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Figure 7. Structure of compounds 22-25.

de-silylation and acetylation of the resulting diols to give the B-syn-
15 (45%) and the B-anti-adduct 16 (22%) (entry 3, Table 1). This ste-
reochemical outcome is consistent with that of the cytosine nucle-
oside 8. Interestingly, as shown by entry 4 in Table 1, the
fluorination of the TBDPS-protected 14'” was found to proceed with
o-face selectively to provide the a-syn-adduct 17 as the major prod-
uct (36%) along with the o-anti-adduct 18 (5%), 15 (18%) and 16
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Figure 8. Theoretical calculation of potential energies of 23 and 24 during one full
pseudorotation cycle.

(2%). Although it is not clear why the fluorination of 14 proceeded
with a-face-selectively, it would be reasonable that the sterically-
encumbered adenine base plays an important role in this process.

The fluorinated cytosine 10-12 and adenine nucleosides15-18
were de-protected to furnish the target molecules 19-21 (Fig. 6)
and 22-25 (Fig. 7).

2.2. Theoretical calculations

In order to examine the influence of the introduced two fluorine
substituents on the puckering of the furanose moiety, molecular
orbital calculations were performed to determine the relative
energies of the pseudo rotation phase angles of the B-p-xylofurano-
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syl isomer 23 and the p-p-ribofuranosyl isomer 24 (Fig. 8). The
energies of the respective puckerings were calculated at the HF/
3-21G* level using the Gaussian 09 program 20. As a reference
molecule, the result of cordycepin is included. As can be seen in
Figure 8, cordycepin adopted the Cy-exo-Cs-endo (P = 0°) pucker-
ing as a preferential conformation,'® which is consistent with the
X-ray crystallographic analysis.'® Compound 23 was found to
adopt Cy-exo-Cy-endo (P = 150°) puckering as depicted in Figure 9.
On the other hand, 24 had Cy-ex0-Cs-endo (P = 0°) puckering as for
cordycepin. Two major known stereoelectronic effects for the spe-
cific arrangement of substituents on a furanose-ring are the gauche
effect (GE) and antiperiplanar effect (AP).2° The preferred gauche
conformation observed for systems X-C-C-Y, where X and Y are
strongly electronegative groups, is able to explain the GE whereas
the AP purports that the most electronegative substituent prefers
to be anti to the least electronegative one. As can be seen in Fig-
ure 9, in both cases of 23 and 24, the relative arrangement of the
fluoro-substituents in F-C3’'-C4’-F is gauche and that of 4’-fluoro-
and C2’ in C-C3'-C4'-F is nearly anti-conformation. These calcu-
lated results would imply that the preferential sugar puckering
in 23 and 24 is governed by synergic influences of GE and AP.

2.3. Biological evaluation

It has been reported that cordycepin exhibits antitumor activ-
ity.® Therefore, the novel 3’-deoxy-3',4'-difluoroadenosine deriva-
tives (22-25) were evaluated on the proliferation of murine
leukemia cells and human cervix carcinoma. None of these novel
molecules showed inhibitory activities against these tumor cell
lines. Evaluation against antiviral activities was also carried out
and no inhibitory activities against human cytomegalovirus,
herpes simplex virus, vesicular stomatitis virus and varicella-
zoster-virus. In the above biological evaluation, 22-25 did not
show any cytotoxicities against host cells at 100 uM. On the other
hand, anti-HCV assay?!*? of 19-25 revealed that 3’-deoxy-3/,
4'-difluoroadenosine 24 (3',4’-difluorocordycepin) exhibited inhib-
itory activity (ECso of 4.7 uM) (Table 2) whereas the parent mole-
cule cordycepin did not show significant anti-HCV activity. The

Table 2
Anti-HCV activity of 19-25
Compound ECso? (LM) CCso® (UM) SI¢
19 >100 23 <0.23
20 >100 36 <0.36
21 >50 >50 <1.0
22 >100 >100 >1
23 >200 >200 >1
24 4.7 90 19
25 >200 >200 >1
Ribavirin 5.6 100 18
Sofosbuvir 0.14 >5.0 >36
Cordycepin 70 13 0.19
2 RL assay.?"

b WST-1 cell proliferation assay.??
€ CCso/ECso.

activity and toxicity profile (ICso of 90 pM, SI of 19) is comparable
to that of anti-HCV drug ribavirin (ECsq of 5.6 pM, ICsg of 100 puM,
SI of 18). However, FDA-approved NS5B inhibitor sofosbuvir
showed better profile (ECsp of 0.14 uM, ICso of >5.0 uM, SI of
>36 pM). As mentioned above, 3’,4’-difluorocordycepin 24 did not
show significant cytotoxicities to the host cell lines. Therefore,
the observed activity would be attributed to the inhibition of
NS5B polymerase. It has been reported that 3'-deoxy-3’-fluoroade-
nosine (3’-fluorocordycepin) exhibits inhibitory activity against
HCV (ECso 1.2 uM) but is highly toxic to host cell.?® It is possible
to mention, therefore, that introduction of the fluorine substituent
into the 4’-position of 3'-fluorocordycepin gave rise to decrease its
cytotoxicity with retention of inhibitory activity against HCV.

3. Conclusions

We have developed a synthetic method for the novel 3’-deoxy-
3’ 4'-difluorocytosine and adenine nucleosides. XeF,-mediated
difluorination of 2’,5'-bis-O-silyl-protected 3’,4’-unsaturated cyti-
dines (8 and 9) proceeded with B-face selectively to give B-syn-
(10) and B-anti-adduct (11) as the major isomers. On the other
hand, 2’,3'-bis-O-TBDPS-protected 3’,4’-unsaturated adenosine
(14) provided the a-syn-adduct (17) as the major product. Removal
of the protecting groups of cytidine derivatives 10-12 and adeno-
sine derivatives 15-18 provided the target nucleosides 19-25 in
good isolated yields. Theoretical calculation of potential energies
of the 3',4’-difluoro derivatives 23 and 24 of cordycepin revealed
that the preferential sugar-puckering modes are controlled by syn-
ergistic influences of GE and AP.

Evaluation of antiviral activities of the novel 3’-deoxy-3/,
4'-difluorocytidine and adenosine derivatives revealed that 3/,4'-
difluorocordycepin 24 showed anti-HCV activity comparable
potency to that of the anti-HCV drug rivabirin. The fact that 24
and inactive cordycepin have similar preferential sugar puckering
(Cy-exo-Cz-endo) suggested that intermolecular interaction of the
3’ and 4'-fluoro-substituents with target enzyme may play an
important role for anti-HCV activity. Our finding concerning
biological evaluation revealed that the introduction of the fluoro-
substituent into the 4’-position of cordycepin derivatives
decreased the cytotoxicity to the host cell with retention of the
antiviral activity. Further studies concerning its action of mecha-
nism of the anti-HCV activity as well as the SAR are underway.

4. Methods
4.1. General methods

Melting points are uncorrected. 'H and 3C NMR spectra were
recorded either at 400 MHz or at 500 MHz. Chemical shifts are
reported relative to Me,Si. Mass spectra (MS) were taken in FAB
mode with m-nitrobenzyl alcohol as a matrix. Column chromatog-
raphy was carried out on silica gel. Thin-layer chromatography
(TLC) was performed on silica gel. When necessary, analytical sam-
ples were purified by high performance liquid chromatography
(HPLC). THF was distilled from benzophenone ketyl.

4.2. 1-[2,5-Bis-O-(tert-butyldimethylsilyl)-B-p-glycero-pent-3-
enofuranosyl]cytosine (8)

To a solution of 7 (270.5 mg, 0.77 mmol) in MeOH (15 mL) was
added NaOMe (304.1 mg, 5.63 mmol) under Ar atmosphere at 0 °C
and the mixture was stirred overnight. The reaction mixture was
neutralized with AcOH and chromatographed on a silica gel (25%
MeOH in CH,Cl,) to give the respective triol. To a solution of the
triol in DMF (3.5 mL) was added imidazole (209.7 mg, 3.08 mmol)
and tert-butylchlorodimethylsilane (348.1 mg, 2.31 mmol) under
Ar atmosphere at 0 °C and the mixture was stirred overnight at
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rt. The reaction mixture was partitioned between AcOEt and H,0
and silica gel column chromatography (3% MeOH in CH,Cl,) of
the organic layer gave 8 (226.3 mg, 65%) as foam: '"H NMR (CDCl3)
§ 0.09, 0.11, 0.12 and 0.14 (12H, each as s, Si-Me), 0.89 and 0.92
(18H, each as s, Si-tert-Bu), 4.27 (2H, s, CHy-5'), 4.75-4.77 (1H,
m, H-3), 512 (1H, t, Jy2 =Jo3=1.1Hz, H-2), 564 (1H, d,
Js6=74Hz, H-5), 6.32 (1H, t, Jy.2 =1.1Hz, H-1), 7.28 (1H, d,
Jse=7.4Hz, H-6); 3C NMR (CDCls) § -5.4, -5.4, -4.8, -4.5, 18.1,
18.3, 25.8, 58.5, 80.5, 93.8, 94.6, 101.0, 140.2, 155.3, 165.8; FAB-
MS (m/z) 454 (M*+H). Anal. Calcd for C1H39N304Si5: C, 55.59; H,
8.66; N, 9.26. Found: C, 55.62; H, 8.45; N, 9.15.

4.3. 1-[2,5-Bis-0-(tert-butyldiphenylsilyl)-g-p-glycero-pent-3-
enofuranosyl]cytosine (9)

To a solution of 7 (617.4 mg, 1.76 mmol) in MeOH (15 mL) was
added NaOMe (304.1 mg, 5.63 mmol) under Ar atmosphere at 0 °C
and the mixture was stirred overnight. The reaction mixture was
neutralized with AcOH and chromatographed on a silica gel (25%
MeOH in CH,Cl,) to give the respective triol. To a solution of the
triol in DMF (7 mL) was added imidazole (479.3 mg, 7.04 mmol)
and tert-butylchlorodiphenylsilane (1.4 mL, 5.28 mmol) under Ar
atmosphere at 0 °C and the mixture was stirred overnight at rt.
The reaction mixture was partitioned between AcOEt and H,O
and silica gel column chromatography (3% MeOH in CH,Cl,) of
the organic layer gave 9 (875.0 mg, 71%) as solid: mp 98-101 °C;
'H NMR (CDCl3) 6 1.02 and 1.06 (18H, each as Si-tert-Bu), 4.17
(2H, s, CHy-5'), 4.78-4.81 (2H, m, H-2' and H-3'), 6.66 (1H, d,
Ji2=1.7 Hz, H-1"), 7.00 (1H, d, Js¢ = 7.4 Hz, H-5), 7.35-7.38 and
7.62-7.72 (21H, each as m, Ph and H-6); '*C NMR (CDCl5) § 19.1,
19.2, 26.7, 26.8, 59.1, 81.2, 93.5, 94.8, 100.5, 127.8, 127.8, 127.8,
129.7, 129.8, 129.9, 132.8, 132.9, 133.9, 135.5, 135.5, 135.7,
135.9, 140.2; FAB-MS (m/z) 702 (M*+H). Anal. Calcd for C4;H47N5
04Si,: C, 70.15; H, 6.75; N, 5.99. Found: C, 70.01; H, 6.63; N, 5.87.

4.4. Difluorination of 8

4.4.1. Formation of N*-Acetyl-1-[2,5-di-0-acetyl-3-deoxy-3,4-
difluoro-a-L-arabinofuranosyl]cytosine (10) and N*-Acetyl-1-
[2,5-di-0-acetyl-3-deoxy-3,4-difluoro-p-p-
xylofuranosyl]cytosine (11)

To a solution of 8 (106.4 mg, 0.23 mmol) in Et;0 (2.5 mL) was
added XeF, (56.8 mg, 0.35mmol) and a solution of BF;-OEt,
(87 pL, 0.69 mmol) in benzene (3.5 mL) and the mixture was stir-
red at 0°C under Ar atmosphere for 7 h. The reaction mixture
was partitioned between CHCl3 and saturated aqueous NaHCOs.
Silica gel column chromatography (4-6% MeOH in CH,Cl,) of the
organic layer gave a mixture of the two stereoisomers of the
respective difluorides IX (Pg=TBDMS). To a solution of the IX
(73.5 mg, 0.15 mmol) in THF (3.5 mL) was added BusNF (1.0 M
THF solution) (0.53 mL 0.53 mmol) and the mixture was stirred
at 0°C under Ar atmosphere for 3.0 h. To the reaction mixture
was added Ac,0 (57 pL, 0.60 mmol) at 0 °C and the reaction mix-
ture was stirred for 7 h at rt under Ar atmosphere. The reaction
mixture was partitioned between CHCl;/saturated NaHCO; and sil-
ica gel column chromatography (hexane/ethyl acetate = 1/1) of the
organic layer gave a mixture of 10 and 11. The mixture was chro-
matographed by preparative TLC (hexane/ethyl acetate =1/4) to
give 10 (14.9 mg, 25%, foam) and 11 (16.4 mg, 27%, foam).

4.4.1.1. Physical data for 10. 'H NMR (CDCl3) 6 2.14, 2.16 and
2.26 (9H, each as s, Ac), 4.33 (1H, dd, Jarsa=6.0 and Jsa5,=12.4
Hz, H-5'a), 4.44 (1H, dd, J4rsb = 10.0 and Js, 55 = 12.4 Hz, H-5'b),
524 (1H, ddd, Jy 3 =8.0, Jy4r=17.0 and J3 3¢=51.5Hz, H-3'),
5.61-5.69 (1H, m, H-2'), 6.54 (1H, t, Jy> =Ji 4¢ = 6.4 Hz, H-1"),
8.57 (1H, d, Js¢ = 7.6 Hz, H-5), 7.89 (1H, d, Js5 = 7.6 Hz, H-6), 9.60
(1H, br, NH); NOE (500 MHz, CDCls): irradiated H-1’/observed H-

3(2.1%), irradiated H-5'bjobserved H-3' (1.1%); '*C NMR (CDCls)
6 14.2, 20.4, 20.5, 25.0, 60.4, 68.1, 60.7, 76.2, 76.3, 85.55, 85.64,
88.6, 88.8, 90.3, 90.5, 98.4, 111.9, 112.0, 113.7, 113.9, 143.2,
154.9, 163.3, 169.7, 169.7, 170.8; FAB-MS (m/z) 390 (M*+H). Anal.
Calcd for CysHy7F,N30, 1/10AcOEt: C, 46.46; H, 4.51; N, 10.55.
Found: C, 46.70; H, 4.45; N, 10.79.

4.4.1.2. Physical data for 11. "H NMR (CDCls) 2.16, 2.19 and
2.26 (9H, each as s, Ac), 4.43 (1H, ddd, J3gsa=2.0, Jarsa=12.6.
and _]5“.5'[) =12.4 Hz, H-Sla), 4.67 (]H. dt, J3‘F,5’b= 2.8 and .]4'F,5’a=
Jsasb = 12.2 Hz, H-5'b), 5.14 (1H, dd, J> 3 = 3.2 and J3 3¢ = 48.0 Hz,
H-3'), 5.27-5.31 (1H, m, H-2"), 6.55 (1H, d, Jy.» =2.0 Hz, H-1'),
7.51 (1H, d, Jss = 7.6 Hz, H-5), 7.66 (1H, d, Js¢ = 7.6 Hz, H-6), 9.02
(1H, br, NH); NOE (500 MHz, CDCls): irradiated H-5'ajobserved
H-6 (2.1%), irradiated H-1'/observed H-3' (0.7%); *C NMR (CDCl5)
6 14.2, 20.47, 20.53, 25.0, 29.7, 60.5, 60.7, 78.09, 78.14, 91.2,
92.7, 93.1, 94.2, 94.6, 98.1, 115.7, 115.9, 117.5, 117.7, 143.2,
154.4, 163.4, 169.3, 169.7, 171.1; FAB-MS (m/z) 390 (M*+H). Anal
Calcd for C15H]7N307 ]/4ACOEt C,46.72; H, 4.66; N, 10.21. Found:
C, 47.08; H, 4.52; N, 10.46.

4.5. Difluorination of 9

4.5.1. Formation of 10, 11 and N*-acetyl-1-[2,5-di-O-acetyl-3-
deoxy-3,4-difluoro-g-n-ribofuranosyl]cytosine (12)

To a solution of 9 (151.2 mg, 0.22 mmol) in Et;0 (3.5 mL) was
added XeF, (53.6 mg, 0.33 mmol) and a solution of BF;-OEt,
(84 pL, 0.66 mmol) in benzene (4.5 mL) and the mixture was stirred
at 0 °C under Ar atmosphere for 7 h. The reaction mixture was par-
titioned between CHCl; and saturated aqueous NaHCOs. Silica gel
column chromatography (2% MeOH in CH,Cl,) of the organic layer
gave a mixture of the three stereoisomers of the respective difluo-
rides IX (Pg = TBDPS). To a solution of the IX (138.5 mg, 0.19 mmol)
in THF (5 mL) was added BuyNF (1.0 M THF solution) (0.67 mL
0.67 mmol) and the mixture was stirred at 0 °C under Ar atmo-
sphere for 3.0 h. To the reaction mixture was added Ac,0 (72 puL,
0.76 mmol) at 0 °C and the reaction mixture was stirred for 7 h at
rt under Ar atmosphere. The reaction mixture was partitioned
between CHCls/saturated NaHCO3 and silica gel column chroma-
tography (2% MeOH in CH,Cl;) of the organic layer gave a mixture
of 10, 11 and 12. The mixture was chromatographed by preparative
TLC (hexane/ethyl acetate = 1/4) to give 10 (44.5 mg, 52%, foam), 11
(29.1 mg, 34%, foam) and 12 (4.3 mg, 5%, foam).

4.5.1.1. Physical data for 12. TH NMR (CDCl3) 6 2.13, 2.20 and
2.24 (9H, each as s, Ac), 4.37 (1H, dd, Jarsa=8.4 and Jsas5p,=12.3
Hz, H-5'a), 4.57 (1H, dd, J4rsp = 10.9 and Js, 5, = 12.3 Hz, H-5'b),
556 (1H, d, Jy»=14Hz, H-1'), 5.69 (1H, dd, J;»=1.4 and
Joy =6.8Hz, H-2'), 5.82 (1H, ddd, Jy3 =74, Jy4r=17.7 and
Ja.3r=49.4 Hz, H-3'), 7.44 (1H, d, Jsg=7.4 Hz, H-5), 7.51 (1H, d,
Js=7.4Hz, H-6), 8.52 (1H, br, NH); NOE (500 MHz, CDCls): NOE
(500 MHz, CDCl3): irradiated H-5'ajobserved H-3' (0.5%), irradiated
H-6/observed H-3' (0.7%), irradiated H-6/observed H-5'b (1.0%),
irradiated H-2'Jobserved H-3' (5.1%); '>C NMR (CDCl3) § 14.1,
20.6, 23.0, 23.7, 29.7, 61.1, 61.4, 69.2, 70.5, 70.6, 97.0, 97.6, 128.5,
128.6, 128.8, 130.9, 131.0, 132.07, 132.14, 132.5, 148.1, 154.0,
167.8, 167.0, 170.3; FAB-MS (im/z): 390 (M*+H). HRMS (ESI) (m/
z): calcd for Cy5H,gN305F;: 390.11073, found: 390.11057 (M*+H).

4.6. Difluorination of 13

4.6.1. 9-[2,5-Di-0-acetyl-3-deoxy-3,4-difluoro-o-L-arabinofuran-
osyl]-NC-pivaloyladenine (15), 9-[2,5-di-O-acetyl-3-deoxy-3,
4-difluoro-p-p-xylofuranosyl]-N°-pivaloyladenine (16)

To a solution of 13 (63.1 mg, 0.18 mmol) in Et,0 (2.5 mL) was
added XeF, (32.5mg, 0.20 mmol) and a solution of BFs-OEt,
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(49.0 pL, 0.39 mmol) in benzene (2.5 mL) and the mixture was
stirred at 0 °C under Ar atmosphere for 7 h. The reaction mixture
was partitioned between CHCl; and saturated aqueous NaHCOs.
Silica gel column chromatography (hexane/AcOEt=1/1) of the
organic layer gave a mixture of the two stereoisomers of the
respective difluorinated products XII (Pg=TBDMS). To a solution
of the XII (66.1 mg, 0.13 mmol) in CH,Cl, (3.5 mL) was added
i-Pr,NEt (35 mL, 0.2 mmol) and Me3CCOCl (20 pL, 0.16 mmol)
under Ar atmosphere at 0°C and the mixture was stirred for 5 h
at rt. The reaction mixture was partitioned between CHCl; and
saturated aqueous NaHCOs. Silica gel column chromatography
(hexane/AcOEt = 4/1) of the organic layer gave a mixture of the
respective N°-pivaloylated products. To a solution of the N®-piva-
loyladenine nucleosides (77.0 mg, 0.13 mmol) in THF (3.5 mL) was
added BugNF (1.0 M THF solution) (0.33 mL 0.33 mmol) and the
mixture was stirred at 0°C under Ar atmosphere for 2 h. To
the mixture was added Ac,0 (49.0 pL, 0.52 mmol) and the reaction
mixture was stirred for 12 h at 0°C under Ar atmosphere. The
reaction mixture was partitioned between CHClz/saturated
NaHCOs; and silica gel column chromatography (2% MeOH in
CH,Cl,) of the organic layer gave a mixture of 15 and 16. The com-
pounds 15 and 16 were separated by preparative TLC (hexane/
ethyl acetate = 1/4) to give 15 (44.2 mg, 45%, foam), 16 (16.6 mg,
22%, foam).

4.6.1.1. Physical data for 15. 'H NMR (CDCl5) 6 1.40 (9H, s,
CO-tert-Bu). 2.13 and 2.16 (6H, each as s, Ac), 435 (1H, dd,
_’4/]:'5'3 =6.6 and _]S’a,S'b =12.2 Hz, H—S’a), 4.53 (]H, dd, ]4rp'5fb =98
and ]5fa'5fb= 12.2 HZ, H-S'b), 5.32 (IH, ddd, _]2r13r = 72, ]3r'4r]:= 17.2
and J33¢=51.2 Hz, H-3'), 6.11 (1H, ddd, J;> =5.6, Jo.3=7.2 and
Jo3r=16.0 Hz, H-2'), 6.46 (1H, t, J1 2 =J14r=5.4Hz, H-1'), 8.34
(1H, s, H-8), 8.61 (1H, br, NH) and 8.74 (1H, s, H-2); NOE
(500 MHz, CDCls): irradiated H-1’/observed H-3' (2.6%), irradiated
H-3'/observed H-5'a (1.2%) and irradiated H-5'b/observed H-3’
(1.2%); 3C NMR (CDCl3) ¢ 20.3, 20.5, 27.4, 40.6, 60.5, 60.8, 83.6,
83.7, 89.6, 89.8, 91.3, 91.4, 112.0, 112.2, 113.9, 114.0, 122.3,
139.96, 140.01, 149.8, 151.7, 153.2, 169.4, 169.7, 175.6; FAB-MS
(m/z) 456 (M™+H). Anal. Calcd for Cy9Hs3FoNsOg: C, 50.11; H,
5.09; N, 15.38. Found: C, 49.92; H, 5.06; N, 15.18.

4.6.1.2. Physical data for 16. 'H NMR (CDCl5) 6 1.41 (9H, s,
CO-tert-Bu). 2.16 and 2.21 (6H, each as s, Ac), 4.44 (1H, ddd,
JsEsa=24, Jarsa=21.6 and Js.s1 = 12.4 Hz, H-5a), 4.61 (1H, dt,
]3’F,5’b =_]4rp15rb= 12.2 and ]5’&,5'b= 12.2 Hz, H—Slb), 5.29 (1H, dd,
Jor3=3.6 and J3 3¢ = 48.4 Hz, H-3'), 5.64-5.69 (1H, m, H-2'), 6.66
(1H, d, Jy =2.4Hz, H-1"), 8.11 (1H, s, H-8), 8.52 (1H, br, NH)
8.77 (1H, s, H-2); NOE (500 MHz, CDCls): irradiated H-3'/observed
H-1’ (0.8%) and irradiated H-5'a/observed H-8 (0.7%); *C NMR
(CDCl3) 6 204, 20.5, 27.4, 40.5, 60.6, 60.8, 78.0, 78.3, 88.3, 93.1,
93.4, 94.6, 94.9, 115.5, 115.76, 115.77, 117.4, 117.6, 122.6,
140.07, 140.11, 142.2, 149.9, 151.6, 153.0, 153.2, 153.3, 1694,
169.6, 175.7; FAB-MS (m/z) 456 (M*+H); Anal Calcd for C;9H,3F;Ns.
O 1/10ACOEt: C, 50.19; H, 5.13; N, 15.08. Found: C, 50.30; H, 5.12;
N, 14.86.

4.7. Difluorination of 14

4.7.1. Formation of 15, 16, 9-[2,5-Di-0-acetyl-3-deoxy-3,4-
difluoro-g-p-ribofuranosyl]-N°-pivaloyladenine (17) and
9-[2,5-Di-0-acetyl-3-deoxy-3,4-difluoro-a-L-lyxofuranosyl]-N°-
pivaloyladenine (18)

To a solution of 14 (318.2 mg, 0.44 mmol) in Et;0 (5.0 mL) was
added XeF, (107.1 mg, 0.66 mmol) and BFs;-OEt, (0.17 mL,
1.32 mmol) in benzene (6.0 mL) and the mixture was stirred at
0 °C under Ar atmosphere for 4 h. The reaction mixture was parti-
tioned between CHCl; and saturated aqueous NaHCOs. Silica gel

column chromatography (hexane/AcOEt = 1/1) of the organic layer
gave a mixture of the three stereoisomers of the respective difluo-
rinated adenine nucleosides XII (Pg = TBDPS). To a solution of the
XII (298.5 mg, 0.39 mmol) in CH,Cl, (7.0 mL) was added i-Pr,NEt
(0.1 mL, 0.59 mmol) and pivaloyl chloride (58.0 pL, 0.47 mmol)
and the mixture was stirred at 0 °C under Ar atmosphere for 6 h.
The reaction mixture was partitioned between CHCl; and saturated
NaHCOs; and silica gel column chromatography (hexane/ethyl ace-
tate =2/1) of the organic layer gave N®-pivaloylated products
(303.6 mg, 92%). To a solution of N°-pivaloylated products
(303.6 mg, 0.36 mmol) in THF (6.0 mL) was added BuyNF (1.0 M
THF solution) (0.9 mL 0.9 mmol) and the mixture was stirred at
0°C under Ar atmosphere for 1.5 h. To the mixture was added
Acy0 (0.14 mL, 1.44 mmol) and the reaction mixture was stirred
for 7 h at 0 °C under Ar atmosphere. The reaction mixture was par-
titioned between CHClz/saturated NaHCO3 and silica gel column
chromatography (hexane/ethyl acetate = 1/2) of the organic layer
gave a mixture of 15-18. Preparative TLC (hexane/ethyl ace-
tate=1/4) of the mixture gave 15 (29.5mg, 18%, foam), 16
(3.3 mg, 2%, foam), 17 (59.0 mg, 36%, foam) and 18 (8.2 mg, 5%,
foam).

4.7.1.1. Physical data for 17. TH NMR (CDCl5) 6 1.40 (9H, s,
CO-tert-Bu). 2.01 and 2.21 (6H, each as s, Ac), 4.37 (1H, dd,
J4’F,5’a =7.0 and ]513'5fb =12.2 Hz, H—S'a), 4.52 (1H, dd, ]4/;:_5/[) =10.4
and Jsasp = 12.2 Hz, H-5'b), 5.95-5.97 (1H, m, H-2), 6.13 (1H,
ddd, J» 3 =6.8, J34r=16.6 and J3 3¢ = 48.6 Hz, H-3'), 6.29 (1H, d,
Ji2=2.4Hz, H-1'), 8.06 (1H, br, NH), 8.55 and 8.74 (2H, each as
s, H-2 and H-8); NOE (500 MHz, CDCls): irradiated H-2'/observed
H-3’ (5.3%), irradiated H-3'/observed H-5'a (0.8%), irradiated H-3'/
observed H-5'b (1.1%), irradiated H-8/observed H-3' (0.5%), irradi-
ated H-8/observed H-5'b (1.2%); >C NMR (CDCl5) & 20.5, 27.4,
40.6, 60.9, 61.2, 70.6, 70.7, 89.1, 123.6, 142.2, 150.1, 150.9, 153.0,
169.7, 769.8, 175.7; FAB-MS (m/z) 456 (M*+H); Anal. Calcd for Cyq.
Ha3F2NsOg 1/4CeH14 1/2ACOEL: C, 51.87; H, 5.90: N, 13.44. Found:
C, 52.27; H, 5.50; N, 13.40.

4.7.1.2. Physical data for 18. TH NMR (CDCl5) 6 1.41 (9H, s,
CO-tert-Bu). 2.14 and 2.15 (6H, each as s, Ac), 4.39 (1H, ddd,
]3’F,5’a=2-8| ]4/]:‘5'3:12.8 and _]5'3,5rb=12.6 Hz, H—S/a), 4.57 (1H,
ddd, ]3/1:'5']3 =3.2, _]4’F,S’b =12.6 and ]5’3,5’b =12.6 Hz, H—S’b), 5.36-
5.50 (1H, m, H-3’), 5.97 (1H, ddd, J»3=4.0, J>4r=3.2 and
_]2’,3’F=23-2 Hz, H—Z’), 6.72 (1H, dd, ]1/'2/=5.6 and _]]rv4rp=6.8 Hz,
H-1’), 8.20 (1H, s, H-8), 8.46 (1H, br, NH) and 8.77 (1H, s, H-2);
NOE (500 MHz, CDCl3): irradiated H-2'/observed H-3' (7.2%); 13C
NMR (CDCl3) 6 20.3, 20.6, 28.5, 40.6, 60.5, 60.7, 73.9, 74.0, 85.9,
88.0, 88.4, 89.6, 89.9, 115.9, 116.0, 117,7, 117,9, 123.0, 128.9,
131.0, 128.9, 131.0, 132.3, 140,4, 149.9, 152.1, 153.3, 169.6,
169.7, 175.8; FAB-MS (m/z) 456 (M™+H); HRMS (ESI) (m/z): calcd
for C1oH,3Ns06F,Na: 478.1586, found: 478.15063 (M*+Na).

4.8. 9-(3-Deoxy-3,4-difluoro-a-r-arabinofuranosyl)cytosine (19)

To a solution of 10 (119.3 mg, 0.31 mmol) in MeOH (5.0 mL) was
added NaOMe (50.2 mg, 0.93 mmol) under Ar atmosphere at 0 °C
and the mixture was stirred at rt for 12 h. The reaction mixture
was neutralized with AcOH and chromatographed on silica gel
(16% MeOH in CH,Cl,) to give 19 (76.7 mg, 94%) as a solid: mp,
103-106 °C; 'H NMR (CDs0D) § 3.72-3.73 (2H, m, CH,-5'), 4.64
(1H, dt, J12 =J»3 =74 and J» 3¢ =16.6 Hz, H-2"), 5.11 (1H, ddd,
Jo3 =74, J34r=17.5 and J33r=52.0Hz, H-3’), 6.02 (1H, d,
Js6=8.0Hz, H-5), 6.27 (1H, t, Jy» =J14r=7.4Hz, H-1’), 7.66
(1H, d, Js 6 = 8.0 Hz, H-6); *C NMR (CDCls) 6 60.8, 61.2, 76.6, 88.6,
88.7, 91.7, 91.9, 93.3, 93.5, 97.6, 141.76, 141.80, 158.4, 167.5;
FAB-MS (m/z) 264 (M*+H). Anal Calcd for CgH;1FaN304
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1/5MeOH-1/7Et,0: C, 41.88; H, 4.65; N, 14.99. Found: C, 41.69; H,
4.55; N, 14.58.

4.9. 9-(3-Deoxy-3,4-difluoro-p-p-xylofuranosyl)cytosine (20)

To a solution of 11 (69.9 mg, 0.18 mmol) in MeOH (3.5 mL) was
added NaOMe (29.2 mg, 0.54 mmol) and the mixture was stirred at
rt for 12 h. The reaction mixture was neutralized with AcOH and
chromatographed on silica gel (16% MeOH in CH,Cl,) to give 20
(42.7 mg, 90%) as a solid: mp, 92-94 °C; '"H NMR (CD;0D) § 3.87
(]H, ddd, _]4’F,5’a =209, _]51‘,‘3/;: =6.9Hz and _]5'("5'1) =10.5 Hz, H-S’a),
3.90 (]H, dt, .I4'F.5’b =]3’F,5'b =2.9 and _]5/;,'51) =10.5 Hz, H—Slb), 4.42
(1H, dt, Jy2 =J»3 =3.4 and Jo 3¢ =21.2 Hz, H-2’), 5.08 (1H, ddd,
_]2,’3, = 23, ]3/‘4';: - 69, ]31_3/[: =49.8 HZ. H-3'). 5.97 (1H, d,
Jse=7.4Hz, H-5), 633 (1H, d, J;» =3.4Hz, H-1"), 7.58 (1H, d,
Jse=7.4Hz, H-6); '>)C NMR (CD3;0D) & 61.6, 61.4, 79.0, 79.2,
93.28, 93.31, 97.2, 97.5, 97.9, 99.0, 99.3, 118.5, 118.8, 1204,
120.6, 142.1, 158.0, 167.6; FAB-MS (m/z) 264 (M*+H); Anal Calcd
for CgH11F2N304:0.9MeOH: C, 40.71; H, 4.72; N, 14.38. Found: C,
40.90; H, 4.65; N, 13.98.

4.10. 9-(3-Deoxy-3,4-difluoro-p-p-ribofuranosyl)cytosine (21)

To a solution of 12 (6.3 mg, 0.016 mmol) in MeOH (1.5 mL) was
added NaOMe (2.6 mg, 0.048 mmol) at 0 °C under Ar atmosphere
and the mixture was stirred at rt for 12 h. The reaction mixture
was neutralized with AcOH and chromatographed on silica gel
(16% MeOH in CH,Cl,) to give 21 (4.0 mg, 95%) as a solid: mp,
149-151°C (dec); '"H NMR (CD30D) & 4.19 (1H, dd, Jyrs.=3.4
and Jsasbp=10.3 Hz, H-5a), 4.23 (1H, dd, Jsrsp=5.7 and
]S’a,S’b =10.3 Hz, H-S/b), 4.48 (1H, ddd, J]’,Z’ =34, ]2"3' =6.0 and
Jo3p=7.2Hz, H-2"), 523 (1H, ddd, J>3=5.7, J34r=12.6 and
Ja3r=51.0Hz, H-3), 5.89 (1H, d, Js5 = 7.4 Hz, H-5), 6.05 (1H, d,
Jv2=34Hz, H-1'), 7.73 (1H, d, Jss = 7.4 Hz, H-6); 'C NMR (CD3
0D) 6 62.3, 62.7, 72.6, 72.7, 95.2, 96.7, 129.9, 132.4, 143.9, 168.6;
FAB-MS (m/z) 264 (M*+H); Anal Calcd for CgH;1F;N304-0.7MeOH:
C, 40.79; H, 4.87; N, 14.71. Found: C, 40.95; H, 4.62; N, 14.52.

4.11. 9-(3-Deoxy-3,4-difluoro-a-L-arabinofuranosyl)adenine
(22)

To a solution of 15 (107.5 mg, 0.29 mmol) in MeOH (6.0 mL)
was added K,CO5 (120.2 mg, 0.87 mmol) and the mixture was stir-
red at 0 °C under Ar atmosphere for 12 h. The reaction mixture was
neutralized with AcOH and chromatographed on silica gel (8%
MeOH in CH,Cl,) to give 22 (66.1 mg, 79%) as a solid: mp, 221-
223 °C (dec); "H NMR (CD30D) 6 3.71 (1H, dd, Js4rsa=5.7 and
Jsasp =12.8 Hz, H-5a), 3.75 (1H, dd, Jyrsb =4.6 and Jsas,=12.8
Hz, H—S’b), 5.19 (]H, ddd,jzfj/ = 7.7,_]3r_4l]: =431, andj3:‘3/p =51.2 Hz,
H-3'), 5.24 (1H, d, Jy» =6.3 and J» 3 =7.7 Hz, H-2'), 6.16 (1H, t,
Jv2=J14r=6.3Hz, H-1"), 8.22 and 8.31 (2H, each as s H-2 and
H-8); '*C NMR (CD;0D) § 60.8, 62.1, 76.6, 86.8, 86.9, 92.0, 92.2,
93.6, 93.8, 115.2, 115.3, 117.0, 117.2, 120.0, 140.3, 140.4, 151.2,
154.4, 157.5; FAB-MS (m/z) 288 (M"+H). Anal Calcd for C;qH;1F,N5
03-H,0: C, 39.35; H, 4.29; N, 22.94. Found: C, 38.91; H, 4.64; N,
23.02.

4.12. 9-(3-Deoxy-3,4-difluoro-p-p-xylofuranosyl)adenine (23)

To a solution of 16 (17.1 mg, 0.046 mmol) in MeOH (6.0 mL)
was added K,CO3 (120.2 mg, 0.87 mmol) and the mixture was stir-
red at 0 °C under Ar atmosphere for 12 h. The reaction mixture was
neutralized with AcOH and chromatographed on silica gel (8%
MeOH in CH,Cl,) to give 23 (10.8 mg, 82%) as a solid: mp, 194-
196 °C; 'H NMR (CD30D) § 3.87 (1H, ddd, J3r.5.= 8.6 and Jyrs. =

_]51;,_54) =12.9 Hz, H-S’a), 3.90 (]H, dt, ,]3’F,5’b =]4'p_5'b =27.0 and
Jsasp=129Hz, H-5b), 498 (1H, dt, Jy»=J»3=58 and
Jo3p=145Hz, H-2'), 521 (1H, ddd, J»3=3.5, J34r=9.38,
J33r=51.0Hz, H-3'), 6.34 (1H, d, J; 2 =4.6 Hz, H-1’), 8.22 and
8.23 (2H, each as s H-2 and H-8); '>C NMR (CD50D) § 61.5, 61.8,
63.0, 63.3, 72.1, 73.2, 78.4, 78.6,, 88.7, 88.9, 90.3, 91.3, 91.2, 98.1,
98.5, 99.6, 100.0, 120.4, 120.9, 140.8, 141.7, 150.3, 150.6, 154.0,
154,3, 157.6; FAB-MS (m/z) 288 (M*+H). Anal Calcd for C;oH;1F2N5
03-1/3H,0: C, 40.96; H, 4.01; N, 23.88. Found: C, 40.72; H, 3.86; N,
23.78.

4.13. 9-(3-Deoxy-3,4-difluoro-g-p-ribofuranosyl)adenine (24)

To a solution of 17 (55.7 mg, 0.15 mmol) in MeOH (6.0 mL) was
added K,CO3 (62.2 mg, 0.45 mmol) and the mixture was stirred at
0 °C under Ar atmosphere for 12 h. The reaction mixture was neu-
tralized with AcOH and chromatographed on silica gel (8% MeOH
in CH,Cl,) to give 24 (36.7 mg, 85%) as a solid: mp, 187-189
(dec) °C; "H NMR (CDs0D) 6 3.79-3.80 (2H, m, CH,-5'), 4.99 (1H,
dt, _ly_zf =_]2"3' =5.8 and .’2'.3’F= 14.5 HZ), 5.43 (1H, ddd, _]2,_31 =5.8,
J3ar=35.8, J33¢=52.0 Hz, H-3'), 6.32 (1H, d, J1-2 = 5.8 Hz, H-1"),
8.19 and 8.28 (2H, each as s H-2 and H-8); '3C NMR (CD50D) &
63.1, 63.4, 73.1, 73.3, 88.8, 88.9, 90.3, 90.5, 91.2, 97.3, 115.6, 115.8,
117.5, 117.7, 120.9, 141.7, 150.3, 154.0, 157.6; FAB-MS (m/z) 288
(M*+H). Anal Calcd for CyoH11F;N503-H,0: C, 39.35; H, 4.29; N,
22.94. Found: C, 38.98; H, 4.13; N, 23.10.

4.14. 9-(3-Deoxy-3,4-difluoro-a-L-xylofuranosyl)adenine (25)

To a solution of 18 (8.2 mg, 0.022 mmol) in MeOH (2.0 mL) was
added K,COs3 (9.1 mg, 0.066 mmol) and the mixture was stirred at
0 °C under Ar atmosphere for 12 h. The reaction mixture was neu-
tralized with AcOH and chromatographed on silica gel (8% MeOH
in CH,Cl,) to give 25 (5.4 mg, 84%) as a solid: mp, 205-207 °C
(dec); 'H NMR (CDsOD) § 3.71 (1H, dd, Jsrsa=5.7 and
]S’a,S’b =12.8 Hz, H-S/a), 3.75 (]H, dd,]4'F'5'b =4.6 and _]5!3'5", =12.8-
Hz, H-5'b), 5.19 (1H, ddd, Jo 5 = 7.7, J3.47 = 43.1,and J3 3¢ = 51.2 Hz,
H-3'), 5.24 (1H, d, J1.» = 6.3 and J» 3 = 7.7 Hz, H-2"), 6.16 (1H, t,
Ji2 =J1ar=6.3Hz, H-1), 8.22 and 8.31 (2H, each as s H-2 and
H-8); *C NMR (CD50D) § 61.0, 61.2, 74.0, 74.2, 91.2, 91.6, 92.7,
93.1, 118.9, 120.2, 120.5, 140.5, 151.4, 154.4, 157.5; FAB- MS (m/
z) 288 (M™+H). Anal Calcd for CyoH;1F2Ns03-1/2H,0: C, 40.55; H,
4.08; N, 23.64. Found: C, 40.79; H, 3.81; N, 24.01.

4.15. RL assay for anti-HCV activity?*'

The OR6 cells were plated onto 24-well plates (2 x 10 cells per
well) in triplicate and then treated with each reagent at several
concentrations for 72 h. After treatment, the cells were subjected
to luciferase assay using the RL assay system (Promega, Madison,
WI). In several cases, the 50% effective concentration (ECsq) was
determined. The value of selective index (SI) was determined by
dividing the CCsq value by the ECsq value.

4.16. WST-1 cell proliferation assay for cytotoxicity**

Using ORL8 cells, we first performed WST-1 cell proliferation
assay at three or four different concentrations to determine the
concentration of compounds for the assay of anti-HCV activity.
The cells were plated onto 96-well plates (1 x 102 cells per well)
in triplicate and then treated with each reagent at three or four
concentrations for 72 h. After treatment, the cells were subjected
to the WST-1 cell proliferation assay (Takara Bio, Otsu, Japan)
according to the manufacturer’s protocol. From the assay results,
we chose the concentration showing the relative activity of
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approximately 80% as a maximum concentration for the assay of
anti-HCV activity. In several cases, the 50% cytotoxic concentration
(CCsp) was determined.
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ARTICLE INFO ABSTRACT

Persistent hepatitis C virus (HCV) infection causes chronic liver diseases and is a global health problem.
Although the sustained virologic response rate in the treatment of genotype 1 using new triple therapy
(pegylated-interferon, ribavirin, and telaprevir/boceprevir) has been improved by more than 70%, several
severe side effects such as skin rash/ageusia and advanced anemia have become a problem. Under these
circumstances, a new type of anti-HCV oral drug with few side effects is needed. Our recently developed
HCV drug assay systems, including the HuH-7 cell line-derived OR6 and AH1R, and the Li23 cell line-
derived ORL8 and ORL11, allow genome-length HCV RNAs (several strains of genotype 1b) encoding
renilla luciferase to replicate efficiently. Using these systems as anti-HCV candidates, we have identified
numerous existing medicines that can be used against HCV with few side effects, such as statins and tepr-
enon. To obtain additional anti-HCV candidates, we evaluated a number of oral health supplements, and
found that the capsule but not the liquid form of Cordyceps militaris (CM) (Ascomycotinanorth, North Chi-
nese caterpillar fungus), which is used as a Chinese herbal medicine, exhibited moderate anti-HCV activity.
In combination with interferon-o or ribavirin, CM exhibited an additive inhibitory effect. Among the main
components of CM, cordycepin, but not ergosterol, contributed to the anti-HCV activity of CM. In consid-
eration of all these results, we suggest that CM would be useful as an oral anti-HCV agent in combination
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1. Introduction

Hepatitis C virus (HCV) infection frequently causes chronic hep-
atitis, which often leads to liver cirrhosis and hepatocellular carci-
noma. Since approximately 170 million people are infected with
HCV worldwide, HCV infection is a serious global health problem
[1]. HCV is an enveloped virus with a positive single-stranded
RNA of the Flaviviridae family. The HCV genome encodes a large
polyprotein precursor of approximately 3000 amino acids, which
is cleaved into 10 proteins in the following order: Core, envelope
1 (E1), E2, p7, non-structural 2 (NS2), NS3, NS4A, NS4B, NS5A,
and NS5B [2,3].

Recently, a new therapy for hepatitis C (genotype 1) with a
combination of pegylated-interferon (PEG-IFN), ribavirin (RBV),
and telaprevir/boceprevir (inhibitor of HCV NS3-4A protease) has
been started as a global standard therapy [4]. Although the sus-
tained virological response (SVR) in this therapy has improved
approximately 70-80% [5], this therapy has several problems, such
as severe side effects (skin rash, ageusia, advanced anemia, etc.),
emergence of resistant viruses, and high treatment cost [5,6].

* Corresponding author. Fax: +81 86 235 7392.
E-mail address: nkato@md.okayama-u.ac.jp (N. Kato).
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Although cells derived from the human hepatoma cell line
HuH-7 have been used as the preferred culture system for the
study of HCV life cycles and for the development of anti-HCV
drugs [7], we previously found a new human hepatoma cell line,
Li23, that enables reproducibility of the HCV life cycle [8]. Using
the Li23 cell line, we developed Li23-derived drug assay systems
(ORL8 and ORL11) in which a genome-length HCV RNA (the O
strain of genotype 1b derived from an HCV-positive healthy car-
rier) encoding renilla luciferase (RL) replicates efficiently [8],
based on a method previously reported in the development of a
HuH-7-derived drug assay system (OR6) [9]. Since we demon-
strated that the gene expression profile of Li23 cells was distinct
from that in HuH-7 cells [10], and that the anti-HCV targets in
Li23-derived cells (ORL8 and ORL11) were distinct from those in
HuH-7-derived cells (OR6 and AH1R, which was developed using
the AH1 strain of genotype 1b) [11-14], we considered that we
might find a new type of anti-HCV agent by conducting a search
using these two kinds of cell-based HCV RNA-replication assay
systems. Indeed, we recently found that the preclinical antimalar-
ial drugs N-89 and N-251 [15,16] exhibited potent anti-HCV
activities [17].

Here, we report the further discovery that an oral health
supplement used as a Chinese herbal medicine, Cordyceps militaris
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(CM) (Ascomycotinanorth, North Chinese caterpillar fungus), exhib-
ited moderate anti-HCV activity.

2. Materials and methods
2.1. Cell cultures

HuH-7-derived OR6 [9] and AH1R [12] cells harboring gen-
ome-length HCV RNA encoding RL and HuH-7-derived polyclonal
sOR [18] cells harboring subgenomic HCV replicon RNA encoding
RL were cultured in the medium used for HuH-7 cells in the
presence of G418 (0.3 mg/ml; Geneticin, Invitrogen, Carlsbad,
CA) as described previously [17]. Li23-derived ORL8 [8] cells har-
boring genome-length HCV RNA encoding RL and Li23-derived
polyclonal sORL8 [8] cells harboring subgenomic HCV replicon
RNA encoding RL were also cultured in the medium used for
Li23 cells in the presence of G418 (0.3 mg/ml) as described
previously [8].

2.2. Reagents

The capsule and liquid forms of CM were purchased from CAI-
TAC (Okayama, Japan). RBV was kindly provided by Yamasa (Chiba,
Japan). Human IFN-o and vitamin E (VE) were purchased from
Sigma-Aldrich (St. Louis, MO). Cordycepin was purchased from
Wako (Osaka, Japan). Ergosterol and cyclosporine A (CsA) were
purchased from Tokyo Chemical Industry (Tokyo, Japan).

2.3. RL assay

The RL assay was performed as described previously [8,14].
Briefly, the cells were plated onto 24-well plates (2 x 10* cells
per well) in triplicate and then treated with each reagent at several
concentrations for 72 h. After treatment, the cells were subjected
to luciferase assay using an RL assay system (Promega, Madison,
WI). From the assay results, the 50% effective concentration
(ECsg) of each reagent was determined.

2.4. WST-1 cell proliferation assay

The WST-1 cell proliferation assay was performed as described
previously [14]. Briefly, the cells were plated onto 96-well plates
(1 x 103 cells per well) in triplicate and then treated with each
reagent at several concentrations for 72 h. After treatment, the
cells were subjected to the WST-1 cell proliferation assay (Takara
Bio, Otsu, Japan) according to the manufacturer’s protocol. From
the assay results, the 50% cytotoxic concentration (CCsg) of each
reagent was determined.

2.5. Western blot analysis

The preparation of cell lysates, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, and immunoblotting analysis were
performed as described previously [19]. The antibodies used in this
study were those against HCV Core (CP11; Institute of Immunol-
ogy, Tokyo, Japan), NS5B (a generous gift from Dr. M. Kohara, Tokyo
Metropolitan Institute of Medical Science, Japan), and B-actin (AC-
15; Sigma-Aldrich) as the control for the amount of protein loaded
per lane.

2.6. Selective index (SI)

The SI value of each reagent was determined by dividing the
CCsq value by the ECsq value.

2.7. Statistical analysis

Determination of the significance of differences among groups
was assessed using the Student’s t-test. Values of P<0.05 were
considered significant.

3. Results

3.1. The capsule form of CM, used as an oral health supplement,
showed anti-HCV activity in both HuH-7- and Li23-derived HCV RNA-
replicating cells

During the course of evaluating various oral health supplements
for their anti-HCV activities using our previously developed HuH-
7- and Li23-derived HCV assay systems, there was an opportunity
to evaluate CM known as one of the Chinese herbal medicine. We
first evaluated the anti-HCV activities of the capsule and liquid
forms of CM using HuH-7-derived OR6 and AH1R assay systems
and an Li23-derived ORLS8 assay system, all of which enable mon-
itoring of the replication of genome-length HCV RNA. The results
revealed that the capsule form but not the liquid form of CM pos-
sessed moderate anti-HCV activities in all assay systems (Fig. 1A
and B). The ECsq and SI values of the capsule form of CM were cal-
culated in each assay system (ECsp 62 pg/ml, SI 1.9 in the OR6
assay; ECsg 54 pg/ml, SI >5.6 in the ORLS8 assay; ECso 31 pg/ml, SI
5.2 in the AH1R assay) (Table 1). The anti-HCV activities of the cap-
sule form of CM found in the OR6, ORL8, and AH1R assays were
confirmed by Western blot analysis of the HCV Core and NS5B
(Fig. 1C). We next examined the activities of the capsule form of
CM using HuH-7-derived polyclonal sOR and Li23-derived poly-
clonal sORLS8 assay systems that enable monitoring of the replica-
tion of HCV subgenomic replicon RNA. These assays also showed
that the capsule form of CM possessed anti-HCV activity with
ECsp values less than those in the OR6 and ORL8 assays (Supple-
mentary Fig. ST and Table 1). Taken together, these results indicate
that the anti-HCV activity of CM is not dependent on the specific
cloned cell line, HCV strain, or HCV structural proteins.

3.2. Additive effect of the anti-HCV activities of CM in combination
with IFN-o or RBV

To determine the intake effect of CM in the current HCV treat-
ment, we examined the anti-HCV activity of the capsule form of
CM in combination with IFN-o0 or RBV using an Li23-derived
ORLS assay system. The results revealed that the anti-HCV effects
of CM plus IFN-o or RBV were additive (Fig. 2A and B). Although
we observed that the anti-HCV activities of CM in combination
with 4 IU/ml of IFN-o or 25 uM of RBV were greater than the
expected sum of the constituent activities, these differences were
not statistically significant (Fig. 2A and B). Therefore, these results
suggest that the anti-HCV effects of CM do not interfere with those
of IFN-ot and RBV, and in fact may even augment them.

3.3. Cordycepin, but not ergsterol, is responsible for the anti-HCV
activity of CM

We next examined which component of CM is responsible for
the anti-HCV activity. The Japanese Food Research Laboratories
(Tokyo, Japan) have reported that the main components of CM
are as follows: B-glucan 8.40¢g, cordycepin 4.95g, mannitol
4.52 g, ergosterol 0.75 g, superoxide dismutase 860,000 U, copper
2.13 mg, zinc 17.1 mg, and selenium 80 pg per 100g of CM
(http://www.caitac.co.jp/matsubaratouchukasou/syouhin.html).
From this information, we speculated that cordycepin or ergosterol
might have anti-HCV activity (Fig. 3A). Thus, we evaluated
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Fig. 1. Anti-HCV activities of the capsule form of CM detected in the OR6, ORL8, and AH1R assays. (A) Effects of the capsule form of CM on genome-length HCV RNA
replication. OR6, ORL8, and AH1R cells were treated with the capsule form of CM for 72 h, followed by RL assay (red circles) and WST-1 assay (black triangles). The relative
value (%) calculated at each point, when the level in non-treated cells was assigned as 100%, is presented here. Data are expressed as the means + standard deviation of
triplicate assays. (B) The liquid form of CM did not inhibit the genome-length HCV RNA replication. The RL and WST-1 assay were performed as described in (A). (C) Western
blot analysis of the cells treated with the capsule form of CM. HCV Core and NS5B were detected using anti-core and anti-NS5B antibodies. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Anti-HCV activities of 4 reagents evaluated in this study.

Assay system Genome-length HCV RNA

HCV subgenomic replicon

OR6 ORL8 AH1R sOR SORL8
Cell origin HuH-7 Li23 HuH-7 HuH-7 Li23
HCV strain (6] (0] AH1 0 (0]
Compound (concentration) ECso CCso SI ECso CCsg SI ECso CCso SI ECso CCsp SI ECso CCso SI
Capsule form of CM (pg/ml) 62 120 1.9 54 >300 >5.6 31 160 5.2 12 45 3.8 30 120 4.0
Liquid form of CM (%) 1.1 0.44 0.40 0.54 0.70 1.3 0.45 0.59 13 ND ND
Cordycepin (pg/ml) 2.6 3.5 1.3 3.8 3.6 0.95 0.58 1.9 33 1.7 3.0 1.8 21 19 0.90
Ergosterol (pg/ml) >4.0 >4.0 <1.0 >4.0 >4.0 <1.0 >4.0 >4.0 <1.0 >4.0 >4.0 <1.0 >4.0 >4.0 <1.0

ND, not determined.

cordycepin and ergosterol using HuH-7-derived OR6 and AH1R
assay systems. The results of both assays revealed that cordycepin,
but not ergosterol, possessed anti-HCV activity (Fig. 3B and C). The
ECso and SI values of cordycepin were calculated in each assay
(ECsp 2.6 pg/ml, SI 1.3 in the OR6 assay; ECso 0.58 pg/ml, SI 3.3
in the AH1R assay) (Table 1). If all of the anti-HCV activity of CM
was attributable to cordycepin (4.95% of content), the ECso values,
62 and 31 pg/ml of CM, obtained by OR6 assay and AHIR assay
would correspond to 3.0 and 1.6 pg/ml of cordycepin, respectively.
Therefore, these results suggest that cordycepin is an integral
component for the anti-HCV activity of CM. However, we were
not able to confirm the anti-HCV activity of cordycepin in the
Li23-derived ORL8 or sORL8 assay, although we did detect
anti-HCV activity of cordycepin in the HuH-7-derived sOR
assay (Supplementary Fig. S2 and Table 1). Ergosterol did not
exhibit any anti-HCV activities in these assays (Supplementary
Fig. S3 and Table 1). Taken together, these results suggest that
cordycepin is a responsible compound for the anti-HCV activity
of CM, although the anti-HCV activity of cordycepin may depend
on the cell strain used in the assay, unlike the anti-HCV activity
of CM.

4. Discussion

In the present study, using cell-based HCV RNA-replication
assay systems, we found that CM, an oral health supplement, pos-
sessed moderate anti-HCV activity, and showed an additive inhib-
itory effect in combination with IFN-oo or RBV. Furthermore, we
identified cordycepin as a responsible component for the anti-
HCV activity of CM.

It is interesting that the liquid form did not show any anti-HCV
activity, while the capsule form did. Because cordycepin is proba-
bly present in both CM formulations, cordycepin may be unstable
in the liquid preparation, or compounds that inhibit the anti-HCV
activity of cordycepin may also be present in the liquid formula-
tion. Therefore, the anti-HCV activity of CM may depend on the for-
mulation method.

The molecular mechanism underlying the anti-HCV activity of
CM is also interesting. Since cordycepin was found to be a respon-
sible component for the anti-HCV activity of CM and cordycepin is
known to be an analog of nucleoside, we can estimate that cord-
ycepin inhibits the RNA-dependent RNA polymerase (NS5B) of
HCV. Previously, we reported that anti-HCV agents could be
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Fig. 3. Cordycepin is a responsible compound for anti-HCV activity of CM. (A) Structures of cordycepin and ergosterol. (B) Effect of cordycepin on genome-length HCV RNA
replication. The RL and WST-1 assays using OR6 and AH1R cells were performed as described in Fig. 1A. (C) Ergosterol did not inhibit the genome-length HCV RNA replication.
The RL and WST-1 assays using OR6 and AH1R cells were performed as described in Fig. 1A.

classified into two types: those whose anti-HCV activity is canceled
by the antioxidant VE, and those whose activity is not canceled by
VE [20]. To date, we have reported that CsA, N-251 (preclinical
antimalarial drug), B-carotene, vitamin D2, and linoleic acid belong
to the former group, and IFN-o, IFN-B, RBV, and statins belong to
the latter [11,17,20]. We currently speculate that the oxidative
stress induced by the former anti-HCV agents causes the

anti-HCV activity via activation of the extracellular signal-regu-
lated kinase signaling pathway [21]. Therefore, using the ORLS
assay system, we evaluated which group CM belonged to, and
determined that the anti-HCV activity of CM was not canceled by
VE, whereas the anti-HCV activity of CsA was completely cancelled
by VE (Supplementary Fig. S4). These results suggest that the
induction of oxidative stress is not associated with the anti-HCV
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activity of CM, and support our initial estimation that cordycepin is
a responsible component for the anti-HCV activity of CM and
directly inhibits the NS5B polymerase.

In this study, we identified cordycepin as a responsible compo-
nent of CM for the anti-HCV activity, because the ECso value of
cordycepin was comparable to the concentration calculated from
the content of the capsule form of CM. However, the cell toxicity
of cordycepin was stronger than that of the capsule form of CM.
For example, in AHIR cells, the CCso value of cordycepin was
1.9 ng/ml, whereas the value of the capsule type of CM was
160 pg/ml (equivalent to 7.9 pg/ml of cordycepin) (Table 1). Cord-
ycepin is a promising preclinical drug that exhibits anti-tumor
activities both in vitro and in vivo [22]. Since the cell lines that
we established and applied to the HCV assay (OR6, ORL8, AHIR,
etc.) were derived from HuH-7 or Li23 hepatoma cells, the
obtained low CCso values of cordycepin would be reasonable.
Therefore, the high CCso values obtained for the capsule form of
CM are notable, and would seem to suggest that CM in the capsule
form contains certain components that reduce the cytotoxicity of
cordycepin. For this reason, we anticipate that the capsule form
of CM will be useful as an oral supplement for the treatment of
HCV with a minimal side effect profile.

In conclusion, we found that capsule form of CM, which is used
as an oral health supplement, exhibited a moderate inhibitory
effect on HCV RNA replication. This agent would therefore be use-
ful as an additional component in an existing therapeutic regimen
using HCV-specific inhibitors.
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