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washed with brine and dried over MgSO,. Concentration under
reduced pressure followed by recrystallization from n-hexane—EtOAc
(10:1) gave the title compound 6 (1.03 g, 2.12 mmol, 96% yield) as
colorless crystals: mp 145—146 °C; [a]3” +42.3 (¢ 1.00, CHCL); IR
(neat) 3372 (NH), 1707 (C=0); 'H NMR (500 MHz, CDCl,) &
1.38 (s, 9H), 1.47 (s, 9H), 2.74 (dd, J = 14.3, 8.0 Hz, 1H), 2.89 (dd, J
= 14.3, 69 Hz, 1H), 3.06 (s, 3H), 3.78 (s, 3H), 4.04—4.13 (m, 1H),
471 (d, J = 9.2 Hz, 1H), 5.18-5.24 (m, 1H), 6.02 (d, J = 15.5 Hz,
1H), 6.78 (dd, J = 15.5, 5.7 Hz, 1H), 6.84 (d, ] = 8.6 Hz, 2H), 7.16 (d,
J = 8.6 Hz, 2H); 3C NMR (125 MHz, CDCl,) & 28.0 (3C), 282
(3C), 36.6, 39.2, 54.9, 55.2, 80.0, 80.3, 81.2, 114.0 (2C), 126.9, 128.5,
1302 (2C), 139.2, 155.1, 158.5, 164.3. Anal. Calcd for C,3H;NO,S:
C, 56.89; H, 7.26; N, 2.88. Found: C, 56.96; H, 7.03; N, 2.85.

tert-Butyl (2R,5R,3E)-5-[N-(tert-Butoxycarbonyl)amino]-2-[3-
(tert-butyldimethylsiloxy)propyl]-6-(4-methoxyphenyl)hex-3-
enoate (7). To a suspension of CuCN (1.79 g, 20.0 mmol) and LiCl
(1.70 g, 40.0 mmol) in THF (40 mL) was added dropwise a solution
of TBSO(CH,);Li in n-pentane—Et,O (0.5 M, 40.0 mL, 20.0 mmol)
at —78 °C under argon, and the mixture was stirred for 30 min at 0 °C.
To the above mixture was added dropwise a solution of the mesylate 6
(2.43 g 5.0 mmol) in THF (20 mL) at —78 °C, and the mixture was
stirred for 30 min at —78 °C. The reaction was quenched at —78 °C by
the addition of a saturated NH,Cl/28% NH,OH solution (1:1, 50
mL), with additional stirring at room temperature for 3 h. After the
mixture was concentrated under reduced pressure, the residue was
extracted with Et,0. The extract was washed with water and brine and
dried over MgSO,. Concentration under reduced pressure followed by
flash chromatography over silica gel with n-hexane—EtOAc (6:1) gave
the title compound 7 (2.64 g, 4.68 mmol, 94% yield) as a colorless oil:
[@]2 —149 (c 1.09, CHCL); IR (neat) 3372 (NH), 1715 (C=0);
"H NMR (500 MHz, CDCI,) & 0.04 (s, 6H), 0.89 (s, 9H), 1.28—1.48
(m, 21H), 1.66—1.75 (m, 1H), 2.62—2.87 (m, 3H), 3.56 (t, ] = 6.3 Hz,
2H), 3.77 (s, 3H), 4.25—4.51 (m, 2H), 5.40-5.52 (m, 2H), 6.81 (d, J
= 8.0 Hz, 2H), 7.09 (d, ] = 8.0 Hz, 2H); *C NMR (125 MHz, CDCl,)
5 =54 (2C), 183, 25.9 (3C), 28.0 (3C), 283 (3C), 289, 30.0, 40.8,
49.5, 52.8, 55.1, 62.6, 79.2, 80.4, 113.7 (2C), 128.9, 129.4, 130.5 (2C),
132.1, 155.0, 158.2, 173.3; HRMS (FAB) m/z caled for Cy;HgNO4Si
(MH") 564.3715, found 564.3712.

tert-Butyl (2R,5R,3E)-2-{3-[N-[(Benzyloxy)carbonyl]-N-[(2-
nitrophenyl)sulfonyllaminolpropyl}-5-[N-(tert-
butoxycarbonyl)amino]-6-(4-methoxyphenyl)hex-3-enoate
(8). To a solution of the TBS ether 7 (2.59 g 4.60 mmol) in MeCN—
H,0 (1:1, 46 mL) was added aqueous H,SiF, (3.28 M, 701 uL, 2.30
mmol) at 0 °C, and the mixture was stirred at room temperature for 2
h. After the mixture was concentrated, the residue was extracted with
EtOAc. The extract was washed with 5% K,COj; and brine and dried
over MgSO,. Concentration under reduced pressure gave the
corresponding alcohol, which was used in the next step without
further purification. To a solution of the alcohol, PPh; (1.81 g, 6.90
mmol), and NsNH(Cbz) (1.70 g 5.06 mmol) in THF (50 mL) was
added diethyl azodicarboxylate (DEAD) in toluene (2.2 M, 2.51 mL,
5.52 mmol) at 0 °C under argon, and the mixture was stirred at the
same temperature for 3 h. The reaction was quenched at 0 °C by the
addition of MeOH (10 mL), with additional stirring at the same
temperature for 30 min. Concentration under reduced pressure
followed by flash chromatography over silica gel with n-hexane—
EtOAc (3:1) gave the title compound 8 (3.03 g 3.95 mmol, 86%
yield) as a colorless oil: [@]3 —11.0 (¢ 1.10, CHCLy); IR (neat) 3411
(NH), 1720 (C=0); 'H NMR (500 MHz, CDCl,) & 1.41 (s, 9H),
1.42 (s, 9H), 1.46—1.56 (m, 1H), 1.65—1.78 (m, 3H), 2.70—2.83 (m,
2H), 2.84—2.91 (m, 1H), 3.76 (s, 3H), 3.83 (t, ] = 7.4 Hz, 2H), 421—
4,61 (m, 2H), 5.10 (s, 2H), 5.43—5.53 (m, 2H), 6.82 (d, ] = 8.6 Hz,
2H), 7.08 (d, J = 8.6 Hz, 2H), 7.18-7.23 (m, 2H), 7.29-7.36 (m,
3H), 7.41-7.47 (m, 1H), 7.62—7.71 (m, 2H), 8.09 (d, ] = 8.0 Hz,
1H); 3C NMR (125 MHz, CDCl,) § 27.4, 27.9 (3C), 28.3 (3C), 292,
40.6, 47.7, 49.2, 52.8, 55.1, 69.3, 79.1, 80.6, 113.6 (2C), 124.2, 128.4
(2C), 1286 (2C), 1287, 129.3, 130.0, 1304, 130.5, 1315, 1324,
1327, 134.0 (2C), 1342, 147.6, 151.6, 155.0, 158.1, 172.8; HRMS
(FAB) m/z caled for C;HygN,0,,S (MH™) 766.3015, found
766.3011.
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tert-Butyl (2R,5R,3E)-2-{3-[N-[(Benzyloxy)carbonyllamino]-
propyl}-5-[N-(tert-butoxycarbonyl)amino]-6-(4-
methoxyphenyl)hex-3-enoate (9). To a stirred solution of enoate
8 (2.69 g, 3.50 mmol) in DMF (35 mL) were added thiophenol (715
uL, 7.00 mmol) and K,CO; (1.45 g, 10.5 mmol) at room temperature,
and the mixture was stirred at the same temperature for 3 h. After
concentration under reduced pressure, the residue was extracted with
EtOAc, washed with saturated citric acid, brine, 5% NaHCO;, and
brine, and dried over MgSO,. Concentration under reduced pressure
followed by flash chromatography over silica gel with n-hexane—
EtOAc (3:1) gave the title compound 9 (1.95 g 3.35 mmol, 96%
yield) as a colorless oil: [a]3 —19.8 (c 1.09, CHCL,); IR (neat) 3342
(NH), 1700 (C=0); 'H NMR (500 MHz, CDCl,) 6 1.31-1.43 (m,
21H), 1.60—1.68 (m, 1H), 2.64—2.72 (m, 1H), 2.76~2.85 (m, 2H),
3.06—3.17 (m, 2H), 3.75 (s, 3H), 4.27—4.37 (m, 1H), 4.50—4.60 (m,
1H), 4.83—4.91 (m, 1H), 5.09 (s, 2H), 5.39—5.48 (m, 2H), 6.80 (d, J
= 8.0 Hz, 2H), 7.06 (d, ] = 8.0 Hz, 2H), 7.27-7.37 (m, SH); °C
NMR (125 MHz, CDCL,) § 272, 27.9 (3C), 28.3 (3C), 29.4, 40.6
(2C), 49.3, 529, 55.1, 66.5, 79.2, 80.6, 113.6 (2C), 127.96 (2C),
128.01, 128.4 (2C), 128.7, 129.4, 130.4 (2C), 132.4, 136.5, 155.0,
156.3, 158.1, 173.0; HRMS (EAB) m/z caled for Cy3H,N,O, (MH™)
581.3232, found 581.3239.

(2R,5R,3E)-2-{3-[N-[(Benzyloxy)carbonyllamino]propyl}-5-{N-
[(9-fluorenylmethoxy)carbonyllamino}-6-(4-methoxyphenyl)-
hex-3-enoic Acid (10). To a stirred solution of enoate 9 (1.11 g 1.90
mmol) in CH,Cl, (20 mL) was added trifluoroacetic acid (5 mL), and
the mixture was stirred for 2 h at room temperature. After
concentration under reduced pressure, the residue was dissolved in
water (10 mL). To this solution were added Et;N (792 uL, 5.70
mmol) and FmocOSu (641 mg, 1.90 mmol) in MeCN (10 mL) at 0
°C, and the mixture was stirred for 2 h at room temperature. The
reaction was quenched by addition of 1 N HCIL. After concentration
under reduced pressure, the residue was extracted with EtOAc. The
extract was washed with 1 N HCI and brine and dried over MgSO,.
Concentration under reduced pressure followed by flash chromatog-
raphy over silica gel with n-hexane—EtOAc (1:1) containing 1% AcOH
gave the title compound 10 (875 mg, 135 mmol, 71% yield) as
colorless solids: mp 166—167 °C; [a]# +1.7 (¢ 1.09, DMSO); IR
(neat) 1705 (C=0); '"H NMR (500 MHz, DMSO-dg) § 1.26—1.46
(m, 3H), 1.52—1.69 (m, 1H), 2.70 (d, ] = 6.9 Hz, 2H), 2.85-2.93 (m,
1H), 2.94—3.04 (m, 2H), 3.67 (s, 3H), 4.12—4.27 (m, 4H), 5.03 (s,
2H), 5.46 (dd, J = 15.5, 8.6 Hz, 1H), 5.57 (dd, J = 15.5, 5.7 Hz, 1H),
6.80 (d, ] = 8.0 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 7.25-7.39 (m, 8H),
7.39—7.45 (m, 2H), 7.51 (d, ] = 8.6 Hz, 1H), 7.63—7.71 (m, 2H), 7.88
(d, ] = 7.4 Hz, 2H), 12.3 (s, 1H); '*C NMR (125 MHz, DMSO-dg) &
27.0, 29.3, 40.0 (2C, overlapped with DMSO peaks), 46.7, 48.0, 54.2,
54.9, 652, 65.3, 113.5 (2C), 120.1 (2C), 125.3 (2C), 127.1 (2C),
127.6 (2C), 127.7 (2C), 127.7, 128.1, 128.4 (2C), 1303 (2C), 1304,
133.0 (2C), 137.3, 140.7 (2C), 143.9 (2C), 155.4, 156.2, 157.6, 175.0;
HRMS (FAB) m/z caled for CyoH, N,0, (MH') 649.2908, found
649.2921.

(3R,4R)-4-[N-(tert-Butoxycarbonyl)amino]-5-(4-methoxy-
phenyl)-3-methylpent-1-en-3-ol (12a). To a stirred solution of
Boc-p-Phe-NMe(OMe) 11 (1.43 g, 4.23 mmol) in THF (35 mL) was
added dropwise a solution of MeMgCl in THF (1.9 M, 6.7 mL, 12.7
mmol) at —78 °C under argon, and the mixture was stirred for 1.5 h at
—78 °C. The reaction was quenched with saturated citric acid at —78
°C, and the whole was extracted with EtOAc. The extract was washed
successively with saturated citric acid, brine, saturated NaHCO,;, and
brine and dried over MgSO,. Concentration under reduced pressure
gave a crude ketone, which was used immediately in the next step
without further purification. To a stirred suspension of anhydrous
CeCl; (3.13 g, 12.7 mmol) and the above ketone in THF (30 mL) was
added dropwise a solution of vinylmagnesium bromide in THF (1.3
M, 9.8 mL, 12.7 mmol) at 0 °C under argon. After 3 h, the reaction
was quenched with saturated citric acid at =78 °C. The mixture was
concentrated under reduced pressure and extracted with EtOAc. The
extract was washed successively with saturated citric acid, brine,
saturated NaHCO;, and brine and dried over Na,SO,. Concentration
under reduced pressure followed by flash chromatography over silica
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gel with n-hexane—AcOEt (4:1) and recrystallization with n-hexane—
AcOEt (10:1) gave the title compound 12a (650 mg, 2.02 mmol, 48%
yield) as white solids: mp 94—96 °C; [a]3* +78.2 (¢ 0.98, CHCL,); IR
(neat) 3436 (NH), 1691 (C=0); 'H NMR (500 MHz, CDCl,) &
1.28—1.37 (m, 12H), 2.50-2.60 (m, 1H), 2.90 (s, 1H), 3.04 (dd, ] =
14.3, 3.4 Hz, 1H), 3.64—3.71 (m, 1H), 3.77 (s, 3H), 4.52 (d, ] = 8.0
Hz, 1H), 5.15 (d, J = 10.3 Hz, 1H), 5.34 (d, J = 17.2 Hz, 1H), 5.98
(dd, ] = 17.2, 10.3 Hz, 1H), 6.81 (d, ] = 8.6 Hz, 2H), 7.09 (d, ] = 8.6
Hz, 2H); C NMR (125 MHz, CDCl,) & 24.7, 28.2 (3C), 34.6, 55.3,
60.1, 75.7, 79.5, 113.3, 113.8 (2C), 130.0 (2C), 130.8, 142.8, 156.5,
158.1. Anal. Caled for C,gH,,NO,: C, 67.26; H, 8.47; N, 4.36. Found:
C, 67.23; H, 8.49; N, 4.42.

(4R,5R)-N-(tert-Butoxycarbonyl)-5-ethenyl-4-(4-methoxy-
benzyl)-5-methyl-1,3-oxazolidin-2-one (13a). To a stirred
suspension of NaH (1.64 g 41.1 mmol) in THF (20 mL) was
added dropwise a solution of the known allyl alcohol 12a (3.30 g, 10.3
mmol) in THF (80 mL) at 0 °C under argon, and the mixture was
heated under reflux for 1 h and stirred for 30 min at room
temperature. (Boc),0 (4.50 g, 20.6 mmol) was added to the mixture
at 0 °C, and the mixture was stirred for 2 h with warming to room
temperature. The mixture was poured into water at 0 °C, and the
whole was extracted with EtOAc. The extract was washed successively
with water and brine and dried over Na,SO,. Concentration under
reduced pressure followed by flash chromatography over silica gel with
n-hexane—EtOAc (6:1) gave the title compound 13a (3.58 g, 10.3
mmol, quantitative) as white solids: mp 117—118 °C; [a]F +82.3 (c
1.02, CHCL); IR (neat) 1798 (C=0), 1714 (C=0); "H NMR (500
MHz, CDCl,) 5 1.40 (s, 3H), 143 (s, 9H), 2.92 (dd, ] = 14.3, 8.6 Hz,
1H), 3.06 (dd, J = 14.3, 5.7 Hz, 1H), 3.79 (s, 3H), 4.31 (dd, J = 8.6,
5.7 Hz, 1H), 5.16 (d, ] = 10.9 Hz, 1H), 5.34 (d, ] = 17.2 Hz, 1H), 5.76
(dd, J = 17.2, 109 Hz, 1H), 6.85 (d, ] = 8.6 Hz, 2H), 7.15 (d, ] = 8.6
Hz, 2H); 3C NMR (125 MHz, CDCL,) 6 20.6, 27.8 (3C), 35.1, 552,
63.2, 82.1, 83.6, 114.2 (2C), 114.5, 128.5, 130.1 (2C), 139.5, 149.3,
151.4, 158.5. Anal. Calcd for C,oHyNOs: C, 65.69; H, 7.25; N, 4.03.
Found: C, 65.40; H, 7.37; N, 4.03.

tert-Butyl (E)-3-[(4R,5R)-N-(tert-Butoxycarbonyl)-4-(4-me-
thoxybenzyl)-5-methyl-1,3-oxazolidin-2-on-5-yl]prop-2-
enoate (15a). Ozone gas was bubbled into a stirred solution of the
oxazolidin-2-one 13a (211 mg, 0.61 mmol) in EtOAc (10 mL) at —78
°C until a blue color persisted. To the solution was added dimethyl
sulfide (890 uL, 12.2 mmol) at —78 °C, and the mixture was stirred for
0.5 h at —78 °C. The mixture was dried over Na,SO, and concentrated
under reduced pressure to give the corresponding aldehyde, which was
used for the next reaction without further purification. To a stirred
suspension of LiCl (52.0 mg, 1.22 mmol) in MeCN (4.0 mL) were
added fert-butyl diethylphosphonoacetate (380 L, 1.22 mmol) and (i-
Pr),NEt (213 uL, 1.22 mmol) successively at 0 °C under argon. After
30 min, the above aldehyde in MeCN (2.0 mL) was added to the
mixture at 0 °C, and the stirring was continued for 3.5 h. The reaction
was quenched by addition of saturated NH,Cl. After concentration
under reduced pressure, the residue was extracted with EtOAc. The
extract was washed with saturated citric acid, brine, saturated
NaHCO;, and brine and dried over Na,SO,. Concentration under
reduced pressure followed by flash chromatography over silica gel with
n-hexane—EtOAc (4:1) gave the title compound 15a (152 mg, 0.34
mmol, 56% yield) as white solids: mp 140—141 °C; [a]2 +92.8 (¢
0.99, CHCL,); IR (neat) 1800 (C=0), 1714 (C=0); 'H NMR (500
MHz, CDCl,) & 1.42 (s, 3H), 1.47 (s, 18H), 2.94 (dd, ] = 14.3,9.2 Hz,
1H), 3.12 (dd, J = 14.3, 4.6 Hz, 1H), 3.80 (s, 3H), 4.37 (dd, ] = 9.2,
4.6 Hz, 1H), 6.00 (d, ] = 16.0 Hz, 1H), 6.63 (d, ] = 16.0 Hz, 1H), 6.86
(d, J = 8.0 Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H); *C NMR (125 MHz,
CDCl;) 6 20.5, 27.8 (3C), 28.0 (3C), 34.9, 55.2, 62.8, 81.2, 81.3, 84.2,
114.3 (2C), 122.6, 128.0, 130.0 (2C), 146.1, 149.0, 150.9, 158.6, 165.0.
Anal. Caled for CyH33NO,: C, 64.41; H, 7.43; N, 3.13. Found: C,
64.48; H, 7.23; N, 3.10.

tert-Butyl (2R,5R,3E)-5-[N-(tert-Butoxycarbonyl)amino]-2-(3-
hydroxypropyl)-6-(4-methoxyphenyl)-4-methylhex-3-enoate
(17a). To a solution of the TBS ether 16a (52.6 mg, 0.091 mmol) in
MeCN—H,0 (1:1, 2.0 mL) was added aqueous H,SiF, (3.28 M, 28
uL, 0.091 mmol) at room temperature, and the mixture was stirred for
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14 h. The reaction was quenched by addition of saturated NH,CL
After concentration under reduced pressure, the residue was extracted
with EtOAc. The extract was washed with saturated NH,CI, brine,
saturated NaHCO;, and brine and dried over Na,SO,. Concentration
under reduced pressure followed by flash chromatography over silica
gel with n-hexane—EtOAc (1:1) gave the title compound 17a (21.7
mg, 0.047 mmol, 51% yield) as a colorless oil: [a]5’ —37.3 (¢ 1.03,
CHCL); IR (neat) 1699 (C=0); 'H NMR (500 MHz, CDCl,) &
1.28—1.34 (m, 3H), 1.37—1.41 (m, 10H), 1.42 (s, 9H), 1.62—1.70 (m,
4H), 2.76 (d, ] = 6.9 Hz, 2H), 3.03—3.12 (m, 1H), 3.51 (t, ] = 6.9 Hz,
2H), 3.77 (s, 3H), 4.09—4.31 (m, 1H), 4.64 (d, ] = 8.0 Hz, 1H), 5.16
(d, ] = 9.2 Hz, 1H), 6.80 (d, ] = 8.6 Hz, 2H), 7.05 (d, ] = 8.6 Hz, 2H);
3C NMR (125 MHz, CDCl,) 6 14.3, 28.0 (3C), 28.3 (3C), 28.7, 29.9,
38.8, 45.1, 55.2, 582, 62.4, 79.3, 80.4, 113.7 (2C), 124.5, 129.8, 130.1
(2C), 1369, 1550, 158.1, 173.5; HRMS (FAB) m/z caled for
CyH,,NOg (MH?) 464.3007, found 464.3010.

tert-Butyl (2R,5R,3E)-2-{3-[N-[(Benzyloxy)carbonyl]-N-[(2-
nitrophenyl)sulfonyllaminolpropyl}-5-[N-(tert-
butoxycarbonyl)amino]-6-(4-methoxyphenyl)-4-methylhex-3-
enoate (18a). To a solution of the alcohol 17a (21.7 mg, 0.047
mmol), PPh; (24.6 mg, 0.094 mmol), and NsNH(Cbz) (33.0 mg,
0.094 mmol) in THF (0.47 mL) was added DEAD in toluene (2.2 M,
43 pl, 0.094 mmol) at 0 °C under argon, and the mixture was stirred
at the same temperature overnight. Concentration under reduced
pressure followed by flash chromatography over silica gel with n-
hexane—EtOAc (3:1) gave the title compound 18a (22.4 mg, 0.029
mmol, 61% yield) as a yellow oil: [a]3® —24.0 (¢ 1.02, CHCL); IR
(neat) 1726 (C=0); 'H NMR (500 MHz, CDCl;) § 1.38 (s, 9H),
1.40—1.48 (m, 10H), 1.57—1.78 (m, 6H), 2.69—2.85 (m, 2H), 3.06—
3.18 (m, 1H), 3.77 (s, 3H), 3.80 (t, J = 7.4 Hz, 2H), 4.12—4.28 (m,
1H), 4.50—4.67 (m, 1H), 5.11 (s, 2H), 5.19 (d, J = 9.7 Hz, 1H), 6.80
(d, ] = 8.6 Hz, 2H), 7.06 (d, J = 8.6 Hz, 2H), 7.17—7.25 (m, 2H),
7.29—7.40 (m, 3H), 7.41~7.51 (m, 1H), 7.61—7.76 (m, 2H), 8.10 (d, J
= 8.0 Hz, 1H); *C NMR (125 MHz, CDCl,) & 14.3, 27.4, 27.9 (3C),
283 (3C), 294, 39.0, 45.0, 47.9, 552, 58.0, 69.3, 79.1, 80.4, 113.7
(2C), 1242, 124.3, 128.5 (2C), 128.6 (2C), 128.7, 129.8, 130.1 (2C),
131.5, 132.8, 134.09, 134.11, 134.2, 137.5, 147.7, 1516, 155.0, 158.1,
173.0; HRMS (FAB) m/z caled for C,0H,N;0,,S (MH") 782.3317,
found 782.3319.

(4R,55)-5-Acetyl-N-(tert-butoxycarbonyl)-4-(4-methoxyben-
zyl)-5-methyl-1,3-oxazolidin-2-one (14). Ozone gas was bubbled
into a stirred solution of the oxazolidin-2-one 13b (1.20 g, 3.32 mmol)
in EtOAc (40 mL) at —78 °C until a blue color persisted. To the
solution was added dimethyl sulfide (2.4 mL, 33.2 mmol) at —78 °C,
and the mixture was stirred for 1S min at —78 °C. Concentration
under reduced pressure followed by flash chromatography over silica
gel with n-hexane—EtOAc (2:1) gave the title compound 14 (1.19 g,
3.28 mmol, 99% yield) as colorless crystals: mp 91-92 °C; [a]& +48.0
(c 1.02, CHCLy); IR (neat) 1817 (C=0), 1725 (C=0); 'H NMR
(500 MHz, CDCly) & 1.35 (s, 3H), 1.4 (s, 9H), 2.28 (s, 3H), 2.93
(dd, J = 14.9, 8.6 Hz, 1H), 3.05 (dd, ] = 14.3, 5.2 Hz, 1H), 3.79 (s,
3H), 4.86 (dd, ] = 8.6, 5.2 Hz, 1H), 6.85 (d, ] = 8.6 Hz, 2H), 7.16 (d, ]
= 8.6 Hz, 2H); '*C NMR (125§ MHz, CDCl,) § 17.6, 24.8, 27.8 (3C),
34.8, 55.2, 60.0, 84.3, 86.5, 114.3 (2C), 127.7, 130.0 (2C), 1484,
150.4, 158.6, 207.8. Anal. Calcd for C,gH,sNO: C, 62.80; H, 6.93; N,
3.85. Found: C, 62.68; H, 6.80; N, 3.89.

tert-Butyl (E)-3-[(4R,5R)-N-(tert-Butoxycarbonyl)-4-(4-me-
thoxybenzyl)-5-methyl-1,3-oxazolidin-2-on-5-yl]but-2-enoate
(15b). The ketone 14 (490 mg, 1.35 mmol) and PhyP=CHCO,-t-Bu
(1.11 g 2.97 mmol) were dissolved in toluene (6.0 mL), and the
mixture was gently refluxed for 10 h. Concentration under reduced
pressure followed by flash chromatography over silica gel with -
hexane—EtOAc (3:1) gave the title compound 15b (621 mg, 1.35
mmol, quantitative) as colorless crystals: mp 174—175 °C; [a]}’ +76.7
(c 1.00, CHCLy); IR (neat) 1813 (C=0), 1714 (C=0); 'H NMR
(500 MHz, CDCl;) & 1.41 (s, 3H), 1.46 (s, 9H), 1.49 (s, 9H), 1.91 (d,
J =12 Hz, 3H), 294 (dd, ] = 14.3,9.2 Hz, 1H), 3.12 (dd, ] = 14.3, 4.6
Hz, 1H), 3.80 (s, 3H), 442 (dd, J = 9.2, 4.6 Hz, 1H), 5.95 (d, J = 1.2
Hz, 1H), 6.87 (d, ] = 8.6 Hz, 2H), 7.18 (d, J = 8.6 Hz, 2H); *C NMR
(125 MHz, CDCly) 6 14.7, 202, 27.9 (3C), 28.1 (3C), 353, 55.2,
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61.5, 80.5, 84.2, 84.4, 114.3 (2C), 117.1, 128.1, 130.1 (2C), 149.0,
150.6, 153.9, 158.6, 165.7. Anal. Calcd for Co5H;NO,: C, 65.06; H,
7.64; N, 3.03. Found: C, 64.97; H, 7.71; N, 3.07.

tert-Butyl (Z)-3-[(4R,5R)-N-(tert-Butoxycarbonyl)-4-(4-me-
thoxybenzyl)-5-methyl-1,3-oxazolidin-2-on-5-yllbut-2-enoate
(21). To a solution of diisopropylamine (41.0 4L, 0.29 mmol) in THF
(0.29 mL) at —78 °C was added dropwise n-BuLi in n-hexane (1.65 M,
0.18 mL, 0.29 mmol). After the mixture was stirred at 0 °C for 30 min,
a solution of TMSCH,CO,-t-Bu (66.0 L, 0.30 mmol) in THF (0.19
mL) was added dropwise at —78 °C. After the mixture was stirred at
—78 °C for 2 h, a solution of ketone 14 (21.0 mg, 0.058 mmol) in
THF (0.19 mL) was added dropwise. The resulting mixture was stirred
at —78 °C for 4 h. The reaction was quenched by addition of saturated
NH,Cl at =78 °C. The whole mixture was stirred at room temperature
for 15 min, extracted with Et,O, and dried over MgSO,. Concentration
under reduced pressure followed by flash chromatography over silica
gel with n-hexane—EtOAc (3:1) gave an E/Z mixture of the title
compound 21 and 15b (14.2 mg, 0.031 mmol, 53% yield, 15b/21 = 3/
2) as a clear oil. Data for compound 21 (purified by preparative
HPLC): colorless oil; [a]F —115.7 (c 1.01, CHCL,); IR (neat) 1818
(C=0), 1705 (C=0); 'H NMR (500 MHz, DMSO-d) & 1.16 (s,
9H), 1.52 (s, 9H), 1.73 (s, 3H), 1.94 (d, ] = 1.7 Hz, 3H), 2.66 (dd, ] =
13.7, 10.3 Hz, 1H), 3.30 (dd, ] = 13.7, 3.4 Hz, 1H), 3.77 (s, 3H), 4.76
(dd, J = 103, 3.4 Hz, 1H), 5.74 (d, ] = 1.7 Hz, 1H), 6.82 (d, ] = 8.6
Hz, 2H), 7.14 (d, ] = 8.6 Hz, 2H); °C NMR (125 MHz, DMSO-d;) &
19.2, 22.7, 274 (3C), 28.1 (3C), 362, 55.2, 65.2, 80.7, 82.9, 85.9,
1140 (2C), 119.0, 129.0, 130.7 (2C), 1487, 151.6, 158.5, 160.8,
164.7; HRMS (FAB) m/z caled for CpHyNO, (MH') 462.2486
found 462.2486.

Peptide Synthesis. The protected linear peptides 28a—c were
constructed by Fmoc-based solid-phase synthesis on H-Gly-(2-Cl)Trt
resin (0.66 mmol/g, 152 mg, 0.10 mmol). The Pbf group for Arg was
employed for side chain protection. Fmoc-protected amino acids (0.30
mmol) were coupled by using N,N'-diisopropylcarbodiimide (DIC)
(46.4 L, 0.3 mmol) and HOBt-H,O (45.9 mg, 0.3 mmol) in DMF.
Coupling of dipeptide isostere 10, 20a, or 20b (0.30 mmol) was
carried out with DIC (46.4 yL, 0.3 mmol) and HOAt (40.8 mg, 0.30
mmol). Completion of each coupling reaction was ascertained using
the Kaiser ninhydrin test. The Fmoc protecting group was removed by
treating the resin with 20% piperidine in DMF.

By use of a procedure identical with that described for the
preparation of the protected linear peptide, 28d was obtained from H-
Gly-(2-CI)Trt resin (0.80 mmol/g, 125 mg 0.10 mmol) using
dipeptide isostere 26 (0.30 mmol).

Cyclo(p-Tyr-yl(E)-CH=CH]-Arg-Arg-Nal-Gly-)-2TFA (31a).
The resulting protected peptide resin 28a (275 mg) was subjected
to hexafluoro-2-propanol (HFIP)—CH,Cl, (2:8, 15 mL) treatment at
room temperature for 2 h. After filtration of the residual resin, the
filtrate was concentrated under reduced pressure to give a crude linear
peptide, 29a. To a mixture of the linear peptide and NaHCOj; (42.0
mg, 0.500 mmol) in DMF (40 mL) was added diphenylphosphoryl
azide (DPPA; 53.9 uL, 0250 mmol) at —40 °C. The mixture was
stirred for 40 h with warming to room temperature and then filtered.
The filtrate was concentrated under reduced pressure, followed by
flash chromatography over silica gel with CHCl,;—MeOH (90:10) to
give the protected cyclic peptide 30a. The peptide 30a was treated
with 1 M TMSOTf—thioanisole in TFA (3 mL) at room temperature
for 3 h. Concentration under reduced pressure gave an oily residue,
which was used immediately in the next step without purification. To a
solution of the crude mixture in DMF (2 mL) were added (i-Pr),NEt
(261 pL, 1.50 mmol) and 1H-pyrazole-1-carboxamidine hydrochloride
(73.3 mg, 0.500 mmol), and the mixture was stirred at room
temperature for 2 days. After concentration under reduced pressure,
purification by preparative HPLC gave the bistrifluoroacetate of the
title cyclic peptide 31a (20.4 mg, 0.0217 mmol, 22% yield based on H-
Gly-(2-CI)Trt resin) as a colorless freeze-dried powder: [a]3’ —43.4 (¢
0.133, DMSO); 'H NMR (500 MHz, DMSO-d¢) & 1.25—1.50 (m,
SH), 1.52—1.70 (m, 3H), 2.58 (d, ] = 7.6 Hz, 2H), 2.74 (ddd, ] = 8.2,
82, 7.6 Hz, 1H), 2.94—3.15 (m, 6H), 329 (dd, J = 15.8, 5.5 Hz, 1H),
3.66 (dd, ] = 15.8, 69 Hz, 1H), 4.14 (ddd, J = 8.9, 82, 8.2 Hz, 1H),
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432—4.41 (m, 1H), 4.53 (ddd, ] = 7.6, 7.6, 6.9 Hz, 1H), 5.39 (ddd, J =
15.1, 8.9, 1.4 Hz, 1H), 5.55 (dd, J = 15.1, 4.1 Hz, 1H), 6.62 (d, ] = 8.3
Hz, 2H), 6.93 (d, ] = 8.3 Hz, 2H), 7.02 (d, ] = 8.3 Hz, 1H), 7.30 (dd, J
= 83, 2.1 Hz, 1H), 7.42=7.50 (m, 2H), 7.50=7.57 (m, 2H), 7.61 (s,
1H), 7.76 (d, ] = 8.9 Hz, 1H), 7.79—7.87 (m, 4H), 8.35 (dd, J = 69,
5.5 Hz, 1H), 9.15 (s, 1H); 3C NMR (125 MHz, DMSO-d,) & 25.3,
26.3, 27.9, 28.4, 29.0, 38.1, 40.1 (overlapped with DMSO peaks), 40.3,
43.5, 50.3, 51.5, 54.3, 54.5, 115.0 (2C), 125.5, 126.0, 127.4, 1274,
127.5, 127.6, 127.66, 127.75, 128.0, 130.1 (2C), 131.9, 132.8, 132.9,
134.8, 155.6, 156.72, 156.75, 167.6, 170.6, 171.5, 172.2; HRMS (FAB)
m/z caled for Cy-HyoN;,O5 (MH?) 713.3882, found 713.3881.

Cyclo(o-Tyr-yf-CH,-CH,]-Arg-Arg-Nal-Gly-)-2TFA (31e). The
cyclic pseudopeptide 31a (2.64 mg, 0.0281 mmol) was treated with
Pd/BaSO, (59.5 mg, 0.0281 mmol) in MeOH (300 L) under a H,
atmosphere at room temperature for 36 h. After filtration and
concentration under reduced pressure, purification by preparative
HPLC gave the bistrifluoroacetate of the title peptide 31e (0.874 mg,
0.00927 mmol, 33% yield) as a colorless freeze-dried powder: [a]f
—31.7 (c 0.0933, DMSO); 'H NMR (500 MHz, DMSO-d;) & 1.08—
1.53 (m, 10H), 1.61-1.79 (m, 2H), 1.91-2.04 (m, 1H),2.35(dd, ] =
13.2, 7.4 Hz, 1H), 2.46—2.58 (m, 1H, overlapped with DMSO peak),
2.95—3.10 (m, 4H), 3.14 (dd, J = 13.7, 9.7 Hz, 1H), 3.24 (dd, ] = 13.7,
4.6 Hz, 1H), 3.44—3.48 (m, 1H), 3.61-3.72 (m, 1H), 3.75—3.84 (m,
1H), 3.84—3.93 (m, 1H), 442—4.52 (m, 1H), 645 (d, ] = 9.7 Hz,
1H), 6.62 (d, J = 8.0 Hz, 2H), 6.89 (d, ] = 8.0 Hz, 2H), 7.41-7.56 (m,
SH), 7.76 (s, 1H), 7.82—7.90 (m, 3H), 8.10 (d, ] = 7.4 Hz, 1H), 8.13—
8.21 (m, 1H), 8.26—8.36 (m, 1H), 9.14 (s, 1H); *C NMR (125 MHz,
DMSO-dg) § 25.4, 26.5, 27.0, 29.0, 29.3, 312, 36.4, 40.2, 40.4, 41.2,
42.5, 46.9, 50.4, 53.7, 56.1, 115.0 (2C), 125.5, 126.1, 127.2, 1274,
127.47, 127.55, 127.8, 128.7, 129.9 (2C), 131.8, 133.0, 135.6, 155.5,
156.68, 156.70, 168.0, 1707, 172.6, 174.8; HRMS (EAB) m/z caled for
C3;Hg|NmOS (MH“) ?154038, found 715.4046.

['*1]SDF-1 Binding and Displacement. Membrane extracts
were prepared from HEK293 cell lines expressing CXCR4. For ligand
binding, 50 pL of the inhibitor, 25 uL of ["*I|SDE-1a (0.3 nM,
Perkin-Elmer Life Sciences), and 25 uL of the membrane/bead
mixture [7.5 ug of membrane/well, 0.5 mg of PVT WGA beads
(Amersham)/well] in assay buffer (25 mM HEPES, pH 7.4, 1 mM
CaCl,, S mM MgCl,, 140 mM NaCl, 250 mM sucrose, 0.5% BSA)
were incubated in the wells of an Optiplate plate (Perkin-Elmer Life
Sciences) at room temperature for 1 h. The bound radioactivity was
counted for 1 min/well in a2 TopCount (Packard). The inhibitory
activity of the test compounds was determined on the basis of the
inhibition of ['**I]SDF-1 binding to the receptors (ICy, triplicate
experiments, Table 1).

NMR Spectroscopy. The peptide sample was dissolved in DMSO-
dg at S mM. "H NMR spectra of the peptides were recorded at 300 K.
The assignment of the proton resonance was achieved by use of
'H-'H COSY spectra. COSY spectra were composed of 2048
complex points in the F, dimension and 256 complex points, which
were zero-filled to yield a final data matrix of 2048 X 512 points.
’J(HY,H®) coupling constants were measured from one-dimensional
spectra. The mixing time for NOESY experiments was set at 200 ms.
NOESY spectra were composed of 1024 complex points in the F,
dimension and 512 complex points, which were zero-filled to yield a
final data matrix of 1024 X 1024 points, with 32 scans per t
increment. The cross-peak intensities were classified on the basis of
the number of contour lines.

Structural Calculations. The structure calculations were
performed by MacroModel using the MMFFs. Pseudoatoms were
defined for the CH; protons on the alkene of 31b—d, methylene
protons of p-Tyr', p/L-Arg’, L-Arg’, and L-Nal®, and aromatic protons
of p-Tyr!, the prochiralities of which were not identified from 'H
NMR data. The dihedral ¢ angle constraints were calculated on the
basis of the Karplus equation: *J(HY,H?) = 6.7 cos® @ — 1.3 cos 8 +
1.5. Lower and upper angle errors were set to 15°. The NOESY
spectrum with a mixing time of 200 ms was used for the estimation of
the distance restraints between protons. The NOE intensities were
classified into three categories (strong, medium, and weak) on the
basis of the number of contour lines in the cross-peaks to define the
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upper limit distance restraints (2.7, 3.5, and 5.0 A, respectively). The
upper limit restraints were increased by 1.0 A for the involved
pseudoatoms except the aromatic protons, for which the restraints
were increased by 2.0 A. Lower bounds between nonbonded atoms
were set to their van der Waals radii (1.8 A). A total of 100000
random structures were generated by molecular dynamic simulation
starting with any initial structure in water; the structures matched with
the restraints from the NMR data were then selected. The structure in
the lowest potential energy was defined as the most stable structure in
solution.

Docking of Peptidomimetics to CXCR4. Initial structures of
31la—c, 31d-A, and 31d-B were built by energy minimization of NMR-
based structures described above. The resulting models were
incorporated into CXCR4, and the water molecules of the crystal
structure of CXCR4 bound to CVXI1S (PDB code 30E0) were
manually input as appropriate. After that, the structures of
peptidomimetics were minimized in the receptor structure in MOE
using MMFF94s and a distance-dependent dielectric constant of 1
with a 10 A cutoff distance. The steepest descent algorithm was used
for the minimization, followed by the conjugate gradient method. The
maximum iterations of each run were set to 100 steps, and the root-
mean-square (rms) gradient value of 0.01 was set for the criteria of the
minimizations. In this calculation, the backbone atoms of the receptor
were fixed.
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The development of novel peptide and peptidomimetic ligands for the CXC chemokine receptor 4
(CXCR4) as therapeutic agents for HIV-1 infection, cancer, and immune system diseases has grown over
the last decade. In this perspective article, the design of CXCR4 agonists and antagonists from
endogenous stromal cell-derived factor-1 (SDF-1)/CXCL12 and horseshoe crab-derived antimicrobial
peptides and their therapeutic and diagnostic applications are described.

1. Introduction

CXC chemokine receptor 4 (CXCR4) is a G protein-coupled
receptor (GPCR) of stromal cell-derived factor-1 (SDF-1)/
CXCL12," which has been implicated in a number of develop-
mental and physiological processes including directed migrations
of stem cells and immune cells.” In terms of a target molecule
in drug discovery, CXCR4 is well-known to be a co-receptor
for human immunodeficiency virus type-1 (HIV-1) infection
into T cells.” Compounds exerting inhibitory activity on the
gpl120-CXCR4 interaction have been considered as promising
anti-HIV agents, because attachment of envelope glycoprotein
gpl20 of HIV-1 to CD4 and CXCR4 on the host cell surface is a
critical step leading to membrane fusion and virus entry.

The organ-specific metastasis of breast cancer cells was first
documented in 2001.% It was demonstrated that CXCR4-expres-
sing cancer cells migrate based on the magnitude of the concen-
tration gradient of SDF-1 from the distant metastatic lesions.”
During the last decade, the clinical importance and therapeutic
implications of the pivotal SDF-1-CXCR4 interaction in cancer
biology including progression, metastasis and angiogenesis,
have been revealed.” CXCR4 antagonists are expected to
behave as anti-tumor and anti-metastatic agents in cancer
chemotherapy.®

To date, a number of CXCR4 ligands (agonists and antagon-
ists) have been reported. The most representative agent is the
small-molecule CXCR4 antagonist, plerixafor (Mozobil,
AMD3100), which was approved for clinical use in the United
States and in Europe in 2008 and 2009, respectively.” Although
plerixafor was originally developed as an anti-HIV agent, it is
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now employed for the mobilization of hematopoietic stem cells
(HSC) into the peripheral blood in combination with granulocyte
colony-stimulating factor (G-CSF). Autologous transplantation
of HSC facilitates the restoration of normal hematopoietic func-
tion in patients with non-Hodgkin’s lymphoma and multiple
myeloma after receiving high-dose chemotherapy. Several other
peptide and non-peptide CXCR4 antagonists have also been
reported to be inhibitory compounds for CXCR4-mediated
HIV-1 infection.®

In this review article, we focus on the development of peptide
and peptidomimetic CXCR4 ligands, which are mainly deriv-
atives of horseshoe crab-derived antimicrobial peptides or the
endogenous SDF-1 sequence. The application of these ligands as
therapeutic and diagnostic agents for immune system diseases
and oncologic conditions are also introduced.

2. CXCR4 antagonists derived from self-defense
peptides of horseshoe crabs

2.1. Identification of T22 and its derivatives: the first
generation of CXCR4 antagonists

In 1991, Morimoto et al. reported that tachyplesin I showed anti-
viral activity against HIV-1, vesicular stomatitis virus and
influenza A virus.” Subsequently, the anti-HIV activities of the
isopeptides of tachyplesin I such as tachyplesin II and polyphe-
musin I and II, which were isolated from the hemocytes of
horseshoe crabs (Tachypleus tridentatus and Limulus polyphe-
mus),'® were reported (Table 1)."' These antimicrobial peptides
contain two disulfide bridges which stabilize the antiparallel
B-sheet structure connected by a B-turn.

T22 ([Tyr*'?Lys’]-polyphemusin II) is a first-generation
peptide of highly potent anti-HIV peptides that was designed
from horseshoe crab-derived natural product peptides.'”'? On
the basis of the highly cationic sequences of tachyplesins and
polyphemusins, more than twenty analogs were synthesized and
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Table 1 Polyphemusin Il-derived CXCR4 antagonists

Peptide Sequence” Ref.
Tachyplesin 1 H-KWC'FRVC*YRGIC*YRRC'R-NH, (C'-C'/C?-C? bridged) 9
Polyphemsin 11 H-RRWC'FRVC*YKGFC?*YRKC'R-NH, (C'-C'/C*~C? bridged) 1
T22 H-RRWC'YRKC?*YKGYC?YRKC'R-NH, (C'-C'/C*~C? bridged) 11,12
TW70 H-RRWCYRKKPYRKCR-NH, (C—C bridged) 22
T134 H-RRWCYRKKPYRX’CR-OH (C—C bridged) 24
T140 H-RRX'CYRKKPYRX’CR-OH (C-C bridged) 26
TN14003 H-RRX'CYX’KKPYRX’CR-NH, (C-C bridged) 34
TC14012 H-RRX'CYX?*Kx*PYRX’CR-NH, (C-C bridged) 34
TE14011 H-RRX'CYX?KePYRXCR-NH, (C-C bridged) 35
TF14016 4FB-RRX'CYX?KKPYRX?CR-NH> (C—C bridged) 36
FC131 cyclo(-p-Tyr-Arg-Arg-Nal-Gly-) [Fig. 2] 47
FC122 cyclo(-p-Tyr-pD-MeArg-Arg-Nal-Gly-) [Fig. 2] 48¢
FCA004 cyclo(-p-Tyr-Arg-Arg-Nal-y[C(=NH)-NH]-Gly-) [Fig. 2] 51

X': 1-3-(2-naphthyl)alanine; X*: L-citrulline; x’: p-citrulline; 4FB: 4-fluorobenzoyl; Nal: 1-3-(2-naphthyl)alanine.

evaluated. Among the peptides, T22 showed excellent anti-HIV
activity with a high selectivity index. The solution structure of
T22 takes an anti-parallel B-sheet structure, which is similar to
that of tachyplesin I.'* Given the attractive lead-like properties of
the T22 peptide for anti-HIV agents, intensive structural analysis
and structure—activity relationship (SAR) studies have been
conducted. The stereochemically antipodal peptide of T22
(all-p-isomers) was 8.5-fold less potent in comparison with the
parent T22. Peptides with retro- and retro/inverse-sequences were
much less potent, suggesting that the target molecule(s) of T22
should be the chiral components on the host cells or virus."* SAR
study of T22 demonstrated that the two disulfide bridges and two
repeated Tyr-Arg-Lys (Y-R-K) motifs are indispensable to the
anti-HIV activity of T22.'* The disulfide bonds are substituted
with a Zn(1) ion to form a tetracoordinate complex with equipo-
tent anti-HIV activity.'® Substitution of Trp® with 3-(2-naphthyl)-
alanine (Nal) in T22 led to the most potent T22 analogue.’s"’

The target molecule of T22 for the anti-HIV activity was orig-
inally thought to be cell surface CD4 on T-cells or viral gp120.
Weeks et al. reported that a phorbol ester stimulates the attachment
of lymphocytes to T22, suggesting the presence of a cell surface
receptor for T22."7 In contrast, CD4-negative HelLa and US7TMG
cells did not bind to T22.'® In an affinity chromatography exper-
iment, a 55 kDa molecule, which was captured using a T22
affinity column, was detected with anti-CD4 antibody by western
blotting,18 Biosensor analysis by surface plasmon resonance also
demonstrated that T22 binds to both immobilized CD4 and gp120
with the same affinity.'® It was subsequently revealed in 1997 that
the anti-HIV activity of T22 was derived from CXCR4 binding. >’
T22 specifically inhibits the T-cell line-tropic (T-tropic) HIV-1
infection of cells expressing CXCR4 and CD4, whilst no inhibi-
tory effect by T22 was observed against macrophage-tropic
(M-tropic) HIV-1 infection of CCRS5-expressing cells. T22 also
inhibits SDF-1o-induced Ca®* mobilization, chemotaxis of per-
ipheral blood mononuclear cells (PBMC) and migration of pan-
creatic cancer cell lines through binding to CXCR4.?!

2.2. Design of T140 and its derivatives: the second generation
of CXCR4 antagonists

In an attempt to reduce the molecular size of T22, a second
generation of polyphemusin II-derived CXCR4 antagonist was

identified (Table 1).> During the molecular design from T22,
the outer disulfide bond, that is more conductive to the anti-par-
allel B-sheet structure and two repeats of indispensable Tyr-Arg-
Lys (Y-R-K) sequences were retained to reproduce the potent
anti-HIV activity. In addition, the B-turn moiety of T22 was
stabilized using turn-stabilizing motifs, such as p-Lys-Pro or
Pro-p-Lys sequences. TW70 (des-Cys®!'? Tyr*'%-[p-Lys'® Pro'!}-
T22) was the first 14-residue CXCR4 antagonist, which showed
bioactivity comparable to that of T22.*? Analysis by CD and
NMR spectroscopies revealed that TW70 maintains an antiparal-
lel B-sheet structure with a type II' B-turn motif.”*

Following on from the milestone discovery of TW70, inten-
sive SAR studies of 14-residue P-sheet peptides have been
carried out. The first approach taken was for the purpose of
designing less cytotoxic amllcnguas‘z‘1 TW70 contains a number
of basic amino acid residues (five Arg and three Lys residues)
which may be related to the high level of collateral cytotoxicity.
To decrease the number of these positively charged functional
groups, substitutions with glutamic acid (Glu) and citrulline (Cit)
were attempted. From a collection of 20 peptides designed,
T134 ([Citlz]-TWTO) showed more potent anti-HIV activity and
significantly less cytotoxicity [selectivity index (SI) = 34 000]
when compared with T22 and TW70.>* Of interest, T134 is
effective even against drug-resistant HIV strains which were
non-responsive to the small-molecule CXCR4 antagonist
AMD3100.%

T140 is a key 14-residue peptide CXCR4 antagonist that
was obtained by lead optimization of TW70 derivatives,*® in
which the Trp® of T134 was substituted with Nal, in a modifi-
cation similar to that of T22."*® The significant contribution of
Nal® to the potent bioactivity was demonstrated by the sub-
sequent SAR study at the 3-position of T140 of inhibitory
activity on SDF-l-induced Ca®" mobilization and anti-HIV
activity.’’ Although both T22 and T140 upregulate the
provirus transcription level driven by the HIV-1 long terminal
repeat  (LTR)  promoter,”® the binding of  anti-
CXCR4 monoclonal antibody 12G5 was more efficiently
inhibited by T140 than by T22, suggesting that the potent
anti-HIV activity of T140 was derived from the enhanced
binding affinity to CXCR4.%’ It is noteworthy that T140 is an
inverse agonist for a constitutively active mutant (CAM) of
CXCR4, whilst AMD3100 is a weak partial agonist.*
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Alanine scanning experiments of T140 identified Arg?, Nal®,
Tyr’, Arg'* residues as indispensable to the bioactivity.*’
An NMR-based conformational study suggested that these intrin-
sic residues exist in close proximity to a disulfide bridge.** In
contrast, modifications at the B-turn moiety of T140 with peptide
backbone mimetics had little effect on CXCR4 binding and anti-
HIV activity.*® In light of this information, further optimization
of T140 was conducted using two separate approaches. The first
approach was focused on the design of less cytotoxic and bio-
logically stable analogues. C-terminally amidated T140 ana-
logues were designed, in which one or two Arg residue(s) were
substituted with Cit to further reduce the cytotoxicity, because
the C-terminal Argl4 in T140 was gradually cleaved in serum.**
TN14003 ([Cit®]-T140 with the C-terminal amide) and TC14012
([Cit®,p-Cit*]-T140 with the C-terminal amide) showed high
selectivity indexes (SIs) and complete stability in serum.>* Sub-
stitution of p-Lys® with the negatively charged p-Glu® also effec-
tively enhanced the anti-HIV activity whilst lowering
cytotoxicity to provide TE14011 ([Cit®,p-GIu®]-T140 with the
C-terminal amide).*® The second approach was the attachment of
an additional functional group onto the T140 N-terminus. An
SAR study using a wide variety of acyl groups revealed that the
4-fluorobenzoyl group constituted a novel pharmacophore for
T140-based CXCR4 antagonists, providing the most potent
antagonist, TF14016 (4-fluorobenzoyl-TN14003), with subnano-
molar inhibition of the binding of SDF-1 to CXCR4.*°

T140 and related peptides have been further researched for
applications in a number of basic biology and drug discovery
approaches including effective inhibition of SDF-1-induced cell
migration of breast and prostate cancers,”’ prevention of pulmon-
ary metastasis of melanoma cells,”® and suppression of rheuma-
toid arthritis.’* More efficient mobilization of stem cells from
bone marrow was reported by TF14016 compared with plerixa-
for/AMD3100. Tt was also demonstrated that T140 serves as a
cargo molecule carrying anti-HIV agents such as azidothymidine
(AZT) to the target cells.*! In a separate experiment, Ichiyama
et al. reported that small-molecule KRH-1636, which mimics the
N-terminal motif of T140, is a potent and selective CXCR4
antagonist with high anti-HIV activity.**

Prior to the recent publication of X-ray crystallography analy-
sis of CXCR4 (Fig. 1),* there had been several attempts made
to estimate the binding mode of T140 derivatives. For example,
intensive point mutation experiments of CXCR4 identified the
residues responsible for ligand binding.** It was demonstrated in
fusion assays using the HIV-1 89.6 envelope glycoprotein, that
conversion of Aspl71, Argl88, Tyr190, Gly207, or Asp262 to
Ala led to the loss of T140 bioactivity. This suggested that these
five residues were critical for T140 binding. On the basis of
these experiments, a docking model was created, in which the
key T140 residues all interacted with the residues in the N-termi-
nus, the 4th and 5th transmembrane domains (TM4 and TMS),
extracellular loop 2 (EL2) and EL3 of CXCRA4.

To date, two experiments have been reported using a photola-
beling approach to determine the CXCR4 binding sites of T140.
Using photoaffinity probes '**I-[Bpa®]-T140 and '**I-[Bpa'‘]-
T140 [p-benzoyl-L-phenylalanine (Bpa)], a fragment of Lys154-
Glul79 in CXCR4 4TM was identified as the interactive site of
T140.* In contrast, Grunbeck et al. employed several Bpa-con-
taining CXCR4 mutants, which were constructed using stop

Fig. 1 Crystal structure of CXCR4 in complex with a T140 analogue
peptide, CVX15 (PDB code: 30E0). (a) CVX15-CXCR4 interaction in
the receptor pocket. (b) Charge interactions between CVX15 and
CXCRA4.

codon suppression technology. From the eight positions substi-
tuted, Phel89 in EL2 was identified as the binding site of
T140.%

In a recent report on the crystal structure of CXCR4 in
complex with a T140 analogue peptide, CVX15, the binding
mode of the polyphemusin II-derived CXCR4 antagonists was
clearly revealed (Fig. 1, PDB code: 30E0).** CVX15 was bound
to the receptor with the key residues (Arg®, Nal®, Tyr’ and
Arg') inside the receptor pocket and the p-turn site exposed to
the extracellular milieu. The Arg', Arg? and Arg'* residues in
CVXI15 interacted with Aspl187, Aspl71 and Asp262, respect-
ively, and the hydrophobic group of CVX15 Nal® was anchored
in the hydrophobic region of TMS.

2.3. Identification of a novel cyclic pentapeptide scaffold for
CXCR4 antagonists: the third generation of antagonists

FC131 [cyclo(-D-Tyr-Arg-Arg-Nal-Gly-)] is a cyclic pentapep-
tide-based CXCR4 antagonist, which was developed using a
molecular-size reduction approach (Table 1). Using the four
indispensable residues (Tyr, Nal, and two Arg) in T140 and an
additional Gly linker, bioevaluation of two cyclic pentapeptide
libraries led to the identification of an anti-HIV peptide with
CXCR4 antagonism, which was equipotent to the parent T140.*
Further SAR studies of cyclic pentapeptides including alanine-
scanning, N-methyl amino acid scanning, optimization of amino
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Fig. 2 Structure of peptidomimetic analogues of FC131.

acids and design of retro-inverso sequence peptides suggested
the indispensable side-chain functional groups and potential
bioactive conformations of FC131.*® FC122 [cyclo(-p-Tyr-p-
MeArg-Arg-Nal-Gly-)] is the most potent cyclic pentapeptide-
based CXCR4 antagonist.*® Recently, the in vivo inhibitory
effects on the growth of GH3 somatotrope tumor cell xenografts
by one of the analogous peptides FC092 ([p-Arg?]-FC131) was
reported."g

Several peptidomimetic analogues of FCI131 have been
reported (Fig. 2).°° Replacements of the dipeptide unit (Nal-Gly)
with a y-amino acid 1, disulfide bridge 2 and olefin bridge 3
have provided novel scaffold structures.’® Cluzeau et al.
reported 11-membered ring core peptidomimetic 4 with the key
functional groups, which were prepared by a divergent method-
ology from r- and p-glutamic acids and by ring closing meta-
thesis.’* Modification of FC131 with alkene-type dipeptide
isosteres (5 and 6) has also been conducted to investigate the
possible hydrogen bonding contributions of each peptide
bond.***¢ Some of these FC131 derivatives with the modifi-
cation to the peptide backbone showed high to moderate CXCR4
antagonistic activity, although the approaches failed to improve
the bioactivity of FC131 derivatives. In contrast, amidine-type
peptide bond mimetics significantly improved the CXCR4
binding and anti-HIV activities of FC131 derivatives.”' On the
basis of the highly basic properties of T140 derivatives and the
known small-molecule CXCR4 antagonists, each peptide bond
of the FC131 backbone was substituted with a planar and basic
amidine unit to provide potent FC131 analogues. The best

analogue FCA004 [cyclo(-D-Tyr-Arg-Arg-Nal-y[C(=NH)-NH]-
Gly-)] 7 exhibited a 30-fold increase in potency compared with
the parent FC131.

An alternative approach for FC131-based antagonists is the
design of bivalent ligands with an appropriate linker against
potential dimerized CXCR4 receptors.”> Tanaka et al. reported
the design of dimeric FCI31 derivatives with a rigid poly(L-
proline) linker to determine the distance between the two ligand
binding sites of the CXCR4 dimer. When the possible linker
length was in the range of 5.5-6.5 nm, the maximum increase in
the binding affinity to CXCR4 was observed.’>® In a further
example of dimeric FC131, derivatives with a shorter spacer
were designed based on the known bivalent small-molecule
CXCR4 antagonists, in which diacids with a variety of carbo-
hydrate linkers were employed to bridge the omithine side-
chains of the FC131 analogue ([p-MeOmn?*]-FC131). Dimer pep-
tides of [p-MeOm*]-FC131 with a 5-10 carbon atom spacer
showed similarly potent bioactivity.**”

There have been several recent reports describing the pharma-
cophore and binding models of FC131 derivatives using hom-
ology models®™ and crystal structures’’$°?* of CXCR4.
Demmer et al. reported that [D-MeOrn®]-FC131 had a similar
binding mode to that of CVXI15, in which two basic groups
from MeOm? and Arg’ residues interact with the Asp187 and
Aspl71 residues of CXCR4, respectively.*?” We also revealed
the binding modes of FC131 and FC122 by NMR analysis and
molecular modeling studies (Fig. 3).°°¢>* The hydroxyl group of
p-Tyr! forms a hydrogen bond with Tyr45. The 1-Arg® side
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Org. Biomol. Chem., 2012, 10, 5720-5731 | 5723

=137—



aku on 07/05/2013 06:37:00.

Published on 19 March 2012 on http://pubs.rsc.org | doi:10.1039/C20B25107H

4

Downloaded by Kyoto Dai

View Article Online

D171, ¢

T117 .

-~ H113

. D1BT
l Arg3, o

D-MeArg2

Fig. 3 Binding modes of FC131 (a) and FC122 (b) with CXCR4.

chain forms polar interactions with both Asp97 and Asp187 in
CXCR4, and the L-Arg’ side-chain interacts with Hisl13,
Thr117, and Aspl71 in CXCR4. Glu288 in CXCR4 is involved
in the FC131 binding by hydrogen bond networks via two water
molecules. The 1-Nal® carbonyl oxygen is involved in a
hydrogen bond network including Tyr255 and Glu288 side
chains via a crystal water molecule, and the backbone NH of
L-Arg2 makes another hydrogen bond network with CXCR4
Glu288 through a water molecule. FC122 binds with CXCR4 by
an alternative binding mode with the flipped J:)—Tyr'—i}MeArg2
peptide bond, which was obtained on the basis of the character-
istic binding mode of the congeneric peptidomimetics.**¢ The p-
Tyr! carbonyl oxygen in FC122 formed a hydrogen bond
network via a water molecule.

2.4. pB-Hairpin peptidomimetic CXCR4 antagonists

DeMarco et al. reported the identification of potent B-hairpin
CXCR4 antagonists® using a macrocyclic peptide template of
B-hairpin protein epitope mimetics (PEM).*® In the B-hairpin
PEM design, the template p-Pro-L-Pro dipeptide can stabilize a
type-II' B-turn substructure. In addition, a disulfide bridge
between two cysteine residues in each strand contributed to the
stabilization of the B-hairpin conformation of the macrocyclic
peptide. The loop sequence from the protein/peptide of interest
could be incorporated into the other residues.

Pro— Tyr— Arg—Cit—Cys — Arg—0H

D-Pro=Lys =—Cit == Tyr == Cys =—=Nal == Arg— Arg —H
POL1638

Pro— Tyr— Arg— Cit—Cys—Arg—Gly —D-Pro
D-Pro=Lys— Xaa=—Tyr—Cys=—Nal—Arg— Arg
POL2438: Xaa = Cit
POL3026: Xaa = GIn

Pro=—Tyr —His — Ala—Cys —Ser — Ala—D-Pro

8
D-Pro=Lys —GIn— Tyr—Cys— Tyr — Arg—Dab
Pro=—Tyr—His — Ala—Cys — Ser —Ala=—D-Pro
9
D-Pro—Lys —GIn—Tyr—Cys — Tyr — Arg— Ahb
Pro=— Tyr — His — Ala— Cys — Ser — Ala=D-Pro
10
(Abu)Gly =——Lys=—Gln=—Tyr =—Cys=—Tyr—Arg—Dab
Pro=—Tyr=—His=—Tyr == Cys=—Ser—Ala=—D-Pro
1

D-Pro—Lys—Lys— Tyr—Cys— Tyr— Arg—Dab
Octanoyl-y-Glu

Fig. 4 Structures of P-hairpin peptidomimetic CXCR4 antagonists.
Abbreviations: Nal: L-3-(2-naphthyl)alanine; Cit: L-citrulline; Dab: L-
2 4-diaminobutyric acid; Ahb: (5)-4-amino-2-hydroxybutyric acid;
(Abu)Gly: N-(4-amino-n-butyl)glycine; Lac: lactic acid.

In the first step to design B-hairpin PEM molecules for
CXCR4 antagonists from T140 derivatives, p-Cit-L-Pro dipeptide
in TC14011 was substituted with a p-Pro-L-Pro peptide template
to provide an equipotent peptide POL1638 (Fig. 4). Develop-
ment of the appropriate linker unit for macrocyclization was then
explored using a peptidomimetic library. A Gly-p-Pro dipeptide
linkage between the N- and C-termini of POL1638 gave the
bicyclic peptides, POL2438 and POL3026, with a ten-fold
increase in potency. The macrocyclic structure of both peptides
resulted in higher plasma and metabolic stabilities. In vivo
pharmacokinetic experiments on POL3026 demonstrated an
excellent bioavailability profile following subcutaneous adminis-
tration. POL2438 and POL3026 inhibited HIV replication for a
broad panel of X4 and dualtropic strains and POL3026 prevented
the emergence of X4 variants from an RS strain.’**>’ The
specificity for CXCR4 was verified by the inhibitory effect on
staining by monoclonal antibodies for the potential receptors. As
described above, the binding modes of CVXI15 with CXCR4
were determined recently by X-ray crystallography (Fig. 1).*
The peptide ligand CVX15 in the complex with CXCR4 is an
open-chain analogue of POL3026.

The alternative CXCR4 antagonists with a B-hairpin peptido-
mimetic scaffold were reported by the researchers at Polyphor
and the University of Zurich (Fig. 4).>® The 16-residue bicyclic
peptides 8 exhibited a highly potent inhibitory effect against
SDF-1-mediated Ca®" mobilization. Depsipeptides, including
lactic acid (Lac) and (S)-4-amino-2-hydroxybutyric acid (Ahb) 9
also showed potent CXCR4 antagonism with good plasma stab-
ility.>® Optimization of the p-Pro-L-Pro dipeptide template
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