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Abstract. The synthesis of two sets of analogues of 2-5A trimer containing 9-(3-fluoro-3-deoxy-3-
D-xylo-furanosyl)adenine (AF) or 3'-fluoro-3'-deoxyadenosine (A ) at different positions of the
chain is described, along with the preparation of the corresponding 5-monophosphates and
5'-diphosphorylated (core) trimers. The ability of each ribo and xylo isomeric pair of fluorodeoxy
analogues of 2-5A (i) to compete with p;(A2'p);A3'[*?P]pC3'p for binding to RNase L in Ly cell
extracts, and (i) to activate the partially purified RNase L from Lg,y cell extracts to hydrolyze
poly(U)[*H], was compared to that of the related 3'-deoxy analogue [Torrence et al., J. Biol. Chem.
263, 1131 (1988)] and the parent trimer, p;A ;, using radiobinding and RNase L-(2',5')pentaadeny-
late(core)-agarose assays, respectively. Evidence is presented to show that the stereochemistry of
the trimers plays an important role, specifically in the second process. The most striking observa-
tion is that, compared to 2-5A, p; A(AF)A was found to be nine times more effective an activator

of RNase L, whereas isomeric p;A(Ap)A is 30 times less effective.

Introduction *

The important role of 5-triphosphorylated (2',5)oligoa-
denylates [mainly pppA2'-5’A2’-5'A; p;A;; (2-5A)] in the
antiviral action of interferon is now well recognized (for a
review, see Ref. 1). These oligomers bind to and subse-
quently activate 2-5A-dependent endoribonuclease
(RNase L) resulting in the cleavage of virus mRNA and,

hence, in inhibition of protein synthesis. The synthesis of

a broad spectrum of 2-5A analogues allowed us to define
some structural and conformational factors that are im-

? Abbreviations: 2-5A = 5-triphosphoadenylyl(2’-5')adenylyl(2’-
5')adenosine, p;A;; pAj; = phosphoadenylyl(2’-5")adenylyl(2’-
5")adenosine; A ; = 5'-dephosphorylated p;A 5, 2-5A core; AF=9-(3-
fluoro-3-deoxy-B-D-xylofuranosyl)adenine; Ap = 3'-fluoro-3'-deoxy-
adenosine; RNase L = 2-5A-dependent endo-ribonuclease; BAP =
bacterial alkaline phosphatase; DBU = 1,8-diazabicyclo[5.4.0Jundec-
7-ene; DMAP = 4-(dimethylamino)pyridine; DMSO = dimethyl sul-
foxide; HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
HPLC = high-performance liquid chromatography; NPE = 2-(4-
nitrophenyl)ethyl; MTr = monomethoxytrityl = (4-methoxyphen-
yDdiphenylmethyl; poly(U) = polyuridylic acid; TLC = thin-layer
chromatography; TEAB = triethylammonium hydrogen carbonate.

portant for both processes. One of the aims of these
investigations is the search for new antiviral and /or anti-
tumor agents which could be eventually used instead of
interferon in some chemotherapeutic applications. Thus,
it was demonstrated that phosphorothioate and 3'-de-
oxyadenosine (cordycepin) analogues of 2-5A inhibit hu-
man immunodeficiency virus (HIV) infection via inhibi-
tion of reverse transcriptase?~4, It was also reported that
(2,5 Yoligoadenylate core (5'-dephosphorylated) trimers
modified at the 2'(3')-terminus effectively prevent the
rejection of transplanted kidneys in rabbits and monkeys,
ensure the normal functioning of the transplanted organ,
and slow the growth of the T-helper and T-killer cells in
experimental animals during the post-operative period?.

A series of reports demonstrated that diverse functionali-
ties of each individual nucleoside fragment of 2-5A con-
tribute highly specifically in binding to and activation of
RNase L. For instance, using sequence-specific 2-5A
analogues, in which the 3'-hydroxyl group of each adeno-
sine residue was sequentially replaced by hydrogen, it was
demonstrated that (i) the replacement of the 5'-terminal
adenosine by cordycepin results in a three-fold decrease
in activation ability; (&) by contrast, the same modifica-
tion of the central adenosine fragment causes decreases in
binding (nine-fold vs. the parent 2-5A) and activation
(500-1000-fold); (iii) a ca. ten-fold increase in both bind-
ing and activation ability occurs upon substitution of a

cordycepin residue at the 2'(3)-terminus®.
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Table I 'H NMR data of the fluorodeoxy derivatives of adenosine. *

No. H2 HY H2' HY¥ H4 HY Others
HS§ H5”
8 8.54s 598d 472 m 5.06 m 426 m 3.12m 7.94-7.22 m (5H, arom.)
821s 6.22 d (1H, 2’-OH)
4,96 t (1H, 5-OH)
10 8.62s 6.27s 4.75br.d 5.11dd 4.66 ddt 3.60 dd 9.27 br.s (1H, NH)
8.07s 3.48 br.dd 7.96-6.8 m (19H, arom.)
376 s (3H, OCH )
12 8.63s 6.53 brs 5.80 br.d 5.29 dd 4.52 ddt 3.66 dd 8.09-6.82 m (24H, arom.)
8.20s 3.56 dd 3.77 s (3H, OCH,)
14 8.63s 6.46 d 5.92 dd 5.35 dd 452 m 4.02d 8.05-7.33 m (15H, arom.)
8.36s
18 8.74's 6.17d 517m 5.38dd 4.54 m 3.96 br.d 11.26 br.s (1H, NHBz)
8.28s 8.12-6.85 m (23H, arom.)
= 4.45 m (2H, P-O-CH,-CH,)
3.74 s (3H, OCH )
2.92 m (2H, P-O-CH ,-CH,)
9 8.80s 6.14 d 5.04 m 5.18 dd 4.35 dt 3.70m 11.26 s (1H, NHBz)
8.76s 8.08-7.53 m (5H, arom.)
6.06 d (1H, 2’-OH)
539t (1H, 5-OH)
11 8.72s 6.12d 5.15 ddd 5.17dd 4.50 dt 3.50dd 9.12 s (1H, NHBz)
8.22s 3.36 dd 8.05-6.75 m (19H, arom.)
3.75 s (3H, OCH ;)
13 8.52s 6.55d 6.29 ddd 5.59 dd 4.58 dt 3.59dd 8.06-6.8 m (24H, arom.)
8.26 s 3.47 dd 3.79 s (3H, OCH )
15 8.66 s 6.34 d 6.08 ddd 5.58 dd 4,64 brd 402brd 8.02-7.27 m (15H, arom.)
8.20s 3.86 br.d
19 8.62s 6.19d 5.64 m 5.36 dd 442 m b 11.22 br.s (1H, NHBz)
8.58s 8.09-6.84 m (23H, arom.)
= 4.40 m (2H, P-O-CH,-CH,)
3.73 s (3H, O-CH,)
2.65 m (2H, P-O-CH,-CH,)

* Chemical shifts (81ms> ppm). The spectra of compounds 8, 18, 9 and 19 were measured in DMSO-d,, compounds 10, 12, 14, 11 and 13 in

CDCI; and 15 in a mixture of CDCl; and CD;0D.

Recently, we reported on the detailed conformational
analysis of 2-5A trimer cores containing 9-(3-fluoro-3-de-
oxy-B-p-xylofuranosyDadenine (AF) or 3'-fluoro-3'-de-
oxyadenosine (A ) at different positions of the chain’. It
was found that the fluoro substituent governs the confor-
mation of the sugar ring as follows: the AF residues
display mainly N-type and the A residues exhibit almost
pure S-type conformation compared to the adenosine
fragments in the trimers which appear rather flexible, as is
also the case with the parent trimer, A ;. Moreover, for all
fluoro-substituted ribonucleosides an anti base orienta-
tion is found as opposed to (AF)A, and A(AF)A. In the
latter two trimers indications for the presence of a syn
conformation of the base in AF residues were found.
Some of these conformational peculiarities correlate
rather well with the data’® on the binding of 5-mono-
phosphates of these fluoro-substituted trimers to RNase L
and the susceptibility to (2’-5)phosphodiesterase degrada-
tion.

It was also reported that the phagocytic activity of macro-
phages® and the Iytic activity of human natural killer
cells'® are strongly dependent on both the configuration

Resonance signals are overlapped by an intense signal of HOD.

of the fluorine atom and on the position of fluorodeoxy
adenine nucleoside in the sequence of the 2-5A ana-
logue. Again, these data revealed a relationship between
oligonucleotide conformation and biological properties of
fluorodeoxy analogues of 2-5A.

More recently, we studied the reactivity of anti-
(2,5 )oligoadenylate mice antisera with the same set of
fluorodeoxy analogues of 2—5A trimer core. It was found
that the conformational features of the analogues are an
important factor in polyclonal antibody recognition'’.

In the present paper, this investigation has been further
extended to the evaluation of the role of conformational
factors in the interaction between fluoro-substituted ana-
logues of 2-5A and RNase L.

Results and discussion

Chemistry

The starting material for the preparation of AF was read-
ily available 9-(2,3-anhydro-8-p-ribofuranosyl)adenine

Table II  Coupling constants (Hz) for fluorodeoxy derivatives of adenosine °.

No. J({1'2) JQ2'3) J34) J(F2) I(F¥) J(F4') J@45) = Others
J(4’5”)

8 2.8 137 48.6 28.6 4.3 (OH, 2)
10 <1.0 <1.0 2.0 14.0 51.0 30.0 54 9.6 (5',5")
12 <10 <1.0 22 126 495 24.7 6.6 9.6 (5,5")
14 2.4 <1.0 3.4 138 51.0 27.6 5.4
18 18 <10 2.0 15.6 51.6 28.0 6.0

9 8.0 3.8 <10 22.0 54.0 279 3.9 6.6 (OH, 2)

6.0 (OH, 5)
11 75 45 <1.0 22.5 54.0 27.0 3.9 10.8 (5',5")
13 8.1 45 <1.0 20.4 54.0 25.8 45 10.8 (5',5")
15 8.2 45 <1.0 228 54.0 275 - 126 (5,5")
19 12 3.0 <10 228 54.0 25.8 b

2 See footnote a of Table I. ° See footnote b of Table 1.
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Scheme 1. Synthesis of xylo-fluoride 2 in the presence of dibenzo-18-
crown-6.

(1)'2. Its treatment with KHF, in the presence of crown
ether led to xylo-fluoride 2 in a yield of 42% after column
chromatography on silica gel. The 9-(8-p-xylo-
furanosyl)adenine (3) and 9-(2-fluoro-2-deoxy-B-p-ara-
binofuranosyl)adenine (4) were also isolated from the
reaction mixture (cf. Ref. 13) (Scheme 1). The synthesis
of ribofluoride 5 is described in separate publications'*?>.
The appropriately protected mononucleosides 14, 15 and
25 and phosphodiester 18, 19 and 24 building blocks
(Schemes 2 and 3) were prepared essentially by literature
Procedures'é'18

HNMR data for fluorodeoxy derivatives of adenosine are
listed in Tables I and II.

A careful study of the benzoylation of compound 20 with
benzoyl chloride showed that in the presence of a catalytic
amount of 4-(dimethylamino)pyridine the reaction leads
to the predominant formation of 3'-O-benzoate 23. In this
way, benzoates 21, 22 and 23 were separated by column
chromatography on silica gel in 10, 15 and 64% yields,
respectively. This method is an advantageous alternative
to the one previously published which used benzoyl
cyanide treatment'®!°~2! Detritylation of 21 gave N%3-
0,2’-O-tribenzoyladenosine which was also employed as
the 2'(3')-terminal fragment along with 25 in some synthe-
ses.

A phosphotriester methodology was applied to synthesize
the trimers (Scheme 4). The assembly of the trimers was
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Scheme 2. Summary of protected A* and Ay building blocks.

performed in good overall yield by condensation in suc-
cession and combination of (i) the monomeric building
blocks to synthesize the 5'-detritylated dimers 26-31, and
(i) the dimers obtained with phosphodiesters to give the
§'-detritylated trimers 32-38 (Scheme 4; Tables III and
IV). The condensations were performed in chloroform
solution using a mixture of 2,4,6-triisopropylbenzene-
sulfonyl chloride and N-methylimidazole (in a molar ratio
of 1:3)?2-%* Deprotection of trimers 32-38 was per-
formed by sequential deblocking of phosphotriester groups
with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and subse-
quent treatment with saturated methanolic ammonia fol-
lowed by DEAE-Sephadex A-25 (HCO; form) chro-
matography in a linear gradient of TEAB buffer. The
deblocked core trimers were obtained in the form of Na*
salts as amorphous powders according to Moffatt® and
their structures were unequivocally established by NMR
analysis’. The 5-mono- and -triphosphates of fluoro-sub-
stituted trimers were prepared according to literature
procedures?®?’. Digestion of both 5'-mono- and -triphos-
phates with bacterial alkaline phosphatase gave the corre-
sponding core trimers.

Table Il Data on the synthesis and physical properties of the protected dimers 26-31 and trimers 32-38.

First Second Product
component component
Yield R; values UV spectra (MeOH)
No. Amt. No. Amt.
No. % D C Amax> DM log €
25 0.15 24 0.16 26 80 0.44 233 278 4.96 481
25 0.15 18 0.16 27 83 0.67 233 278 4.83 4.76
14 0.10 24 0.11 28 91 0.56 278 4.83
25 0.30 19 0.33 29 86 0.35 233 278 4.93 4.74
15 0.17 24 0.19 30 82 0.34 236 279 4.82 4,78
15 0.17 18 0.19 31 85 0.38 235 257sh 277 4.82 4.73 4.76
26 0.11 18 0.12 32 92 0.25 233 279 5.11 5.02
27 0.055 24 0.06 33 91 0.23 233 279 5.07 5.00
28 0.047 24 0.057 34 83 0.26 234 279 5.11 5.05
26 0.18 19 0.20 35 86 0.51 233 259sh 274 4.96 4.83 4.83
29 0.21 24 0.23 36 81 0.45 232 260sh 275 5.26 5.11 5.13
30 0.07 24 0.08 37 87 0.43 233 278 5.25 5.09
k| 0.016 24 0.018 38 82 0.53 235 257sh 277 4.97 4.81 4.84
Table IV Isolated yields and HPLC data for the fluorodeoxy analogues of 254 core, 5'-mono- and 5’ -triphosphate.
Structure of Isolated yield (%) HPLC retention time (min)
core trimer Core 5'-MP 5-TP Core 5-MP @ 5'-TP ¢

(ANHA, 72 85 32 18.72 2 10.46 28.60

AADA 70 68 33 22.82° 13.10 30.00

A(AF) 7 73 36 23.91° 13.12 17.90

(ApA, 71 63 32 23.26° 15.26 27.10

AARA 76 60 52 1834 ° 14.18 31.50

A(Ag) 74 63 27 20.68 ® 14.49 24.30

AAP)A F 65 68 25 24402 16.10 36.20

2 The data were obtained on a Zorbax ODS C18 column. ° Ultrasphere ODS column. € Separon SGXNH, (see experimental).
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performed on the core trimers, we assume that the pres-
ence of a 5'-triphosphate group at the 5-terminus does
not lead to essential conformational changes of fluori-
nated residues owing to their conformational rigidity’. It
should be stressed that the fluorine atom is able to form
hydrogen bonds and that substitution of the fluorine atom
for a hydroxyl group does not create any steric hin-
drances.

Our aim in the present investigation was to define the
role of stereochemical factors implicated in the binding
and activation processes of RNase L using fluoro-sub-
stituted analogues of 2—-5A. It is noteworthy that RNase L
is a functionally stereoselective enzyme as shown by in-
depth studies by Suhadolnik et al.?®=3 using the unique
spectrum of phosphorothioate analogues of 2—5A. One of
the most interesting characteristics of RNase L is that the
binding process is independent of the activation process®”.
Furthermore, each pair of xylo and ribo fluoro-sub-
stituted analogues of 2—-5A compares favourably with the
corresponding 3'-deoxy analogue extensively studied by
Torrence et al.®*!. Thus, on the one hand, a pair of AF and
A substituted analogues is structurally closely related to
a corresponding cordycepin analogue, while on the other
hand, the furanose rings of both xylo and ribo fluo-
rodeoxy nucleoside fragments are conformationally biased
toward N- and S-type’, respectively, affecting the base
orientation specifically in AF 5-terminal and central
residues (vide supra). Thus, the fluorodeoxy analogues

Table V  Biological activities of 3'-fluoro-3'-deoxy analogues of 2—5A

Scheme 4. Summary of protected dimers (n = 0) and trimers (n=1).

under consideration are valuable tools for the study of
stereochemical aspects of binding and activation processes
of RNase L relating to pentofuranose ring conformation
and syn /anti adenine base orientation.

The ability of fluoro-substituted analogues of 2-5A to
bind to RNase L was examined in radiobinding assays
according to Ref. 22; the data are summarized in Table V
and some displacement curves are illustrated in Figure 1.
These data display the changes within an order of magni-
tude, implying that the stereochemical modifications of
the type considered are not of crucial importance in this
process. The 5-triphosphates were bound to RNase L
with higher efficiency than the corresponding 5'-mono-
phosphates® except for p;A(Ap)A and F3A2(AF) (cf.
Ref. 6). Note at this point that p;A(A")A displays a
relatively weak binding, in contrast to its outstanding
activation property, see below.

Several interesting stereochemical aspects of RNase L
activation are revealed by the use of fluoro-substituted
analogues of 2-5A in RNase L-(2',5)pentaadenylate-
(core)-agarose assays by monitoring the degradation of
poly(U)[*H] (Table V: Figure 2). The analogues in which
the 5-terminal adenosine of 2—-5A was replaced by xylo

? See experimental; standard errors of mean are shown in parentheses; the results given represent the mean of n experiments.

Compound Poly(U)[*H]degradation Radiobinding
(ICso, M-107%) 2 Rel. act.® (ICs, M:1075) @ Rel. act. ®

D3A, 28(+1) 1.0 22(x1) 1.0
(n=6) (n=3)

py(ADA, 42(+2) 0.66 20(£10) 0.1
(n=4) (n=4)

p;A(AP)A 0.32(£0.15) 8.75 7(+2) 0.3
(n=3) (n=4)

p3A,(AF) 6 (+3) 05 3.6 (+£2) 0.6
(n=15) n=7

Pi(ARA, 9(+3.5 0.3 5(x£2) 0.45
(n=3) (n=3)

pP3A(ApA 90 (+20) 0.03 22(+10) 0.1
(n=4) (n=3)

p3AL(AF) 28 (+15) 0.1 6(+2) 0.4
(n=4) (n=3)

p3AANA L 32(420) 0.09 10 0.2
(n=4) (n=2)

® Relative

activity was calculated by dividing the ICsy of p3A 3 by the ICsy of an analogue; the lower the value, the less active the analogue.
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Figure 1. Ability of 2-5A and its fluorodeoxy analogues to inhibit the
binding of the radioactive probe to RNase L (see experimental).

or ribo fluorodeoxy nucleosides, p;(AF)A, or py(ApA,,
retained 66 and 30% of the activity of the parent trimer,
respectively. This observation is in good accordance with
the data® for the related cordycepin analogue.

We suggest that a syn orientation of the base in combina-
tion with predominant N-type conformation in AF at the
5'-terminus’ account for the more effective activation of
RNase L by ps(AFA, vs. p;(Ag)A,. This suggestion is
consistent with an earlier report on the conformation of
the cordycepin (2',5')-trimer core for which an overwhelm-
ing preference for the N-conformation has been found in
all furanose residues®3, unfortunately, no data were avail-
able regarding the base orientation. One can also specu-
late that a significant decrease in activation of RNase L
following replacement of 5'-terminal adenosine of 2-5A
with 8-bromoadenosine®*~3¢ or 8-methyladenosine?’ is re-
lated to the introduction of bulky groups which promote a
syn orientation of the base, thus adversely affecting this
process.

Replacement of the central adenosine fragment of 2—-5A
with AF or Ap brought about profound differences in
activation of RNase L. The p;A(A g)A was approximately
30 times less effective in this process than the parent
trimer, similar to the behaviour of the related cordycepin
analogue®. It is noteworthy that at a concentration of
1.107® M (oligonucleotide equivalents) of p;A(A A,
breakdown of poly(U) into acid-soluble fragments reached
a maximum value of ca. 67(+6)% compared to above
85(+5)% in the presence of the parent 2-5A at the same
concentration (Figure 2). This result is reminiscent of the
finding that an analogous compound, (2'5')p;A(3'dA)A,

-
n
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Figure 2. RNase L-(2',5')pentaadenylate(core)-agarose assay for the
activation of RNase L by 2-5A and its fluorodeoxy analogues (see
experimental).
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failed to cause degradation of all the substrate and reached
a maximum value of 65% at 1.107% M3! In contrast to
this, there was a ca. nine-fold increase in the activation of
RNase L by p; A(AF)A compared to the parent 2-5A. In
other words, the xylo fluoro-substituted analogue,
p;A(AF)A, displayed a ca. 280-fold higher activating abil-
ity of RNase L than its ribo counterpart, p;A(Ap)A. The
importance of stereochemical factors seems understand-
able in terms of the observed patterns of RNase L activa-
tion. These findings are not consistent with an earlier
conclusion that the 3'-hydroxyl group of the central
adenosine fragment of 2--5A is needed for effective acti-
vation of RNase L%3!, It seems probable that the intrinsic
spatial arrangement of p3A(AF)A facilitates the formation
of a productive complex between RNase L, poly(U), and
the modifier, in which the presence of the 3'-hydroxyl
group of the central adenosine residue is not implicated.
When the 3'-hydroxyl group of the 2'(3')-terminal residue
of 2-5A is replaced by a fluorine atom in the xylo
configuration, activation ability decreases slightly; the ribo
fluorodeoxy analogue, p;A (A ), was 10-fold less active
than 2-5A. Note that the corresponding cordycepin ana-
logue was approximately 5-10 times more active than
2-5A%3!. The decreased activation ability of p;A,(Ag)
may be correlated to the almost pure S-type conformation
of the fluorodeoxy pentofuranose ring of A i, whereas the
AF residue in p;A,(AF) (and in its cordycepin counter-
part®?) displays mainly N-type sugar’. Another explana-
tion invokes an unfavourable anti base orientation at the
2'(3')-terminus in both p;A,(Ag) and p;A,(AF)’, albeit
that the anti range is most likely populated in the case of
the related cordycepin analogue.

The study on pA; analogues in which one or more of the
adenosine fragments were replaced by 8-bromoadenosine
has revealed the possible correlation between biological
activities of these compounds and their conformation*. It
was suggested that the binding of pA; to RNase L re-
quired (besides an ant#i orientation of the 5'-terminal
base; vide supra) (i) a syn/N-type conformational combi-
nation of the central nucleotide, and (ii) S-type sugar
and/or a syn orientation of the 2'(3')-terminal base.
Similar observations were made for 8-methyladenosine-
substituted analogues of 2-5A%. The 2-5A analogues
with 8-bromoadenosine and 8-methyladenosine at the
2'(3')-terminus displayed ca. 10-fold increase of RNase L
activating ability compared with 2-5A%7. It is notewor-
thy that the substitution of H-8 of adenosine residue(s) by
a bulky bromine atom results in an anti — syn change in
the conformation about the N-glycosidic bond** and the
population of syn conformation in the case of 8-methyl-
adenosine is markedly increased3®. At the same time this
type of modification leads to the introduction of an addi-
tional steric factor, the contribution of which to the bind-
ing to and the activation of RNase L cannot be defini-
tively ascertained*-37.

On the basis of the observations reported here, the
anti /syn stereochemical differences between the fluoro-
substituted analogues p;A,(Ag) and p;A,(AF) on the
one hand, and related 8-bromo and 8-methyl analogues
on the other hand, are responsible for the distinct pat-
terns of RNase L activation. Our findings point to the syn
base orientation as a major contribution to this process.
The low ability of p;A(AF)A to activate RNase L sup-
ports this suggestion. It is also apparent that activating
ability of the bis-substituted analogue of 2—5A is hard to
predict on the basis of the biological properties of related
monosubstituted analogues (cf. Ref. 37).

In summary, the use of fluoro-substituted analogues of
2-5A has contributed essential information to the analysis
of the stereochemical course of RNase L activation. The
syn orientation of the bases at the 5'-terminus and the
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central position, together with a favoured N-type confor-
mation of pentofuranose residues, seem to be required for
the formation of a productive complex between RNase L,
poly(U), and 2-5A or its analogues. In addition, syn
orientation of the base at the 2'(3’)-terminus appears to
influence the RNase L activation in a positive manner.
These conclusions seem to be rather paradoxical and we
may raise the question whether or not one or more of the
adenine bases of 2-5A adopt a syn orientation at a
transition stage of RNase L activation as a special prop-
erty of this modifier. This question cannot be answered at
the present time. Whatever the case may be, our findings
support and extend earlier conclusions® that RNase L
has functional stereoselectivity and that binding is inde-
pendent of activation.

Experimental
General

UV spectra were recorded on a Specord UV-VIS spectrophotometer
(Carl Zeiss, Germany). '"H-NMR spectra were recorded with a
Bruker WM-360 (Bruker, Germany) spectrometer with tetramethylsi-
lane as an internal standard (s, singlet; d, doublet; t, triplet; m,
multiplet; br.s, broad signal).

Bacterial alkaline phosphatase (BAP) was purchased from Boehringer
(Germany).

Thin-layer chromatography (TLC) was carried out on F 1500 LS 254
silica gel plates (Schleicher & Schuell, Germany). As solvent systems
were used: ethyl-acetate /hexane, 5:7 (A); ethyl-acetate /hexane, 7:5
(B); chloroform/methanol, 24:1 (C); chloroform/methanol, 19:1
(D); chloroform/methanol, 4:1 (E); 2-propanol/25% aq.
ammonia /water, 7:1:2 (F); 1-butanol /acetic acid /water, 5:3:2 (G).
Column chromatography was performed on silica gel L 40/100 u or
100,/400 p (Chemapol, Czechoslovakia).

High-performance liquid chromatography (HPLC) was carried out
with (i) a Bruker LC 31 (Bruker, Germany) apparatus with a Zorbax
ODS C18 column (150 4.6 mm) using a linear gradient (0 — 50%)
of buffer B (MeOH/H,0, 1:1, v/v) in buffer A [50 mM
(NH H,PO,, pH 7.0] at a flow rate of 1 ml/min (time of analysis
was 25 min), or a Separon SGXNH, column (150%3.3 mm)
(Czechoslovakia) using a linear gradient (0 — 50%) of buffer B (1.0
M LiClO, /0.16 mM NH,OAc/20% CH,CN) in buffer A (0.4 M
LiClO, /0.16 mM NH ;OAc/20% CH ;CN) (1 ml/min; 40 min), and
(ii) an Altex (Altex, USA) apparatus with an Ultrasphere ODS
column (250 X 4.6 mm) using a linear gradient (0 — 50%) of buffer B
(MeOH/H,0, 1:1, v/v) in buffer A {50 mM (NH ,)H,PO,, pH 7.0]
(1 ml/min; 70 min).

The solutions of compounds in organic solvents were dried with
anhydrous sodium sulfate for 4 h. The reactions were carried out at
room temperature, unless stated otherwise.

Melting points were determined with a Boethius (Germany) appara-
tus and are uncorrected.

Interaction of 9-(2,3-anhydro- B-p-ribofuranosyl)adenine (1) with KHF,

A mixture of 1 (0.42 g, 1.72 mmol), KHF, (0.47 g, 6.03 mmol) and
dibenzo-18-crown-6 (1.96 g, 5.44 mmol) in 8 ml of anhydrous DMSO
was heated at 130-135 °C for 16 h. After cooling the reaction
mixture was diluted with 150 ml water and washed with chloroform
(5x40 ml). The water phase was separated, evaporated, and the
products were chromatographed on a silica gel column (100 mi)
eluting with chloroform (500 ml) and then with a linear methanol
gradient (0 — 25%, v/v; 2X500 ml) in chloroform. The fractions
containing individual products were collected, evaporated and crys-
tallized from appropriate solvents.

9-(3-Fluoro-3-deoxy- B-p-xylofuranosyl)adenine (2). 198 mg (41.5%),
m.p. 215-217 °C (from ethanol) [reported'®: m.p. 212-214 °C (from
ethanoD)] R; 0.36 (E). UV (H,0) A, nm (Ig €): 260 (4.15).

9-(2-Fluoro-2-deoxy- B- D-arabmofuranosyl)ademne (4). 16 mg (3.5%),
m.p. 231-233 °C (from ethanol) [reported®®: m.p. 231-234 °C (from
ethanol)]; R; 0.34 (E). UV (H,0) A, nm (g ¢): 260 (4.14). CD
(H,0) A, (61.1073): 280 (0), 255( 27) 234 (0), 214 (—2.3), 210
©). "H-NMR (DMSO-d): 830 (d, 1H, Jgvr 1.6, 8-H), 820 (s, 1H,
2-H), 7.28 (br.s, 2H, NH,), 6.43 (dd, 1H, Jy, » 445, Jy y¢ 13.6, I-H),

6.05 (brs, 1H, 3-OH), 5.22 (dt, 1H, J y 4.45, J, 5p 56, 2-H), 431
(m, 1H, Jy 4 445, Jy e 40, 3-H), 3.89 (m, 1H, 4-H), ~3.70 (m,
2H, § H) (cf. the data reported in Ref. 40).

9-(B-p-Xylofuranosyl)adenine (3). 55 mg (12%), identical with the
authentic sample*' in all respects.

9-(3-Fluoro-3-deoxy- B-p-xylofuranosyl)- N®-benzoyladenine (8)

Method A. Benzoy! chloride (0.54 g, 0.44 ml, 3.8 mmol) was added to
a stirred solution of xyloside 2 (0.2 g, 0.74 mmol) in pyridine (5.5 ml)
at 0 °C; the mixture was then allowed to warm to room temperature
and stirred for 12 h. The reaction mixture was poured into a mixture
of ice and water (300 ml); the ice was allowed to melt and the
resulting precipitate was collected by filtration, washed with water
and dried in vacuo to give 0.49 g (96%) of tetrabenzoate 6 as an
amorphous powder, R; 0.84 (B). Without purification, this material
(0.49 g, 0.715 mmol) was dissolved in an ethanol /pyridine mixture
(12 ml, 1:1; v/v) and treated with 2 M NaOH. After stirring for 5
min, the mixture was neutralized with Dowex 50x 8 (PyH* form)
and then filtered. The filtrate was evaporated and the residue was
dissolved in water (30 ml) and washed with ether (330 ml). The
water phase was evaporated and the residue was crystallized from
water to give 0.22 g (83%) of 8 with m.p. 117-118 °C; R, 0.28 (D).
UV (MeOH) A,,,, nm (lg €): 235 (4.11), 281 (4.30).

Method B. Trimethylsilyl chloride (1.54 g, 1.8 ml, 14 mmol) was
added to a solution of xyloside 2 (0.71 g, 2.63 mmol) in pyridine (4
ml) and the reaction mixture was stirred for 15 min. Benzoyl chloride
(2.19 g, 1.7 ml, 14 mmol) was then added and stirring was continued
for 2 h. The reaction mixture was cooled to 0 °C and water (2.8 ml, 0
°C) was added while stirring. After 5 min, 25% aqueous ammonia (6
ml) was added and stirring was continued for 30 min. The reaction
mixture was evaporated and the residue was partitioned between
water (70 mb) and ethyl acetate (50 ml). The organic phase was dried,
evaporated, and the residue was crystallized to give 0.87 g (89%) of
8.

N®.Benzoyl-3' -fluoro-3' -deoxyadenosine (9). Compound 9 was ob-
tained, as described above (Method A) for compound 8, starting
from 0.1 g (0.37 mmol) of 5 to give 0.09 g (72% combined yield) of 9
with m.p. 220-222 °C (from water); R; 0.26 (D). UV (MeOH) A,
nm (g €): 236 (4.11), 282 (4.30).
9-[5-O-(Monomethoxytrityl)-3-fluoro-3-deoxy- B-p-xylofuranosyl]-N°-
benzoyladenine (10)

A mixture of 8 (0.2 g, 0.54 mmol) and monomethoxytrityl chloride
(0.35 g, 1.13 mmol) in dry pyridine (3 ml) was stirred for 12 h and
then poured into a mixture of ice and water (300 ml) under vigorous
stirring. The resulting precipitate was collected by filtration, washed
with water and dried in vacuo. The product was purified on a
column of silica gel (100 ml) eluting with a linear methanol gradient
(0 > 10%, v/v; 2% 500 ml) in chloroform to give 0.3 g (87%) of 10 as
an amorphous powder; R; 0.39 (D). UV (MeOH) A, nm (g €):
232 (4.36), 280 (4.30).

N®-Benzoyl-3 -fluoro-3'-deoxy-5' - O -(monomethoxytrityl)adenosine
(11). Compound 11 was obtained as described above, starting from
0.5 g (1.34 mmol) of 9 to give 0.82 g (95%) of 11 with m.p. 114-116
°C (from ethanol); R, 0.39 (D).

9-[2-O-Benzoyl- 3 -fluoro-3-deoxy-5-O- (monomethoxytrztyl) B-p-xylo-
furanosyl]-N° N°.dibenzoyl-adenine (12) and N®N®,2'-O-tribenzoyl-
3 -fluoro-3' -deoxy-5' - O-(monomethoxytrityl)- adenosme (13). Benzoy-
lation (vide supra for 6) of 0.23 g (0.36 mmol) of 10 afforded 0.3 g
(96%) of 12: m.p. 111-113 °C (from ethanol); R, 0.45 (A). Similarly,
starting from 0.73 g (1.13 mmol) of 11, 0.95 g (98%) of 13 was
obtained: m.p. 121-122 °C (from ethanol); R, 0.43 (A).

9-(2-O-Benzoyl-3-fluoro-3- deoxy B-p-xylofuranosyl)- N N°-dibenzo-
yladenine (14) and N°NS®,2'-O-tribenzoyl-3' -fluoro-3' -deoxyadeno-
sine (15). Detritylation'® of 0.3 g (0.35 mmol) of 12 afforded 0.19 g
(93%) of 14: m.p. 168-169 °C; R; 0.15 (A). Similarly, starting from
0.95 g (1.11 mmol) of 13, 0.54 g (83%) of 15 was obtained: m.p.
193-195 °C; R; 0.12 (A).

9- [3 Fluoro-3-deoxy-5- O (-monomethoxytrityl)- B-p-xylofuranosyl]-
NS.-benzoyladenine 2'-[2-chlorophenyl 2-(4-nitrophenyl)ethyl phos-
phate] (16) and N°®-benzoyl-3'-fluoro-3' -deoxy-5'- O-(monometho-
xytrityl)adenosine-2’ -[2-chlorophenyl 2-(4-nitrophenyl)ethyl phosphate]
(17). Phosphorylation of 0.18 g (0.28 mmol) of 10 with 2-chlorophenyl



Recueil des Travaux Chimiques des Pays-Bas, 114 /02, February 1995

phosphoditriazolidate followed by treatment with 2-(4-
nitrophenyl)ethanol as described'®, afforded 0.25 g (93%) of triester
16 as an amorphous powder; R; 0.54 (C). Similarly, starting from
0.05 g (0.08 mmol) of 11, 0.07 g (92%) of triester 17 was obtained as
an amorphous powder; R, 0.53 (C).

Triethylammonium  9-{3-fluoro-3-deoxy-5- O-(monomethoxytrityl)- 8-
p-xylofuranosyl]- N®-benzoyladenine-2' -[2-(4-nitrophenyl)ethyl  phos-
phate] (A8) and triethylammonium WN®-benzoyl-3'-fluoro-3'-deoxy-5'-
O-(monomethoxytrityl)adenosine-2' -[2-(4-nitrophenyl)ethyl phos-
phate] (19). Treatment of 0.25 g (0.25 mmol) of triester 16 with
4-nitrobenzaldoxime, followed by work-up as described!®, afforded
0.19 g (79%) of diester 18 as an amorphous powder; R, 0.84 (G).
Similarly, starting from 0.07 g (0.071 mmol) of triester 17, 0.05 g
(83%) of diester 19 was obtained as an amorphous powder; R; 0.84
(G).

Benzoylation of N6-benzoyl-5'- O-(monomethoxytrityl Jadenosine (20}
with benzoyl chloride

To a stirred solution of 20 (0.91 g, 1.41 mmol)'” in a mixture of
anhydrous acetonitrile (18 ml), triethylamine (2.5 ml) and 4-(dimeth-
ylamino)pyridine (DMAP) (0.013 g, 0.11 mmol), freshly distilled
benzoyl chloride (0.24 g, 0.197 ml, 1.69 mmol) was added. After
stirring for 30 min, the reaction mixture was poured into a mixture of
ice and water (600 ml) under vigorous stirring. After melting of the
ice, the resulting precipitate was collected by filtration, washed with
water and dried in vacuo. The products were chromatographed on a
silica gel column (70 ml) eluting with a linear ethyl-acetate gradient
(25 —-100%, v/v; 2x400 ml) in hexane. The fractions containing
individual products were collected, evaporated, and crystallized to
give N©2-0,3'-O-tribenzoyl-5'-O-(monomethoxytrityl)adenosine (21)
{01 g (10%); R; 038 (B)], NS,2-O-dibenzoyl-5"-O-(monometho-
xytrityladenosine (22) [0.16 g (15%); R, 0.21 (B)] and N°%3-O-di-
benzoyl-5"-O-(monomethoxytrityl)adenosine (23) [0.67 g (64%); R,
0.11 (B)]. The compounds 21-23 were identical to the authentic
samples'® in all respects.

Triethylammonium N¢,3'-O-dibenzoyl-5' - O-(monomethoxytrityl)-
adenosine-2’-[2-(4-nitrophenyl)ethyl phosphate] (24). Compound 24
was obtained as described above for compounds 18 and 19.

Synthesis of the core (2',5') trimers (32-38)

Synthesis of dimers 26-31 and then trimers 32-38 was performed
according to previously described methodology!® consisting of (i}
condensation of phosphodiesters 18, 19, or 24 with 2'-terminal build-
ing blocks 14, 15, or 25'7 and subsequent detritylation, and (i)
condensation of each individual dimer obtained with phosphodi-
esters 18, 19, or 24 and subsequent detritylation.

To a solution of phosphodiester (0.11 mmol) and 2'-terminal building
block or dimer (0.1 mmol) in alcohol-free anhydrous chloroform (0.5
ml), 2,4,6-triisopropylbenzenesulfonyl chloride (0.3 mmol) and N-
methylimidazole (0.9 mmol) were added and the reaction mixture
was stirred for 30 min. The reaction mixture was poured into hexane
(200 ml), the resulting precipitate was collected by filtration, dried in
vacuo and then dissolved in 2% solution of p-toluenesulfonic acid in
dichloromethane /methanol (7:3, v/v; 15 ml). After stirring for 5
min, the solution was diluted with chloroform (15 ml) and washed
with 0.05 M phosphate buffer, pH 7.0 (2 X 30 ml). The organic phase
was separated, dried, evaporated and purified by silica gel column
chromatography (60 ml). The product was eluted with a linear
methanol gradient (0 = 5%, v/v; 2X300 ml) in chloroform. The
product-containing fractions were collected, evaporated to a volume
of 2 ml, and precipitated in hexane (200 ml). The compounds were
obtained as amorphous solids in 80-92% yields.

Deprotection of trimers 32-38 was performed by the sequential
deblocking of phosphate groups and subsequent treatment with
methanol, saturated with ammonia at 0 °C. A trimer (0.1 mmol) was
dissolved in 0.5 M solution of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) in pyridine (30 ml) and stirred for 2 h. After the addition of
15 ml of a 1 M solution of acetic acid in pyridine, the mixture was
evaporated and then co-evaporated with pyridine (210 ml). The
residue was dissolved in saturated methanolic ammonia (20 ml), kept
for 20 h and evaporated. The residue was chromatographed on a
DEAE-Sephadex A-25 (HCO5 form; 100 mi) column using a linear
gradient (0.001 — 0.6 M; pH 7.6; 2x 500 ml) of TEAB buffer. The
product-containing fractions were collected and evaporated. De-
blocked core (2',5') trimers were obtained in the form of Na™* salts
as amorphous powders according to Moffatt!8. The physicochemical
data are summarized in Tables I1I and IV.
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The (2',5 )pentaadenylate (core), A5, was obtained in a similar way;
yield 49%; R, 022 (F), 0.03 (G); UV (H,0), Apyy,: 261 nm,
hypochromicity 27.3%; HPLC (Zorbax ODS Cl18) retention time
(R,) 18.27 min, under these HPLC conditions, the following R,
values were found for A,, A;, and A, 21.93, 21.34, and 19.38 min,
respectively.

Synthesis of the (2',5')trimer 5'-monophosphates

The synthesis of the (2',5)trimer 5-monophosphates was accom-
plished from 5'-deprotected trimers 32-38 by reaction with py-
rophosphoryl chloride?. To a suspension of (2,5 )trimer (0.1 mmol)
in 2 ml of anhydrous ethyl acetate, pyrophosphoryl chloride (0.07 ml,
0.5 mmol) was added and the reaction mixture was stirred for 3.5 h
at 0 °C. The reaction was stopped by the addition of ice; the mixture
was neutralized with cold saturated NaHCO; and evaporated. The
residue was dissolved in 0.5 M solution of DBU in pyridine (20 ml)
and stirred for 20 h. After the addition of 12 ml of a 1M solution of
acetic acid in pyridine, the mixture was evaporated and then co-
evaporated with pyridine (25 ml). The residue was dissolved in 25
ml saturated methanolic ammonia, kept for 20 h, evaporated, and
purified by column chromatography as described above for core
trimers using a linear gradient (0.001 — 0.8 M; pH 7.6; 2X 500 ml)
of TEAB buffer. Deblocked 5'-monophosphates were obtained in the
form of Na* salts as amorphous powders; the yields and HPLC data
are summarized in Table IV.

pA ; was obtained analogously starting from the corresponding 5'-de-
blocked trimer'®; HPLC (Zorbax ODS Ci8), R, 11.05 min; TLC
[Kieselgel 60 F,s, glass plates (Merck, Germany); solvents system:
2-propanol /25% aq. ammonia/water, 11:7:2), R; 0.62. Quantitative
digestion of 5'-monophosphates with BAP® using HPLC gave the
corresponding core trimers.

(2',5')Trimer 5'-triphosphates

Preparation of the (2',5 )trimer 5'-triphosphates was performed from
the deblocked core trimers using phosphorus oxychloride in trimethyl
phosphate for selective monophosphorylation of the 5'-hydroxyl func-
tion followed by a condensation step with bis(tributylammonium)-py-
rophosphate?’. Phosphorus oxychloride (0.328 mmol) was added to a
suspension of (2',5)oligomer (0.0041 mmol) in 0.2 ml of trimethyl
phosphate at 0 °C and the reaction mixture was stirred for 3.5 h. A
mixture of 0.5 M bis(tributylammonium) pyrophosphate in anhydrous
N,N-dimethylformamide (1 ml) and tributylamine (0.1 ml) was then
added and stirring was continued for 30 min. The reaction mixture
was poured into 0.5 M TEAB (3 ml), stirred at 20 °C for 3 h, and
evaporated. The residue was chromatographed on a DEAE Sephadex
A-25 (HCOj3 form, 40 ml) column using a linear gradient (0.001 — 1.0
M, pH 7.6; 2Xx500 ml) of TEAB buffer. The product-containing
fractions were collected and evaporated. Triphosphates were ob-
tained in the form of Na* salts as amorphous powders.

The purity of all synthesized 5'-triphosphates was checked by HPLC
(Table 1V) and TLC and further confirmed by degradation leading to
the corresponding core trimers under the action of BAPS.

The p;A ; was obtained analogously starting from A'$ and was found
to be identical (HPLC, TLC) to the authentic sample (Pharmacia,
Sweden); HPLC (Zorbax ODS C18), R, 9.18 min; TLC [Kieselgel 60
F,s4 glass plates (Merck, Germany); solvents system: 2-propanol /25%
aq. ammonia/water, 11:7:2], R, 0.25.

Radiobinding assay

The preparation of mouse Loy cell extracts was performed accord-
ing to Torrence and Friedman®?. The probe used for radiobinding
assays, p;(A2'p);A3[**PIpC3'p, was synthesized and purified by
HPLC as described by Knight et al®?. Radiobinding assays were
performed as described by Knight et al.’?; the data are expressed as
a concentration (calculated for each trimer 5'-triphosphate, taking
into account the hypochromicity data for the corresponding core
trimer!!) for 50% displacement of the radioactive probe from RNase
L (ICs,) and summarized in Table V; representative results are
depicted in Figure 1.

Functional assay for 2—-5A and its fluorodeoxy analogues

This was performed as described by Silverman*® with the following
modification: (i) poly(U)[*H]J (20~72 Ci /mmol, Amersham) was used
instead of poly(U)3'[32P]pC3'p; (ii) (2',5 )pentaadenylate (core) was
linked to hydrazide agarose (Chematex, Estonia).

Linkage of (2',5')pentaadenylate to agarose was conducted as de-
scribed by Silverman®. The concentration of (2,5 )oligoadenylate
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bound to agarose was determined by treating an aliquot of agarose
with 0.3 M KOH at 37 °C for 18 h and measuring the absorbance of
the supernatant at 260 nm. (2,5)Oligoadenylate was covalently
attached to the agarose in a yield greater than 95%. (2',5')Penta-
adenylate (core)-agarose (32 pm of A in the assay) was washed by
resuspending and centrifuging at 1000 X g for 5 min at 2 °C in 2X 10
vol of freshly made buffer A [11.5 mM HEPES, pH 7.6; 104 mM
KCl; 5.8 mM Mg(OAc),; 8.8 mM 2-mercaptoethanol; 1.2 mM ATP,
pH 7; and 100 pg/ml leupeptin]. Washed agarose was resuspended
in a mixture of 1 vol. of mouse L cell extract (60 wg/protein /assay)
and 1.6Xbuffer A. This mixture was incubated with occasional
shaking for 1 h at 0 °C, then RNase L-(2',5')pentaadenylate(core)-
agarose complex was washed in the same way as mentioned above
with 3 X 10 vol of ice-cold buffer A. After the final centrifugation, the
complex was resuspended in 1.25 X buffer A. The mixture of 15 uL
of the complex in buffer A and 5 uL of H,O or solution of varying
amounts of trimer 5'-triphosphate was preincubated for 20 min on
ice and 5 pL poly(U)*H] (ca. 12000 cpm in the assay) was then
added. The reaction mixture was incubated at 30 °C for 2 h.
Poly(U)[*H] breakdown into acid-soluble fragments was monitored
by mixing the assay mixture (25 L) with 1.0 ml of 5% trichloroacetic
acid, 0.2% pyrophosphate, plus 100 pL of 5 mg/ml of yeast RNA on
ice. The samples were filtered on presoaked 30 glass-fiber circles, 25
mm diameter (Schleicher & Schuell), and washed with 2X 10 ml of
5% trichloroacetic acid, 0.2% pyrophosphate and once with 5 ml of
95% ethanol. The radioactivity on the dried filters was determined
by scintillation counting.

The p;A; was used as a control for each series of assays; the data
are expressed as a concentration (calculated for trimer 5'-triphos-
phate, taking into account the hypochromicity data for the corre-
sponding core trimer) needed to effect a 50% degradation of
poly(U)[*H] (ICsy) and summarized in Table V; representative re-
sults are depicted in Figure 2.

After submission of this paper we found that data on radiobinding
and activation of mouse RNase L by two of the ribo-congeners
reported here, p;(Ag)AA and p,A(Ag)A, have been published
recently by Torrence et al**. Their data are in good agreement with
ours.
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