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Replacement of the Cleavable Phosphodiester Bond of a Hammerhead
Ribozyme Substrate by an Amide Linkage
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A nucleoside dimer in which the natural phosphodiester
bond is replaced by an isosteric amide linkage has been pre-
pared. This dimer analogue was subsequently incorporated
chemically at the cleavage position of a hammerhead ri-
bozyme substrate. Although the resulting substrate analogue

exhibited a high affinity for the ribozyme as shown by gel
retardation assays, the amide bond proved to be fully resist-
ant to cleavage under standard conditions of ribozyme cleav-
age activity.

Introduction

The first ribozymes to be described were natural RNA
molecules which were found to manifest an RNase activ-
ity.ll Since this seminal discovery, an increasing number of
RNA sequences endowed with the ability to catalyse a great
number of chemical reactions have been proposed in the
literature. In one series, artificial RNA constructs (derived
from the natural ribozymes) efficiently catalyse phosphodi-
ester bond cleavage within an RNA substrate with out-
standing selectivity.’! In this respect, the case of the most
studied hammerhead ribozyme, which is comprised of a
relatively short catalytic sequence, is very illustrative. On the
other hand a number of RNA enzymes have been de-
veloped by in vitro selection and thus have greatly
broadened the repertoire of catalytic activities exhibited by
oligonucleotides.’! In yet another remarkable step DNA en-
zymes with RNase activity have been proposed™ and there-
fore by-pass the potential role of RNA 2’'-hydroxyl groups
for activity.

Hopefully, these nucleic acid derived tools will play an
ever increasing role in gene inhibition strategies in the near
future. As a prerequisite to achieve this goal it has become
extremely important to investigate new methods for the sta-
bilization of oligonucleotides in biological media.l®! For ex-
ample, amide bonds have been proposed as surrogates of
phosphodiester bonds. Thus, the replacement of phospho-
diester backbone by amide bonds such as the ,,amide-3”
linkages [°! has been shown to yield oligonucleotides mimics
which exhibit a remarkable affinity for their complementary
RNA and stability towards nucleases. Accordingly, we pro-
posed to make use of these observations in the hammerhead
ribozyme field by incorporating a few phosphodiester isos-
ter amide linkages in place of the natural phosphodiester
bonding in such systems. Moreover, we noticed that within
the repertoire of ribozyme catalysed reactions, cases which
involved the formation of the biologically important amide
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bond and cleavage reactions were relatively rare.l’l Accord-
ingly, as a first step toward the construction of nuclease
resistant hammerhead ribozymes incorporating amide
bonds at crucial positions, we envisaged beginning our in-
vestigation by the synthesis of a hammerhead ribozyme
substrate analogue containing an amide linkage in place of
the normal scissile phophodiester bond in order to examine
both its affinity for the ribozyme and, eventually, amide
cleavage susceptibility.

For this investigation we considered as very appropriate
the well-studied ribozyme system shown in Figure 118
whose 14-mer substrate S exhibits a CpU dimer at the cleav-
age site. We decided to replace this unit by the amide ana-
logue 1 containing at the 3’-end a thymidine instead of urid-
ine. The synthesis of the phosphoramidite 12 to be used
for assembling the substrate analogue S(am) containing the
amide dimer 1 in place of CpU is outlined in Scheme 1.2

Results and Discussion

Ketone 21 was converted into the olefinic nucleoside 3
by a Wittig reaction and stereoselective hydrogenation of
the latter in the presence of Pd/C catalyst by a well estab-
lished procedurel'”! gave the ester 4. For transformation of
4 into the corresponding N*-benzoylcytosine nucleoside 6,
we first of all prepared the 4-triazolyl derivative 5 by reac-
tion of 4 with triazole in the presence of phosphorus oxych-
loride. Displacement of the triazolyl group of 5 was readily
accomplished by treatment of the latter with the benzamide
ion according to the method of Sanghvil'l and gave the
expected cytosine derivative 6 in an overall yield of 42%
based on the starting material 2. It is of importance to note
here that it was our initial intention to use this scheme with
the ketone derivative obtained by oxidation of N4-benzoyl-
2',5'-bis(tert-butyldimethylsilyl)cytidine, unfortunately the
hydrogenation step after the Wittig reaction did not proceed
satisfactorily with the cytidine analogue of 3. Consequently,
the scheme was modified as described above. Conversion of
6 to the expected phosphoramidite 12 was straightforward.
Thus compound 6 was regioselectively desilylated at the 5'-
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Figure 1. Ribozyme (R) and its substrate (S), arrow indicates the CpU cleavage site; 1 represents the amide analogue of CpU to be
incorporated in S(am) at the cleavage site. For numbering see Nucleic Acids Res. 1992, 20, 3252.

O position by careful treatment with camphorsulfonic acid
in methanol to yield compound 7 in moderate yield (52%)
and dimethoxytritylation of 7 under standard conditions
provided the 5'-protected derivative 8. Some experimental
work proved necessary to find reproducible conditions for
the saponification of this compound. The best method for
the synthesis of the acid 9 appeared to be treatment with
sodium hydroxide in 95% ethanol followed by careful neut-
ralisation. Coupling of 9 with 5’-amino-5'-deoxythymidine
10 was performed by HBTU in the presence of 1-hydroxyb-
enzotriazole and gave 11 in a moderate yield (57%). Finally,
the amide 11 was phosphitylated by treatment with cyanoe-
thyl diisopropylchlorophosphoramidite to give 12 in 69%
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yield. This phosphoramidite 12 served for the chemical syn-
thesis of the substrate analogue S(am) which contains the
amide bond at the cleavage site (Figure 1).

S(am) and the nonmodified substrate S were both ob-
tained by chemical RNA synthesis by standard proto-
cols.l'? The synthesis was completed by treatment with eth-
anolic ammonium hydroxide, which caused cleavage of the
oligoribonucleotide from the support and removal of both
the cyanoethyl phosphate protecting groups and the base
protecting groups. The remaining 2'-O-silyl groups were re-
moved in the presence of triethylamine trishydrofluoride
(TEA,3HF).['3] The oligoribonucleotides were finally puri-
fied by electrophoresis on 15% polyacrylamide gel in the
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Scheme 1. a) P(Ph); = CHCOOCEt, THF; b) H,, Pd/C, EtOH; ¢) POCl;, (Et);N, triazole, MeCN; d) benzamide, NaH, dioxane; e)
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Figure 2. Autoradiogram obtained after native gel electrophoresis of the [5'-32P]-labelled substrate analogues (0.2 nm) in the absence or

the presence of increasing concentrations of ribozyme.

presence of 8 M urea. The substrate analogue S(am) was
tested for cleavage using a transcribed 35-mer ribozyme R.
Cleavage reactions were carried out under single turnover
conditions for both S(am) and its reference substrate S.
Thus, a trace of [5'-3?P]-labelled S or S(am) was incubated
in the presence of a large excess of ribozyme (5 um) either
in 50 mMm Tris-HCI buffer (pH 8), 20 mm MgCl, at 37 °C or
5 mm Hepes buffer (pH 7), 10 mm MgCl, at 10 °C. Under
both sets of conditions, S is known to be efficiently cleaved
with k., greater than 15 and 2 min™! respectively.'* In
agreement with these experiments, full cleavage i.e. 98% at
pH 8 and 80% at pH 7 was attained after 5 min of incuba-
tion. In contrast, no cleavage could be detected for S(am)
under any of the above conditions even after an incubation
period of 3 hours. We therefore investigated (by electro-
phoresis shift mobility assays in the presence of MgCl,)
whether the introduction of an amide linkage at the cleav-
age site affects the affinity for the ribozyme (Figure 2).

We used, as reference in these binding experiments, the
noncleavable substrate analogue S(2'-5') which had the
same S(am) sequence but contained a single 2’,5’-phospho-
diester bond at the cleavage site. This analogue was previ-
ously shown to be resistant to the ribozyme mediated cleav-
age and to behave as a competitive inhibitor of S in the
ribozyme R mediated reaction.!!”! In our first experiment
the [5'-3?P]-labelled substrate analogues were incubated at
25 °C pH 7.5, 10 mm MgCl, in the presence of increasing
concentrations of R (1 to 75 nM). As shown in Figure 2,
even at the lowest ribozyme concentration, the analogues
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migrated on a nondenaturing polyacrylamide gel mostly as
a retarded band due to formation of a ribozyme-substrate
analogue complex with an increased friction coefficient.
With both analogues a single retarded band can been seen
independent of ribozyme concentration in agreement with
the formation of a 1: 1 ribozyme-substrate analogue com-
plex. In order to evaluate the apparent dissociation con-
stants, another experiment was performed with lower R
concentrations (0.2 to 5 nm). As shown in Figure 3, the two
analogues behave quite similarly. The experimental data
yielded an excellent fit with the curves (isotherms) derived3

1.0

0.8+

—e— S(am), K, =0.032 £ 0.009 nM
- 8(2'-5Y, K = 0.047 £ 0.003 nM

Fraction of bound analogue

0 0.4 0.8 1.2 1.6 2

Ribozyme concentration (nM)
Figure 3. Determination of the equilibrium dissociation constants
Ky4. The fraction of bound substrate analogue was plotted as a

function of the total ribozyme concentration. The lines represent
the calculated best fits to the experimental data.
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from a 1:1 equilibrium model and gave apparent Ky values
close to 0.04 nM. Compared to S(2’-5"), S(am) appears to
exhibit a slightly higher affinity which may be due in part
to the fact that it lacks a negative charge at the 2',5’'-phos-
phate linkage in S(2’-5") and thus decreases electrostatic re-
pulsion within the core of the complex.

In conclusion, although S(am) binds to the hammerhead
ribozyme R with high affinity, it is definitively not a sub-
strate in the cleavage reaction. Our next objective will be
the introduction of amide linkages within the nonconserved
regions of ribozyme R as well as at sites of the catalytic
core which are known to be highly RNase sensitive.[>!

Experimental Section

General: Solvents were dried by standard methods. — Standard re-
agents were of commercial quality (Acros, Aldrich or Lancaster)
and were used without purification, 2-(H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was
from France Biochem and y-[*’P]-ATP (3000 Ci/mmol) was from
Amersham (UK). — Microanalyses were performed by the “Service
de Microanalyses de I'ICSN-CNRS”. — 'H, '3C and 3'P NMR:
Bruker AC200, AC250, AM300 and AM400 instruments. — NMR
chemical shifts (8) are given in ppm relative to TMS ('H) or ex-
ternal PO4H; (*'P). — For convenience standard numbering of nuc-
leosides is used to describe the '"H NMR spectra. — Mass spectro-
metry: AEI MS50 (EI); AEI MS9 (CI). — Flash chromatography:
32-63 mm silica-gel (SDS). — Thin layer chromatography: Silica gel
60 F,s4 coated sheets (SDS). — Standard RNA phosphoramidites
were from PerSeptive Biosystems (France).

1-2,5-Bis- O-(tert-butyldimethylsilyl)-3-deoxy-3-(ethoxycarbonyl)-
methylene-p-D-ribofuranosyljuracil (3): A solution of ketone 2
(3.7g, 7.9 mmol) and (ethoxycarbonylmethylene)triphenylphos-
phorane (2.8 g, 8.37 mmol) in THF (60 mL) was stirred at room
temp. for 18 h. The solvent was removed in vacuo and the residue
was purified by flash chromatography on silica gel (heptane/EtOAc,
3:1) to give the pure title compound 3 (3.72 g, 65%). — 'H NMR
(CDCls): & = 9.19 (s, 1 H, NH), 8.02 (d, | H, J = 8.1 Hz, H-6),
599 (d, 1 H, J = 7.6 Hz, H-1"), 590 (t, 1 H, J = 2.3 Hz, H2"),
5.79 (d, 1 H, J = 8.1 Hz, H-5), 5.36 (s, | H, H-4'), 4.69 (m, 1 H,
H-2'),4.26-3.91 (m, 4 H, 2 X CH,), 1.31 (t, 3 H, J = 7.4 Hz, Me),
0.85 (s, 18 H, 6 X Me), 0.07 (s, 3 H, Me), 0.04 (s, 3 H, Me), 0.03
(s, 3 H, Me), -0.07 (s, 3 H, Me). — 1*C NMR (CDCl): § = 165.3,
163.0, 159.4, 150.6, 140.0, 114.0, 103.4, 85.8, 80.1, 77.1, 64.7, 60.7,
25.6, 18.4, 17.9, -4.74, -4.94, -5.5. — CI-MS (iBuH); m/z: 541 [M
+ H]".

1-[2,5-Bis-O-(tert-butyldimethylsilyl)-3-deoxy-3-a-(ethoxycarbonyl)-
methyl-B-D-ribofuranosyljuracil (4): A solution of compound 3
(203 mg, 0.37 mmol) in ethanol (20 mL) containing 10% Pd/C
(20 mg) was stirred for 16 h under a H, atmosphere. The solution
was then filtered through Celite and the solid washed with ethanol.
The combined filtrates were evaporated to give 4 (188 mg, 92%),
mp: 134-135 °C. — 'H NMR (CDCls): § = 10.14 (s, 1 H, NH),
8.17(d, 1 H, J = 7.2 Hz, H-6), 5.67-5.63 (m, 2 H, H-5, H-1"), 4.38
(s, 1 H, H2'), 4.07-3.69 (m, 5 H, H-4', 2 X CH,), 2.54-2.15 (m, 3
H, H-3',CH,), 1.21 (t, 3 H, J = 7.4 Hz, Me), 0.87 (s, 9 H, 3 X Me),
0.86 (s, 9 H, 3 X Me), 0.07 (s, 6 H, 2 X Me), 0.04 (s, 3 H, Me),
0.02 (s, 3 H, Me). — 3C NMR (CDCls): § = 171.6, 164.3, 150.5,
140.8, 140.5, 101.2, 91.3, 84.4, 77.6, 61.2, 60.4, 37.0, 29.1, 25.8,
18.4, 18.0, 14.2, 3.6, 4.4, -5.6, -5.7. — CI-MS (iBuH): m/z: 543
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[M + H]*. — CysHiN,0,Si, (542.81): caled. C 55.32, H 8.54, N
5.16; found C 55.57, H 8.53, N 5.06.

1-|2,5-Bis- O-(tert-butyldimethylsilyl)-3-deoxy-3-a-(ethoxycarbonyl)-
methyl-p-D-ribofuranosyl]-1,2-dihydro-4-(1-triazolyl)pyrimidin-2-one
(5): Under an inert atmosphere, POCls, (0.5 mL, 5.46 mmol), fol-
lowed by Ets;N (3mL, 21.5 mmol) were added to a solution of
1,2,4-triazole (1.9 g, 27.5 mmol) in anhydrous acetonitrile (19 mL)
at 0 °C. The solution was stirred for 30 min and then a solution of
4 (590 mg, 1.09 mmol) in anhydrous acetonitrile (9 mL) was added
dropwise. After the addition, the reaction mixture was allowed to
warm to room temp. and stirred for 18 h. The reaction was
quenched with aqueous Et;N (9.5mL, 1:1, Et;N/H,O) and ex-
tracted with CH,Cl, (25 mL). The solvent was evaporated in vacuo
and the residue purified by flash chromatography (heptane/AcOEt,
3:1) on silica gel to give 5 (495 mg, 76.5%) as a powder. — 'H NMR
(CDCly): 6 = 9.24 (s, 1 H, H-Tr), 8.89 (d, 1 H, J = 7.2 Hz, H-6),
8.09 (s, 1 H, H-Tr), 691 (d, 1 H, J = 7.2 Hz, H-5), 5.77 (s, 1 H,
H-1"), 4.50 (d, 1 H, J = 3.6 Hz, H-2"), 4.23-3.67 (m, 5 H, H-4',
2 X CH,), 2.68-2.13 (m, 3 H, CH,, H-3") 1.21 (t, 3 H, J = 7.1 Hz,
Me), 0.92 (s, 9 H, 3 X Me), 0.90 (s, 9 H, 3 X Me), 0.33 (s, 3 H,
Me), 0.13 (s, 3 H, Me), 0.11 (s, 6 H, 2 X Me). — CI-MS (iBuH);
miz: 594 [M + H]". — Cy;Hy47N506Si, (593.86): caled. C 54.60; H
7.98, N 11.56; found C 54.37, H 8.16, N 11.79.

N?-Benzoyl-1-[2,5-bis- O-(tert-butyldimethylsilyl)-3-deoxy-3-a-
(ethoxycarbonyl)methyl-§-D-ribofuranosyl]cytosine (6): Sodium hy-
dride (60% w/w, 330 mg, 8.25 mmol) was added to a solution of
benzamide (1 g, 9 mmol) in anhydrous dioxane (25 mL). After
30 min, a solution of 5 (1.2 g, 2.02 mmol) in dioxane (24 mL) was
added and the mixture stirred for 90 min. The reaction was
quenched with acetic acid (2 mL, pH 6), the mixture diluted with
CH,Cl, (320 mL) and the organic phase washed twice with water
(120 mL). The solvent was removed in vacuo and the reaction prod-
uct purified by flash chromatography on silica gel (heptane/AcOEt,
7:3) to give 6 (1.187 g, 91%) as a powder. — '"H NMR (CDCls): § =
8.65 (d, 1 H, J = 6 Hz, H-6), 7.94-7.45 (m, 6 H, H-5, N4-BzC),
579 (s, 1 H, H-1"), 447 (d, | H, J = 3.2 Hz, H-2"), 4.22-3.69 (m,
5 H, H-4', 2 X CH,), 2.68-2.16 (m, 3 H, H-3’, CH,), 1.16 (t, 3 H,
J =17.1 Hz, Me), 0.99 (s, 9 H, 3 X Me), 0.96 (s, 9 H, 3 X Me), 0.33
(s, 3 H, Me), 0.11 (s, 3 H, Me), 0.09 (s, 3 H, Me), 0.08 (s, 3 H,
Me). — BC NMR (CDCl;): § = 171.6, 145.5, 133.1, 129.0, 127.9,
96.0, 92.6, 84.7, 717.6, 61.1, 60.1, 38.4, 36.6, 29.0, 26.0, 18.6, 18.2,
14.2, 4.1, -54, -5.8. — CI-MS (;BuH); m/z: 646 [M + H]*. -
C3,H5N304Si; (645.93): caled. C 59.50; H 7.96, N 6.50; found C
59.69; H 7.75; N 6.45.

N#-Benzoyl-1-[2-0-(tert-butyldimethylsilyl)-3-deoxy-3-a-
(ethoxycarbonyl)methyl-B-D-ribofuranosyl]cytosine (7): A solution
of 6 (1.017 g, 1.57 mmol) and camphorsulfonic acid (365 mg,
1.57 mmol) in methanol (10 mL) was stirred at room temp over-
night. The reaction was quenched by the addition of Et;N
(0.22 mL, 1.57 mmol). The solvents were removed in vacuo and the
residue purified by flash chromatography on silica gel. Elution with
heptane/EtOAc (3:7) gave 7 (435 mg, 52%) as a white solid. — 'H
NMR (CDCl,): 6 = 8.73 (d, 1 H, J = 6.5 Hz, H-6), 7.93-7.47 (m,
6 H, H-5, N*-BzC), 5.74 (s, 1 H, H-1"), 445 (d, 1 H, J = 3.4 Hz,
H-2"), 4.17-3.67 (m, 5 H, H-4', 2 X CH,), 2.62-2.38 (m, 3 H, H-
3’, CH,), 1.22(t, 3 H, J = 7.2 Hz, Me), 0.92 (s, 9 H, 3 X Me), 0.33
(s, 3 H, Me), 0.15 (s, 3 H, Me). — '3C NMR (CDCl;): § = 174.0,
165.0, 145.8, 133.1, 129.0, 127.8, 96.2, 92.6, 85.7, 78.6, 61.3, 60.7,
36.1, 30.0, 26.0, 18.2, 14.2, -4.6, -5.5. — CI-MS (iBuH); m/z: 532
[M + H]".

N*-Benzoyl-1-[2-O-(tert-butyldimethylsilyl)-3-deoxy-3-a-
(ethoxycarbonyl)methyl-5-O-(dimethoxytrityl)-p-p-
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ribofuranosyljcytosine (8): A solution of 7 (430 mg, 0.81 mmol) and
dimethoxytrityl chloride (430 mg, 1.27 mmol) in pyridine (21 mL)
was stirred overnight at room temp. The reaction was quenched by
addition of methanol (2.1 mL). The mixture was diluted with
EtOAc, the organic phase washed with water and concentrated in
vacuo to give a residue which was purified by flash chromatography
on silica gel (heptane/AcOEt, 3:2) to give 8 (521 mg, 77%) as a
powder. — 'H NMR (CDCl;): § = 8.72 (d, 1 H, J = 7.5 Hz, H-6),
7.93-6.83 (m, 19 H, H-5, Ar), 5.80 (s, 1 H, H-1"),4.50 (d, 1 H, J =
3.4 Hz, H-2'), 4.14-3.27 (m, 5 H, H-4', 2 X CH,), 3.84 (s, 6 H,
2 X OMe), 2.57-1.86 (m, 3 H, H-3', CH,), 1.23 (t, 3 H, J = 4.8 Hz,
Me), 0.89 (s, 9 H, 3 X Me), 0.35 (s, 3 H, Me), 0.11 (s, 3 H, Me). —
C47H55N3006Si (834.04): caled. C 67.69; H 6.65, N 5.04; found: C
67.51; H 6.75; N 5.26.

N*-Benzoyl-1-|2-O-(tert-butyldimethylsilyl)-3-a-(carboxy)methyl-3-
deoxy-5-O-(dimethoxytrityl)-B-D-ribofuranosyl]cytosine (9): A 10%
aqueous NaOH solution (0.5 mL) was added to a solution of 8
(245 mg, 0.29 mmol) in 95% ethanol (4.5 mL) and the resulting
mixture stirred for 3 h at room temp. The reaction was quenched
by the careful addition of a 10% aqueous HCI solution until the
pH 6.5 . The solution was diluted with CH,Cl,, the organic phase
washed with water and concentrated in vacuo. The residue was
purified by flash chromatography on silica gel. Elution with hept-
ane/EtOAc (6:4) gave unchanged 8, which was used directly in the
next step (53 mg, 21%), whilst elution with EtOAc/methanol (8:2)
gave 9 (87 mg, 37%) as a foam. — '"H NMR (CDCls): § = 8.75 (d,
1 H, J = 7.5 Hz, H-6), 7.88-6.82 (m, 19 H, H-5, Ar), 5.77 (s, 1 H,
H-1"), 448 (s, 1 H, H-2'), 406 (m, 1 H, H-4"), 3.77 (s, 6 H,
2 X OMe), 3.74 (d, 1 H, J = 9.8 Hz, H-5'), 3.26 (d, 1 H, J =
9.8 Hz, H-5"), 2.50 (m, 3 H, CH,, H-3"), 0.84 (s, 9 H, 3 X Me),
0.27 (s, 3 H, Me), 0.05 (s, 3 H, Me).

N*#-Benzoyl-1-{2-O-(tert-butyldimethylsilyl)-3-deoxy-5-0O-
(dimethoxytrityl)-3-a-| N-(5'-deoxythymidin-5'-yl)carboxamido]-
methyl-B-D-ribofuranosyl}cytosine (11): A solution of 9 (150 mg,
0.19 mmol) in anhydrous acetonitrile/THF (1:1) (6 mL) maintained
at room temp. and under an inert atmosphere, was treated with
HBTU (90 mg, 0.282 mmol), followed by 1-hydroxybenzotriazole
(20 mg, 0.148 mmol) and Et;N (40 pL, 0.287 mmol). The resulting
mixture was stirred for 2 h at room temp and then treated with 5'-
amino-5"-deoxythymidine 10 (70 mg, 0.29 mmol) and Et;N (60 pL,
0.43 mmol). The solution was stirred overnight, the solvents re-
moved in vacuo and the residue purified by flash chromatography
on silica gel. Elution with EtOAc/Methanol/Et;N (97.8:2:0.2) gave
11 (145 mg, 74%). — Selected 'H NMR data (CDCls): § = 8.00—
6.80 (m, 21 H, 2H-6, Ar, H-1'T), 5.90 (s, 1 H, H-1'C), 4.72-3.50
(m, 8 H, H-2'C, H-3'T, 2 H-4’, 4 H-5'), 3.60 (s, 6 H, 2 X OMe),
2.39 (m, 3 H, H-3'C, CH,), 1.79 (s, 3 H, Me), 0.77 (s, 9 H, 3 X Me),
0.31 (s, 3 H, Me), 0.11 (s, 3 H, Me). — FAB-MS (LiCl); m/z: 1035
[M + Li]*.

N*#-Benzoyl-1-{2-O-(tert-butyldimethylsilyl)-3-deoxy-5-0O-
(dimethoxytrityl)-3-a-[3'-0-(2-cyanoethyl-N, N-diiso-
propylphosphoramidite)-N-(5'-deoxythymidin-5'-yl)carbox-
amido]methyl-$-D-ribofuranosyl}cytosine (12): A solution of com-
pound 11 (145mg, 0.14 mmol) and N N’-diisopropylethylamine
(100 pL, 0.57 mmol) in 1.5 mL of anhydrous dichloromethane un-
der an inert atmosphere was treated with 2-cyanoethyl diisoprop-
ylchlorophosphoramidite (50 pL, 0.22 mmol). After 1 h, the reac-
tion mixture was diluted with dichloromethane (10 mL), the solu-
tion extracted with 5% aqueous sodium bicarbonate solution and
then with saturated aqueous NaCl. The organic layer was separ-
ated, dried over anhydrous sodium sulfate and the solvent removed
in vacuo. The residue was purified by flash chromatography on
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silica gel. Elution with EtOAc/Et;N (99.8:0.2) gave compound 12
as a white powder (104 mg, 69%). — 3'P NMR (CDCly): § =
149.47-149.28.

Oligoribonucleotide Synthesis and Purification: The synthesis of the
14-mer Substrate S and the S(am) analogue were performed on an
Applied Biosystems 392 DNA/RNA Synthesizer on a 1 pmol scale
with commercial phosphoramidites and the standard RNA syn-
thesis protocol.'?! Average stepwise coupling yields were in the
91.9-98.2% range for standard phosphoramidites and 78.9% for
phosphoramidite 12. After removal of the terminal 5'-O-dimethox-
ytrityl group, oligonucleotides were cleaved from the support by
treatment (1 h) with a freshly prepared ethanolic 28% ammonia
(3:1). The solution was maintained for 48 h at room temperature
to remove the base labile protecting groups. Solvents were evapor-
ated and the residue coevaporated with methanol in vacuo. The
residue was taken up in doublely distilled water, transferred to an
Eppendorf tube and lyophilized. The 2'-O-silyl groups were re-
moved by treatment with 1 mL of triethylamine trihydrofluoride
(98%)/DMF (4:1) for 1.5 h at 55 °C. The oligoribonucleotides were
precipitated in butan-1-ol at —20 °C overnight and purified by pre-
parative 15% polyacrylamide gel electrophoresis in the presence of
8M urea. Oligoribonucleotides were recovered from the gel by over-
night elution with a 0.15 M NaCl at 4 °C. The eluted oligonucleot-
ides were ethanol-precipitated at —20 °C, washed with cold 70%
ethanol, dried under vacuum and redissolved in water. They were
stored at —20 °C until used. A second run of purification on 15%
polyacrylamide gel was performed after labelling the 5’-terminal
nucleotide with [3?P] using T4-Polynucleotide kinase and [y-*P]-
ATP. The radioactive band corresponding to the full-length oligori-
bonucleotide was recovered from the gel as described above and
used for all subsequent experiments. The 35-mer ribozyme R was
obtained by transcription using T7 RNA polymerase by standard
protocol.[1¢]

Cleavage Experiments: Cleavage tests were performed in a 50 mm
Tris-HCI buffer (pH 8), 20 mm MgCl, at 37 °C or in 5 mM Hepes
buffer (pH 7), 10 mm MgCl, at 10 °C. To avoid adsorption of the
oligoribonucleotides on the Eppendorf tubes, the reactions were
carried out in tubes pretreated with a solution of dichlorodimethyl-
silane. A 15 pL volume solution containing a trace of [5'-3?P]-la-
belled substrate in the cleavage buffer was heated at 65 °C for 2
minutes and then incubated at the reaction temperature. The reac-
tion was initiated by the addition of 10 pL of this solution to a 10
uL solution of ribozyme (final concentration Sum). For each kinetic
measurement, ten aliquots of 1.5 pLL were removed at various times
(up to 3 h) and the reaction was stopped in a 3 uL solution of
SmMm EDTA, 0.025% xylene cyanol, 80% formamide. Substrate and
product were separated on a 20% polyacrylamide gel, 8 M urea.
The product fraction was quantified using a Molecular Dynamics
PhosphorImager and ImageQuant software.

Measurement of the Equilibrium Dissociation Constants: The Ky
were measured using shift electrophoresis assays as described by
Fedor et al.'71 [5'-32P]-Labelled substrate analogues and ribozyme
were heated separately for 2 min at 65 °C in 50 mMm Tris-HCI buffer
(pH 7.5) containing 5% sucrose, 0.02% bromophenol blue, 0.02%
xylene cyanol, 10 mm MgCl, and then incubated at 25 °C for
10 min. Analogues (at final concentration 0.2 nM) were incubated
in the presence of increasing concentrations of ribozyme (0.2 to
75 nm) for 15 min at 25 °C. Free substrate analogue and analogue-
ribozyme complex were separated on a nondenaturing 15% polyac-
rylamide gel in 50 mm Tris-acetate buffer (pH 7.5), 10 mm MgCl,.
After 2 hours of pre-run at 25 °C of the gel, the samples were
run for 4 h at 15 W. The amounts of free analogue and analogue-
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ribozyme complex were determined using a Molecular Dynamics
Phosphorlmager and ImageQuant software. In order to properly
evaluate the apparent dissociation constant Ky, the fraction f of
substrate analogue, which migrated as a retarded band, was plotted
as a function of the total concentration of ribozyme added Ry (0.2
to 5nm). Assuming formation of a 1:1 complex, this curve was
fitted with Kaleidagraph by means of the Equation

fz—f(1+—d—J-K R j+§1=o

T T

where St = 0.2 nMm is the total substrate concentration and Ky the
constant to be determined.
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