bs of Env gp120, b12 (Polymun
Scientific, Vienna, Austria) and VRCO1 (obtained from
Dr. John Mascola through the ARRRP), were examined
as follows. Viral supernatants (5 ng of p24 antigen) were
incubated with 2-fold serially diluted monoclonal anti-
body, b12 or VRCO1, in 100 pl complete medium for 1 h
at 37°C. U87.CD4.CXCR4 or U87.CD4.CCR5 cells, which
were seeded into a 96-well plate (5 x 10% cells per 100 pl
per well) 24 h prior to neutralization tests, were then incu-
bated with the mixture of viral supernatants and the anti-
body. Forty-eight hours after infection, luciferase activity
in infected cells was measured as described above. Percent
neutralization was calculated by determining the reduc-
tion in luciferase activity in the presence of the monoclo-
nal antibody, b12 or VRCO1, compared to that in control
experiments in the absence of the antibody. The ICsq of
the monoclonal antibody for suppressing viral replication
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was calculated using a standard function of GraphPad
Prism 5 software (GraphPad Software, San Diego, CA).

Binding assay

The binding efficiency of a recombinant virus to the
monoclonal antibody, bl12 was examined as follows. The
antibody, b12 (5 pg) was incubated with protein G-
conjugated magnetic beads, Dynabeads Protein G (0.3 mg)
(Life Technologies, Lillestrom, Norway) with rotation for
24 h at 4°C in 400 pl phosphate-buffered saline (PBS), to
generate b12-magnetic bead complex. After washed with
PBS using the Dynal MPC-S Magnetic Particle Concentra-
tor (Invitrogen Dynal, Oslo, Norway), the bl2-magnetic
bead complex was incubated with viral supernatants
(2.5 ng of p24 antigen) with rotation for 24 h at 4°C in
100 pl of PBS. In a control experiment, viral supernatants
containing an Env-deficient virus (2.5 ng of p24 antigen),
that was generated from an env-deficient proviral construct,
pNL-Luc-E'R* [71], was incubated with the b12-magnetic
bead complex. Twenty-four hours after incubation, the
virus-b12-magnetic bead complex was extensively washed
with PBS and then HIV-1 Gag p24 antigen associated with
the complex was measured by ELISA as described above.
The percent recovery of Gag p24 antigen was calculated
after subtracting the p24 antigen value associated with the
virus-b12-magnetic bead complex in the control experiment
using Env-deficient virus. Statistical analysis was carried out
using a standard function of GraphPad Prism 5 software
(GraphPad Software, San Diego, CA) with a Paired ¢ test.
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