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Abstract 57 

 Precursor of Gag protein (Pr55
Gag

) of human immunodeficiency virus, the principal structural 58 

component required for virus assembly, is known to bind D-myo-phosphatidylinositol 59 

4,5-bisphosphate (PIP2). The N-terminus of Pr55
Gag

, MA domain, plays a critical role in the binding 60 

of Pr55
Gag

 to the plasma membrane. Herein, we designed and synthesized myo-phosphatidylinositol 61 

2,3,4,5,6-pentakisphosphate (PIP5) derivatives comprising highly phosphorylated inositol and 62 

variously modified diacylglycerol to examine the MA-binding property. The inositol moiety was 63 

synthesized starting with myo-inositol and assembled with a hydrophobic glycerol moiety through a 64 

phosphate linkage. The Kd value for MA-binding of the PIP5 derivative 2 (Kd=0.25 µM) was the 65 

lowest (i.e., highest affinity) of all derivatives, i.e., 70-fold lower than the Kd for the PIP2 derivative 66 

1 (Kd=16.9 µM) and 100-fold lower than the Kd for IP6 (Kd=25.7 µM), suggesting the possibility of 67 

the PIP5 derivative to block the Pr55
Gag

 membrane binding by competing with PIP2 in the 68 

MA-binding. 69 

 70 

 71 

 72 

 73 

 74 

 75 
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 77 
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 81 
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1. Introduction 87 

 The development of anti-human immunodeficiency virus type 1 (HIV-1) drugs has achieved 88 

marked success in the past two decades as envisaged by reverse transcriptase inhibitors, protease 89 

inhibitors, entry inhibitors, and integrase inhibitors. However, because the use of these drugs has 90 

encountered limitations because of the emergence of resistant viral variants, the development of 91 

new drugs based on novel mechanisms has become urgent. This study focused on the membrane 92 

targeting of the HIV-1 precursor of Gag protein (Pr55
Gag

) at the stage of virus assembly, exploiting 93 

the possibility to block the virus assembly by small molecules that compete at the membrane 94 

binding of Pr55
Gag

. 95 

HIV-1 genome-encoded Pr55
Gag

 protein is the principal structural component required for virus 96 

assembly
1,2

. Following ribosomal synthesis, Pr55
Gag

 is directed to the plasma membrane, where it is 97 

assembled with other components to form immature budding virions. The N-terminus of Pr55
Gag

, 98 

the MA domain, plays a critical role in the binding of Pr55
Gag

 to the plasma membrane
3
. Recent 99 

studies have shown that D-myo-phosphatidylinositol 4,5-bisphosphate (PIP2) is the binding target of 100 

the basic patch of the MA domain
4-6

.  101 

We previously developed a highly sensitive in vitro assay to determine the binding affinity of 102 

Pr55
Gag

/MA for phosphoinositide derivatives by employing a surface plasmon resonance (SPR) 103 

sensor in which a synthetic biotinylated inositol phosphate was immobilized
7-9

. The SPR 104 

experiments comparing the Pr55
Gag

/MA affinity of IP3 and PIP2 suggested that both the divalent 105 

phosphate groups and the acyl chains of PIP2 are essential for tight binding to Pr55
Gag

/MA. 106 

Because the PIP2-binding region of the MA domain contains many basic residues that interact with 107 

acidic phosphate groups of the inositol
2,10,11

, the MA-binding affinity of phosphatidylinositol 108 

derivatives would be increased by increasing the number of phosphate groups. This, together with 109 

the several previously published studies
2,10,11

, would provide the basis for the molecular design of 110 

novel competitors that would block the PIP2-Pr55
Gag

 binding. 111 

Herein, we performed SPR analysis of the MA domain binding of highly phosphorylated inositol 112 

phosphates, myo-inositol 1,2,3,4,5,6-hexakisphosphate (IP6), D-myo-inositol 1,4,5-trisphosphate 113 

(IP3), and a synthetic PIP2 derivative having non-natural C8 acyl chains 1 (Figure 1a) and found 114 

that IP6 bound MA strongly, demonstrating the significance of the number of the phosphate group. 115 

Further, we designed and synthesized lipid-coupled IP6 derivatives, namely 116 
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myo-phosphatidylinositol 2,3,4,5,6-pentakisphosphate (PIP5) derivatives, expecting their MA 117 

binding would be stronger than PIP2 leading to the blockade of the Pr55
Gag

 membrane target. 118 

 119 

 120 

 121 
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2. Results and Discussion 147 

2.1. SPR analysis of MA-interaction of IP3, IP6, and PIP2 148 

To compare the relative MA-binding affinity of IP6, IP3, and the PIP2 derivative 1 (Figure 1a), we 149 

performed SPR assay that we previously constructed
7
. An expression vector for MA having a FLAG 150 

tag at the C-terminus was used. Proteins were purified from transfected 293T cells using anti-FLAG 151 

agarose beads employing the FLAG tag affinity method. Purified proteins were quantified by 152 

SDS-PAGE analysis, and their concentration was estimated by comparing the band intensity with 153 

that of the protein marker. After purification, the solution in which each protein was dissolved was 154 

exchanged with flow buffer in the SPR system through dialysis. Flow buffer was supplemented with 155 

0.5 mg/mL BSA to inhibit non-selective binding to the biotin-modified control surface, followed by 156 

2% (v/v) glycerol to prevent protein destabilization
12

. Contrary to the previous SPR analysis
7
, 5% 157 

dimethylsulfoxide was also supplemented with analysis buffer to dissolve complexes in this 158 

experiment (Supplementary Information 2). Association was followed for 3 min and dissociation 159 

was measured at a flow rate of 20 µl/min at 25C, after which the surfaces were regenerated by 160 

injecting dilute NaOH solution. As shown in Figure 1b, the injection of 0.24, 0.48, 0.64, and 0.96 161 

M MA onto immobilized D-myo-inositol 1,3,4,5-tetrakisphosphate (IP4) showed a 162 

concentration-dependent response unit (RU). 163 

PIP2 derivative 1

H2O3PO OH

OPO3H2

HO

OH

OPO3H2

IP3

H2O3PO OPO3H2

OPO3H2

H2O3PO

OPO3H2

OPO3H2

IP6

PO3H2 = Na+ salts

a

O

H2O3PO OH

OPO3H2

HO

OH

O
P

O

OH
O

O

O

O

 164 

Figure 1 Structures of IP3, IP6, and the PIP2 derivative 1 (a). Binding activity of 0.24, 0.48, 0.64 165 

and 0.96 µM MA proteins to biotinylated IP4. Each protein was injected over a biotinylated 166 

IP4-immobilized sensor chip at flow rate of 20 µl/min for 180 s (b). 167 
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The dissociation constants (Kd) of MA-IP3, MA-IP6, and MA-1 complexes were calculated via a 168 

competition assay. Solutions containing varying concentrations of each competitor were 169 

preincubated with MA and passed over the immobilized IP4 surface. The competition curves were 170 

obtained by setting the concentration of competitors upon the horizontal axis and the response of 171 

free MA, determined based on the concentration of MA bound to immobilized-IP4, upon the vertical 172 

axis. The RU curves for competition between MA and the various competitors are shown in Figure 173 

2a, c, and e; the corresponding Kd values are shown in Figure 2b, d, and f. The Kd value for MA in 174 

competition with IP3 was 272 µM (Figure 2b), indicating IP3 binds MA weakly. It was noteworthy 175 

that IP6 showed Kd (25.7 µM) (Figure 2d) comparable to that of 1 (16.9 µM) (Figure 2f), although 176 

IP6 does not possess the diacylglycerol moiety. These findings suggested that the MA-affinity 177 

would be further increased by introducing a diacylglycerol into IP6. 178 

 179 
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 180 

 181 

Figure 2 Competition assay and calculation of the equilibrium dissociation constants (Kd) for 182 

MA-competitor complexes. The equilibrium mixtures of MA and competitors IP3 (a), IP6 (c), and 183 

the PIP2 derivative 1 (e) were injected over the biotinylated IP4-immobilized sensor chip at a flow 184 

rate of 20 µl/min for 180 s. The average response unit (RU) for the increasing concentration of each 185 

competitor was measured at 160170 s, and each RU datum was converted to a concentration of 186 

uncompetitive MA protein used for the construction of competition curves between uncompetitive 187 

MA and IP3 (b), IP6 (d), and the PIP2 derivative 1 (f). Calculated Kd values are shown. Each 188 

experiment was performed in duplicate. 189 

 190 

 191 
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2.2. Design and synthetic strategy of PIP5 derivatives 192 

We designed PIP5 derivatives having modified glycerol moiety (Figure 3). To compare the 193 

influence of the aliphatic chain structure of the glycerol group, both acyl (compound 2) and alkyl 194 

ether (compound 4) derivatives were designed. To confirm that the 2’-acyl chain participates in 195 

PIP2-MA binding and the 1’-acyl does not
5
, 1’-O-methyl-2’-acyl/alkyl derivatives (compound 3, 196 

compound 4) were designed. Our synthetic strategy for the PIP5 derivatives (Figure 3) was to 197 

differentiate the six hydroxyl groups of myo-inositol through the diacetal intermediate
13

, and the 198 

suitably protected intermediate was coupled with an acyl/alkyl-glycerol moiety by a bifunctional 199 

phosphorylating agent
14

. A 1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl group was employed for 200 

the synthesis of the acyl derivatives (i.e., 12), whereas 2-cyanoethyl group was used for 201 

phosphorylating agent of the alkyl ether derivatives (i.e., 12).  202 

OO
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 203 

Figure 3 Design and synthetic strategy of PIP5 derivatives 204 
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2.3. Syntheses of the IP6 moiety 205 

 The syntheses of the IP6 moiety for acyl derivatives were performed as shown in Scheme 1. The 206 

starting material DL-3-O-benzyl-1,2:4,5-di-O-cyclohexylidene-myo-inositol 6 was prepared 207 

according to the method of Billington et al.
13

. Benzylation of the alcohol 6 provided 7, which was 208 

further treated with p-toluenesulfonic acid and H2O to give deacetalized 8 in 76% yield (for 2 steps). 209 

The cis-1,2-diol of 8 was regioselectively p-methoxybenzylated by means of the dibutyltin oxide 210 

procedure
15,16

. Thus, the tin complex of the 1,2-diol was reacted with p-methoxybenzyl chloride in 211 

the presence of cesium fluoride to give regioselectively protected 9 in 89% yield. The selective 212 

deprotection of the benzyl group of 9 by the method of Oikawa et al.
17

 gave 10 in 45% yield. The 213 

2,3,4,5,6-pentahydroxy compound 10 was converted to the corresponding pentakisphosphonate 11 214 

by treatment with (1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)diethylamine
18

 and 1H-tetrazole 215 

and subsequent oxidation with MCPBA in 75% yield. Oxidative cleavage of p-methoxybenzyl 216 

group with CAN
19

 gave the desired IP6 fragment 12, accompanying a phosphate migration product 217 

13 in which the O-xylyl protected phosphate group at the 2-phosphate group migrated to the 218 

1-phosphate allocating a stable conformation of myo-inositols
18

. Because compounds 12 and 13 219 

could not be separated, the mixture was used for the next coupling reaction without separation. 220 

HO

BnO

OBn

OH

OH

OH

HO OBn

OH

BnO

OH

OMPM

HO OH

OH

HO

OH

OMPM

O

BnO O

O

O OH

(iv)

6

(i)

10

98

(iii)

(v)

O

BnO O

O

O OBn

7

(ii)

RO OR

OR

RO

OR

OMPM

11

(ii)

RO OR

OR

RO

OR

OH

12

(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)
diethylamine

O

O
P

O

R=

O

O
PN

+

RO OR

OR

RO

OH

OR

13

 221 

Scheme 1 Reagents and conditions: (i) benzyl bromide, NaH, DMF, rt, overnight, 94%; (ii) TsOH, 222 

THF-H2O, reflux, 5 h, 81%; (iii) (a) Bu2SnO, toluene, reflux, 3 h; (b) CsF, MPM-Cl, DMF, 40°C 223 

then rt, 48 h, 89%; (iv) H2/W-2 Raney-Ni, MeOH, 50°C, 3 h, 45%; (v) (a) 224 

(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)diethylamine, 1H-tetrazole, CH2Cl2, rt, overnight; 225 

(b) MCPBA, CH2Cl2, 40°C then rt, 1 h, 75%; (x) CAN, CH3CN-H2O, rt, 1 h. 226 
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The synthesis of the IP6 moiety for alkyl ether derivatives was performed as shown in Scheme 2. 227 

The 2,3,4,5,6-pentahydroxy compound 10 was converted to the corresponding pentakisphosphonate 228 

14 by treatment with bis(-cyanoethyl)-N,N-diisopropylphosphoramidite
20

 and 1H-tetrazole and 229 

subsequent oxidation with MCPBA in 73% yield. Oxidative cleavage of p-methoxybenzyl group 230 

with CAN
19

 gave the IP6 fragment 15 in 68% yield. 231 

HO OH

OH

HO

OH

OMPM

10

(i)

RO OR

OR

RO

OR

OMPM

14

(vi)

RO OR

OR

RO

OR

OH

15

PN

O

O
CN

CN

bis(-cyanoethyl) N,N-diisopropyl-
-aminophosphoramiditeR=P(O)(CH2CH2CN)2

R=P(O)(CH2CH2CN)2  232 

Scheme 2 Reagents and conditions: (i) (a) 233 

bis(-cyanoethyl)-N,N-diisopropylaminophosphoramidite, 1H-tetrazole, CH2Cl2, rt, 1.5 h; (b) 234 

MCPBA, CH2Cl2, 78°C then rt, 5 min, 73%; (ii) CAN, CH3CN-H2O, rt, 1.5 h, 68%. 235 

 236 

2.4. Syntheses of di/mono-acylglycerol, di/mono-alkylglycerol moiety 237 

 The syntheses of diacylglycerol and dialkylglycerol moiety were performed as shown in Scheme 3. 238 

The commercially available starting material (R)-3-benzyloxy-1,2-propanediol 16 was reacted with 239 

heptanoyl chloride under basic conditions to give compound 17 in 86 % yield. The deprotection of 240 

the benzyl group of 17 gave 18 in 96 % yield. Compound 20 was obtained by dialkylation of 16 241 

followed by the benzyl deprotection in 59% yield (for 2 steps). 242 

 243 

(i)

(R)-3-Benzyloxy-1,2-propanediol 16

BnO OH

OH

RO O

O

19 : R=Bn

20 : R=H
(iv)

RO O

O

17 : R=Bn

18 : R=H
(ii)

O

O

(iii)

  244 

Scheme 3 Reagents and conditions: (i) heptanoyl chloride, DMAP, pyridine, CH2Cl2, overnight, 245 

86%; (ii) H2/Pd-C, CH2Cl2, overnight, 96%; (iii) hexyl bromide, NaH, DMF, rt, overnight, 70%; 246 

(iv) H2/Pd-C, CH2Cl2, 24 h, 84%. 247 

Page 11 of 41 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 - 12 - 

 The syntheses of the monoacylglycerol and monoalkylglycerol moieties were performed as shown 248 

in Scheme 4. The compound 16 was regioselectively methylated by means of the dibutyltin oxide 249 

procedure. The tin complex of the 1,2-diol was reacted with methyl iodide in the presence of cesium 250 

fluoride to give 21 in 71% yield, accompanying a small amount of 2-O-methyl product. Acylation 251 

of the 2-hydroxyl of 21 with heptanoyl chloride gave 22 in 93% yield. The deprotection of the 252 

benzyl group of 22 gave 23 in 93% yield. Alkylation of the 2-hydroxyl of 21 with hexyl chloride 253 

gave 24 in 92% yield. Finally, compound 24 was treated with H2/10% palladium carbon to afford 254 

the debenzylated product 25 in 89% yield. 255 

 256 

(i)

(R)-3-Benzyloxy-1,2-propanediol 16

(iii)

BnO OH

OH

(ii)
BnO O

OH

RO O

O

21

22

21
(iv)

BnO O

O

24 : R=Bn

25 : R=H

O

(v)

23

HO O

O

O

 257 

Scheme 4 Reagents and conditions: (i) (a) Bu2SnO, toluene, reflux, 3 h; (b) CsF, methyl iodide, 258 

DMF, 40 °C then rt, 2 days, 71%; (ii) heptanoyl chloride, DMAP, pyridine, CH2Cl2, overnight, 259 

93%; (iii) H2/Pd-C, CH2Cl2, overnight, 93%; (iv) hexyl-Br, NaH, DMF, rt, overnight, 92%; (v) 260 

H2/Pd-C, CH2Cl2, 24 h, 89%. 261 

 262 

2.5. Coupling of IP6 and glycerol fragments 263 

The coupling of acylated glycerol moieties and IP6 fragments was performed as shown in Scheme 5. 264 

The glycerol moiety 18 was reacted with benzyl-N, N, N’, N’- tetraisopropylphosphoramidite
14

 and 265 

1H-tetrazole and subsequently condensed with the IP6 fragment mixture 12 and 13. Oxidation with 266 

tert-BuOOH gave diheptanoyl glyceryl IP6 26 and 27 in 22% and 45% yield, respectively. Finally, 267 

the protecting groups were removed by hydrogenolysis with palladium carbon to give diheptanoyl 268 

glyceryl PIP5 derivatives. These PIP5 derivatives were purified by cation-exchange chromatography 269 

to give 2 and its isomer 2’ as a triethylammonium salts in 34% and 35% yield, respectively. The 270 
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monoacylglycerol derivatives, 3 and its isomer 3’ as triethylammonium salts, were synthesized by 271 

the same procedure. 272 

 273 

OO

R1O OR1

OR1

R1O

OR1

O
P

O

OBn
O

R2
OO

H2O3PO OPO3H2

OPO3H2

H2O3PO

OPO3H2

O
P

O

OH
O

R

R1O OR1

OR1

R1O

O

OR1

RO OR

OR

RO

OR

OH

12

(i)

26: R2=CO(CH2)5CH3
28: R2=CH3

(ii)

(ii)

RO OR

OR

RO

OH

OR

13

O

O
P

O

R1=

O

(CH2)5CH3

O

(CH2)5CH3

O

O
P

O

R1=

OO
P

O

O

O

(CH2)5CH3

R2
BnO

H2O3PO OPO3H2

OPO3H2

H2O3PO

O

OPO3H2

OO
P

O

O

O

(CH2)5CH3

R
HO

P

N

N

OBn

O

O
P

O

R=

+

27: R2=CO(CH2)5CH3
29: R2=CH3

2: R=OCO(CH2)5CH3
3: R=CH3

Benzyl-N,N,N',N'-teraisopropyl
phosphoramidite

2': R=OCO(CH2)5CH3
3': R=CH3

PO3H2 = (Et3NH)+ salts

PO3H2 = (Et3NH)+ salts

 274 

Scheme 5 Reagents and conditions: (i) (a) Benzyl-N, N, N’, N’-tetraisopropylphosphoramidite, 275 

1H-tetrazole, CH2Cl2, rt, 15 min; (b) 18 or 23, 1H-tetrazole, CH2Cl2, rt, 24 h; (c) tert-BuOOH, 276 

CH2Cl2, rt, 5 min, 26 (22%), 27 (45%), 28 (63%), 29 (11%); (ii) H2/Pd-C, tBuOH-H2O, 24 h, 2 277 

(34%), 2’ (35%), 3 (44%), 3’ (22%). 278 

 279 

The coupling reaction of the IP6 fragment and the alkylated glycerol moieties was performed as 280 

shown in Scheme 6. The glycerol moiety 20 or 25 was reacted with bifunctional phosphorylating 281 

agent (-cyanoethyl)-N, N, N’, N’- tetraisopropylphosphoramidite
14

 and 1H-tetrazole to yield a 282 

rather labile phosphoramidite. This compound was condensed with the IP6 fragment 20 or 25 283 

without further purification. Oxidation of the condensed product with tert-BuOOH gave 284 

1,2-O-dihexylglyceryl or 1-O-methyl-2-O-hexyl IP6 30 or 31 in 41% and 63% yield, respectively. 285 

Finally, protecting groups were removed by reaction with NH3 to give water-soluble PIP5 286 

derivatives that were purified by reverse phase chromatography followed by cation-exchange 287 

chromatography to give 4 and 5 as a triethylammonium salts in 64% and 31% yield, respectively. 288 

 289 
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(2-cyanoethyl)-N,N,N',N'-
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PO3H2 = (Et3NH)+ salts

PO3H2 = (Et3NH)+ salts

 290 

Scheme 6 Reagents and conditions: (i) (a) (-cyanoethyl)-N, N, N’, 291 

N’-tetraisopropylphosphoramidite, 1H-tetrazole, CH2Cl2, rt, 1.5 h; (b) 20 or 25, 1H-tetrazole, 292 

CH2Cl2, rt, 2 h; (c) tert-BuOOH, CH2Cl2, rt, 5 min, 30 (41%) and 31 (63%); (ii) aq. NH3, MeOH, 293 

55°C, 10 h, 4 (64%) and 5 (31%). 294 

 295 

2.6. SPR analysis of MA complexes of PIP5 derivatives  296 

Kd values of the MA complex of PIP5 derivatives were calculated by the competition assay as 297 

described above. The RU curves for competition between MA and the various competitors are 298 

shown in Figure 4a, c, e, g, i, and k; the corresponding Kd values are shown in Figure 4b, d, f, h, j, 299 

and l. As illustrated in Figure 5, which shows the Kd of the MA complex of IP3, IP6, the PIP2 300 

derivative 1, and PIP5 derivatives with structure, the Kd values for MA in competition with 2 (Kd= 301 

0.25 µM) (Figure 4b) was the lowest (i.e., highest affinity) of all PIP5 derivatives, which was 302 

70-fold lower than the Kd for 1 (16.9 µM) and 100-fold lower than the Kd for IP6 (25.7 µM). 303 

Therefore, the Kd value of the 2-MA complex showed that PIP5 derivatives having both IP6 and 304 

diacylglycerol moiety interacts with MA tightly. The binding affinity of 2’ was 7.60 µM (Figure 305 

4d), which was 3-fold lower than that of the 3-MA complex (Kd=2.04 µM) (Figure 4f), and almost 306 

the same as that of the 2’-MA complex (Kd=9.01 µM) (Figure 4h). These data showed that the 307 

phosphate isomers 2’ and 3’ bound MA more weakly than 1-phosphate derivatives 2 and 3. In 308 

contrast, the MA-binding affinity of 4 having alkyl chain at glycerol moiety was 1.37 µM (Figure 309 

4j), which was 18-fold lower than that of the PIP2 derivative 1, and was 5-fold higher than that of 310 

the diacyl derivative 2 (Kd=0.25 µM). These data revealed that the diacyl glycerol structure is better 311 

than the dialkyl glycerol structure in MA binding. The Kd value for the 5-MA complex was 7.98 312 
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µM (Figure 4l), which was almost the same as that of 2’ and 3’-MA complex. In SPR analyses, all 313 

PIP5 derivatives bound MA more tightly than the PIP2 derivative 1, IP6 and IP3. The order of Kd 314 

was 2 < 4 < 3 < 5 = 2’ < 3’ < 1 < IP6 < IP3. The structure activity relationship of these compounds 315 

revealed that a highly phosphorylated inositol structure and diacyl (not monoacyl) glycerol at a 316 

1-position of inositol are important for MA domain binding. 317 

To confirm the regiochemistry of 2 and 2’, we synthesized 2 again by an independent route using 318 

dibenzyl N,N-diethylphosphoramidite that does not cause phosphate migration. In fact, compound 2 319 

was obtained as a sole product without the accompanying isomer 2’. The newly synthesized 2 320 

showed a Kd value virtually identical to that obtained before (scheme 5), verifying the 321 

regiochemistry of 2 (Supplementary Information 2). 322 

 323 

 324 
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 325 

 326 

 327 
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 328 

Figure 4 Competition assay and calculation of the equilibrium dissociation constants (Kd) for 329 

MA-competitor complexes. The sensorgrams of MA and competitors, 2 (a), 2’ (c), 3 (e), 3’ (g), 4 (i), 330 

and 5 (k) are shown. The competition curves between uncompetitive MA and 2 (b), 2’ (d), 3 (f), 3’ 331 

(h), 4 (j), and 5 (l) are shown. Calculated Kd values are shown. Each experiment was performed in 332 

duplicate. 333 

 334 
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Figure 5 Dissociation constant (Kd) of MA complexed with IPs, PI, and PIP5 derivatives. 336 

 337 

2.7. Theoretical binding analysis of MA-1 or MA-2 complex 338 

 Molecular docking study (MOE) was adapted to the MA-1 and MA-2 complexes. The structures 339 

of complexes around the binding pocket are shown in Figure 6a and c, and the detailed structures 340 

are shown in Figure 6 and d, wherein lime green lines (ionic interaction) and light blue lines with 341 

cylinder solid (H-acceptor) indicate the interaction between amino acid and 1 (or 2) shorter than 4.0 342 
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Å, respectively. The surrounded binding pocket of the MA-1 complex revealed that both inositol 343 

and 2’-acyl group of 1 are accommodated in the MA binding pocket. In contrast, the 1’-acyl chain is 344 

located outside the binding pocket (Figure 6a). Although a similar calculated result was obtained 345 

for the MA-2 complex, the outside orientation of the 1’-acyl chain was more pronounced (Figure 346 

6c). As shown in Figure 6b, the 1-phosphate interacts with Arg22 (2.9 Å: NH2, ionic; 3.0, 3.7 Å: 347 

NH, H-acceptor). The 4-phosphate interacts with Lys98 (2.6, 2.9, 3.8 Å: NH2, ionic; 2.6 Å: NH2, 348 

H-acceptor), whereas the 5-phosphate interacts with Arg76 (3.0 Å: NH2, 2.6, 3.6, 3.9 Å: NH, ionic; 349 

3.0 Å: NH2, 2.6 Å: NH, H-acceptor). In the case of 2 (Figure 6d), the 2’-acyl carbonyl oxygen of 2 350 

interacts with Lys27 (2.9 Å: NH2, H-acceptor). The 1-phosphate interacts with Arg22 (2.8, 3.0 Å: 351 

NH2, 3.5 Å: NH2, ionic; 3.0, 3.7 Å: NH, H-acceptor). The 2-phosphate interacts with Arg22 (2.6, 352 

3.5 Å: NH2, ionic; 2.6 Å: NH2, 3.0 Å: CH2, H-acceptor). The 3-phosphate interacts with Lys98 (2.7, 353 

2.7 Å: NH2, ionic; 2.7, 2.7 Å: NH2, H-acceptor). The 4-phosphate interacts with Lys98 (2.6, 2.8 Å: 354 

NH2, ionic; 2.6, 2.8 Å: NH2, H-acceptor). The 5-phosphate interacts with Arg76 (2.8 Å: NH2, 2.6, 355 

3.4 Å: NH, ionic; 2.8 Å: NH2, 2.6, 3.4 Å: NH, H-acceptor). The MA-2 complex showed a greater 356 

number of amino acid interactions compared with MA-1, owing to the greater number of 357 

phosphates of 2. Although 1-, 4-, and 5-phosphate of both 1 and 2 interact with Arg22, Lys98, and 358 

Arg76, respectively, 2- and 3-phosphate of 2 additionally interact with Arg22 and Lys98, 359 

respectively. In this context, judging from the results of the docking score based on the electric 360 

interaction, van der Waals attraction and strain energy of the ligand, MA-2 complex was more 361 

stable than MA-1 complex (374.7 kcal and 250.2 kcal as the U_dock values, respectively). That 362 

is in agreement with SPR data (0.25 µM and 16.9 µM as the Kd values, respectively). 363 

 364 

 365 
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 366 

 367 

Figure 6 Docking studies of MA-1 (a, b) and MA-2 (c, d) complexes. The lime green lines (ionic 368 

interaction) and light blue lines with cylinder solid (H-acceptor) indicate the interaction between 369 

amino acid and 1 (b) or 2 (d) shorter than 4.0 Å, respectively. 370 

 371 

Saad et al. demonstrated an “extended lipid” conformation of the MA-1 complex, in which the 372 

glycerol 2’-acyl chain is accommodated in the MA cleft and the glycerol 1’-acyl remains buried in 373 

the membrane
5
. Thus, the 1’-acyl does not contribute to MA binding. However, in our study, 374 

although the MOE analysis of the MA-2 complex indicates that the 1’-acyl was located outside the 375 

binding pocket, 3 (without the 1’-acyl) did not bind MA (Kd=2.04 µM) as strongly as 2 (Kd=0.25 376 

µM) did, as revealed by the SPR analysis. It is hypothesized that the difference of Kd values 377 

between 3 and 2 is caused not only by the interaction between the 2’-acyl chain and hydrophobic 378 

region of MA but also by the interaction between primordial carbons of the 1’-acyl chain of 2 and 379 

hydrophobic region of MA, which was not observed by MOE analysis. 380 

Freed et al.
 2, 21

 demonstrated the role of the MA in the HIV-1 replication and mapped the 381 
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functional domains within this protein by site-directed mutagenesis to introduce over 80 single 382 

amino acid substitutions in MA and analyzed the effects on a variety of aspects of virus life cycles. 383 

They observed that a single amino acid mutation near the terminus of MA and vicinity of residue 55 384 

and 85 caused virus assembly defects. Furthermore, they identified that a highly basic domain 385 

between MA residues 17 and 31 (16 and 30 in the MOE number) is implicated in the membrane 386 

binding. In this MOE analysis, not only Arg22 at a highly basic region but also the amino acids 387 

which have never been investigated, Arg76 and Lys98, are implicated in MA-1 binding.  388 

HIV-1 is a retrovirus, which is a family of enveloped viruses that replicate in a host cell through 389 

the process of reverse transcription. Retroviruses have Gag, Pol, and Env proteins. Chan et al.
22

 390 

examined the possible role of PIP2 in Gag-membrane interaction of the alpharetrovirus Rous 391 

sarcoma virus (RSV) and showed that neither membrane localization of RSV Gag-GFP nor release 392 

of virus-like particles was affected by phosphatase-mediated depletion of PIP2 in transfected avian 393 

cells. Furthermore, Inlora et al.
23

 determined the role of the MA-PIP2 interaction in Gag localization 394 

and membrane binding of a deltaretrovirus, human T-lymphotropic virus type 1 (HTLV-1). They 395 

demonstrated that, unlike HIV-1 Gag, subcellular localization of Gag and virus-like particle 396 

released by HTLV-1 was minimally sensitive to polyphosphoinositide 5-phosphatase IV (5ptaseIV) 397 

overexpression. These results suggest that the interaction of HTLV-1 MA with PIP2 is not essential 398 

for HTLV-1 particle assembly. Accordingly, MA-PIP2 binding might be significant only in HIV-1 399 

among retroviruses, and our findings of MA-binding of PIP5 derivatives may be HIV-1 specific.  400 

Although PIP5 derivatives bind MA tightly, highly charged these derivatives would not 401 

permeabilize the cell membrane in spite of the fact that the viral assembly occurs inside the cell. We 402 

intend to use a membrane carrier or synthesize a phosphate prodrug compound to improve cell 403 

membrane permeability in the future. 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 
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3. Materials and methods 412 

3.1. General Methods 413 

Chemicals were purchased from Aldrich, Fluka, Kanto Chemical, Nacalai tesque, and Wako. Thin 414 

layer chromatography (TLC) was performed on precoated plates (Merck TLC sheets silica 60 F254): 415 

products were visualized by spraying phosphomolybdic acid in EtOH, or basic potassium 416 

permanganate and heated at high temperature. Chromatography was carried out on Silica Gel 60 N 417 

(40-100 mesh). Reverse phase chromatography was performed using C18 column (Cole-Parmer, 418 

USA). Cation exchange chromatography was performed using Dowex 50WX8 (H
+
, 100-200 mesh). 419 

NMR spectra (JEOL JNM-AL300) were referenced to SiMe4, or (HDO). Infra-red spectra were 420 

recorded on a JASCO FT/IR-410. The samples were prepared as KBr discs, or thin films between 421 

sodium chloride discs. Microanalysis was carried out by Yanaco MT-5S. High resolution MS 422 

(HRMS) were recorded by a JEOL JMS-DX303HF by using positive and negative FAB with 423 

3-nitrobenzyl alcohol (NBA) (containing HMPA or not) as the matrix. 424 

 425 

3.2. DL-3,6-di-O-benzyl-1,2:4,5-di-O-cyclohexylidene-myo-inositol (7) 426 

To a solution of DL-1,2:4,5-di-cyclohexylidene-myo-inositol 6 (2.27 g, 6.67 mmol) in DMF (10 ml) 427 

was added NaH (0.676 g, 28.1 mmol) followed by benzyl bromide (2.0 ml, 16.9 mmol), and the 428 

resulting mixture was stirred at room temperature under argon for 24h. The reaction was quenched 429 

with MeOH, and concentrated under reduced pressure, and the residue was diluted with AcOEt. The 430 

organic phase was washed with H2O and saturated aqueous NaCl, dried over Na2SO4, and then 431 

concentrated under reduced pressure. The crude product was purified by silica gel column 432 

chromatography (Hexane:AcOEt=5:1) to afford 7 (3.25 g, 94%) as a white solid. 433 

1
H NMR (CDCl3)  1.25-1.69 (20H, m, CH2 x 10), 3.33 (1H, t, J=9.3Hz, CH), 3.62-3.67 (1H, dd, 434 

J=10.6, 6.6Hz, CH), 3.71-3.76 (1H, dd, J=4.2, 10.2Hz, CH), 3.98 (1H, d, J=9.7Hz, CH), 4.02-4.06 435 

(1H, d, J=5.1, 6.4Hz, CH), 4.33 (1H, t, J=4.5Hz, CH), 4.78-4.90 (4H, m, CH2 x 2), 7.22-7.43 (10H, 436 

m, C6H5 x 2). 
13

C NMR (CDCl3) : 23.9, 24.2, 24.3, 24.4, 25.4, 25.5, 35.7, 36.9, 37.8, 72.0, 72.3, 437 

75.0, 76.6,77.2, 79.1, 80.3, 81.0, 110.8, 113.1, 127.8, 128.1, 128.4, 128.5, 128.6, 128.7, 138.5, 438 

138.7. IR (KBr) 3030, 2935, 2860, 1500, 1165, 1110, 850, 830, 740 cm
-1

. MS (FAB) m/z 521 439 

(M+H)
+
. Mp. 123 °C. Anal. Calcd for C32H40O6: C, 73.82; H, 7.74. Found: C, 73.87; H, 7.98. TLC; 440 

Rf 0.42 (Hexane:AcOEt=5:1).441 
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 442 

3.3. DL-3,6-di-O-benzyl-myo-inositol (8) 443 

To a solution of 7 (3.95 g, 7.58 mmol) in THF-H2O (5:1, 60ml) was added p-toluenesulfonic acid 444 

monohydrate (1.90 g, 10.0 mmol). The resulting mixture was refluxed for 5h, and then neutralized 445 

with Et3N, and concentrated under reduced pressure. The crude product was washed with a heated 446 

AcOEt, and the resulting crystals were filtered. Drying the crystal under reduce pressure afforded 8 447 

(2.22 g, 81%) as a white solid. 448 

1
H NMR (DMSO)  2.49 (3H, bs, OH x 3), 3.12 (2H, t, J=9.9Hz, CH x 2), 3.28 (1H, d, J=7.3Hz, 449 

CH), 3.59 (2H, t, J=9.5Hz, CH x 2), 3.95 (1H, s, CH), 4.53-4.79 (4H, m, CH2), 7.21-7.42 (10H, m, 450 

C6H5 x 2). 
13

C NMR (CDCl3)  69.8, 70.8, 71.4, 72.3, 73.4, 75.0, 79.8, 81.8, 126.9, 127.1, 127.5, 451 

127.8, 128.0, 139.3, 139.9. IR (KBr) 3750, 3030, 2905, 1500, 1450, 1110, 900, 740 cm
-1

. Mp. 452 

204 °C. MS (FAB) m/z 360 (M+Na)
+
. Anal. Calcd for C20H24O6: C, 66.65; H, 6.71. Found: C, 453 

66.40; H, 6.83. TLC; Rf 0.48 (CH2Cl2:MeOH=7:1). 454 

 455 

3.4. DL-3,6-di-O-benzyl-1-O-(p-methoxybenzyl)-myo-inositol (9) 456 

A mixture of 8 (2.10 g, 5.66 mmol) and dibutyltin oxide (1.74 g, 7.00 mmol) in toluene (100 ml) 457 

was refluxed for 3h in a Dean-Stark apparatus to remove water. The mixture was concentrated 458 

under reduced pressure. To the residue was added cesium fluoride (1.06 g, 7.00 mmol), and the 459 

mixture was suspended in heated DMF (30 ml) at 100 °C. To the resulting suspension was added 460 

p-methoxybenzyl chloride (0.887 ml, 6.20 mmol) at –78 °C, and the mixture was stirred at room 461 

temperature under argon for 48h. After concentration of the reaction mixture under reduced pressure, 462 

the residue was purified by silica gel column chromatography (CH2Cl2:MeOH=10:1) to afford 9 463 

(2.40 g, 89%) as a white solid. 464 

1
H NMR (CDCl3)  2.48 (1H, bs, OH), 2.65 (2H, bs, OH), 3.19-3.23 (1H, dd, J=2.7, 9.5Hz, CH), 465 

3.39 (1H, t, J=9.3Hz, CH), 3.76-3.82 (4H, m, OCH3, CH), 3.95 (1H, t, J=9.3Hz, CH), 4.16 (1H, s, 466 

CH), 4.61-4.70 (4H, m, CH2 x 2), 4.75 (1H, d, J=11.2Hz, C6H5CH2(CH)), 4.93 (1H, d, J=11.2Hz, 467 

C6H5CH2(CH)), 6.85 (2H, d, J=8.8Hz, CH3OC6H4(CH x 2)), 7.23-7.36 (12H, m, C6H5 x 2, 468 

CH3OC6H5(CH x 2)). 
13

C NMR (CDCl3)  55.2, 67.0, 71.9, 72.0, 72.2, 74.2, 75.3, 79.0, 79.4, 80.4, 469 

113.8, 127.6, 127.9, 127.9, 128.4, 128.5, 129.5, 129.9, 137.8, 137.9, 138.7, 159.4, 162.5. IR (KBr) 470 

3460, 2880, 1610, 1520, 1450, 1180, 1100, 810, 750 cm
-1

. Mp. 154 °C. MS (FAB) m/z 503 471 

Page 23 of 41 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 - 24 - 

(M+Na)
+
. Anal. Calcd for C28H32O7: C, 69.98; H, 6.71. Found: C, 70.02; H, 6.76. TLC; Rf 0.50 472 

(CH2Cl2:MeOH=10:1). 473 

 474 

3.5. DL-1-O-(p-methoxybenzyl)-myo-inositol (10) 475 

To a solution of 9 (1.86 g, 3.87 mmol) in MeOH (25 ml) was added W-2 Raney Nickel (0.20 g, 3.03 476 

mmol), and the resulting mixture was stirred at 50
 
°C under hydrogen for 3 h. The mixture was 477 

filtered through a pad of celite, and concentrated under reduced pressure. The residue was washed 478 

with heated AcOEt, and the resulting crystals were filtered. Drying of the crystals under reduced 479 

pressure afforded 10 (0.52 g, 45%) as a white solid.   480 

1
H NMR (DMSO)  2.91-2.94 (1H, m, CH), 3.03-3.06 (2H, m, CH), 3.33-3.36 (1H, m, CH), 481 

3.48-3.52 (1H, m, CH), 3.73 (3H, s, CH), 3.91 (1H, s, CH), 4.36-4.57 (7H, m, OH x5, CH2), 6.87 482 

(2H, d, J=8.8Hz, CH3OC6H5(CH x 2)), 7.31 (2H, d, J=8.4Hz, CH3OC6H5(CH x 2)). 
13

C NMR 483 

(DMSO)  55.0, 69.3, 70.3, 71.7, 72.0, 72.4, 75.4, 79.6, 113.4, 129.0, 131.2, 158.5. IR (KBr) 3390, 484 

2910, 1610, 1590, 1510, 1250, 1120, 890, 820 cm
-1

. Mp. 183 °C. MS (FAB) m/z 299 (M-H)
+
. Anal. 485 

Calcd for C14H20O7: C, 55.99; H, 6.71. Found: C, 56.06; H, 6.72. TLC; Rf 0.39 486 

(CH2Cl2:MeOH=3:1). 487 

 488 

3.6. 489 

DL-1-O-(p-methoxybenzyl)-2,3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)490 

phosphoryl]-myo-inositol (11) 491 

To a suspension of 10 (0.050 g, 0.166 mmol) in CH2Cl2 (10 ml) was added MS4A, and the resulting 492 

suspension was stirred at room temperature under argon for 15 min. To the mixture was added 493 

(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)diethylamine (0.358 ml, 1.66 mmol) followed by 494 

1H-tetrazole (0.116 g, 1.66 mmol), the resulting mixture was stirred at room temperature under 495 

argon for overnight. To the mixture was added m-chloroperbenzoic acid (0.336 g, 1.50 mmol) in 496 

small portions, and the resulting mixture was stirred at –40 °C to room temperature for 1hr. The 497 

mixture was purified by silica gel column chromatography (AcOEt:Hexane=15:1) to afford 11 498 

(0.151 g, 75%) as a white yellow solid. 499 

1
H NMR (CDCl3) : 3.82 (3H, s, OCH3), 3.92 (1H, d, J=8.6Hz, CH), 4.52 (1H, d, J=10.4 Hz, CH), 500 

4.72-5.80 (26H, m, CH2, C6H4(CH2)2 x 5, CH x 4), 6.90 (2H, d, J=8.4Hz, CH3OC6H4(CH x 2)), 501 
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6.96 (20H, m, C6H4 x 5), 7.46 (2H, d, J=8.4Hz, CH3OC6H4(CH x 2)). 
13

C NMR (CDCl3)  55.1, 502 

68.0, 68.9, 69.2, 74.4, 75.4, 76.6, 77.0, 77.2, 77.4, 113.5, 128.4, 128.5, 128.6, 128.7, 128.8, 128.8, 503 

129.0, 129.0, 129.2, 129.4, 129.8, 134.3, 135.1, 135.2, 135.5, 135.6, 159.1. IR (KBr) 1610, 1510, 504 

1460, 1380, 1290, 1020, 860, 730 cm
-1

. Mp 165 °C. HRMS(FAB) m/z calcd for C54H56O22P5 505 

(M+H)
+
 1211.2022. Found:1211.1870. Anal. Calcd for C54H56O22P5: C, 53.56; H, 4.58. Found: C, 506 

53.21; H, 4.72. TLC; Rf 0.55 (CH2Cl2:MeOH=10:1). 507 

 508 

3.7. 509 

DL-2,3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)phosphoryl]-myo-inosito510 

l (12) and 511 

DL-1,3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)phosphoryl]-myo-inosito512 

l (13) 513 

To a solution of 11 (0.070 g, 0.0578 mmol) in CH3CN-H2O (9:1, 5 ml) was added diammonium 514 

cerium(IV) nitrate (0.158 g, 0.288 mmol) and the resulting mixture was stirred at room temperature 515 

for 1 hr. The mixture was concentrated under reduced pressure, and the residue was purified by 516 

silica gel column chromatography (CH2Cl2:MeOH=10:1) to afford the mixture of 12 and 13. 517 

Compound 12 and 13 were used for next coupling reaction without further purification. 518 

Rf values of compound 12 and 13 were 0.37 and 0.29, respectively (CH2Cl2:MeOH=10:1). 519 

 520 

3.8. DL-1-O-(p-methoxybenzyl)-2,3,4,5,6-penta-O-[bis(-cyanoethyl)phosphoryl]-myo-inositol 521 

(14) 522 

To a suspension of 10 (0.050 g, 0.166 mmol) in CH2Cl2 (10 ml) was added MS4A, and the resulting 523 

suspension was stirred at room temperature under argon for 15 min. To the mixture was added 524 

bis(2-cyanoethyl)-N,N-diisopropylphosphoramidite (0.383 ml, 1.50 mmol) followed by 525 

1H-tetrazole (0.105 g, 1.50 mmol), the resulting mixture was stirred at room temperature under 526 

argon for 4h. To the mixture was added m-chloroperbenzoic acid (0.336 g, 1.50 mmol) in small 527 

portions, and the resulting mixture was stirred at –78 °C to room temperature for 1hr. The mixture 528 

was purified by silica gel column chromatography (CH2Cl2:MeOH=7:1) to afford 14 (0.15 g, 73%) 529 

as a colorless oil. 530 

1
H NMR (CD3COCD3) : 2.65-2.91 (20H, m, CH2CH2CN x 10), 3.68 (3H, s, OCH3), 3.95 (1H, d, 531 
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J=9.3Hz, CH), 4.11-4.51 (21H, m, CH2CH2CN x 10, CH), 4.65-4.80 (5H, m, CH2, CH x 3), 5.36 532 

(1H, d, J=9.2Hz, CH), 6.84 (2H, d, J=8.8Hz, CH3OC6H5(CH x 2)), 7.39 (2H, d, J=8.63Hz, 533 

CH3OC6H5(CH x 2)). IR (KBr) 3300, 2890, 2255, 1610, 1470, 1415, 1280, 1040, 820, 795, 765 534 

cm
-1

. HRMS(FAB) m/z calcd for C44H55N10O22P5 (M+Na)
+
 1253.2078. Found:1253.2029. TLC; Rf 535 

0.28 (CH2Cl2:MeOH=10:1). 536 

 537 

3.9. DL-2,3,4,5,6-penta-O-[bis(-cyanoethyl)phosphoryl]-myo-inositol (15) 538 

To a solution of 14 (0.073 g, 0.059 mmol) in CH3CN-H2O (9:1, 10 ml) was added diammonium 539 

cerium(IV) nitrate (0.208 g, 0.379 mmol) and the resulting mixture was stirred at room temperature 540 

for 1.5h. The mixture was concentrated under reduced pressure, and the residue was purified by 541 

silica gel column chromatography (CH2Cl2:MeOH=7:1 to 3:1) to afford 15 (0.055 g, 68%) as a 542 

colorless oil. 543 

1
H NMR (CD3COCD3 + D2O) : 2.93-3.02 (20H, m, CH2CH2CN x 10), 4.22 (1H, s, CH), 4.41-4.53 544 

(20H, m, CH2CH2CN x 10), 4.64-4.94 (4H, m, CH x 4), 5.20 (1H, d, J=9.0Hz, CH). 
13

C NMR 545 

(CD3COCD3)  19.8, 19.9, 19.9, 20.0, 20.0, 63.9, 64.0, 64.1, 64.2, 64.3, 64.3, 64.6, 68.8, 74.5, 76.1, 546 

76.8, 79.0, 79.2, 79.2, 118.3, 118.4, 118.6. IR (film) 3020, 2910, 2255, 1635, 1470, 1415, 1340, 547 

1280, 1040 cm
-1

. HRMS(FAB) m/z calcd for C36H47N10O21P5 (M+Na)
+
 1133.1503. 548 

Found:1133.1545. Rf 0.25 (CH2Cl2:MeOH=7:1). 549 

 550 

3.10. (R)-1-benzyloxy-2,3-bis(heptanoyl)propane (17) 551 

A mixture of (R)-3-benzyloxy-1,2-propandiol (16) (0.10 g, 0.549 mmol) in CH2Cl2 (5 ml) was 552 

added pyridine (0.11 ml, 1.37 mmol) followed by dimethylaminopyridine (0.0036 g, 0.27 mmol) 553 

and the resulting mixture was cooled to 0 °C. To the mixture was added heptanoyl chloride (0.20 ml, 554 

1.26 mmol) and the resulting mixture was stirred at room temperature under argon for overnight. 555 

The reaction was quenched with H2O (25 ml), and the resulting water phase was extracted with 556 

CH2Cl2. The organic layer was washed with 2 M aqueous hydrogen chloride (20 ml) and H2O (25 557 

ml). The resulting organic phase was further washed Brine (30 ml) and dried over Na2SO4, and then 558 

concentrated under reduced pressure. The crude product was purified by silica gel column 559 

chromatography (Hexane:AcOEt=9:1) to afford 17 (0.193 g, 86%) as a colorless oil. 560 

1
H NMR (CDCl3)  0.86-0.90 (6H, m, CH3 x 2), 1.28-1.36 (12H, m, CH2 x 6), 1.54-1.66 (4H, m, 561 
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CH2 x 2), 2.25-2.34 (4H, m, CH2 x 2), 3.59 (2H, d, J=5.1Hz, CH2OCH2C6H5), 4.15-4.22 (1H, dd, 562 

J=6.2, 11.7Hz, CH2OCO), 4.32-4.37 (1H, dd, J=3.8, 11.9Hz, CH2OCO), 4.49-4.58 (2H, dd, J=12.1, 563 

15.2Hz, C6H5CH2), 5.20-5.27 (1H, ddt, J=3.9, 5.1, 6.2Hz, CH2CHCH2), 7.26-7.37 (5H, m, C6H5). 564 

13
C NMR (CDCl3) 565 

566 

 IR (KBr) 2820, 1740, 1460, 1160, 1100, 740, 700 cm
-1

. HRMS(FAB) m/z calcd for 567 

C24H39O5 (M+H)
+
 407.2797. Found: 407.2760. Anal. Calcd for C24H39O5: C, 70.90; H, 9.42. Found: 568 

C, 70.61; H, 9.62. TLC; Rf 0.35 (Hexane:AcOEt=9:1). 569 

 570 

3.11. 1,2-O-diheptanoyl-sn-glycerol (18) 571 

To a solution of 17 (0.193 g, 0.475 mmol) in CH2Cl2 (10 ml) was added 10% Pd-C (0.126 g, 0.119 572 

mmol), and the resulting mixture was stirred at room temperature under hydrogen for overnight. 573 

The mixture was filtered through a pad of celite, and the resulting filtrate was concentrated under 574 

reduced pressure. The crude product was purified by silica gel column chromatography 575 

(Hexane:AcOEt=2:1) to afford 18 (0.144 g, 96%) as a colorless oil.   576 

1
H NMR (CDCl3)  0.89 (6H, t, J=6.8Hz, CH3 x 2), 1.21-1.37 (12H, m, CH2 x 6), 1.50-1.68 (4H, m, 577 

CH2 x 2), 2.12 (1H, bs, OH), 2.30-2.37 (4H, dd, J=7.1, 14.5 Hz, CH2 x 2), 3.38 (2H, bs, HOCH2), 578 

4.20-4.26 (1H, dd, J=5.7, 11.9Hz, OCOCHH), 4.30-4.35 (1H, dd, J =4.6, 11.9Hz, OCOCHH), 579 

5.00-5.12 (1H, m, CH). 
13

C NMR (CDCl3) 580 

 IR (KBr) 3590, 581 

3140, 2930, 2860, 1740, 1160, 1100 cm
-1

. HRMS(FAB) m/z calcd for C17H32O5 (M+Na)
+
 339.2147. 582 

Found: 339.2154. Anal. Calcd for C17H32O5: C, 64.53; H, 10.19. Found: C, 64.33; H, 10.22. TLC; 583 

Rf 0.45 (Hexane:AcOEt=2:1). 584 

 585 

3.12. (R)-1-benzyloxy-2,3-bis(hexyloxy)propane (19) 586 

A mixture of 16 (0.366 g, 2.03 mmol) in DMF (10 ml) was added NaH (0.406 g, 16.9 mmol) 587 

followed by bromohexane (0.708 ml, 5.0 mmol), and the resulting mixture was stirred at room 588 

temperature under argon for 24h. The reaction was quenched with MeOH, and concentrated under 589 

reduced pressure, and then the residue was diluted with AcOEt. The organic phase was washed with 590 

H2O and saturated aqueous NaCl, dried over Na2SO4, and then concentrated under reduced pressure. 591 
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The crude product was purified by silica gel column chromatography (Hexane:AcOEt=5:1) to 592 

afford 19 (0.506 g, 70%) as a colorless oil. 593 

1
H NMR (CDCl3)  0.88 (6H, m, CH3 x 2), 1.29 (12H, bs, CH2 x 6), 1.52-1.59 (2H, m, CH2 x 2), 594 

3.40-3.59 (9H, m, CH2OCH2 x 3, CH2OCH2C6H5, CH2CHCH2), 4.55 (2H, s, C6H5CH2), 7.25-7.34 595 

(5H, m, C6H5). 
13

C NMR (CDCl3)  14.0, 22.5, 25.7, 25.7, 29.5, 30.0, 31.6, 70.2, 70.5, 70.6, 71.6, 596 

73.2, 77.8, 127.4, 127.5, 128.2, 138.3. IR (KBr) 3070, 3030, 2970, 2850, 1600, 1455, 1380, 1270, 597 

1115, 730, 700 cm
-1

. MS (FAB) m/z 351 (M+H)
+
. HRMS(FAB) m/z calcd for C22H39O3 (M+H)

+
 598 

351.2889. Found:351.2892. TLC; Rf 0.58 (Hexane:AcOEt=5:1). 599 

 600 

3.13. 1,2-O-dihexyl-sn-glycerol (20) 601 

19 (0.406 g, 1.13 mmol) was allowed to react under the same condition as described for the 602 

preparation of 18 to give 20 (0.285 g, 84%) as a colorless oil.  603 

1
H NMR (CDCl3)  0.87 (3H, t, J=6.7Hz, CH3 x 2), 1.30 (12H, m, CH2 x 6), 1.54-1.57 (4H, m, 604 

CH2 x 2), 2.30 (1H, bs, OH), 3.42-3.71 (9H, m, CH2OCH2 x 3, CH2OCH2C6H5, CH2CHCH2). 
13

C 605 

NMR (CDCl3) 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, 606 

2960, 2930, 1465, 1380, 1120 cm
-1

. MS (FAB) m/z 261 (M+H)
+
. HRMS(FAB) m/z calcd for 607 

C15H33O3Na (M+Na)
+
 283.2249. Found:283.2252. TLC; Rf 0.53 (Hexane:AcOEt=2:1). 608 

 609 

3.14. (R)-1-benzyloxy-3-methoxypropan-2-ol (21) 610 

A mixture of 16 (0.50 g, 2.74 mmol) and dibutyltin oxide (0.697 g, 2.80 mmol) in toluene (50 ml) 611 

was refluxed for 3h in a Dean-Stark apparatus to remove water. The mixture was concentrated 612 

under reduced pressure. To the residue was added cesium fluoride (0.759 g, 5.0 mmol), and the 613 

mixture was suspended in heated DMF (30 ml) at 100 °C. To the resulting suspension was added 614 

methyl iodide (0.311 ml, 10.0 mmol) at –78 °C, and the mixture was stirred at room temperature 615 

under argon with light shielding for 48h. After concentration of the reaction mixture under reduced 616 

pressure, the residue was purified by silica gel column chromatography (Hexane:AcOEt=1:2) to 617 

afford 21 (0.386 g, 71%) as a colorless oil. 618 

1
H NMR (CDCl3)  2.71 (1H, bs, OH), 3.36 (3H, s, OCH3), 3.38-3.56 (4H, m, CH3OCH2, CH2OH), 619 

3.98 (1H, d, J=4.4Hz, CH2CHCH2), 4.54 (2H, s, C6H5CH2), 7.25-7.32 (5H, m, C6H5). 
13

C NMR 620 

(CDCl3)  59.0, 69.2, 71.2, 73.3, 73.7, 127.6, 128.3, 137.8. IR (KBr) 3450, 3060, 3030, 2890, 1500, 621 
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1450, 1360, 1330, 1200, 1100, 970, 740, 700 cm
-1

. HRMS(FAB) m/z calcd for C11H16O3 (M+Na)
+
 622 

219.0997. Found:219.1012. TLC; Rf 0.58 (Hexane:AcOEt=1:2). 623 

 624 

3.15. (R)-1-benzyloxy-2-heptanoyl-3-methoxypropane (22) 625 

21 (0.119 g, 0.608 mmol) was allowed to react under the same condition as described for the 626 

preparation of 17 to give 22 (0.175 g, 93%) as a colorless oil. 627 

1
H NMR (CDCl3)  0.85-0.90 (3H, m, CH3), 1.25-1.36 (6H, m, CH2 x 3), 1.57-1.67 (2H, m, CH2), 628 

2.34 (2H, t, J=7.5Hz, CH2), 3.35 (3H, s, OCH3), 3.55-3.57 (2H, d, J=5.1Hz, CH3OCH2), 3.61-3.62 629 

(2H, d, J=5.0Hz, C6H5CH2OCH2), 4.50-4.59 (2H, dd, J=12.1, 12.3Hz, C6H5CH2), 5.16-5.22 (1H, m, 630 

CH2CHCH2), 7.25-7.37 (5H, m, C6H5). 
13

C NMR (CDCl3) 631 

 632 

IR (KBr) 3290, 2990, 2850, 1740, 1500, 1460, 1370, 1100, 740, 700 cm
-1

. HRMS(FAB) m/z calcd 633 

for C18H29O4 (M+H)
+
 309.2066. Found: 309.2068. TLC; Rf 0.23 (Hexane:AcOEt=9:1). 634 

 635 

3.16. 2-O-heptanoyl-1-O-methyl-sn-glycerol (23) 636 

22 (0.390 g, 1.27 mmol) was allowed to react under the same condition as described for the 637 

preparation of 17 to give 18 (0.258 g, 93%) as a colorless oil. 638 

1
H NMR (CDCl3)  0.88 (3H, t, J=6.8Hz, CH3), 1.26-1.35 (6H, m, CH2 x 3), 1.59-1.65 (2H, m, 639 

CH2), 2.32-2.39 (3H, m, OH, CH2), 3.38 (3H, s, OCH3), 3.55-3.60 (1H, dd, J=4.8, 10.6Hz, 640 

CH3OCH2(CH)), 3.59-3.64 (1H, dd, J=4.9, 10.4Hz, CH3OCH2(CH)), 3.79 (2H, d, J =4.4Hz, 641 

CH2OH), 5.00-5.03 (1H, m, CH). 
13

C NMR (CDCl3) 642 

 IR (KBr) 3630, 3240, 2810, 1735, 643 

1460, 1110 cm
-1

. HRMS(FAB) m/z calcd for C11H23O6 (M+H)
+
 219.1596. Found: 219.1590. TLC; 644 

Rf 0.44 (Hexane:AcOEt=1:1). 645 

 646 

3.17. (R)-1-benzyloxy-2-hexyloxy-3-methoxypropane (24) 647 

21 (0.120 g, 0.611 mmol) was allowed to react under the same condition as described for the 648 

preparation of 19 to give 24 (0.157 g, 92%) as a colorless oil.  649 

1
H NMR (CDCl3)  0.88 (3H, m, CH3), 1.29 (6H, bs, CH2 x 3), 1.53-1.60 (2H, m, CH2), 3.35 (3H, 650 

s, OCH3), 3.45-3.62 (7H, m, CH3OCH2, CH2OCH2C6H5, CH2CHCH2, OCH2), 4.55 (2H, s, 651 
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C6H5CH2), 7.25-7.34 (5H, m, C6H5). 
13

C NMR (CDCl3)  14.0, 22.6, 25.7, 30.0, 31.6, 59.1, 70.0, 652 

70.5, 72.7, 73.3, 77.7, 127.4, 127.5, 128.2, 138.3. IR (KBr) 3285, 3065, 2960, 1600, 1455, 1270, 653 

1200, 1100, 700 cm
-1

. MS (FAB) m/z 281 (M+H)
+
. Anal. Calcd for C11H16O3: C, 72.82; H, 10.06. 654 

Found: C, 72.67; H, 10.28. TLC; Rf 0.58 (Hexane:AcOEt=5:1). 655 

 656 

3.18. 2-O-hexyl-1-O-methyl-sn-glycerol (25) 657 

24 (0.153 g, 0.54 mmol) was allowed to react under the same condition as described for the 658 

preparation of 20 to give 25 (0.092 g, 89%) as a colorless oil.  659 

1
H NMR (CDCl3)  0.89 (3H, t, J=6.8Hz, CH3), 1.30-1.37 (6H, m, CH2 x 3), 1.54-1.61 (2H, m, 660 

CH2), 2.35 (1H, bs, OH), 3.37 (3H, s, OCH3), 3.46-3.70 (7H, m, CH3OCH2, CH2OH, CH2CHCH2, 661 

OCH2). 
13

C NMR (CDCl3)  14.0, 22.5, 25.7, 30.0, 31.6, 59.2, 62.6, 70.3, 72.6, 78.3. IR (KBr) 662 

3310, 2935, 1455, 1104 cm
-1

. MS (FAB) m/z 281 (M+H)
+
. HRMS(FAB) m/z calcd for C11H22O3Na 663 

(M+Na)
+
 213.1467. Found:213.1466. TLC; Rf 0.58 (Hexane:AcOEt=1:2). 664 

 665 

3.19. DL-2, 3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl) 666 

phosphoryl]-myo-inositol 1-{[1,2-O-diheptanoyl-sn-glyceryl](benzyl)phosphate} (26) 667 

DL-1, 668 

3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)phosphoryl]-myo-inositol 669 

2-{[1,2-O-diheptanoyl-sn-glyceryl](benzyl)phosphate} (27) 670 

To a mixture of 18 (0.117 g, 0.54 mmol) in CH2Cl2 (5 ml) was added Benzyl-N, N, N’, 671 

N’-tetraisopropylphosphoramidite (0.20 ml, 0.54 mmol) followed by MS4A (0.20 g), and the 672 

resulting mixture was stirred at room temperature under argon for 15min. To the mixture was added 673 

1H-tetrazole (0.038 g, 0.54 mmol), and the resulting mixture was stirred at room temperature under 674 

argon for 10min. To the mixture was added completely dissolved a mixture of compound 12 and 13 675 

(0.118 g, 0.108 mmol) in CH2Cl2 (10 ml) with MS4A, followed by adding 1H-tetrazole (0.076 g, 676 

1.08 mmol), and the resulting mixture was stirred at room temperature for further 24h. To the 677 

mixture was added tert-butylhydroperoxide (0.082 ml, 0.818 mmol), and stirred at room 678 

temperature for further 5min. The mixture was purified by silica gel column chromatography 679 

(CH2Cl2:MeOH=20:1) to afford compound 26 (0.056 g, 22%) as a white solid and compound 27 680 

(0.092 g, 45%) as a white solid.
 

681 
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Compound 26 682 

1
H NMR (CDCl3)  0.70-0.80 (6H, m, CH3 x 2), 1.01-1.18 (12H, m, CH2 x 6), 1.35-1.40 (4H, m, 683 

CH2 x 2), 1.91-2.14 (4H, m, CH2 x 2), 3.97-4.03 (2H, dd, J=5.1, 5.7Hz, CH2OP), 4.16-4.33 (3H, m, 684 

CH, CH2OCO), 4.68-5.69 (28H, m, CH x 5, C6H5CH2, CH2CHCH2, C6H4(CH2)2 x 5), 6.91-7.53 685 

(25H, m, C6H4 x 5, C6H5). 
13

C NMR (CDCl3)  13.9, 22.3, 24.5, 28.6, 31.3, 33.9, 61.7, 66.5, 68.4, 686 

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, 687 

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, 688 

135.7, 172.6, 173.1. IR (KBr) 2930, 1740, 1460, 1380, 1300, 1160, 1020, 860, 770, 730 cm
-1

. 689 

HRMS(FAB) m/z calcd for C70H84O28P6Na 1581.3473. Found: 1581.3435 (M+Na)
+
. Mp 98 °C. 690 

Anal. Calcd for C11H16O3: C, 5.57; H, 53.92. Found: C, 5.57; H, 54.37. Rf 0.46 691 

(CH2Cl2:MeOH=10:1). 692 

Compound 27 693 

1
H NMR (CDCl3)  0.75-0.82 (6H, m, CH3 x 2), 1.12-1.19 (12H, m, CH2 x 6), 1.40-1.58 (4H, m, 694 

CH2 x 2), 2.17-2.25 (4H, m, CH2 x 2), 3.99-4.37 (6H, m, CH x 2, CH2OP, CH2OCO), 4.48-4.64 (2H, 695 

m, CH x 2), 4.70-5.77 (25H, m, CH x 2, CH2CHCH2, C6H4(CH2)2 x 5, CH2C6H5), 7.17-7.44 (25H, 696 

m, C6H4 x 5, C6H5). 
13

C NMR (CDCl3)  14.1, 22.6, 24.8, 28.9, 31.6, 34.1, 61.8, 61.9, 65.8, 67.1, 697 

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, 698 

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, 699 

135.7, 135.8, 135.9, 136.0, 173.0, 173.4.IR (KBr) 2930, 1740, 1460, 1300, 1020, 860, 770, 730 700 

cm
-1

. HRMS(FAB) m/z calcd for C70H84O28P6Na 1581.3473. Found: 1581.3490 (M+Na)
+
. Rf 0.67 701 

(CH2Cl2:MeOH=10:1).
 

702 

 703 

3.20. DL-1-O-(1,2-O-diheptanoyl-sn-glyceryl) hydrogen phosphoryl]-myo-inositol 704 

2,3,4,5,6-pentakis(hydrogenphosphate): 2 705 

To a solution of 26 (0.030 g, 0.019 mmol) in tBuOH (8 ml) and H2O (1.5 ml) was added 10% Pd-C 706 

(0.15 g, 0.14 mmol), and the resulting mixture was stirred at room temperature under hydrogen for 707 

24 h. The mixture was filtered through a pad of celite, and then washed the celite pad with H2O. 708 

The resulting filtrate was lyophilized. The residue was dissolved H2O (2 ml), and filtered through 709 

the cation-exchange resin. To the resulting filtrate (0.009 g, 0.009 mmol) was added triethylamine 710 

(0.014 ml, 0.10 mmol), and concentrated under reduced pressure. The resulting residue was 711 
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dissolved in H2O, and lyophilized to afford 2 (0.010 g, 34% from compound 26) as a white solid.
 

712 

1
H NMR (D2O)  0.70 (6H, bs, CH3 x 2), 1.12 (12H, bs, CH2 x 6), 1.42 (4H, bs, CH2 x 2), 713 

2.06-2.30 (4H, m, CH2 x 2), 3.96-4.47 (10H, m, CH x 6, CH2OP, CH2OCO), 5.22 (1H, bs, 714 

CH2CHCH2). HRMS(FAB) m/z calcd for C23H47O28P6 957.0680. Found: 957.0623 (M-H)
+
.  715 

 716 

3.21. DL-2-O-(1,2-O-diheptanoyl-sn-glyceryl) hydrogen phosphoryl]-myo-inositol 717 

1,3,4,5,6-pentakis(hydrogenphosphate): 2’ 718 

27 (0.045 g, 0.029 mmol) was allowed to react under the same condition as described for the 719 

preparation of 2 to give 2’ (0.008 g, 39% from an acid form of 2’) as a white solid. 
 

720 

1
H NMR (D2O)  0.70 (6H, bs, CH3 x 2), 0.98-1.22 (12H, m, CH2 x 6), 1.43 (4H, bs, CH2 x 2), 721 

2.23-2.28 (4H, m, CH2 x 2), 3.34 (1H, bs, CH), 3.60 (1H, bs, CH), 3.77 (1H, bs, CH), 4.05-4.30 (7H, 722 

m, CH x 3, CH2OP, CH2OCO), 5.20 (1H, bs, CH2CHCH2). 723 

1
H NMR (D2O)  0.66-0.68 (6H, m, CH3 x 2), 1.03-1.24 (111H, m, CH2 x 6, NCH2CH3 x 33), 724 

1.28-1.43 (4H, m, CH2 x 2), 1.90-2.28 (4H, m, CH2 x 2), 2.86-3.05 (66H, m, NCH2CH3 x 33), 725 

3.57-3.59 (1H, m, CH), 3.82 (1H, t, J=5.6Hz, CH), 3.99 (2H, bs, CH x 2), 4.08-4.16 (4H, m, CH x 2, 726 

CH2OCO), 4.26-4.40 (2H, m, CH2OP), 5.13 (1H, bs, CH2CHCH2).
 
HRMS(FAB) m/z calcd for 727 

C23H47O28P6 957.0680. Found: 957.0756 (M-H)
+
. 728 

 729 

3.22. DL-2, 730 

3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)phosphoryl]-myo-inositol 731 

1-{[2-O-heptanoyl-1-O-methyl-sn-glyceryl] (benzyl)phosphate} (28) 732 

DL-1, 733 

3,4,5,6-penta-O-[(1,5-dihydro-2,4,3-benzodioxaphosphepin-3-yl)phosphoryl]-myo-inositol 734 

2-{[2-O-heptanoyl-1-O-methyl-sn-glyceryl] (benzyl)phosphate} (29) 735 

22 (0.117 g, 0.54 mmol) was allowed to react under the same condition as described for the 736 

preparation of 27 to give 28 (0.098 g, 63%) as a white solid and compound 29 (0.018 g, 11%) as a 737 

white solid.  738 

Compound 28 739 

1
H NMR (CDCl3)  0.77-0.88 (3H, m, CH3), 1.19-1.28 (6H, m, CH2 x 3), 1.42-1.63 (2H, m, CH2), 740 

2.21-2.27 (2H, m, CH2), 3.17-3.31 (5H, m, OCH3, CHCH2), 3.45-4.53 (2H, m, CH2CH), 4.25-4.38 741 
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(2H, m, CH x 2), 4.88-5.75 (29H, m, CH x 4, CH2C6H5, CH2OP, CH2CHCH2, (CH2)2C6H5 x 5), 742 

7.14-7.48 (25H, m, C6H4 x 5, C6H5). IR (KBr) 2930, 1740, 1460, 1380, 1290, 1230, 860, 730, 700 743 

cm
-1

. HRMS(FAB) m/z calcd for C64H74O27P6Na 1483.2741. Found: 1483.2659 (M+Na)
+
. Rf 0.63 744 

(AcOEt CH2Cl2:MeOH=15:5:1). 745 

Compound 29 746 

1
H NMR (CDCl3)  0.80-0.86 (3H, m, CH3), 1.20-1.30 (6H, m, CH2 x 3), 1.49-1.74 (2H, m, CH2), 747 

2.24-2.33 (2H, m, CH2), 3.28-3.37 (5H, m, OCH3, CHCH2), 3.45-4.59 (2H, m, CH2CH), 4.17-4.37 748 

(2H, m, CH x 2), 4.90-5.66 (27H, m, CH x 4, CH2C6H5, CH2OP, CH2CHCH2, (CH2)2C6H5 x 5), 749 

7.16-7.52 (25H, m, C6H4 x 5, C6H5). IR (KBr) 3000, 2880, 1740, 1460, 1300, 1020, 860, 730 cm
-1

. 750 

HRMS(FAB) m/z calcd for C64H74O27P6Na 1483.2741. Found: 1483.2697 (M+Na)
+
. Rf 0.72 751 

(AcOEt CH2Cl2:MeOH=15:5:1). 752 

 753 

3.23. DL-1-O-[(2-O-heptanoyl-1-O-methyl-sn-glyceryl) hydrogen phosphoryl]-myo-inositol 754 

2,3,4,5,6-pentakis(hydrogenphosphate): 3 755 

28 (0.098 g, 0.0671 mmol) was allowed to react under the same condition as described for the 756 

preparation of 2 to give 3 (58.2 mg, 44%) as a white solid.
 

757 

1
H NMR (D2O)  0.22 (3H, t, J=6.4Hz, CH3), 0.42-0.66 (60H, m, CH2 x 3, NCH2CH3 x 18), 0.98 758 

(2H, t, J=6.8Hz, CH2), 1.80 (2H, m, CH2), 2.55-2.57 (36H, m, NCH2CH3 x 18), 2.74 (3H, s, OCH3), 759 

3.06 (2H, t, J=6.0Hz, CHCH2), 3.33 (2H, J=5.5Hz, CH2CH), 3.44-3.54 (1H, m, CH), 3.61-3.70 (3H, 760 

m, CH x 3), 3.81-3.94 (2H, m, CH x 2), 4.55-4.64 (1H, bs, CH2CHCH2). HRMS(FAB) m/z calcd for 761 

C16H37O26P6 858.9948. Found: 859.0034 (M－H)
+
. 762 

 763 

3.24. DL-2-O-[(2-O-heptanoyl-1-O-methyl-sn-glyceryl) hydrogen phosphoryl]-myo-inositol 764 

1,3,4,5,6-pentakis(hydrogenphosphate): 3’ 765 

29 (0.018 g, 0.0121 mmol) was allowed to react under the same condition as described for the 766 

preparation of 2 to give 3’ (0.0051 g, 22%) as a white solid. 
 

767 

1
H NMR (D2O)  0.74 (3H, t, J=6.2Hz, CH3), 1.05-1.18 (114H, m, CH2 x 3, NCH2CH3 x 36), 1.50 768 

(2H, t, J=7.3Hz, CH2), 2.29-2.35 (2H, m, CH2), 2.93-3.19 (72H, m, NCH2CH3 x 36), 3.22-3.33 (5H, 769 

s, OCH3, CH2CH), 3.56-3.57 (2H, m, CH2CH), 3.86-3.89 (1H, m, CH), 4.22-4.48 (5H, m, CH x5), 770 

5.03-5.13 (1H, m, CH2CHCH2). HRMS(FAB) m/z calcd for C16H37O26P6 858.9948. Found: 771 
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858.9951 (M－H)
+
.  772 

 773 

3.25. DL-2, 3,4,5,6-penta-O-[bis(2-cyanoethyl)phosphoryl]-myo-inositol 774 

1-{[1,2-O-dihexyl-sn-glyceryl] (2-cyanoethyl)phosphate} (30) 775 

To a solution of 20 (0.098 g, 0.378 mmol) in CH2Cl2 (5ml) was added (2-cyanoethyl)-N, N, N’, 776 

N’-tetraisopropylphosphoramidite (0.150 ml, 0.473 mmol) followed by MS4A (0.10 g), and the 777 

resulting mixture was stirred at room temperature under argon for 15min. To the mixture was added 778 

1H-tetrazole (0.026 g, 0.378 mmol), and the resulting mixture was stirred at room temperature 779 

under argon for 10min. To the mixture was added completely dissolved compound 12 (0.061 g, 780 

0.0549 mmol) in CH2Cl2 (10 ml) and CH3CN (5 ml) with MS4A, followed by adding 1H-tetrazole 781 

(0.035 g, 0.50 mmol), and the resulting mixture was stirred at room temperature for further 24h. To 782 

the mixture was added tert-butylhydroperoxide (0.058 ml, 0.40 mmol), and stirred at room 783 

temperature for further 5min. The mixture was purified by silica gel column chromatography 784 

(CH2Cl2:MeOH=7:1 to 5:1) to afford crude compound 30 (0.025 g, 31%) as a colorless oil.
 

785 

1
H NMR (CD3OD)  0.79-0.84 (6H, m, CH3 x 2), 1.10-1.23 (12H, m, CH2 x 6), 1.47 (4H, bs, CH2 786 

x 2), 2.51-2.89 (22H, m, CH2CH2CN x 11), 3.34-3.71 (7H, m, CH2 x 3, CH), 4.22-4.68 (27H, m, 787 

CH2CH2CN x 11, CH x 5), 4.68-4.84 (2H, m, CH2), 5.33 (1H, bs, CH). HRMS(FAB) m/z calcd for 788 

C54H81N11O26P6 1508.3678. Found: 1508.3728. (M+Na)
+
. TLC; Rf 0.46 (CH2Cl2:MeOH=7:1). 789 

 790 

3.26. DL-1-O-(1,2-O-dihexyl-sn-glyceryl) hydrogen phosphoryl]-myo-inositol 791 

2,3,4,5,6-pentakis(hydrogenphosphate): 4 792 

To a solution of 30 (0.025 g, 0.0168 mmol) in MeOH (5 ml) was added 25% NH4OH (5 ml, 66.4 793 

mmol), and the resulting mixture was stirred at 55 °C for 12h. The mixture was concentrated under 794 

reduced pressure, and the residue was adapted to reverse phase chromatography (C18 column, 5 g, 795 

50% CH3CN to 100% CH3CN). The resulting eluted fraction was concentrated under reduced 796 

pressure. The residue was dissolved H2O (2 ml), and filtered through the cation-exchange resin. To 797 

the resulting filtrate was added triethylamine (0.0460 ml, 0.337 mmol), and concentrated under 798 

reduced pressure. The resulting residue was dissolved in H2O, and lyophilized to afford 4 (0.016 g, 799 

64%) as a colorless oil.
 

800 

1
H NMR (D2O)  0.76 (6H, bs, CH3), 1.14-1.19 (66H, m, CH2 x 6, NCH2CH3 x 18), 1.38-1.47 (4H, 801 
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m, CH2 x 2), 3.05-3.12 (36H, m, NCH2CH3 x 18), 3.41-3.67 (7H, m, CH2 x 3, CH), 3.92-4.19 (5H, 802 

m, CH x 5), 4.43-4.88 (3H, m, CH2OP, CH). HRMS(FAB) m/z calcd for C21H47O26P6 901.0781. 803 

Found: 901.0793 (M－H)
+
. 804 

 
805 

3.27. DL-2, 3,4,5,6-penta-O-[bis(2-cyanoethyl)phosphoryl]-myo-inositol 806 

1-{[2-O-hexyl-1-O-methyl-sn-glyceryl] (2-cyanoethyl)phosphate} (31) 807 

25 (0.090 g, 0.473 mmol) was allowed to react under the same condition as described for the 808 

preparation of 30 to give 31 (0.023 g, 41%) as a colorless oil. 
 

809 

1
H NMR (CD3OD)  0.87 (3H, bs, CH3), 1.10-1.30 (6H, m, CH2 x 3), 1.56 (2H, bs, CH2), 2.99 810 

(22H, bs, CH2CH2CN x 11), 3.29-3.74 (10H, m, OCH3, CH2 x 3, CH), 4.30-4.49 (22H, m, 811 

CH2CH2CN x 11), 4.74-4.97 (5H, m, CH x 5), 5.41 (1H, s, CH). HRMS(FAB) m/z calcd for 812 

C49H71N11O26P6 1438.2895. Found: 1438.2861. (M+Na)
+
. TLC; Rf 0.35 (CH2Cl2:MeOH=7:1). 813 

 814 

3.28. DL-1-O-[(2-O-hexyl-1-O-methyl-sn-glyceryl) hydrogen phosphoryl]-myo-inositol 815 

2,3,4,5,6-pentakis(hydrogenphosphate): 5 816 

31 (0.023 g, 0.0164 mmol) was allowed to react under the same condition as described for the 817 

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

818 

1
H NMR (D2O)  0.72 (3H, bs, CH3), 1.11-1.16 (60H, m, CH2 x 3, NCH2CH3 x 18), 1.44 (2H, bs, 819 

CH2), 3.01-3.09 (36H, m, NCH2CH3 x 18), 3.25 (3H, s, OCH3), 3.43-3.65 (5H, m, CH2 x 2, CH), 820 

3.97-4.09 (5H, m, CH x 5), 4.36-4.72 (3H, m, CH2OP, CH). HRMS(FAB) m/z calcd for 821 

C16H37O26P6 830.9999. Found: 830.9959 (M－H)
+
. 822 

 823 

3.29. Plasmids, cells, and transfection  824 

The designated pEF-Gag (p17) cFLAG was used for expression vectors of MA domain. 293T 825 

cells
24 

were cultured in Dulbecco’s modified Eagle medium supplemented with 10% 826 

heat-inactivated FBS. The calcium phosphate coprecipitation method
25

 was used for the transfection 827 

of 293T cells. Transfected cells were cultured at 37 °C for 48 h before use in protein purification. 828 

 829 

3.30. Protein purification 830 

Vector-transfected 293T cells were lysed with TNE buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM 831 
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EDTA, 1%NP-40, and 10 g/mL aprotinin, pH 7.8) containing 1 mM dithiothreitol (DTT). After 832 

centrifugation (12000 rpm, 4 °C, 5 min), the supernatant was mixed with Sepharose CL-4B 833 

(Sigma-Aldrich, St. Louis, MO), and the resulting suspension was incubated for 2 h at 4 °C. This 834 

incubation was repeated twice, and the final supernatant was treated with mouse anti-FLAG M2 835 

affinity gel (Sigma-Aldrich, St. Louis, MO) and 0.5 ng/mL 1× FLAG peptide (Sigma-Aldrich, St. 836 

Louis, MO), to remove nonspecific components interacting with the FLAG antibody, and incubated 837 

for 8 h at 4 °C. The beads were washed five times with TNE buffer plus 1 mM DTT. A solution of 838 

150 g/mL 3× FLAG peptide (Sigma-Aldrich, St. Louis, MO) in TBS buffer (50 mM Tris-HCl and 839 

150mM NaCl, pH7.4) with 1 mM DTT was loaded onto the beads and incubated for 30 min at 4 °C. 840 

Following centrifugation, the resulting supernatant was used for the SPR assay. 841 

 842 

3.31. Protein quantification 843 

The cFLAG proteins were resolved by SDS-PAGE followed by Coomassie Brilliant Blue (CBB) 844 

staining. Each gel band was quantified using ImageJ (version 1.38×) software, and protein 845 

concentrations were determined by comparing the intensity of protein bands with the intensity of a 846 

protein marker. 847 

 848 

3.32. SPR studies 849 

A BIACORE2000 (GE Healthcare, BIACORE AB, Uppsala, Sweden) was used as the surface 850 

plasmon resonance biosensor. To prepare the IP4 immobilized sensor chip surface for the BIACORE, 851 

biotinylated IP4
9
 in HEPES buffer (50 mM HEPES, 500 mM NaCl, 3.4 mM EDTA, and 0.005% 852 

Tween 20, pH 7.4) was injected over streptavidin covalently immobilized upon the sensor chip 853 

surface (Sensor Chip SA, GE Healthcare, BIACORE AB, Uppsala, Sweden) until a suitable level 854 

was achieved. The flow buffer contained 10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, 0.005% 855 

Tween 20, 2% (v/v) glycerol, and 0.5 mg/mL BSA (pH 7.8). Purified proteins were dialyzed against 856 

flow buffer and injected over the immobilized IP4 sensor chip. Association was followed for 3 min, 857 

and dissociation was measured at a flow rate of 20 L/min at 25 °C. The surfaces were regenerated 858 

by injecting three 15 s pulses of 50 mM NaOH in 1 M NaCl, three 15 s pulses of 50 mM NaOH, 859 

and then a single 15 s pulse of 10 M IP4. The resulting surfaces were post conditioned by injecting 860 

three 15 s pulses of 10 mM NaOH. Analysis of the response was performed using evaluation 861 
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software supplied with the instrument (BIAevaluation version 3.1). To eliminate small bulk 862 

refractive change differences at the beginning and end of each injection, binding responses were 863 

referenced by subtracting the response generated across a surface modified with biotin. 864 

 865 

3.33. Equilibrium-binding measurement 866 

To determine Kd values, 1.96 M MA was mixed with various concentrations of inositol 867 

phosphates, phosphatidylinositols. After reaching equilibrium (less than 30 min in all cases at 868 

25 °C), 60 L of each mixture was injected over the IP4 surface at 20 L/min to quantify the free 869 

MA remaining in the equilibrium mixture. The Kd was obtained by fitting the data to a solution 870 

affinity model using BIAevaluation 3.1: Afree=0.5(B - A - Kd) + (0.25(A +B + Kd)
2
 -AB)

0.5
, where 871 

A=initial concentration of proteins, Afree=concentration of unbound proteins remaining in the 872 

equilibrium mixture, and B=initial concentration of IP4. 873 

 874 

3.34. Molecular docking methodology 875 

Docking studies were performed using MOE 2012.10. Crystal structure of myr-MA (PDB code: 876 

1UPH)
26

 was obtained from the Protein Data Bank to prepare protein for docking studies. Docking 877 

procedure was followed using the standard protocol implemented in MOE 2012.10. To the structure 878 

was added hydrogen atom and electric charge by Protonate 3D, and the resulting structure was 879 

optimized by Amber12: EHT, and then the dummy atoms were disposed in the docking site by Site 880 

finder (Alpha Site Setting; Probe Radius 1: 1.4 Å, Probe Radius 2: 1.8 Å, Isolated Donor/Acceptor: 881 

3 Å, Connection Distance: 2.5 Å, Minimum size: 3 Å, and Radius: 2 Å). The docking simulation 882 

was carried out by ASEDock. The targeting ligands were assigned in ASEDock, and the 883 

conformations were integrated by LowModeMD based on the algorithm of conformation analysis 884 

(Step1; cutoff: 4.5 Å, RMS (root mean square) gradient: 10 kcal/mol/Å, energy threshold: 500 885 

kcal/mol, Step2; optimize 5 lowest energy or 5 best score conformation, cutoff: 8 Å, RMS gradient: 886 

0.1 kcal/mol/Å). 887 

 888 

 889 

 890 

 891 
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4. Conclusion 892 

In this study, lipid-coupled myo-inositol 1,2,3,4,5,6-hexakisphopshate (IP6) derivatives having 893 

both IP6 and diacylglycerol moiety that could interact with the HIV-1 MA domain, were designed 894 

and synthesized. These compounds, in fact, bound to MA domain more tightly than the PIP2 895 

derivative 1 or IP6 does and may provide the structural basis of the molecular design of novel 896 

anti-HIV agents that block the membrane localization of Pr55
Gag

. 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 
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