Hepatology Research 2013; 43: 865-875 RANTES and PEG IFN/RBV response in HCV 873

(@)

8.5 Kb
1.5 Kb 6.0 Kb
R e
I I Exon 1 I Exon 2 I I Exon3 p—
a b c d e
RANTES a b c d e Haplotype
haplotype - 107538 rs2280788 rs2280789 rs4796120 rs3817655 roduency
R1 G c T A A 0.599
R2 A c c G T 0.197
R3 A G c A T 0.189
b
®) w000, _P=098 p =027 p = 0.06
= ] ] ]
£
2 7000 i i
j =
S 6000
]
£
3 5000+
: T
8
& 4000+
wl
g
Z 3000
o
5 2000 - l
[
o
-] T T L L7
0
R1(+) R1(-) R2(+) R2(-) R3(+) R3(-)
n=>58 n=7 n=23 n=42 n=19 n=46

Figure 2 RANTES haplotypes and serum RANTES level. (a) RANTES haplotypes in the patients studied. The human RANTES gene
spans 8.5 kb on chromosome 17q11-q12 and has the characteristic three exon and two intron organization of the CC chemokine
family.”? Exons are shown as open boxes while introns are shown as solid lines. Five single nucleotide polymorphisms (SNP)
(rs2107538/1s2280788/1s2280789/rs4796120/1rs3817655) were selected on the basis of data from the HapMap project (http://
snp.cshl.org) to obtain complete coverage of the RANTES gene in the Japanese population. The locations of SNP variants are
indicated by arrows. After the analysis of five RANTES SNP in 65 hepatitis C virus patients, haplotypes were determined using
SNPAlyze software ver. 8.0 (Dynacom, Chiba, Japan) and divided into three groups on the basis of linkage disequilibrium. These
were designated R1, R2 and R3 on the basis of haplotype frequency. (b) Serum RANTES level and RANTES haplotype. The
correlation between serum the RANTES level and RANTES haplotype was investigated. Box and whisker plots shows distributions
of serum RANTES levels for the haplotypes R1(+), R1(-), R2(+), R2(-), R3(+) and R3(-). The boxes represent the 25th to 75th
percentile and horizontal lines within the boxes show the median values. The ends of the whiskers show the minimum and
maximum values of all the data. P-values were obtained using Mann-Whitney's U-test. R1(+), the patients with the R1 haplotype;
R1(-), the patients with a non-R1 haplotype; R2(+), the patients with the R2 haplotype; R2(-), the patients with a non-R2
haplotype; R3(+), the patients with the R3 haplotype; R3(-), the patients with a non-R3 haplotype.
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further clarify the correlation. On the other hand,
we could not show an association of pretreatment
cytokines/chemokine concentrations with the treatment
response to PEG IFN/RBV therapy for the other 35
cytokine and chemokine species investigated in this
study. Recently, the serum level of IP-10 was reported to
be strongly associated with the response to PEG IFN/
RBV therapy and baseline IP-10 levels were elevated
in patients infected with HCV genotype 1 or 4 who
did not achieve an SVR after completion of interferon
therapy.”®® In our study, however, IP-10 was not
extracted as a molecule associated with treatment
responses. Actually, due to the measurement limit of the
ELISA kit used, several cytokines and chemokines,
including IP-10, were undetectable in this study, as
shown in Table 2, raising the possibility that some
cytokines and chemokines associated with SVR were not
extracted. Therefore, our study cannot exclude the pos-
sibility of other cytokine/chemokines making a contri-
bution to treatment efficacy.

In conclusion, we found that a high pretreatment
serum RANTES level was related to the efficacy of PEG
IEN/RBV therapy in genotype 1b HCV, independent
of other treatment-restricting factors, and prediction of
treatment outcome could be improved with the mea-
surement of the pretreatment serum RANTES level.
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The key glycosyl donor for the target molecule 12 was prepared by two-step sequences; (1) acetalization
of tert-butyldimethylsilyloxyacetaldehyde with 3-bromopropanediol, (2) DBN-initiated B-elimination of
the resulting 2-(tert-butyldimethylsilyloxy)methyl-4-bromomethyl-1,3-dioxolane 11. Electrophilic gly-
cosidation between 12 and silylated pyrimidine nucleobase proceeded efficiently to provide a mixture of
B- and a-anomers of the respective glycosides 14 and 15. Tin radical-mediated reduction of the bro-
momethyl functional group of 14 and 15 gave protected 4'-C-methyl-dioxorane uracil- 16 and thymine
nucleoside 17. The respective cytosine nucleoside 18 was synthesized from 16. De-silylation of 4'-methyl-
1/,3/-dioxolane pyrimidine nucleosides 16—18 gave the target molecules. Evaluation of the anti-HIV-1
activity of the B- and a-anomers of the novel 4'-C-methyl-1/,3'-dioxolane nucleosides 22f,0—248,o re-
vealed that none of the nucleoside derivatives possess anti-viral activity against HIV-1 and show cyto-

toxicity against MT-4 cells at 100 pM.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nucleoside analogues are recognized as an important class of
biologically active compounds, especially as anti-viral and antitu-
mor agents." Among their sugar-modified analogues, 1’,3’-diox-
olane nucleoside, in which the 3’-methylene moiety in the furanose
ring of 2’,3/-dideoxynucleosides is replaced with an oxygen atom,
have attracted much attention since the discovery of the moderate
anti-HIV-1 activity of a racemic mixture of (—)-B-p- (1) and (4)-p-L-
1’,3'-di3xolane thymine nucleoside (ent-2) in ATH8 cells in 1989
(Fig. 1).

Asymmetric synthetic studies of 1/,3’-dioxolanyl thymine nu-
cleoside revealed that the (—)-B-p-isomer 1 is more potent than the
(+)-B-1-isomer ent-2.% Interestingly, the study pointed out that the
racemic mixture of the thymine-dioxolane nucleosides was more
potent than either the (- )-p-B-isomer or (+)-L-p-isomer because of
the additive effects of both of the enantiomers. Also, another
structure—activity relationship study demonstrated that the (—)-a-

* Corresponding author. Tel.: +81 48 721 1155; fax: +81 48 721 6208; e-mail
address: harakazu@nichiyaku.ac.jp (K. Haraguchi).

0040-4020/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tet.2013.10.075

cytosine derivative 3 showed anti-viral activity although the po-
tency of its activity is less than that of (+)-B-isomer 4° (Fig. 2).

In 2001, the synthesis of 2’-C-methyl-1/3’-dioxolanyl cytosine
nucleosides 4 and 5, as the first branched dioxolanyl nucleosides,
was reported (Fig. 3).” In this study, anti-viral assays of 48,o and
58,o were carried out and none of these derivatives were found to
show anti-HIV activity. Other examples of branched dioxolane
nucleosides are the 5'-C-methyl-1,3’-dioxolanylpurine nucleosides
6—8, these have been synthesized and as in the case of 2’-branched
derivatives, these nucleosides did not display significant anti-HIV
activities® (Fig. 4).

1' 5'
(-)-B-D-1',3'-dioxolane-thymine
nucleoside (1)

(+)-B-L-1',3"-dioxolane-thymine
nucleoside (2)

Fig. 1. Structures of compound 1 and ent-2.
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Fig. 2. Structures of (—)-a-p-3a and (+)-B-p-1/,3'-dioxolanyl cytosine nucleosides 3p.
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Fig. 3. Structures of 2'-C-methyl-1’,3'-dioxolanyl cytosine nucleosides 4p,a and 50,0
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Scheme 1. Synthetic plan for the target molecules VII.

mediated reductive removal of the E group in V and deprotection
of the resulting VI would furnish the target 4’-C-methyl-1/3'-
dioxolane pyrimidine nucleosides VIL

HO
}O X
o
O Y
Me

8B: X = guanin-8-yl; Y = H
8a: X = H; Y = guanin-8-yl

Fig. 4. Structures of 5'-C-methyl-1’,3'-dioxolanyl nucleosides 6--8.

In this context, as an extension of structure—activity relation-
ships for methyl-branched dioxolanyl nucleosides, we have been
interested in the synthesis and evaluation of the anti-HIV activities
of the B- and a~anomers of novel 4'-C-methyl branched nucleo-
sides, such as uracil I, thymine II, and cytosine nucleoside I (Fig. 5)
because nucleoside analogues branched at the anomeric position
with a methyl group possess interesting biological activities.!® In
this paper, we will describe the detailed results of this study.

o] (o] NH2

Me B
NH NH N
| | @%
HO N/&O HO N/go HO N"0
\(o }cba W(OJQCH
O}CHS o} ChHs (0] 8
| ] n

Fig. 5. Structures of the target 4'-C-methyl-1",3'-dioxolany! pyrimidine nucleosides
I-HL

2. Results
2.1. Chemistry

Our synthetic plan for the target molecules is outlined in
Scheme 1. Thus, 4-exomethylene 1,3-dioxolane IV was selected as
the key glycosyl donor for the target nucleosides I-III. Electrophilic
glycosidation between IV and silylated pyrimidine base would
provide the respective glycosides V. Subsequently, tin radical-

Initially, the preparation of exomethylene 1,3-dioxolane IV was
examined. Thus, tert-butyldimethylsilyloxy(TBSO)acetaldehyde 9
was reacted with 3-bromopropanediol 10 in the presence of p-
toluenesulfonic acid in benzene under reflux conditions to give the
cyclic acetal, 2-TBSO-methyl-4-bromomethyl-1,3-dioxolane 11 in
71% yield (Scheme 2). For the preparation of the key glycosyl donor
12, 11 was subjected to a base-mediated elimination reaction
(Scheme 3). When 11 was reacted with potassium tert-butoxide in
CH3CN under reflux conditions, the desired 12 could not be ob-
tained and lead to the formation of a mixture of unidentified
products. In contrast, the desired elimination reaction proceeded

TBSO HO, i TBSO~, o 7B
N, e —— %
H® "0 HO (o}
9 10 11

Scheme 2. Synthesis of 4-bromomethyl-2-TBSO-methyl-1,3-dioxolane 11. Reactions
and conditions: (i) p-TsOH-H,0, benzene, reflux; 11 (71%).

, TBSOW(O TBSO-, (D(N\—)
M — of + gg

12 13

Scheme 3. Elimination of 11: formation of exomethylene 1,3-dioxolane 12 and sub-
stitution product 13. Reactions and conditions: (i) DBN, CH3CN, reflux; 12 (30%), 13
(67%).
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using DBN as the base to provide 12 in 30% yield although the
substituted product 13 was also formed in 67% yield. The enol ether
12 was found to decompose during silica gel column chromatog-
raphy. Due to this instability to acidic media, the purification of 12
was performed using neutral alumina. At the present time, the
isolated yield of 12 could not be improved.

With the glycosyl donor 12 in hand, electrophilic glycosidation
with silylated uracil was examined (Scheme 4). When 12 was
reacted with bis-O-trimethylsilyl(TMS)uracil (3.0 equiv) in the
presence of N-iodosuccinimide (NIS) (1.1 equiv) in CHCl; for 0.5 h,
a mixture of the stereoisomers of the target glycosides 14 was
formed. After HPLC separation, f-anomer 148 and a-anomer 14a
could be obtained in 39% and 46% isolated yields, respectively. The
stereochemistry of the respective isomers was assigned on the
basis of NOE experimental results as follows; 143: H-6/CH,OTBS
(3.9%), 140.: H-6/H-2'0t (3.4%).

Y. Kubota et al. / Tetrahedron 69 (2013) 10884—10892

Table 1
Glycosidation between 12 and silylated uracil by changing the solvent®

Entry Solvent Combined yield (%) Ratio of 148/14a”
1 CH,Cl, 85 1:12
2 CHyCN 84 1:1.7
3 CICH,CH,Cl 82 1:1.1
4 CCly 81 1:1.5
5 THF 80 1:1.1
6 Benzene 67 1:1.3
7 Toluene 81 1:13

2 All reactions were carried out by using NIS (1.1 equiv) and silylated uracil
(3.0 equiv) at rt in the solvent indicated.
b The ratio was determined by integrating the respective H-6.

respectively (Scheme 5). Likewise, the a-isomers 14a and 15« could
be transformed into 16a and 17a in 97% and 98% yields, respectively
(Fig. 7).

i TBSO o TBSO o TBSO i
12— . \/ J/\ — \\/ N — \/ j A
oy e— | —
g OJA
vl
D / \ TBSO /
EILN \/o CH,l
TBSO o
\\(0 Yo N ] \f
v 'CHyl NH
o]
148 14a

Scheme 4. Electrophilic glycosidation between 12 and silylated uracil to lead to 1',3’-dioxolane uracil nucleosides 14p and 14o. Reactions and conditions: (i) bis-O-TMS-uracil

(3.0 equiv), N-iodosuccinimide (1.1 equiv), CH,Cl,; 14 (39%) and 14« (46%).

In this glycosidation reaction, the reaction intermediates are the
a~iodonium ion VIII, B-iodonium ion X, and oxonium ion IX and the
subsequent nucleophilic addition of silylated uracil to the iodonium
ions VIII and X give the B-anomer 148 and a-anomer 14a re-
spectively, whereas the oxonium ion IX provides both of the
anomers. Therefore, the isolated yields of 148 and 14a would be
dependent upon the ratio of VIII-X. In the course of our ongoing
research on the synthetic chemistry of unsaturated sugar nucleo-
sides,!! we have recently reported the iodo-benzoyloxylation of 3/,4'-
unsaturated adenosine derivative utilizing NIS and benzoic acid."? In
this study, the ratio of the anti- and syn-adducts was different when
we compared the reactions of CH;Cl, and THF. These results in-
dicated that the ratio of iodonium and oxonium ions was influenced
by solvent effects. This fact led us to carry out the glycosidation
shown in Scheme 4 in various solvents. However, as shown in Table 1,
significant solvent effects were not observed in the solvents (CH3CN,
CICH,CH,(l, CCly, THF, benzene, and toluene) examined.

In the same manner utilized for the preparation of uracil nu-
cleosides, the thymine glycosides 158 and 15a could be obtained in
34% and 44% yields, respectively, using bis-O-TMS-thymine (Fig. 6).
The stereochemistry of the products was also determined by NOE
data; 15p: H-6/CHOTBS (3.9%), 15a: H-6/H-2"a. (3.5%).

Next, the B-anomers 14 and 158 were subjected to tin radical-
mediated reduction to give 4’-C-methyl-1/3'-dioxolanyl nucleo-
sides 16B (isolated yield; 97%) and 178 (isolated yield; 98%),

O TBSO

0_,CHyl
e Ay \/ "y
| /g O0—N. .o

TBSO N0
: @
HsC
o}

“1CHyl
158

158

Fig. 6. Structure of 1,3-dioxolane thymine nucleosides 158 and 15a.

14p or 158 “1CHg

16B: R=H
17p: R=CHj
Scheme 5. Radical reduction of the p-anomers of glycosidated products 14 and 158:

formation of 168 and 17. Reactions and conditions: (i) BuzSnH, AIBN, benzene; 168
(97%), 17p (98%).
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TBSO
Y
o

o~ N_o N_o
Y | fH
NH HoG
[o] (0]
160 170

Fig. 7. Structures of a-anomers of 4'-methyl-1'3'-dioxolane nucleosides 16« and 17a.

For synthesizing cytosine nucleosides, 16p and 162 were reacted
with 2,4,6-triisopropylbenzenesulfonyl chloride and the resulting
4-0-sulfonate was subsequently treated with ammonium hydrox-
ide to give 18 and 18« in 62% and 68% isolated yields, respectively,
for two steps (Scheme 8).

16 or 16a

i, i TBSO
Yo -
"CH
o) 3

10887

calculations were performed to determine the relative energies of
northern- and southern-type conformers of 1 and 23 (Table 1).
The north conformer and south conformer were defined as 42° or
~42° in dihedral angle C4'—C5'—01'—C2'. Rotational energies of the
glycosidated bonds 03'—C4’—N1/—C6 were calculated in the north
or south conformers, respectively, at the HF/3-21G+ level using the
Gaussian 09 program 20. The unsubstituted dioxolane thymine
nucleoside 1 adopted the northern-anti puckering as a preferential
conformation, which is consisted with the X-ray crystallographic
analysis.? As can be seen in Fig. 9, introduction of a methyl sub-
stituent at the 4’-positon has been found to have no influence on
the conformation of the dioxolane ring, which has the same pref-
erential puckering. However, in the case of methyl-substituted 238,
the energy level of the north-syn conformer of 238 was found to be
larger than that of the unsubstituted 1.

TBSO
NH2 \/o CH,
| o~ h_o
o X
NH,
18p 18a

Scheme 6. Synthesis of 1’,3'-dioxolane cytosine nucleoside 18f and 18a. Reactions and conditions: (i) 2,4,6-triisopropylbenzenesulfonyl chloride, EtzN, CH3CN, 60 °C, 4 h; (ii)

NH4OH/THE, 0 °C to rt, 13 h; 188 (78%), 18a (68%).

Finally, 16p—183 were converted into the title compounds 4'-C-
methyl-1',3'-dioxolanyl nucleosides 22—24f through desilylative-
acetylation and subsequent deacetylation sequences (Scheme 7). In
the same manner, the a-isomers 22a—24a could also be obtained
(Fig. 8).

i i AcO

16p-18 —

2.3. Anti-HIV evaluation

The novel nucleoside derivatives 223—24p and 220—240 syn-
thesized in this study were evaluated against HIV-1 in MT-4
cells.®* None of the described compounds showed activity

\\/o B i HOy B
Oj "CHa Oj"CHa

19f: B = uracil-1-yl
20p: B = thymin-1-yl
21p: B = N*-Ac-cytosin-1-yl

228: B = uracil-1-yl
23p: B = thymin-1-yl
24: B = cytosin-1-yl

Scheme 7. Synthesis of B-anomers of 4'-methyl-1/,3’-dioxolane pyrimidine nucleosides 223—248 through its acetates 195—21p. Reactions and conditions: (i) BugNF, THF, t, 1 h; (ii)
Acz0, rt, 16 h; 198 (52%), 20p (80%), 21p (90%) (two steps); (iii) EtsN, MeOH, rt, 6 h; 228 (95%), 23D (96%), 248 (94%).

HO
Aot
N N__O o—~{__o
g Y Y
NH NH _N
HsC
0 ) NH,
22q. 230 240,

HO HO
e Ty
o—% o o/’

Fig. 8. Structures of a-anomers of 4'-methyl-1’,3'-dioxolane pyrimidine nucleosides
220—240.

2.2. Theoretical calculations

In order to examine the influence of the 4’-methyl substituent
on the puckering of the dioxolane moiety, molecular orbital

against HIV-1 and cytotoxicity against MT-4 cells in this assay at
100 pM.

3. Conclusion

In this study, we have demonstrated the synthesis of novel 1/,3'-
dioxolane pyrimidine nucleosides branched at the 4'-position with
a methyl group. The key glycosidated donor 12 could be easily
prepared from tert-butyldimethylsilyloxyacetaldehyde and 3-
bromopropanediol in two steps. The electrophilic glycosidation
between 12 and silylated pyrimidine bases proceeded efficiently to
provide the respective f- and a-anomers in nearly equal amounts in
excellent isolated yields. Although the glycosidation was carried
out in several polar and non-polar solvents, no solvent effect for the
ratio of the stereoisomers was observed.

It was anticipated that the introduction of a 4’-methyl group
might impose a conformational preference distinct from that of
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Fig. 9. Relative energies in kcal/mol of canonical conformations of 1 and 23, calculated by molecular mechanics.

the unsubstituted 1. Therefore, molecular mechanics calculations
were carried out to assess the influence of the introduction of
the 4/-methyl substituent on conformational preference. Our
calculations predicted that 238 adopts a similar puckering
(northern-anti) to that of 1, suggesting that the substitution at
the 4’-position does not alter the sugar puckering of the parent
dioxolane T.

The novel nucleoside analogues synthesized in this study were
evaluated against HIV-1 in vitro. Despite the fact that 1/,3/-dioxo-
lane thymine and cytosine nucleosides possess anti-HIV activity,
none of the 4'-methyl-substituted derivatives displayed any anti-
viral activity. It has been reported that syn- and anti-conformer play
critical role for the binding of nucleoside ligands to an enzyme."®
Thus, 6,5'-cyclo- and 6,3'-methanouridines exemplified as anti-
fixed isomers did not bind to uridine phophorylase whereas the
binding affinities of syn-fixed 2,2’-anhydro- and 2,5’-anhydrour-
idine increased. This fact caused us to speculate that the instability
of syn-conformer of 238, which would play important role for the
recognition by kinases, could be responsible for the observed in-
activity against HIV-1.

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 Me4Si. Mass spectra (MS) were taken in FAB
mode with m-nitrobenzyl alcohol as a matrix. Column chroma-
tography was carried out on silica gel. Thin-layer chromatography
(TLC) was performed on silica gel. When necessary, analytical
samples were purified by high performance liquid chromatography
(HPLC), which was carried out on a Shimadzu LC-6AD with a Shim-~
pack PREP-SIL (H) KIT column (2x25 cm). THF was distilled from
benzophenone ketyl.

4.2. cis- and trans-4-Bromomethyl-2-(tert-butyldimethylsily-
loxy)methyl-1,3-dioxolane (11)

To a solution of tert-butyldimethylsilyloxyacetaldehyde 9'®
(3.2 mL, 15 mmol) and 3-bromo-12-propanediol 10 (1.6 mL,
18 mmol) in benzene (50 mL) was added para-toluenesulfonic acid
monohydrate (285 mg, 1.5 mmol) and the reaction mixture was
stirred for 14 h at reflux temperature using Dean—Stark apparatus.
The reaction mixture was quenched with NaHCO3;, diluted with
EtOAc, and washed with saturated NaHCOjs/saturated NaCl. Silica
gel column chromatography (hexane/ethyl acetate=30:1) of the
organic layer gave 11 (3.3 g, 71%) as a colorless liquid: 'H NMR
(CDCl3) 6 0.08 and 0.09 (6H, each as s, Si—Me), 0.90 and 0.91 (9H,
each as s, Si—tert-Bu), 3.23—3.36 (1H, m, CHy;Br-4), 3.45 (1H, dd,
Jaa-cH2ar=4.9 Hz and J4 cuza4-cHz2p=10.0 Hz, CH;pBr-4), 3.64—-3.71
(2H, m, CH,0TBS-2), 3.79 (1H, dd, J45,=5.6 Hz and J5,5,=8.3 Hz, H-
5a), 4.22 (1H, dd, J45=8.5 Hz and Js5,5,=8.3 Hz, H-5b), 4.32—4.36
(1H, m, H-4), 5.03—5.16 (1H, m, H-2); 13C NMR (CDCl3) 6 —5.4,18.3,
18.4, 25.8, 25.8, 31.9, 32.1, 64.4, 64.6, 69.0, 69.4, 75.3, 75.4, 104.7,
105.1; FABMS (mjfz) 311 (M*+H). FAB-HRMS (m/z): calcd for
C11H23Br0sSi: 311.0678, found: 311.0571 (M*+H).

4.3. 2-(tert-Butyldimethylsilyloxy)methyl-4-methylidene-1,3-
diolorane (12) and cis- and trans-2-(tert-butyldimethylsily-
loxy)methyl-4-(1,5-diazabicyclo[4.3.0]nonenium) bromide
(13)

To a solution of 11 (100 mg, 0.32 mmol) in CH3CN (5 mL) was
added DBN (0.2 mL, 1.5 mmol) at 0 °C and the reaction mixture was
stirred for 3 h at reflux temperature. The reaction mixture was
diluted with EtOAc and washed with saturated NH4Cl/saturated
NaCl. The organic layer was dried (Na;SO4) and evaporated to
dryness. The residue was diluted with hexane/ethyl acetate and
filtered through a neutral alumina pad. The filtrate was evaporated
to dryness to give 12 (22 mg, 30%, liquid). The alumina pad was
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washed with CH,Cl;/MeOH (10:1) to give 13 (93 mg, 67%, pale
yellow liquid).

4.3.1. Physical data of 12. "H NMR (CDCls) 6 0.08 and 0.09 (6H, each
as s, Si—Me), 0.90 (9H, each as s, Si—tert-Bu), 3.74 (2H, d,
J2.chzomes=3.6 Hz, CH,0TBS-2), 3.90 (1H, ddd, J4-cH2a52=1.7 Hz and
Ja-cuz2a5p=3.2 Hz and J4-ch2a 4-cuzp=2.2 Hz, CHy,-4), 4.35 (1H, ddd,
Ja-cr2b,52=2.0 Hz, J4-cuazb56=2.2 Hz and J4-cyz2a 4-cHzv=2-2 Hz, CHap-
4), 442 (1H, ddd, Jscmuzasa=17 Hz, Jacuzps5.=2.0 Hz and
Jsasp=12.0 Hz, H-5a), 4.55 (1H, ddd, JsacHzasp=3.2 Hz, J4
cH2bsb=2.2 Hz and Js35p=12.0 Hz, H-5b), 533 (1H, t,
Jo.cHza01Bs=J2,cH2b0TRS=3-6 Hz, H-2); 13C NMR (CDCl3) § —5.4, 184,
29.7, 64.4, 67.3, 76.7, 106.2, 156.0; FABMS (m/z) 231 (M*+H). FAB-
HRMS (m/z): caled for Ci1H2203Si: 2311416, found: 231.1417
(M*T+H).

4.3.2. Physical data of 13. 'TH NMR (CDCl3) 6 0.03 and 0.05 (6H, each
as s, Si—Me), 0.85 and 0.86 (9H, each as s, Si—tert-Bu), 3.29—3.68
(14H, m, CHy-4', CHz-2, CH,-3, CHy-4, CHy-7, CH3-8 and CH,»-9),
3.90-4.09 (2H, m, CH,-5), 4.35—4.41 (1H, m, H-4’), 4.91 and 5.06
(1H, each as t, Jy cHaotes=3.4 Hz, H-2); 13C NMR (CDCl3) 6 —5.2,
-5.1,-3.0,18.0,18.2,18.2,18.8, 25.9, 25.9, 26.0, 30.5, 42.1,45.3,45 4,
54.2, 54.3, 55.1, 64.0, 64.1, 67.0, 67.1, 73.5, 73.7, 103.2, 104.3, 164.9,
164.9,170.2; FABMS (m/z) 355 (M"+H). FAB-HRMS (m/z): calcd for
C18H35N203Si: 355.2417, found: 355.2350 (M™+H).

4.4. r-2-(tert-Butyldimethylsilyloxy)methyl-t-4-iodomethyl-
c-4-(uracil-1-y1)-1,3-dioxolane (148) and r-2-(tert-butyldime-
thylsilyloxy)methyl-c-4-iodomethyl-t-4-(uracil-1-yl)-1,3-
dioxolane (140)

To a solution of 12 (50.0 mg, 0.22 mmol) in CH,Cl; (1.5 mL) were
added bis-O-TMS-uracil (166.7 mg, 0.65 mmol) and NIS (53.7 mg,
0.24 mmol) and the reaction mixture was stirred at rt under Ar
atmosphere for 0.5 h. The reaction mixture was partitioned be-
tween CH,Cl; and saturated NaHCO3—saturated Na;S;0s. Silica gel
column chromatography (hexane/ethyl acetate=5:1) of the organic
layer gave a mixture of 148 and 14a (92.5 mg, 85%, 145/14a=1:1.2)
as a yellow foam, which was separated by HPLC (hexane/ethyl
acetate=1:1) to give 14f (tg=5.0 min, 46.3 mg, 43%, foam) and 14a
(tr=7.1 min, 46.3 mg, 43%, foam).

4.4.1. Physical data of 146. UV (MeOH) Apax 261 nm (¢ 12,300) and
Amin 233 nm (£ 4600); 'H NMR (CDCl3) 4 0.03 and 0.05 (6H, each as
s, Si-Me), 0.86 (9H, s, Si—tert-Bu), 3.65 (1H, d, Jy-cHzas-
cuzb=11.1 Hz, ICH,,-4'), 3.78 (1H, dd, Jo' »-tBsocuz2a=2.4 Hz and J».
TBSOCH2a,2’-TBSOcH2b=12.1 Hz, TBSOCH3,-2'), 3.84 (1H, dd, J»2-
TBsocH2b=2.4 Hz and [y tBsocHz2a.2'-TBsocH2b=12.1 Hz, TBSOCHp-2'),
411 (1H, d, Jy-cuzaa-cap=111 Hz, ICH»-4'), 436 (1H, d,
Jsrasb=10.1 Hz, H-5'a), 481 (1H, d, Js'a 5,=10.1 Hz, H-5'b), 5.32 (1H,
t, J2 2-TBsocHza=J2' 2 1BsocH2b=2.4 Hz, H-2'), 5.71 (1H, d, J5 6=8.3 Hz,
H-5), 7.86 (1H, d, J56=8.3 Hz, H-6), 8.89 (1H, br, NH); NOE
(500 MHz, CDCl3): irradiated CH2a-Ifobserved H-2/(1.2%), irradi-
ated TBSOCH;-2'Jobserved H-6 (3.9%); 3C NMR (CDCl3) & —5.6,
-5.4,9.7,18.4, 25.7, 63.1, 74.0, 93.1, 100.7, 106.6, 141.3, 150.1, 163.7;
FABMS (mfz) 469 (MT+H). Anal. Caled for Ci5Ha5IN;05Si-7/
8CH30H: C, 38.38; H, 5.23; N, 5.69. Found: C, 38.02; H,5.22; N, 5.69.

4.4.2. Physical data of 14a. UV (MeOH) Amax 261 nm (¢ 10,700) and
Amin 231 nm (¢ 2200); TH NMR (CDCl3) 6 0.12 and 0.13 (6H, each as s,
Si—Me), 0.92 (9H, s, Si—tert-Bu), 3.60 (1H, d, Ju'-cza#-crop=11.0 Hz,
ICH,,-4'), 3.84 (2H, d, Jor 2 psocz=2.4 Hz, TBSOCH,-2'), 411 (1H, d,
Ja-ch2a4-cu2b=11.0 Hz, ICHzp-4'), 441 (1H, d, J525,=10.5 Hz, H-
5a), 464 (1H, d, Jsasp=101 Hz, H-5'b), 516 (1H, t, Joo-
TBsocH2a=J2 2-TBsocH2b=3.3 Hz, H-2'), 5.76 (1H, d, J56=8.3 Hz, H-5),
769 (1H, d, J56=8.3 Hz, H-6), 9.41 (1H, br, NH); NOE (500 MHz,
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CDCl3): irradiated H-2'jobserved H-6 (3.4%); *C NMR (CDCl3)
0 —5.3, 9.9, 184, 25.8, 63.5, 74.8, 93.1, 101.3, 105.5, 140.2, 150.2,
163.8; FABMS (m/z) 469 (M*+-H). Anal. Calcd for C15H35IN205Si-7/
8CH30H: C, 38.38; H, 5.23; N, 5.69. Found: C, 38.02; H, 5.22; N, 5.69.

4.5. r-2-(tert-Butyldimethylsilyloxy)methyl-t-4-iodomethyl-
c-4-(thymin-1-yl)-1,3-dioxolane (158) and r-2-(tert-butyldi-
methylsilyloxy)methyl-c-4-iodomethyl-t-4-(thymin-1-yl)-1,3-
dioxolane (15a)

Compounds 158 and 15a were prepared as described above for
14 starting from bis-O-TMS-thymine (175.8 mg, 0.65 mmol), a so-
lution of 12 (50 mg, 0.22 mmol) in CHyCl; (1.5 mL), and NIS
(53.7 mg, 0.24 mmol). Silica gel column chromatography on silica
gel (hexane/ethyl acetate=5:1) of the crude product mixture gave
a mixture of 158 and 15a (813 mg, 78%, 158/150=1:1.3). HPLC
separation (hexanefethyl acetate=2:1) gave analytically pure
sample of 158 (tg=6.7 min, 35.3 mg, 34%) and 15a (tg=9.1 min,
46 mg, 44%).

4.5.1. Physical data of 156. UV (MeOH) Amax 266 nm (¢ 8600) and
Jmin 236 nm (£ 2300); TH NMR (CDCl5) 6 0.02 and 0.04 (6H, each as
s, Si—Me), 0.86 (9H, s, Si—tert-Bu), 1.95 (3H, d, Jeus 6=2.4 Hz, CH3-5),
3.65 (1H, d, Jy-cH2a4-cH2p=11.1 Hz, ICH,-4'), 3.76 (1H, dd, Jo »-
TBSocH2a=2.7 Hz and Jo1BsocHza,2-1BsocH2b=12.1 Hz, TBSOCH5-2'),
3.82 (1H, dd, Jx2-esocHzp=24 Hz and JoBsocHzaz-
TBsocH2p=12.1 Hz, TBSOCH2p-2'), 4.07 (1H, d, Jo-cH2a 4-cH2p=11.1 Hz,
ICHop-4), 441 (1H, d, Jyasp=101 Hz, H-5a), 478 (1H, d,
]5'3,5';3:10.1 Hz, H—S'b), 5.35 (1H, deZ’,Z’-TBSOCHZa=2-7 Hz and.’zl’z/_
TBSocH2b=2.4 Hz, H~2'), 7.64 (“‘l, d.]c]-]3,5=1.2 Hz, H—G), 8.53 (1H, br,
NH); NOE (500 MHz, CDCl3): irradiated TBSOCH»-2//observed H-6
(3.9%); 13C NMR (CDCl3) 6 —5.7, —5.5, 10.0, 18.2, 25.6, 634, 74.2,
92.9, 106.5, 109.0, 136.9, 150.3, 164.7; FABMS (m/z) 483 (M*+H).
Anal. Caled for C16H27IN20sSi: C, 39.84; H, 5.64; N, 5.81. Found: C,
39.66; H, 5.77; N, 5.88.

4.5.2. Physical data of 15¢. UV (MeOH) Apax 266 nm (¢ 10,300) and
Amin 234 nm (£ 2500); TH NMR (CDCl3) 4 0.10 and 0.12 (6H, each as s,
Si—Me), 0.90 (9H, s, Si—tert-Bu), 1.93 (3H, d, Jenzg=1.1 Hz, CHz-5),
297 (1H, d, Jo-cH2aa-cHzv=11.0 Hz, ICH25-4'), 3.84 (2H, d, Jor -
tBsocH2=3.4 Hz, TBSOCH;-2'), 4.07 (1H, d, Jy-cHza 4'-cH2b=11.0 Hz,
ICHyp-4'), 437 (1H, d, Jya50=10.0 Hz, H-5a), 4.63 (1H, d,
Jsa55=10.0 Hz, H-5b), 513 (1H, t, Jx2assocH2a=/22-
TBsoCH2b=3.3 Hz, H-2/), 7.50 (1H, d, Jeuz 6=1.1 Hz, H-6),10.13 (1H, br,
NH); NOE (500 MHz, CDCl3): irradiated H-2’Jobserved H-6 (3.5%);
13C NMR (CDCls) 6 —5.3,10.0, 12.6,18.3, 25.8, 63.4, 75.0, 92.8, 105.3,
109.6, 135.8, 150.3, 164.7; FABMS (m/z) 483 (M*+H). Anal. Calcd for
C16H37IN205Si: C, 39.84; H, 5.64; N, 5.81. Found: C, 40.08; H, 5.70; N,
5.51.

4.6. r-2-(tert-Butyldimethylsilyloxy)methyl-t-4-methyl-c-4-
(uracil-1-yl)-1,3-dioxolane (168)

To a solution of 14p (522.6 mg, 1.12 mmol) in benzene (9.7 mL)
were added tributyltin hydride (0.90 mL, 3.35 mmol) and AIBN
(274.7 mg, 1.67 mmol) at rt under Ar atmosphere and the reaction
mixture was stirred under reflux temperature for 1.0 h. Silica gel
column chromatography (hexane/ethyl acetate=5:1) of the re-
action mixture gave 16p as a foam; UV (MeOH) Amax 263 nm (e
9600) and Amin 231 nm (e 1700); 'H NMR (CDCl3) 6 0.03 and 0.06
(6H, each as s, Si—Me), 0.87 (9H, s, Si—tert-Bu), 1.76 (3H, s, CH3-4'),
373 (1H, dd, Jrz-assocza=3-2 Hz and Jo.1Bsochza2-
TBsocHzb=11.7 Hz, TBSOCH3,-2'), 3.78 (1H, dd, J2 2'-tBsoch2p=2.9 Hz
and Ja.tsocHza2-TBsocH2b=11.7 Hz, TBSOCH»p-2'), 3.99 (1H, d,
Jsra55=10.0 Hz, H-5'a), 4.81 (1H, d, J53,5,=10.0 Hz, H-5'b), 5.19 (1H,
dd, Jo2-1BsocH2a=3.2 Hz and Jy » esocH2b=2.9 Hz, H-2'), 5.68 (1H,
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d, Js6=8.3 Hz, H-5), 7.90 (1H, d, J5,6=8.3 Hz, H-6), 9.19 (1H, br, NH);
13C NMR (CDCls) 6 —5.5, —5.4,18.4, 23.9, 25.8, 63.2, 75.7, 94.3,1011,
105.7,140.6, 150.2, 163.8; FABMS (m/z) 343 (M*+H). Anal. Calcd for
C15H26N20sSi: C, 52.61; H, 7.65; N, 8.18. Found: C, 52.65; H, 7.66; N,
8.05.

4.7. r-2-(tert-Butyldimethylsilyloxy)methyl-t-4-methyl-c-4-
(thymin-1-yl)-1,3-dioxolane (178)

Compound 17 was prepared as described above for 16p starting
from a solution of 158 (255.0 mg, 0.53 mmol) in benzene (5.0 mL),
tributyltin hydride (0.42 mL, 1.59 mmol), and AIBN (130.0 mg,
0.79 mmol). Silica gel column chromatography (hexane/ethyl
acetate=8:1) of the reaction mixture gave a mixture of 174 (183.0 mg,
97%) as a foam: UV (MeOH) Amax 267 nm (£ 9100) and Amjn 235 nm (e
1800); "H NMR (CDCl3) 4 0.03 and 0.06 (6H, each as s, Si—Me), 0.87
(9H, s, Si—tert-Bu), 1.72 (3H, s, CHsz-4'), 1.92 (3H, d, J5.cu3s=1.1 Hz,
CHs-5), 3.71 (1H, dd, Jr2-BsocH2a=34 Hz and JrsocH2a2-
1BsocHzb=11.7 Hz, TBSOCH;,-2'), 3.77 (1H, dd, Jo 2 -tBsocuzp=3.0 Hz
and Jy-tesocHzaz-tBsocHzb=11.7 Hz, TBSOCHy,-2'), 4.02 (1H, d,
J5ra56=10.0 Hz, H-5'a), 4.78 (1H, d, J5a 55=10.0 Hz, H-5'b), 5.21 (1H,
dd, JZ’,Z’-TBSOC}-I23=3-4 Hz and ]2',2’-'['BSOCH2b=3-0 Hz, H-2/ ), 7.67 (1H, d,
J5-cu3 =11 Hz, H-6), 8.76 (1H, br, NH); 13C NMR (CDCl3) 6 —5.5, ~5.4,
12.7,184, 24.0, 25.7, 63.6, 75.8, 94.1, 105.6, 109.5, 136.3, 150.0, 164.2;
FABMS (m/z) 357 (M*+H). Anal. Calcd for C16H37N2055i: C, 53.91; H,
7.92; N, 7.86. Found: C, 54.12; H, 7.99; N, 7.55.

4.8. r-2-(tert-Butyldimethylsilyloxy)methyl-c-4-methyl-£-4-
(uracil-1-yl1)-1,3-dioxolane (16a)

Compound 160. was prepared as described above for 16 starting
from a solution of 14« (280.3 mg, 0.60 mmol) in benzene (5.2 mL),
tributyltin hydride (0.52 mL, 1.79 mmol), and AIBN (147.3 mg,
0.90 mmol). Silica gel column chromatography (hexane/ethyl
acetate=4:1) of the reaction mixture gave 16« (148.2 mg, 72%) as
afoam: UV (MeOH) Amax 263 nm (£ 9900) and Ami, 231 nm (¢ 1800);
TH NMR (CDCl3) 6 0.10 and 0.11 (6H, each as s, Si—Me), 0.91 (9H, s,
Si—tert-Bu), 1.72 (3H, s, CH3-4'), 3.77 (1H, dd, J2 2'-tesocHza=3.3 Hz
and ]2’—TBSOCH2a.2’—TBSOCH2b=11-7 Hz, TBSOCHza-Z'). 3.80 (1H, dd, ]2/'21_
TBsocH2b=3.4 Hz and J»'.1BsocH2a2'-T8socH2b=11.7 Hz, TBSOCH;-2'),
432 (1H, d, Jsra55=10.0 Hz, H-5'a), 4.39 (1H, d, J5725b=10.0 Hz, H-
5'b), 5.08 (1H, dd, Jo 2-tBsocH2a=3.3 Hz and J» 2 18soch2p=3.4 Hz, H-
2'),5.73 (1H, d, J5 6=8.3 Hz, H-5), 7.72 (1H, d, Js 5=8.3 Hz, H-6), 9.09
(1H, br, NH); 3C NMR (CDCl3) § —5.3, 184, 24.2, 25.8, 63.9, 76.3,
94.8, 101.8, 104.8, 150.0, 163.2; FABMS (m/z) 343 (M*+H). Anal.
Calcd for C15H26N205Si: C, 52.61; H, 7.65; N, 8.18. Found: C, 52.76; H,
7.67; N, 8.08.

4.9. r-2-(tert-Butyldimethylsilyloxy)methyl-c-4-methyl-t-4-
(thymin-1-yl)-1,3-dioxolane (17a)

Compound 17« was prepared as described above for 16 starting
from a solution of 15« (462.0 mg, 0.96 mmol) in benzene (10.0 mL),
tributyltin hydride (0.76 mL, 2.88 mmol), and AIBN (236.0 mg,
144 mmol). Silica gel column chromatography (hexane/ethyl
acetate=7:1) of the reaction mixture gave 17u (337.4 mg, 99%) as
a foam: UV (MeOH) Amax 268 nm (£ 9200) and Ain 235 nm (& 1700);
TH NMR (CDCl3) 6 0.10 and 0.11 (6H, each as s, Si—Me), 0.92 (9H, s,
Si—tert-Bu), 1.72 (3H, s, CH3-4'), 1.94 (3H, s, Js.ci3 6=1.2 Hz, CH3-5),
378 (1H, dd, Jromesochza=34 Hz and J».1BsocHza2-
TBsocu2b=11.0 Hz, TBSOCH;,-2'), 3.82 (1H, dd, Jo 2-tBsocH2p=3.4 Hz
and Jo-1BsocHza2-BSOCH2b=11.0 Hz, TBSOCH-2'), 4.32 (1H, d,
J51a56=9.9 Hz, H-5'a), 4.37 (1H, d, J5:a5b=9.9 Hz, H-5'b), 5.07 (1H, t,
J» 7 1BsocH2a=J2 2'-TBSocH2b=3-4 Hz, H-2'), 756 (1H, d, Js.
cuse=12 Hz, H-6), 8.63 (1H, br, NH); 3C NMR (CDCl3) 6 —5.3,
12.7,18.4, 24.3, 25.8, 63.8, 76.4, 94.4,104.6,110.2, 135.2,150.1, 164.2;
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FABMS (m/z) 357 (M*+-H). Anal. Calcd for C1gH28N20sSi: C,53.91; H,
7.92; N, 7.86. Found: C, 53.59; H, 7.91; N, 7.61.

4.10. r-2-(tert-Butyldimethylsilyloxy)methyl-t-4-methyl-c-4-
(cytosin-1-yl)-1,3-dioxolane (18§)

To a solution of 16 (357.6 mg, 1.04 mmol) in CH3CN (9.0 mL) were
added 2,4,6-triisopropylbenzenesulfonyl chloride (632.5 mlL,
2.09 mmol) and potassium carbonate (721.6 mg, 5.22 mmol) at rt
under Ar atmosphere and the reaction mixture was stirred at 60 °C for
4.0 h. Silica gel column chromatography (dichloromethane/meth-
anol=200:1) of the reaction mixture gave the respective 4-O-sulfo-
nate. To a solution of the sulfonate in THF (46.0 mL) was added
ammonium hydroxide at 0 °C and the reaction mixture was stirred at
rt. The reaction mixture was partitioned between CH>Cl/H>0 and
silica gel column chromatography (dichloromethane/meth-
anol=30:1) of the organic layer gave 188 (277.4 mg, 78%) as a foam:
UV (MeOH) Amax 270 nm (¢ 8000) and Amin 233 nm (¢ 5100); 'H NMR
(CDCl3) § —0.01 and 0.03 (6H, each as s, Si—Me), 0.85 (9H, s, Si—tert-
Bu), 1.77 (3H, s, CH3-4'), 3.66 (1H, dd, J» 2-tBsocH2a=3.7 Hz and J».-
TBSOCH2a2-TBsocH2b=115 Hz, TBSOCHx-2'), 3.71 (2H, dd, Jo2-
tBsocHzb=3.4 Hz and J».1BsocHzaz-tBsoczb=11.5 Hz, TBSOCHz,-2'),
4.04(1H, d, J5'a55=10.0 Hz, H-5'a), 4.75 (1H, d, J53 5b=10.0 Hz, H-5'b),
5.18 (IH, dd, JZ’.Z’-TBSOCHZ&=3-7 Hzand _]2"2/:1'350(:]-[2[7‘:3.4 Hz, H-2/ ), 5.84
(1H, d, Jsg=7.6 Hz, H-5), 789 (1H, d, J5 6=7.6 Hz, H-6); *C NMR (CDCl3)
6 -5.5, -54,183, 241, 25.8, 634, 75.7, 93.9, 94.2, 105.2, 141.5, 155.2,
165.6; FABMS (m/z) 342 (M*+H). Anal. Calcd for Ci5Hz7N304Si-1/
3H,0: C, 51.85; H, 8.02; N, 12.10. Found: C, 52.00; H, 7.89; N, 12.00.

4.11. r-2-(tert-Butyldimethylsilyloxy)methyl-c-4-methyl-t-4-
(cytosin-1-yl)-1,3-dioxolane (18a)

To a solution of 16« (639.7 mg, 1.87 mmol) in CH3CN (17.0 mL)
were added 2,4,6-triisopropylbenzenesulfonyl chloride (1.10 g,
3.74 mmol) and potassium carbonate (1.30 g, 9.34 mmol) at rt
under Ar atmosphere and the reaction mixture was stirred at 60 °C
for 40 h. Silica gel column chromatography (hexane/ethyl
acetate=10:1) of the reaction mixture gave the respective 4-O-
sulfonate. To a solution of the sulfonate in THF (63.0 mL) was added
ammonium hydroxide (105 mL) at 0 °C and the reaction mixture
was stirred at rt for 20 h. The reaction mixture was partitioned
between CH)Clp/H;0 and silica gel column chromatography
(dichloromethane/methanol=25:1) of the organic layer gave 18a
(434.6 mg, 68%) as a foam: UV (MeOH) Apax 272 nm (¢ 7500) and
Amin 235 nm (¢ 5700); "H NMR (CDCl5) 6 0.10 and 0.11 (6H, each as s,
Si—Me), 0.91 (9H, s, Si—tert-Bu), 1.75 (3H, s, CH3-4'), 3.78 (1H, dd,
J2' 2 -1BsocH2a=3.4 Hz and J'-1BsocHz2a2'-tBsocH2b=13.2 Hz, TBSOCHz,-
2’), 3.80 (1H, dd, fr2-tesoczp=34 Hz and Jo.1BsocHza2-
TBsocHzb=13.2 Hz, TBSOCH,h-2), 4.37 (1H, d, J5:3 55=10.1 Hz, H-5'a),
442 (1H, d, J5ra55=10.1 Hz, H-5'b), 5.02 (1H, t, Jo 2r-tBsocH2a=/2' 2'-
tBsocHzb=34 Hz, H-2'), 5.77 (1H, d, Js5=7.6 Hz, H-5), 7.83 (1H, d,
Js.6=7.6 Hz, H-6); 13C NMR (CDCl3) 6 —5.3, 18.4, 24.6, 63.9, 94.4,
104.1, 140.2, 155.7, 165.1; FABMS (m/z) 342 (M™+H). Anal. Calcd for
Cy5H27N304Si-5/16H,0: C, 52.32; H, 8.10; N, 11.95. Found: C, 52.42;
H, 7.97; N, 11.57.

412. r-2-Acetoxymethyl-t-4-methyl-c-4-(uracil-1-yl)-1,3-
dioxolane (198)

To a solution of 16 (1.10 g, 3.21 mmol) in THF (93.0 mL) was
added tetrabutylammonium fluoride (1 M THF solution) (4.8 mL,
4.82 mmol) at rt under Ar atmosphere and the reaction mixture
was stirred for 2.0 h. To the reaction mixture was added Ac,0
(1.5 mL, 16.06 mmol) and the mixture was stirred for 14 h. The
reaction mixture was partitioned between CH,Cly/saturated
NaHCOs and silica gel column chromatography (hexane/ethyl
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acetate=1:2) of the organic layer gave 198 (194.9 mg, 52%) as
a foam; UV (MeOH) Amax 261 nm (¢ 9700) and Apip 231 nm (e 1900);
1H NMR (CDCl3) 6 1.75 (3H, s, CH3-4"), 2.05 (3H, s, Ac), 3.99 (1H, d,
J5ra55=10.2 Hz, H-5'a), 419 (1H, dd, J» 2'-tBsocHza=3.2 Hz and J»-
TBSOCH2a.2'-TBSOCH2b=12.4 Hz, TBSOCH2,-2'), 4.24 (1H, dd, J»2-
TBSocH2b=3.2 Hz and [y .tesoct2a 2-TBsocH2b=12.4 Hz, TBSOCHp-2'),
493 (1H, d, ]5'3,51b=10.2 Hz, H-5'b), 5.35 (1H, t, JZ’,Z’-TBSOCHZa"—‘*]Z',Z’-
tBsocH2p=3.2 Hz, H-2"), 5.75 (1H, d, J55=8.3 Hz, H-5), 7.84 (1H, d,
Js.6=8.3 Hz, H-6), 9.96 (1H, br, NH); *C NMR (CDCl3) ¢ 20.7, 23.6,
62.2, 754, 94.4,101.3, 102.9, 140.0, 150.3, 164.1, 170.2; FABMS (m/z)
271 (M*+H). Anal. Calcd for C11H14N20g: C, 48.89; H, 5.22; N, 10.37.
Found: C, 48.62; H, 5.31; N, 10.06.

413. r-2-Acetoxymethyl-t-4-methyl-c-4-(thymin-1-yl)-1,3-
dioxolane (208)

To a solution of 17f (183.2 mg, 0.51 mmol) in THF (15.0 mL) was
added tetrabutylammonium fluoride (1 M THF solution) (0.8 mlL,
0.77 mmol) at rt under Ar atmosphere and the reaction mixture
was stirred for 2.0 h. To the reaction mixture was added Ac;0
(70 pL, 0.77 mmol) and the mixture was stirred for 16 h. The re-
action mixture was partitioned between CH,Cl,/saturated NaHCO3
and silica gel column chromatography (dichloromethane/meth-
anol=100:1) of the organic layer gave 208 (117.4 mg, 80%) as
a foam: 'H NMR (CDCls) 6 1.76 (3H, s, CHs-4’), 1.96 (3H, s,
Jens,s=1.1Hz, CH3-5), 2.07 (3H, s, Ac), 3.99 (1H, d, J55 5,=10.2 Hz, H-
5a), 419 (1H, dd, J».-assocHza=34 Hz and Jo.1BsocHza2-
TBsocHzb=12.3 Hz, TBSOCH2,-2"), 4.37 (1H, dd, J» 2-Bsocuzp=34 Hz
and ]2’_TBSOCH23'2’.TBSQCH2}J=12.3 Hz, TBSOCHZb—Z’), 491 (1H, d,
Jsasv=102 Hz, H-5'b), 535 (1H, t  Jo2-BsocH2a=/22-
TBsocH2b=3.4 Hz, H-2'), 7.66 (1H, d, Js-cu3z,6=1.1 Hz, H-6), 9.63 (1H,
br, NH); 13C NMR (CDCl3) 6 12.6, 20.6, 23.7, 62.3, 75.5, 94.2, 102.8,
109.7, 135.8, 150.2, 164.5, 170.2; FABMS (m/z) 285 (M*+H). FAB-
HRMS (m/z): calcd for CioH17N20g: 285.1087, found: 285.1063
(M*+H).

4.14. r-2-Acetoxymethyl-t-4-methyl-c-4-(N*-acetylcytosin-1-
yl)-1,3-dioxolane (21B)

To a solution of 188 (291.7 mg, 0.85 mmol) in THF (25.0 mL) was
added tetrabutylammonium fluoride (1 M THF solution) (1.3 mlL,
1.28 mmol) at rt under Ar atmosphere and the reaction mixture was
stirred for 4.0 h. To the reaction mixture was added Ac,0 (0.65 mL,
6.83 mmol) and the mixture was stirred for 16 h. The reaction
mixture was partitioned between CH,Cly/saturated NaHCO; and
silica gel column chromatography (dichloromethane/meth-
anol=50:1) of the organic layer gave 21 (239.4 mg, 90%) as a foam:
UV (MeOH) Amax 297 nm (¢ 5600), 246 nm (¢ 13,200) and Amin
272 nm (¢ 3100), 223 nm (e 8400); 'H NMR (CDCl3) 6 1.80 (3H, s,
CH3-4'), 2.03 and 226 (6H, each as s, Ac), 4.02 (1H, d,
Jsta5p=10.4 Hz, H-5'a), 4.15 (1H, dd, Jo 2-tBsocuza=3.2 Hz and Jy.
TBSOCH2a2-TBSOCH2b=12.4 Hz, TBSOCH;,-2'), 4.32 (1H, dd, Ju -
BsocH2b=3-4 Hz and J>-1esocu2a 2/-tesocH2b=12.4 Hz, TBSOCH;p-2"),
491 (1H, d, Jsa.5p=104 Hz, H-5'b), 534 (1H, dd, Jy2z-
tBsocH2a=3.2 Hz and Jy.-tesocuv=3.4 Hz, H-2'), 744 (1H, d,
J56=7.8 Hz, H-5), 8.21 (1H, d, J56=7.8 Hz, H-6), 10.30 (1H, br, NH);
13C NMR (CDCl3) 6 20.6, 23.5, 24.7, 62.3, 75.0, 95.0, 96.3, 102.8, 144.7,
154.8, 163.2, 170.2, 171.1; FABMS (m/z) 312 (M*+H). Anal. Calcd for
C13H17N306-3/4CH30H: C, 49.25; H, 5.34; N, 12.53. Found: C, 49.10;
H, 5.46; N, 12.43.

4.15. r-2-Hydroxymethyl-t-4-methyl-c-4-(uracil-1-yl)-1,3-
dioxolane (22)

To a solution of 198 (192.0 mg, 3.21 mmol) in MeOH (13.0 mL)
was added Et3N (1.5 mL, 10.66 mmol) at rt under Ar atmosphere

and the reaction mixture was stirred for 6 days. The reaction
mixture was evaporated to dryness and silica gel column chroma-
tography (dichloromethane/methanol=100:1) of the residue gave
220 (153.3 mg, 95%) as a foam: UV (MeOH) Apmax 263 nm (¢ 10,300)
and Amin 232 nm (£ 2300); 'H NMR (DMSO-dg) 6 1.65 (3H, s, CH3-4'),
3.50 (2H, dd, Jr2.1BsocH2=3.7 Hz and Jy2-1BsocH20n=6.1 Hz,
HOCH;-2'), 392 (1H, Jsa5»=9.8 Hz, H-5a), 464 (1H, d,
Jsta5b=9.8 Hz, H-5'b), 5.09 (1H, t, J2'-HoCH2a,2-HOCH2=)2"-HOCH2b,2!-
Hocuz=6.1 Hz, HOCH-2'), 514 (1H, t, Jro-HoocH2a=l2 2-
Hochzb=3.7 Hz, H-2"), 5.55 (1H, d, J56=8.3 Hz, H-5), 7.92 (1H, d,
Js55=8.3 Hz, H-6), 11.30 (1H, br, NH); *C NMR (CDCl3) é 23.4, 611,
74.7, 93.6, 100.5, 105.7, 140.6, 150.5, 163.8; FABMS (m/z) 229
(M*++H). Anal. Caled for CoHoN20s: C, 47.37; H, 5.30; N, 12.28.
Found: C, 47.45; H, 5.37; N, 11.95.

4.16. r-2-Hydroxymethyl-t-4-methyl-c-4-(thymin-1-yl)-1,3-
dioxolane (238)

To a solution of 208 (117.4 mg, 0.41 mmol) in MeOH (8.0 mL) was
added Et3N (0.9 mL, 6.19 mmol) at rt under Ar atmosphere and the
reaction mixture was stirred for 6 days. The reaction mixture was
evaporated to dryness and silica gel column chromatography
(dichloromethane/methanol=100:1) of the residue gave 238
(96.1 mg, 96%) as a foam: UV (MeOH) Apax 269 nm (¢ 10,300) and
Amin 235 nm (£ 2400); TH NMR (DMSO-dg) 0 1.64 (3H, s, CH3-4'),1.77
(3H, d, Jeus-s6=1.1 Hz, CH3-5), 3.51 (2H, t, J22-HocH2=J2-HOCH2,2'-
Hocuz=6.3 Hz, HOCH;-2"), 3.91 (1H, d, J5:25,=9.8 Hz, H-5'a), 4.62
(1H, d, J52,55=9.8 Hz, H-5'b), 510—5.15 (2H, m, H-2’ and HOCH,-2"),
7.79 (1H, d, Jaus-s s=1.1 Hz, H-6),11.29 (1H, br, NH); *C NMR (CDCl5)
012.5,24.2,61.8, 75.6, 93.7, 104.6, 108.8, 135.4, 150.4, 164.4; FABMS
(m/z) 243 (M*-+H). Anal. Calcd for C1gH14N205-35/18H,0: C, 43.32;
H, 5.09; N, 10.10. Found: C, 43.71; H, 5.27; N, 9.81.

4.17. r-2-Hydroxymethyl-t-4-methyl-c-4-(cytosin-1-yl)-1,3-
dioxolane (24f)

To a solution of 21§ (239.4 mg, 0.77 mmol) in MeOH (15.0 mL)
was added Et3N (1.6 mL, 11.54 mmol) at rt under Ar atmosphere and
the reaction mixture was stirred for 5 days. The reaction mixture
was evaporated to dryness and silica gel column chromatography
(dichloromethane/methanol=20:1) of the residue gave 248
(164.3 mg, 94%) as a foam: UV (MeOH) Anax 273 nm (¢ 8400) and
Amin 252 nm (¢ 6000); 'H NMR (DMSO-dg) § 1.63 (3H, s, CH3-4"),
346 (2H, dd, J»»-HocH2=3.9 Hz and Jy.HocH2,2'-HocH2=6.1 Hz,
HOCH,-2'), 391 (1H, d, Jsaxp=9.6 Hz, H-5a), 4.60 (1H, d,
J5'a55=9.6 Hz, H-5'b), 5.04 (1H, t, Jo-nocH2,2/-HocH2=6.1 Hz, HOCHZ-
2"),5.12 (1H, t, Jor z-nocu2=3.9 Hz, H-2'), 5.67 (1H, d, J5 5=7.5 Hz, H-
5), 707 (2H, br, NHp), 7.88 (1H, d, Jse=7.5 Hz, H-6); °C NMR
(DMSO-dg) 6 23.8, 61.5, 74.7, 93.1, 93.3, 105.3, 141.1, 155.1, 166.2;
FABMS (m/z) 228 (M*+H). Anal. Calcd for CoH13N304-1/8H,0: C,
4743; H, 5.89; N, 18.18. Found: C, 47.52; H, 5.89; N, 17.78.

4.18. r-2-Hydroxymethyl-c-4-methyl-t-4-(uracil-1-yI)-1,3-
dioxolane (22u)

To a solution of 16a (212.5 mg, 0.62 mmol) in THF (18.0 mL) was
added tetrabutylammonium fluoride (1 M THF solution) (0.9 mL,
0.9 mmol) at rt under Ar atmosphere and the reaction mixture was
stirred for 2.0 h. To the reaction mixture was added Ac;0 (0.09 mL,
0.93 mmol) and the mixture was stirred for 16 h. The reaction
mixture was partitioned between CH,Cly/saturated NaHCOs; and
silica gel column chromatography (dichloromethane/meth-
anol=80:1) of the organic layer gave the respective 5’-O-acetate
(111.0 mg, 66%, foam). To a solution of the respective 5/-O-acetate in
MeOH (8.0 mL) was added Et3N (0.9 mL, 6.22 mmol) at rt under Ar
atmosphere and the reaction mixture was stirred for 7 days. The
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reaction mixture was evaporated to dryness and silica gel column
chromatography (dichloromethane/methanol=50:1) of the residue
gave 22q. (81.8 mg, 87%) as a foam: UV (MeOH) Amax 263 nm (e
10,300) and Amin 231 nm (¢ 2200); 'H NMR (DMSO0-dg) 6 1.61 (3H, s,
CHs-4'), 3.53 (2H, d, Jo2HocHz=3.7 Hz, HOCH,-5'), 417 (1H, d,
J5'a55=9.6 Hz, H-5'a), 4.25 (1H, d, J572 5=9.6 Hz, H-5'b), 5.01 (1H, ,
J2r 2-nocHz2=3.7 Hz, H-2'), 5.60 (1H, d, J5 6=8.0 Hz, H-5), 7.76 (1H, d,
J5.6=8.0 Hz, H-6), 11.34 (1H, br, NH); *C NMR (CDCl3) 4 24.2, 61.7,
75.5, 93.9, 101.2, 104.6, 139.8, 150.6, 163.8; FABMS (m/z) 229
(M*+H). Anal. Calcd for C4sHagN20s: C, 47.37; H, 5.30; N, 12.28.
Found: C, 47.23; H, 5.26; N, 11.95.

4.19. r-2-Hydroxymethyl-c-4-methyl-t-4-(thymin-1-yl)-1,3-
dioxolane (23a)

To a solution of 17u (337.4 mg, 0.95 mmol) in THF (28.0 mL) was
added tetrabutylammonium fluoride (1 M THF solution) (1.4 mL,
1.42 mmol) at rt under Ar atmosphere and the reaction mixture was
stirred for 2.0 h. To the reaction mixture was added Ac;0 (0.13 mL,
1.42 mmol) and the mixture was stirred for 3.5 days. The reaction
mixture was partitioned between CHyCl/saturated NaHCO; and
siica gel column chromatography (dichloromethane/meth-
anol=100:1) of the organic layer gave the respective 5’-O-acetate
(199.2 mg, 74%, foam). To a solution of the 5’-O-acetate in MeOH
(5.0 mL) was added Et3N (0.63 mlL, 4.54 mmol) at rt under Ar at-
mosphere and the reaction mixture was stirred for 7 days. The
reaction mixture was evaporated to dryness and silica gel column
chromatography (dichloromethane/methanol=80:1) of the residue
gave 23a (78.5 mg, 97%) as a foam: UV (MeOH) Apax 268 nm (¢
10,100) and Amin 235 nm (¢ 2300); 'H NMR (DMSO-ds) 6 1.59 (3H, s,
CH3-4'), 1.79 (3H, s, Js.cuz6=1.1 Hz, CH3-5), 3.53 (2H, dd, J» -
Hocuz2=3.6 Hz and Jo_nocu2.2-Hocu2=6.0 Hz, HOCH,»-2'), 4.17 (1H, d,
J5:a5b=9.6 Hz, H-5'a), 4.24 (1H, d, J5:35v=9.6 Hz, H-5'b), 5.02—-5.06
(2H, m, H-2' and HOCH,-2), 7.63 (1H, d, J5s.cu3s=1.1 Hz, H-6), 11.30
(1H, br, NH); 13C NMR (CDCl3) 6 12.5, 24.1, 61.8, 75.6, 93.6, 104.5,
108.7,135.4, 150.4, 164.4; FABMS (m/z) 243 (M*+H). Anal. Calcd for
C10H14N205-1/4CH30H: C, 49.19; H, 6.04; N, 11.19. Found: C, 49.42;
H, 5.90; N, 10.88.

4.20. r-2-Hydroxymethyl-c-4-methyl-t-4-(cytosin-1-yl)-1,3-
dioxolane (24«)

To a solution of 18« (434.6 mg, 1.27 mmol) in THF (7.4 mL) was
added tetrabutylammonium fluoride (1 M THF solution) (1.9 mL,
1.91 mmol) at rt under Ar atmosphere and the reaction mixture was
stirred for 0.5 h. To the reaction mixture was added Ac;0 (0.96 mL,
10.18 mmol) and the mixture was stirred for 16 h. The reaction
mixture was partitioned between CH,Cly/saturated NaHCO3; and
silica gel column chromatography (dichloromethane/meth-
anol=30:1) of the organic layer gave the 5'-O-acetate (324.1 mg,
82%, foam). To a solution of the respective 5-0-acetate in MeOH
(15.0 mL) was added Et3N (4.35 mL, 31.23 mmol) at rt under Ar
atmosphere and the reaction mixture was stirred for 3 days. The
reaction mixture was evaporated to dryness and silica gel column
chromatography (dichloromethane/methanol=10:1) of the residue
gave 24q (231.7 mg, 98%) as a foam: UV (MeOH) Amax 273 nm (¢
7800) and Agin 253 nm (e 5800); 'H NMR (DMSO-ds) 6 1.58 (3H, s,
CHs3-4'), 3,52 (2H, dd, Jo»-nocu2=3.8 Hz and Jo-pocHz-
HocHz=6.1 Hz, HOCH,-2"), 415 (1H, d, J5:a5=9.5 Hz, H-5'a), 419
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(1H, d, Jsa55=9.5 Hz, H-5'), 4.94 (1H, t, J» 2-HocH2=3.8 Hz, H-2'),
5.04 (1H, t, Jo-HocH2a.2'-HOCH2=J>-HOCH2b2-HOocH2=6.1 Hz, HOCH,-
2'), 5.72 (1H, d, Js =73 Hz, H-5), 7.13 (2H, br, NHa), 7.74 (1H, d,
J56=7.3 Hz, H-6); 3C NMR (DMSO-dg) 6 23.8, 61.5, 74.8, 931, 93.3,
105.3, 1411, 155.1, 166.2; FABMS (m/z) 228 (M*+H). Anal. Calcd for
CoH13N304-1/9H,0: C, 47.16; H, 5.81; N, 18.33. Found: C, 47.55; H,
5.90; N, 17.94.

4.21. Biological test method for anti-HIV-1 activity>*

The activity of these nucleoside analogues against HIV-1 repli-
cation was based on the inhibition of virus-infected cytopathoge-
nicity in MT-4 cells. Briefly, the cells (1x10° cells/mL) were infected
with HIV-1 at a multiplicity of infection (MOI) of 0.02 and were
cultured in the presence of various concentrations of the test
compounds. After a 4-day incubation at 37 °C, the number of viable
cells was monitored by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method. The cytotoxicity of
the compounds was evaluated in parallel with their anti-viral ac-
tivity, based on the viability of mock-infected cells.
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KAY-2-41, a Novel Nucleoside Analogue Inhibitor of Orthopoxviruses
In Vitro and In Vivo |
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The availability of adequate treatments for poxvirus infections would be valuable not only for human use but also for veterinary
use. In the search for novel antiviral agents, a 1'-methyl-substituted 4'-thiothymidine nucleoside, designated KAY-2-41,
emerged as an efficient inhibitor of poxviruses. In vitro, KAY-2-41 was active in the micromolar range against orthopoxviruses
(OPVs) and against the parapoxvirus orf. The compound preserved its antiviral potency against OPVs resistant to the reference
molecule cidofovir. KAY-2-41 had no noticeable toxicity on confluent monolayers, but a cytostatic effect was seen on growing
cells. Genotyping of vaccinia virus (VACV), cowpox virus, and camelpox virus selected for resistance to KAY-2-41 revealed a nu-
cleotide deletion(s) close to the ATP binding site or a nucleotide substitution close to the substrate binding site in the viral
thymidine kinase (TK; J2R) gene. These mutations resulted in low levels of resistance to KAY-2-41 ranging from 2.7- to 6.0-fold
and cross-resistance to 5-bromo-2’-deoxyuridine (5-BrdU) but not to cidofovir. The antiviral effect of KAY-2-41 relied, at least
in part, on activation (phosphorylation) by the viral TK, as shown through enzymatic assays. The compound protected animals
from disease and mortality after a lethal challenge with VACV, reduced viral loads in the serum, and abolished virus replication
in tissues. In conclusion, KAY-2-41 is a promising nucleoside analogue for the treatment of poxvirus-induced diseases. Our find-

ings warrant the evaluation of additional 1’-carbon-substituted 4’-thiothymidine derivatives as broad-spectrum antiviral
agents, since this molecule also showed antiviral potency against herpes simplex virus 1 in earlier studies.

oxviruses are large double-stranded DNA viruses. Over the
2 few last years, zoonotic orthopoxvirus (OPV) outbreaks have
been widely reported, and they involved cowpox virus (CPXV),
vaccinia virus (VACV), buffalopox virus, and monkeypox virus
in, respectively, European countries (1), Brazil (2), India (3), and
the Democratic Republic of the Congo (4). Also, orf disease,
caused by the parapoxvirus orf, is a zoonosis that can be transmit-
ted to humans by contact with infected ruminants (5, 6). Poxvi-
ruses also include the virus molluscum contagiosum, an obligate
human pathogen which generally causes benign infections (7, 8).
With the exception of monkeypox, which leads to generalized
clinical symptoms with a life-threatening outcome, cowpox, vac-
cinia, orf, and molluscum contagiosum diseases are usually local-
ized and self-limited in immunocompetent individuals. Clinical
presentation can, however, be more severe when the immune sta-
tus of the patient is impaired (9-12).

The access to antiviral therapies may be critical to manage such
infections. There is so far no FDA- or EMA-approved drug for the
treatment of poxvirus-induced diseases. Three compounds are,
however, promising and have received investigational new drug
status (IND) for emergency use. Among them, cidofovir {(S)-1-
[3-hydroxy-2-(phosphonomethoxy)propyl]cytosine [(S)-HPMPCJ;
Vistide} and its prodrug, CMX001 [hexadecyloxypropyl-(S)-
HPMPC (HDP-cidofovir)], are acyclic nucleoside phosphonates
(ANPs). They are broad-spectrum antiviral molecules inhibiting
poxviruses at the level of viral DNA replication by interacting with the
viral DNA polymerase (E9L) (13, 14). Various studies have demon-
strated their potency in inhibiting virus replication and resolving
OPV-associated diseases (13—16). Cidofovir requires intravenous ad-
ministration and can be nephrotoxic (13), whereas CMX001, which
may be taken orally, displays some gastrointestinal toxicity (17, 18).
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Other ANPs containing a 2,4-diaminopyrimidine base moiety
{(R)-9-[3-hydroxy-2-(phosphonomethoxy)propoxy]-2,4-
diaminopyrimidine [(R)-HPMPO-DAPy]} or a 5-azacytosine base
moiety {1-(S)-[3-hydroxy-2-(phosphonomethoxy)propyl]-5-
azacytosine [(S)-HPMP-5-azaC]} appear to be promising for further
antiviral development on the basis of their anti-OPV activities in in-
fected cells and in animal models of poxvirus infections (19, 20).
4-Trifluoromethyl-N-(3,34,4,44,5,54,6,6a-octahydro-1,3-dioxo-
4,6-ethenocycloprop|flisoindol-2(1H)-yl)-benzamide (ST-246) is
an OPV-specific inhibitor with a distinct mode of action that targets
the viral protein F13L and, as a consequence, inhibits the egress of the
virus from cells (21, 22). Orally active, this compound has undergone
phase 2 clinical development to assess safety, tolerability, and phar-
macokinetics (23).

Nucleoside analogues are also extensively studied as therapeu-
tic agents against the proliferation of cancer cells, against virus
replication, and, recently, also against bacterial infections (24).
Among them, the 2'-deoxy-4'-thiopyrimidine nucleosides have
been reported to be inhibitors of some herpesviruses, and they are
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TABLE 1 Overview of 2’-deoxy-4'-thiopyrimidine compounds synthesized since 1991 and evaluated as potential antiviral agents

Compound family Compound Antiviral activity (ECs, [uM])* I1Cso (WM)? CCsp (uM)?© Reference(s)
2'-Deoxy-4'-thiopyrimidine 4'-Thiothymidine Activity against HSV-1 (0.8) and HCMV (21) =32 (MRCS5 cells) 2.0 (MRCS5 cells) 25
2'-Deoxy-4’-thiocytidine No activity against HSV-1 or HCMV 1.2 (L1210 cells)
2'-Deoxy-4'-thiouridine No activity against HSV-1 or HCMV 2.7 (L1210 cells)
2'-Deoxy-4'-thionucleoside ~ 4'-Thiothymidine Activity against alphaherpesviruses (HSV-1, 7.1 (Vero cells) 26
0.37; HSV-2, 2.3; VZV, 10) and HCMV
(0.98)
3'-Azido-4'-thiothymidine No activity against alphaherpesviruses >100 (Vero cells)
(>100)
(E)-5-(2-Bromovinyl)-4’-thio-2'- Activity against alphaherpesviruses (HSV-1, >500 (Vero cells)
deoxyuridine (4'-S-BVDU) 0.6; HSV-2, 10; VZV, 0.08)
5-Substituted-2'-deoxy-4'-  2'-Deoxy-5-ethyl-4'-thiouridine Activity against alphaherpesviruses (HSV-1, >500 (Vero cells) 28
thiopyrimidine 0.33; HSV-2, 3.5; VZV, 0.99); no activity
against HCMV (138)
Other 5-substituted derivatives, including  Active against HSV-1 (range, 0.15 to 6.8) and Range, >100 to
5-propyl, 5-isopropyl, 5-cyclopropyl, VZV (range, 0.3 to 4.1) >500 (Vero cells)
and 5-(2-chloroethyl) derivatives and
the molecule 4'-thic-5-vinyluridine
1’-Carbon-substituted 2'- 4'-Thiothymidine Activity against HSV-1 (0.031) 34 (HEL cells) 34
deoxy-4'- 1-(2-Deoxy-1-methyl-4-thio-B-p- Activity against HSV-1 (14.7); no activity 319 (HEL cells)
thiothymidine ribofuranosyl)thymine (KAY-2-41) against HIV-1 (>34.1)
Other derivatives of 1’-carbon- No activity against HSV-1 (>74) or HIV-1 >367 (HEL cells)
substituted 4'-thiothymidine (>95.1)
5-Substituted-2’-deoxy-4'-  1-(2-Deoxy-4-thio-beta-p- Activity against VACV-Cop (0.5), CPXV-BR  >100 (HFF cells) 3.0 (HFF cells) 27,29

thiopyrimidine

ribofuranosyl)-5-iodouracil
(4'-thiolDU)

4'-Thiothymidine

Other derivatives of 5-substituted-2’-

(0.1), alphaherpesviruses (HSV-1, 0.08;
HSV-2, 0.45; VZV, 2), and HCMV (5.9);
no activity against HHV-6 (>100), EBV
(>0.16), or HHV-8 (>4)

Activity against VACV-Cop (0.03) and
CPXV-BR (0.02)

Activity against HSV-2 (range, 0.3 to 15),

>100 (HFF cells)  <0.03 (HFF cells)

>88 (HFF cells) Ranging from <0.03

deoxy-4'-thiopyrimidine

VACV-Cop (range, 0.03 to 0.9), and

to 26 (HFF cells)

CPXV-BR (range, 0.02 to 1.6)

“HSV-1 and HSV-2, herpes simplex virus 1 and 2, respectively; VZV, varicella-zoster virus; HCMV, human cytomegalovirus; HHV-6, human herpesvirus 6; EBV, Epstein-Barr
virus; HHV-8, human herpesvirus 8; HIV-1, human immunodeficiency virus type 1; VACV-Cop, vaccinia virus strain Copenhagen; CPXV-BR, cowpox virus strain Brighton.
¥ MRC-5, human lung fibroblasts; L1210, skin lymphoblast mouse cells; Vero cells, African green monkey kidney cells; HEL, human embryonic lung fibroblasts; HFF, human

foreskin fibroblasts.

¢ Measured by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay as the inhibitory dose required to reduce the viability of the cells by 50%.

listed in Table 1 (25, 26). In particular, 4'-thiothymidine was ac-
tive against herpes simplex virus 1 (HSV-1) and human cytomeg-
alovirus (HCMYV) (25), but its inhibitory activity against VACV
was masked by its cytostatic effect (27). In 2003, a series of 5-sub-
stituted 2'-deoxy-4'-thiopyrimidine nucleosides was also shown
to retain good antiviral activity against some herpesviruses, with
the 2'-deoxy-5-ethyl-4'-thiouridine derivative being the most po-
tent against alphaherpesviruses (28). The antiviral efficacy of
5-substituted 4'-thiopyrimidine against alphaherpesviruses and
OPVs was reported in two studies (27, 29). The compound
5-iodo-4'-thio-2"-deoxyuridine (4'-thioIDU) inhibited both
VACYV and CPXV replication at concentrations in the nanomolar
range (27).

The inhibitory activity of such molecules may rely on an initial
activation step by a nucleoside kinase, such as thymidine kinase
(TK), which can be of cellular or viral origin. Herpesviruses en-
code a type I TK, active as a homodimer, whereas OPVs encode a
type II TK (the J2R gene in VACV strain Copenhagen [VACV-
Cop]) thatis (i) active as a homotetramer and (ii) homologous to
the cellular cytosolic TK (human cytosolic thymidine kinase
[hTK1]). These enzymes differ significantly in their substrate
specificities, ranging from broad for type I TK to narrow for type II
TK, with only thymidine, 2'-deoxyuridine, and closely related an-
alogues being preferentially phosphorylated (30, 31). OPVs also
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encode a thymidylate kinase (TMPK; A48R gene) preferentially
involved in the phosphorylation of the monophosphate form of
thymidine to its diphosphate form (32, 33).

Therapeutic agents with novel modes of action, potent and
broad antiviral activity, and good pharmacokinetic properties are
still needed to enlarge the pipeline of antipoxvirus agents and to
mitigate the hazard of drug resistance. In 2004, a series of 1’-
carbon-substituted 4'-thiothymidines was synthesized (34), and
some molecules exhibiting inhibitory activity against HSV-1 rep-
lication (Table 1) were also evaluated in preliminary assays for
their activity against poxviruses (our unpublished data). One par-
ticularly active compound, 1-(2-deoxy-1-methyl-4-thio-B-D-
ribofuranosyl)thymine (KAY-2-41) (Fig. 1), has now been further
studied, and we describe herein the antiviral efficacy of this 4'-
thiothymidine derivative against poxvirus replication in cell cul-
ture and the benefit of KAY-2-41 treatment in a VACV lethal
mouse model. The antiviral activity of KAY-2-41 against ANP-
resistant OPV's and the genotypic characterization of three OPVs
selected for resistance to KAY-2-41 enabled us to investigate its
mode of action.

MATERIALS AND METHODS

Cells. Human embryonic lung (HEL) fibroblast cells were grown in Ear-
le’s minimum essential medium (Earle’s MEM; Life Technologies, Merel-
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FIG 1 Structure of KAY-2-41 [1-(2-deoxy-1-methyl-4-thio-B-p-ribofurano-
syl)thymine]. Me, methyl.

beke, Belgium) containing 5% fetal calf serum (FCS) and supplemented as
described previously (35). Cytosolic thymidine kinase-negative human
osteosarcoma cells (F143B, ATCC CRL-8303) were grown in Dulbecco’s
modified Eagle medium (DMEM,; Life Technologies) supplemented with
10% FCS. For virus infection, the percentage of FCS for all media was
reduced to 2%.

Viruses. The following virus strains were used: VACV strain Western
Reserve (VACV-WR); VACV-Cop; VACV strain Lister (VACV-Lis); two
VACV strains with a deletion of the J2R gene encoding thymidine kinase
(VACV-Cop-ATK and VACV-WR-ATK); CPXV strain Brighton (CPXV-
BR); various CPXV clinical isolates, including CPXV-AUS1999-867,
CPXV-FIN2000-MAN, CPXV-GER1980-EP4, and CPXV-GER1991-3
(for the origins of the clinical isolates, see reference 36), kindly provided
by H. Meyer (Bundeswehr Institute of Microbiology, Munich, Germany);
camelpox virus (CMLV) strain Iran (CML1) and CMLYV strain Dubai
(CML14), kindly provided by H. Meyer (37, 38); the parapoxvirus orf
strain NZ2 (ORFV-NZ2); drug-resistant VACV-WR, CML1, and CML14
harboring single or double amino acid substitutions within the E9L gene
that result in resistance to cidofovir and/or (5)-1-(3-hydroxy-2-phospho-
nomethoxypropyl)-2,6-diaminopurine  [(S)-HPMPDAP] (35); and
VACV-WR with deletions of both ribonucleotide reductase subunits (the
T4L large subunit and the F4L small subunit) (39).

Compounds. The sources of the compounds were as follow: KAY-
2-41 was synthesized and characterized at Showa University, Tokyo, Ja-
pan, as described in reference 34; cidofovir [(S)-HPMPC] was obtained
from Gilead Sciences (Foster City, CA); CMX001 (HDP-cidofovir), (S)-
HPMP-5-azaC, and (S)-HPMPDAP were synthesized by M. Kre¢merové
(Institute of Organic Chemistry and Biochemistry, Prague, Czech Repub-
lic); (E)-5-(2-bromovinyl)-2’-deoxyuridine (BVDU) was synthesized by
P. Herdewijn (Rega Institute, Leuven, Belgium); 5-bromo-2’-deoxyuri-
dine (5-BrdU) and 3’-azido-3'-deoxythymidine (AZT) were purchased
from Sigma-Aldrich (Schnelldorf, Germany); and ST-246 was kindly pro-
vided by D. E. Hruby from SIGA Inc. (Corvallis, OR).

Antiviral and cytostatic assays. Antiviral and cytostatic assays were
performed as previously described (35). Briefly, confluent monolayers of
HEL cells (in 96-well plates) were infected at a multiplicity of infection
(MOI) of 0.01 PFU/cell for 2 h. Residual virus was removed and replaced
with medium containing serial dilutions of the test compounds (in dupli-
cate). After 2 to 3 days for VACV and CPXV or 4 to 5 days for CMLV, the
viral cytopathic effect (CPE) was recorded under microscopic examina-
tion after ethanol fixation and Giemsa staining of 96-well plates. Scores
were attributed on a scale of from 0 to 5, with a score of 0 corresponding
to no CPE and a score of 5 corresponding to a 100% CPE. The 50%
effective concentration (ECs,) was defined as the concentration of a com-
pound required to reduce the viral CPE by 50%. Cytostatic concentrations
were determined as previously reported (40). HEL cells were seeded at a
density of 3.5 X 10 cells/well (in 96-well plates), and serial dilutions of test
compounds were added after 1 day. Three days later, cells were washed,
trypsinized, and counted with a Beckman Coulter Counter (Analis, Suar-
lée, Belgium), and the concentration required to inhibit cell growth by
50% (the 50% cytostatic concentration [CCs,]) was calculated. The min-
imum cytotoxic concentration (MCC) was also recorded on confluent cell
monolayers and was defined as the minimum cytotoxic concentration
required to alter the cell morphology.
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Selection, isolation, and genotyping of viruses resistant to KAY-2-
41. The VACV-WR, CPXV-BR, and CMLI strains were repeatedly pas-
saged in HEL cells for, respectively, 30, 21, and 44 rounds in the presence
of increasing concentrations of KAY-2-41, starting at 0.2 wM. Viruses that
replicated in the presence of a final concentration of 20 uM KAY-2-41
were cultured twice more in drug-free medium. Antiviral assays were
performed to evaluate the resistance phenotypes of these viruses. Three
clones per virus strain were isolated by plaque purification and selected for
further genotyping and phenotyping. All genes cited have been named
following the nomenclature for VACV-Cop genes. Sequencing of A48R
(TMPK), ESL (viral DNA polymerase), D4R (uracil DNA glycosylase),
BIR (Ser/Thr kinase), FIOL (Ser/Thr kinase), and J2R (TK) of wild-type
(WT) and drug-resistant clones was performed as follows: DNA was ex-
tracted from virus-infected HEL cells using a QIAamp DNA blood minikit
(Qiagen Benelux B.V, Venlo, Netherlands) following the manufacturer’s
instructions. The genes A48R, D4R, BIR, F10L, and J2R were PCR ampli-
fied as one amplicon, and the full-length E9L gene was amplified as five
(CMLYV) or four (VACV and CPXV) overlapping amplicons using Fast-
Start high-fidelity DNA polymerase (Roche Applied Science, Mannheim,
Germany) (35). Sequencing reactions and data assembling were per-
formed as previously reported (35).

Thymidine kinase assays. The affinity of KAY-2-41 to TKs of various
origins was obtained through the measurement of the activity of purified
enzymes, including hTK1, human mitochondrial thymidine kinase
(hTK2), and VACV-WR TK (J2R). The cytotoxic concentrations, or the
50% inhibitory concentrations (ICs,s), were calculated as the concentra-
tions of KAY-2-41 required to inhibit 50% of the phosphorylation of the
natural radiolabeled substrate [methyl->H]deoxythymidine ([methyl-
*H]dThd). The assays were performed in a 50-pl reaction mixture con-
taining 50 mM Tris-HCI, pH 8.0, 2.5 mM MgCl,, 10 mM dithiothreitol,
10 mM sodium fluoride, 1 mg/ml bovine serum albumin, 2.5 mM ATP, 1
UM [methyl->H]dThd, and enzyme. The samples were incubated at 37°C
for 30 min in the presence or absence of different concentrations (5-fold
dilutions) of KAY-2-41. Aliquots of 45 pl of the reaction mixtures were
spotted on Whatman DE-81 filter paper disks. The filters were washed
three times for 5 min each time in 1 mM ammonium formate, once for 1
min in water, and once for 5 min in ethanol. The radioactivity was deter-
mined by scintillation counting.

In vivo experiments. Animal work was approved by the KU Leuven
Ethics Committee for Animal Care and Use (permit number P044-2010).
Infections were performed while the mice were under anesthesia using
ketamine (100 mg/kg)-xylazine (10 mg/kg) in saline, and euthanasia was
done by administration of pentobarbital sodium. female NMRI mice [Rj:
NMRI(Han); Elevage-Janvier, Le-Genest-St-Isle, France] 5 weeks old
were used. All animal experimentations were completed in biosafety level
2 facilities. Groups were defined as uninfected (mock infected) or as
VACV-WR infected. After anesthesia, mice were inoculated intranasally
(i.n.) with 10 pl of phosphate-buffered saline (PBS) (uninfected) or with
10 pl of PBS containing 4,000 PFU of VACV-WR (5 pl per nostril).
Treatment was given intraperitoneally (i.p.) once daily for 5 consecutive
days, beginning 6 h after infection, at a concentration of 5 or 50 mg/kg of
body weight of KAY-2-41 dissolved in PBS. Cohorts were then monitored
for body weight, morbidity, and mortality. The reported mortality rates
included both actual mortality (approximately 40% of the infected ani-
mals) and mortality due to euthanasia of animals that lost more than 30%
of their body weight. To determine the extent of viral replication, five mice
in the VACV-WR-infected groups that received no treatment or that re-
ceived KAY-2-41 at 50 mg/kg were euthanized at day 5 postinfection
(p.i.), and serum as well as lungs, liver, spleen, kidneys, and mesenteric
lymph nodes were collected and processed as previously described (41).
Briefly, after tissue disruption and homogenization, samples were used for
virus titer and viral load determinations. The virus titers in lung, liver,
spleen, and kidney tissue homogenates were determined on HEL cells.
Real-time quantitative PCR (qPCR) was used to quantify viral DNA, as
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TABLE 2 Cytostatic concentrations, antiviral activities, and selectivity indices of compounds against poxviruses

VACV-Cop VACV-Lis VACV-WR CPXV-BR CML1 ORF-NZ2
CCsq ECsp
Compound (rM)? ECso (nM)? SI¢ ECgo (1M) SL ECso (uM) SI ECsp (1M) SI ECs (uM) SI (uM) SI
KAY-2-41 14 %10 0.48 £ 0.33 29 0.41 £ 0.33 34 0.80 = 0,37 18 0.48 £ 0.15 29 0.79 = 0.40 18 35£07 4
Cidofovir 397 *+ 255 6.9 £ 3.0 57 9.1+ 6.6 44 82%26 48 139 =83 29 11245 35 0.8 £01 496
(S)-HPMP-5- 125 * 79 55*27 23 10.0 = 6.3 12 75+14 17 11.5* 4.6 11 133+ 64 9 05*01 250
azaC
CMX001 =24+18 0005*0.002 =467 0.023*0021 =106 0.013+0011 =180 0.021*=0.026 =114 0024 *0.022 =100 —* —

% CCs, 50% cytostatic concentration, or the drug concentration required to reduce HEL cell growth by 50%. Data represent the means = standard deviations of at least three

independent experiments.

b ECsq, 50% effective concentration, or the concentration of compound required to reduce the viral cytopathic effect by 50%. Data are shown as the means * standard deviations of

at least four independent experiments.
¢ 81, selectivity index, or the ratio CCso/ECs.
4, not done.

previously reported (41). Organs from one mouse of each group were
used for histological examination (41).

Statistical analyses. All statistical analyses were done with GraphPad
Prism (version 6) software (GraphPad Software Inc., La Jolla, CA). Un-
paired t tests were used to compare mean EC,s, obtained from at least
three independent experiments, between WT and drug-resistant viruses.
The Mann-Whitney test, two-tailed, was used to compare the ranks of the
viral DNA loads or virus titers of KAY-2-41-treated mice to those of the
PBS-treated group. Statistical significance was defined for the above-de-
scribed tests as follows: P < 0.001, extremely significant; P < 0.01, very
significant; P < 0.05, significant; and P > 0.05, not significant (NS).

RESULTS

Antiviral activity of KAY-2-41 against poxviruses. Several 1'-
carbon-substituted 4'-thiothymidines were synthesized, and due
to its anti-HSV-1 activity (34), KAY-2-41 was further evaluated
for its activity against poxviruses. In HEL cells, KAY-2-41 emerged
as a potent inhibitor of OPVs and displayed ECs,s of 0.48 = 0.33
M against VACV-Cop, 0.48 = 0.15 pM against CPXV-BR, and
0.79 = 0.40 uM against CMLI (Table 2). Similar KAY-2-41 ECs,s
were also observed with two other VACVs (VACV-Lis and VACV-
WR). The compound appeared to be 10- to 15-fold more active
than two nucleotide phosphonate analogues, i.e., cidofovir and
(S)-HPMP-5-azaC, which had mean EC5os 0£9.8 wuM and 9.6 uM,
respectively, against the different OPVs. The lipid prodrug deriv-
ative of cidofovir, CMX001, was 395-fold (VACV-Lis) to 1,380-
fold (VACV-Cop) more active than its parent counterpart, cido-
fovir, and 18-fold (VACV-Lis) to 96-fold (VACV-Cop) more
active than KAY-2-41. Also, the KAY-2-41 EC,, against CPXV-BR
was in the range of that of ST-246, yet ST-246 was 32- to 80-fold
more potent against the other OPV strains.

We also examined whether KAY-2-41 was active against non-
laboratory OPV strains and assessed various CPXV clinical iso-
lates collected from human and animal cowpox cases (36). The
molecule potently inhibited CPXV-GER1991-3 (mean ECs,,
0.46 * 0.21 uM), CPXV-GER1980-EP4 (mean ECs;, 0.28 = 0.06
pM), CPXV-FIN2000-MAN (mean ECs, 0.42 *+ 0.007 uM), and
CPXV-GER1999-867 (mean ECs,, 0.58 % 0.22 uM).

KAY-2-41 was not found to alter the cell morphology of sta-
tionary cells (MCC value > 100 wM). The molecule was, however,
cytostatic for growing HEL cells, with a CCg value of 14 = 10 puM,
which accounted for the relatively low selectivity indices (SIs; ratio
0of CC5o/ECs,) ranging from 18 to 29 (Table 2). Similarly, the CCsq
value of CMX001 was =2.4 * 1.8 uM, but because of its potency,
SIs were =100. The molecules cidofovir, (S)-HPMP-5-azaC, and
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ST-246 were less toxic for growing cells than KAY-2-41. Both
ANPs had SIs comparable to the ST of KAY-2-41, while ST-246 was
the most selective molecule with an SI of =1,696.

We could further demonstrate that KAY-2-41 had a 4-fold
weaker activity against the parapoxvirus ORF-NZ2 than OPVs,
with an EC,0f3.5 = 0.7 M (Table 2). Both ANPs evaluated were
potent inhibitors of ORF-NZ2, while ST-246 was not active,
which is consistent with the specific anti-OPV activity of ST-246.

Antiviral activity of KAY-2-41 against cidofovir and (S)-
HPMPDAP-resistant OPVs. Being a thymidine analogue, the
triphosphate form of KAY-2-41 was expected to interact ulti-
mately with the viral DNA polymerase E9L in VACV-Cop to block
virus replication. We therefore wondered whether KAY-2-41
could inhibit OPVs bearing mutations within E9L that are known
to confer resistance to certain ANPs. In previous studies, we iden-
tified such amino acid substitutions in the exonuclease domain of
E9L (A314V), in the polymerase domain (T831I), or in both do-
mains (A314V plus A684V) (35). Recombinant CML1, CML14,
and VACYV harboring these amino acid substitutions were used,
and the two ANPs cidofovir and (S)-HPMPDAP were included as
control drugs to confirm the resistance phenotype of each strain
(Table 3). The presence of the A314V or the T8311 substitution did
not alter the sensitivity of VACV, CMLI1, and CML14 to KAY-2-
41, while these amino acid substitutions conferred resistance to
cidofovir and/or (S)-HPMPDAP. Interestingly, mutating both ex-
onuclease and polymerase domains of E9L (A314V plus A684V) ap-
peared to render CML14 and VACV even more sensitive to the effect
of KAY-2-41, albeit the shifts in EC5s, compared to those for the WT
viruses, were only 4.6-fold (0.10 p.M versus 0.46 uM [P = 0.0164] for
CML14) and 3.85-fold (0.2 uM versus 0.77 uM [P = 0.0173] for
VACYV) (Table 3). On the other hand, the A314V and A684V substi-
tutions were responsible for high levels of resistance to cidofovir and
(S)-HPMPDAP. In conclusion, KAY-2-41 was endowed with potent
antiviral efficacy against cidofovir-resistant viruses, and the molecule
appeared to have a slightly increased activity when the A314V and
A684V mutations were present.

Selection, genotyping, and phenotyping of OPVsresistant to
KAY-2-41 (KAY-2-41%). To elucidate the mode of action of KAY-
2-41, drug-resistant viruses were isolated following 21 (CPXV-
BR), 30 (VACV-WR), and 44 (CML1) passages in the presence of
increasing amounts of the drug. Three clones of each virus stock
were plaque purified and used for further analysis.

Genotypic characterization revealed the presence of a nucleo-
tide deletion(s) and one nucleotide substitution in the TK (J2R)
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TABLE 3 Antiviral activity of KAY-2-41 against cidofovir and (S)-HPMPDAP-resistant CMLV and VACV

ECso (pM)*
CML14 VACV-WR
CML14 A314V + CML1 VACV-WR  A314V + VACV-WR
Compound CMLI14 A314V* A684V? CMLI T831I" VACV-WR  A314V* A684V? T8311°
(S)-HPMPC 8.6 +3.2 244 124% 494%214* 71230 96+36 167%93 647 +302% 1484+ 23.0%* 108.7 * 42.1%*
(S)-HPMPDAP 0.5 *0.1 146+ 429 174*10.6* 0201 41+28% 20+ 11 173979 530 % 13.9%% 313 & 9.4%
KAY-2-41 046 +0.22 022 *0.11 0.10 = 0.01* 029 £0.11 026 *0.13 077 =046 0.44 £0.24 0.20 £ 0.12% 1.09 £ 0.35

“ ECsq» 50% effective concentration, or the concentration of compound required to reduce the viral cytopathic effect by 50%. Data are shown as the means *+ standard deviations of
at least four independent experiments. Asterisks indicate where the ECs,, differs significantly from that of the corresponding WT virus, as determined by an unpaired ¢ test: ¥, P <

0.05; **, P < 0.01; ***, P < 0.001.

? Drug-resistant recombinant viruses previously characterized (35) and bearing amino acid substitutions, i.e., A314V, A314V plus A684V, or T831], in the viral DNA polymerase

(E9L).

gene of each of the KAY-2-41" clones, whereas the gene sequences
of the TMPK (A48R), two serine/threonine kinases (BIR and
FI0L), the uracil DNA glycosylase (D4R), and the viral DNA poly-
merase (E9L) were comparable to those of the corresponding WT
clones. Figure 2 depicts the mutations found in the viral TK. Re-
sistant VACV-WR clones had a deletion of a thymine at position
43 (Tdel43) leading to a frameshift mutation from amino acid 15,
changing the serine into a glutamine, until the appearance of a
stop codon at position 21. CPXV-BR clones harbored a double
deletion of a guanine and a thymine at positions 73 and 74 (GT-
del73/74) that resulted in a stop codon at position 25. These
frameshift mutations by deletions were all found in the ATP bind-

ing region, localized in the N-terminal extremity of the TK, and
led to the production of truncated viral TKs. In contrast, KAY-2-
417 CMLI clones showed a substitution mutation at position 328
(G328T) that modified the aspartic acid 110 into a tyrosine
(D110Y).

We further proceeded to the phenotypic characterization of
the KAY-2-41" clones. As shown in Fig. 3A to C, relatively low
levels of resistance to KAY-2-41 were found for the mutant vi-
ruses, as they were only 2.7-, 6.0-, and 5.8-fold greater for VACV-
WR, CPXV-BR, and CML1 KAY-2-41%, respectively, than for their
WT counterparts. These drug-resistant viruses displayed a trend
in hypersensitivity toward the nucleoside analogue BVDU, while
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FIG 2 Mapping of mutations found in KAY-2-41" viruses and overview of OPV thymidine kinase. (A) Nucleotide sequences of regions of the TK gene of the
VACV-WR, CPXV-BR, and CML1 wild-type viruses that were found to be mutated in KAY-2-41" viruses. The position of mutations found in KAY-2-41 viruses
are indicated in bold and with a star. The name of each resistant strain, i.e., VACV-WR-[T]del43, CPXV-BR-[GT]del73/74, and CML1-G328T, is given. (B) A
schematic view of the TK protein highlighting the major regions involved in ATP, substrate, and metal binding is presented. A partial sequence of the VACV-WR
TK is shown for the regions where amino acid substitutions were identified proximal to the 81 sheet-P loop-a1 helix or the B5 sheet. Protein sequences of the
human cytosolic TK (hTK1) and of Thermotoga maritima TK (TmTK) are also shown for comparison purposes. The amino acid substitutions found in
KAY-2-417 viruses are presented for each of the viruses and are represented by a star in the schematic view or by underlining in the amino acid sequences.
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FIG 3 Drug resistance profiles of plaque-purified VACV-WR (A), CPXV-BR (B), and CML1 (C) KAY-2-41" clones and of viruses with thymidine kinase
deletions (D). (A to C) Three clones of each WT and drug-resistant virus were used for plaque reduction assays, and at least three to four independent experiments
were performed for each compound tested. The data are presented as a dot plot of the ECqs of the KAY-2-41" clones (filled symbols) versus the EC5qs of the WT
parent clones (empty symbols). On top of each graph are shown the fold changes in ECy,s, which were calculated as the ratio of the mean EC, s of the KAY-2-41"
clones divided by the mean ECq4s of the WT clones. Results are presented as means = standard deviations. The statistical significance of the differences in drug
sensitivity of the resistant viruses compared to that of the WT is indicated as follows: ¥, P < 0.05; ***, P < 0.001; ****, P < 0.0001. (D) Plaque reduction assays
were done with each of the three KAY-2-41" strains, two VACV strains with TK deletions, and their corresponding WT viruses in three independent experiments.
Results are plotted on a linear scale as the log,, of the ratios of the EC,s, and standard deviations are given. Resistance was observed with a ratio of >2 (log 0.3),
and hypersensitivity was observed with a ratio of <0.5 (log —0.3).

ANPs and ST-246 showed inhibitory activities in the range of Cross-resistance to 5-BrdU reinforced this conclusion, as it par-

those of WT viruses.

To further investigate whether mutations within the TK gene
may be one of the determinants responsible for the resistance
phenotype, we used two VACV strains with deletions in TK
(VACV-Cop-ATK and VACV-WR-ATK) and evaluated the pro-
files of their sensitivities to four drugs (Fig. 3D). Viruses with TK
deletions showed resistance to KAY-2-41 and to 5-BrdU, another
TK-dependent drug, and hypersensitivity to BVDU, a TMPK-de-
pendent drug, while cidofovir kept its full activity. Similar obser-
vations were made with each of the KAY-2-41" OPVs, suggesting
the requirement of viral TK in the antiviral effect of KAY-2-41.

32 aacasm.org

tially relied on viral TK to be active. Additionally, the TK-negative
phenotype of each of the KAY-2-41° OPVs was confirmed by the
ability of these viruses to multiply in H143B TK-deficient cells in
the presence of a KAY-2-41 or 5-BrdU concentration which was
inhibitory for the WT viruses (data not shown).

We also evaluated the potential involvement of the ribonucle-
otide reductase in KAY-2-41 efficacy by using a VACV-WR strain
with deletions in both ribonucleotide reductase subunits, I4L and
F4L. KAY-2-41 conserved its inhibitory activity against this virus
with an EC, 0f 0.97 * 0.18 uM, which is in the range of that for
the WT virus. A similar observation was made with 5-BrdU, which
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TABLE 4 Inhibitory activity of KAY-2-41, 5-BrdU, AZT and BVDU on
dThd phosphorylation by VACV-TK, hTK1, and hTK2

ICsp (1M)*
Compound VACV TK hTK1 hTK2
KAY-2-41 490 =1 =500 352 £ 55
5-BrdU 29*1.1 3.0 00 3.6 06
AZT 160 58 £3.9 2406
BVDU >500 >500 0.36 £ 0.05

41Csp, 50% inhibitory concentrations, or the concentration of compound required to
inhibit the binding of the natural substrate dThd by 50%. Data are shown as the
means * standard deviations of two independent experiments. VACV TK, vaccinia
virus thymidine kinase; h'TK1, human cytosolic thymidine kinase; hTK2, human
mitochondrial thymidine kinase.

had an EC;; of 0.2 wM against the virus with the I4L/F4L deletion
versus an EC;, of 0.32 M against the WT virus.

KAY-2-41 interacts with VACV TK. Next, we wanted to know
whether KAY-2-41 could alter the phosphorylating activity of
VACV TK, hTK1, and hTK2 for their natural substrate. Enzymatic
TK assays based on the competitive binding between the natural
substrate dThd and KAY-2-41 demonstrated that KAY-2-41 was
inhibitory to the phosphorylation of radiolabeled dThd by hTK2,
VACV TK, and hTK]1, in decreasing order of potency (Table 4).
The inhibition was, however, much weaker than that observed for
5-BrdU and AZT, which appeared to be rather potent competitive
inhibitors of dThd phosphorylation, with IC;s ranging, respec-
tively, from 2.9 to 3.6 pM and from 2.4 to 16 pM. In contrast,
BVDU strongly affected dThd phosphorylation by hTK2, but
not by VACV TK or hTK1, at the highest concentration tested
(50 pM).

In vivo evaluation of KAY-2-41. A mouse model of lethal
VACV-WR infection was used to determine the efficacy of KAY-
2-41 treatment in vivo. As shown in Fig. 4, all animals intranasally
exposed to VACV-WR and treated with vehicle (PBS) died by day
7 p.i. In contrast, both VACV-WR-challenged cohorts that re-
ceived KAY-2-41 systemically (i.p. injection) at a dose of 5 or 50
mg/kg once daily for 5 consecutive days, starting on the day of
infection, survived the infection. The group of infected mice that
received 5 mg/kg of the drug had a pronounced loss of body
weight between days 5 and 10 p.i., but after this time point, ani-
mals progressively recovered. Among the animals receiving the
50-mg/kg treatment regimen, a slight loss of body weight was seen.
The effect of a similar treatment with KAY-2-41 (50 mg/kg) was
also assessed in mock-infected animals, and no apparent morbid-
ity was observed, as evidenced by a body weight evolution com-
parable to that of untreated animals (Fig. 4).

On the basis of these results, we further evaluated the impact of
the 50-mg/kg KAY-2-41 treatment on viral DNA loads and
VACV-WR replication in various organs. Mice were infected and
treated in the same way as in the first experiment. Four (VACV-
WR-infected) or five (VACV-WR-infected and KAY-2-41-
treated) animals per group were sacrificed at day 5 p.i. The efficacy
of the compound was confirmed, as KAY-2-41 (50 mg/kg daily for
5 consecutive days) protected 100% of the animals from
VACV-WR mortality, with no apparent morbidity (Fig. 5). As
depicted in Fig. 5B, viral DNA was detected in all organs of in-
fected untreated mice, with means of 5.1 (kidneys) to 6.5 (lungs)
log DNA copies/g, and the sera were also positive (4.2 log DNA
copies/50 wl serum) at this time point. Lung, liver, and spleen

January 2014 Volume 58 Number 1

KAY-2-41 as Inhibitor of Orthopoxviruses

tissues showed the highest levels of viral DNA, which were equiv-
alent to mean viral titers of, respectively, 3.8, 3.3, and 3.5 log 50%
tissue culture infective doses (TCIDs,s)/g. Treating the mice with
KAY-2-41 significantly reduced viral DNA loads in various or-
gans, including lungs (means, 4.0 versus 6.5 log DNA copies/g),
liver (means, 1.2 versus 6.6 log DNA copies/g), spleen (means, 4.5
versus 6.3 log DNA copies/g), and serum (means, 2.5 versus 4.2
log DNA copies/g). A similar trend was also noticed in the kidneys
and mesenteric lymph nodes. Viral titrations further demon-
strated the absence of replicating virus in lungs, liver, spleen, and
kidneys. Histological examination of the lung tissue revealed the
absence of inflammation in KAY-2-41-treated animals, which,
strikingly, contrasts with the interstitial inflammation seen in in-
fected untreated animals (Fig. 5C).

DISCUSSION

To our knowledge, the in vitro and in vivo antipoxvirus activity of
a 1'-carbon-substituted 4’-thiothymidine derivative has not yet
been reported. Other laboratories have demonstrated the inhibi-
tory potential of 5-substituted 4'-thiopyrimidine nucleoside de-
rivatives against poxviruses (27, 29), despite the fact that the nar-
row substrate specificity of poxvirus TK remains a challenge for
selecting potent nucleoside analogues. Our study demonstrated
that OPVs (VACVs, CPXVs, and CML1) are efficiently inhibited
by KAY-2-41 in vitro at concentrations in the submicromolar
range. This activity was also displayed against a variety of cowpox
clinical isolates, a finding which may have implications for clinical
use in the current context of the increased incidence of cowpox
virus infections (1, 42). KAY-2-41 appeared to be more potent
than cidofovir and (S)-HPMP-5-azaC, albeit the prodrug of cido-
fovir, CMX001, and ST-246, a morphogenesis inhibitor, remained
the most active molecules toward OPVs.

KAY-2-41 was effective in inhibiting the replication of mutant
viruses resistant to cidofovir and/or (S)-HPMPDAP. If KAY-2-41
in its triphosphate metabolite form ultimately targets the viral
DNA polymerase, our data suggest that the presence of the A314V
or T831I mutation in the DNA polymerase gene (E9L) did not
impact its ability to accept this substrate, whereas these changes
clearly influenced the acceptance of acyclic nucleoside pyrimidine
and purine analogues [i.e., cidofovir and (S)-HPMPDAP]. In fact,
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FIG 4 KAY-2-41 protects mice from VACV-WR-induced mortality. NMRI
mice (5 mice per group) were challenged intranasally either with vehicle (mock
infected) or with VACV-WR. Animals were then treated with PBS or with the
drug at a dose of 5 or 50 mg/kg once per day for 5 consecutive days starting at
6 h after infection. Cohorts were monitored for 20 days for body weight (left)
and survival (right). Body weight evolution is shown as the percentage of the
change in the average weight for each group of mice.
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weight evolution is shown as the percentage of the change in average weight for each group of mice (5 mice per group). dpi, day postinfection. (B) Viral DNA loads in
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While VACV-WR-treated mice exhibited interstitial inflammation (arrow), no inflammatory cells were seen after KAY-2-41 treatment.

while these mutations were associated with different ANP resis-
tance profiles when presentin a CMLV orina VACV backbone (in
line with our published observations [35]), KAY-2-41 remained
equally active against WT and mutant viruses bearing the A314V
or T831I mutation. Interestingly, the CML14 and VACV A314V
plus A684V double mutants appeared to be more sensitive to
KAY-2-41 inhibition, suggesting that through these conforma-
tional changes, E9L might become more prone to accept the
thymidine analogue triphosphate metabolite.

Being a nucleoside analogue, the involvement of the viral TK was
expected to be important for the metabolic activation of the mole-
cule, and the genotypic characterization of KAY-2-41" strains con-
firmed this hypothesis. Additionally, the poor but significant antiviral
activity of KAY-2-41 against the parapoxvirus orf in comparison to
that against OPVs was of interest, as it also pointed toward the need

34 aacasm.org

for TK for KAY-2-41 to inhibit OPVs. Indeed, this virus does not
possess a specific TK gene (43), and in line with that, the ECs, against
ORFV-NZ2 was in the range of the ECyys seen with KAY-2-41 vi-
ruses. Sequencing of KAY-2-41" clones allowed us to identify muta-
tions in the TK gene that are most likely responsible for the drug-
resistant phenotype since they were identified only in drug-resistant
viruses. Five other viral genes investigated, including A48R (TMPK),
BIR (Ser/Thr kinase), FIOL (Ser/Thr kinase), ESL (DNA polymer-
ase), and D4R (uracil DNA glycosylase), had sequences that were
identical to those of the corresponding WT viruses. Also, a
VACV-WR mutant with a deletion in ribonucleotide reductase sub-
units did not display resistance to KAY-2-41 or to 5-BrdU. In con-
trast, two viruses with TK deletions displayed resistance to both KAY-
2-41 and 5-BrdU (which are TK dependent) and not to BVDU
(which is TMPK dependent), mimicking the drug resistance pheno-
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