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in an internal loop of a hairpin ribozyme prepared using
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ABSTRACT

We introduced 4-thio- ( 4SU), 2-thio- ( 2SU), 4-O-methyl-
uridine ( 4MeU) and cytidine substitutions for U+2,
which is an important base for cleavage in a
substrate RNA. Oligonucleotides containing 4-thio-
and 4-O-methyluridine were prepared by a new
convenient post-synthetic modification method
using a 4- O-p-nitrophenyl-uridine derivative. A
hairpin ribozyme cleaved the substrate RNA with
either C+2, 4SU+2 or 4MeU+2 at ~14-, 6- and 4-fold lower
rates, respectively, than that of the natural substrate.
In contrast, the substrate with a 2SU+2 was cleaved
with the same activity as the natural substrate. These
results suggest that the O4 of U+2 is involved in
hydrogen bonding at loop A, but the O2 of U+2 is not
recognized by the active residues. Circular dichroism
data of the ribozymes containing 4SU+2 and 2SU+2, as
well as the susceptibility of the thiocarbonyl group to
hydrogen peroxide, suggest that a conformational
change of U+2 occurs during the domain docking in
the cleavage reaction. We propose here the confor-
mational change of U+2 from the ground state to the
active molecule during the reaction.

INTRODUCTION

The hairpin ribozyme is the catalytic center in the self-cleaving
domain of the negative strand of the satellite RNA of tobacco
ringspot virus [sTobRV(–)], and it has both self-cleavage and
ligation activities for RNA (1,2). The ribozyme consists of
~50 bases, and it can bind and cleave a substrate RNA at a
specific site (3–6). The target sequence for the cleavage in the
hairpin ribozyme is restricted to the 3�-side of the cleavage site,
whereas the 5�-side sequence is important for cleavage by the
hammerhead ribozyme. The target RNA is cleaved to yield a
2�,3�-cyclic phosphate and a 5�-hydroxyl group, and the
cleavage is accelerated by the presence of magnesium ions,
which also participate in a different way, in hammerhead
ribozyme cleavage (7,8). The mechanism of the cleavage reaction
has been investigated (9), and found to proceed by the in line
mechanism, similar to the hammerhead ribozyme (5), although
a phosphorothioate substitution in the cleavage site of a hairpin
ribozyme does not affect the cleavage activity, in contrast to

the hammerhead ribozyme (10,11). Recently, it has be
shown that cobalt hexamine, which is an exchange-inert me
complex, can also induce cleavage activity, like the magnesi
ions (12–14). These results indicate that the metal ion requi
for cleavage does not directly bind with the phospha
oxygens, but rather should function in outersphere bindi
with the ribozyme and as a structural factor for the activ
conformation of the ribozyme. It was also reported that hairp
ribozyme cleavage is catalyzed by aminoglycoside antibiotics (1

The hairpin ribozyme consists of two stem–loop domai
(domains I and II, shown in Fig. 1a), which involve interna
loop A and loop B, respectively. Essential bases for t
cleavage reaction in these loops have been identified by po
mutations (16,17) andin vitro selection experiments (18,19)
The global structure of the ribozyme has been studied by lin
insertion experiments into the hinge region, which showed th
the active structure for the hairpin ribozyme is a bent confo
mation (20,21). The requirement of a bent conformation for t
cleavage reaction was proven by modification of the prima
structure of the ribozyme (22,23). Recently, Lilley and co-worke
have proven that the two domains are brought into close phys
proximity by magnesium ions (24,25). Burke and co-worke
reengineered the hairpin ribozyme and showed both active
inactive conformers (26). These conformers were also identif
by kinetic analyses (27,28).

The secondary structure of loop B has been investigated
chemical modification (29) and UV crosslinking (30–32
Butcher and Burke proved the existence of a UV-photosensit
module in loop B from photo crosslinking, and proposed
secondary structure of loop B. Purine (33) functional grou
and sugar requirements (33–35) were investigated by po
mutation (16) and the insertion of modified nucleosides (33–3
These reuslts showed that most bases of the internal loop
essential, but U39 acts as a spacer nucleotide. Recently, N
analysis of loop B has been reported (36) and showed that se
non-canonical base pairs are formed. Grasby and co-workers h
investigated the active structure of loop B from cleavage reacti
using modified pyrimidine nucleoside (37).

Cai and Tinoco studied the structure of domain I witho
domain II by an NMR method (38). The results showed th
some of the bases in loop A form non-Watson–Crick ba
pairs, but U+2 following the cleavage site (Fig. 1a) does n
contact any base and is splayed apart. Previous work indica
that a single base substitution of U+2 with A, G or C does n
eliminate the cleavage activity completely but decreases
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(39). Although an interesting structure was demonstrated from
the NMR measurement of domain I alone, the structural
change caused by the presence of domain II has not been
probed.

We investigated the role of U+2 in loop A by substituting
U+2 for 4-thio-, 2-thio- and 4-O-methyluridine, and measured
the cleavage activities. Furthermore, photo crosslinking and
circular dichroism (CD) measurement were carried out to
study the location and the conformation of U+2 in the
ribozyme. We describe the tertiary structure of loop A and
speculate on the conformational changes of the ribozyme that
occur during the reaction.

MATERIALS AND METHODS

General remarks

Thin-layer chromatography was done on Merck 60F254 coated
plates. The silica gel and the neutralized silica gel used for
column chromatography were Wakogel C-300 and ICN silica
60A, respectively.1H-NMR spectra were recorded with a
JEOL EX-270 instrument using tetramethylsilane as an internal
standard.31P-NMR were recorded with a JEOL GX-270 instrument
with trimethyl phosphate. Chemical shifts are reported in parts
per million (�), and signals are expressed as s (singlet), d
(doublet), t (triplet), q (quartet) and m (multiplet). All
exchangeable protons were detected by the addition of D2O.

5′′′′-O-(4,4′′′′-Dimethoxytrityl)-4- O-(4-nitrophenyl)uridine (2)

4-(4-Nitrophenoxy)-1-(�-D-ribofuranosyl) pyridine-2(1H)-one (1)
(40) (914 mg, 2.5 mmol) which was coevaporated with pyridine,
was dissolved in dry pyridine, after which dimethoxytrityl
chloride (1.02 g, 3.0 mmol) was added. The reaction mixture
was stirred for 1.5 h. Methanol was added to the aliquots to
stop the reaction, and the solvent was evaporated under
reduced pressure. The residue was dissolved in chloroform
(40 ml) and was extracted with 0.5 M triethylammonium phos-
phate buffer (pH 7.0, 40 ml). The organic layer was filtered
through 1PS filter paper (Whatman) and evaporated. After
coevaporation with toluene, the residue was chromatographed
by neutralized silica gel column chromatography (silica gel,
32.4 g) with 0–3% methanol in chloroform. The fractions
containing compound2 were combined, and after evaporation
of the solvent, the colorless compound2 (1.35 g, 2.20 mmol,
81%) was obtained.

1H-NMR (270 MHz) [DMSO-d6]� (p.p.m.): 8.37–8.32 (3H,
m, H6, phenyl), 7.56–7.50 (2H, m, phenyl), 7.43–7.21 (9H, m,
DMTr), 6.95–6.91 (4H, m, DMTr), 5.95 (1H, d, J = 7.9, H-5),
5.74 (1H, d, J = 2.0, H1�), 5.63 (1H, d, J = 4.62, 2�-OH), 5.13
(1H, t, J = 6.60, 3�-OH), 4.16 (1H, m, H2�), 4.07–4.02 (2H, m,
H3�, H4�), 3.77 (6H, s, CH3O-), 3.38 (2H, m, H5�). FAB-HRMS
(M+H+) 668.6787. Analysis calculated for C36H33N3O10: C,
64.79; H, 5.74; N, 6.29. Found: C, 64.34; H, 5.28; N, 5.87.

5′′′′-O-(4,4′′′′-Dimethoxytrityl)-2 ′′′′-O-(tert-butyldimethylsilyl)-
4-O-(4-nitrophenyl)uridine (3)

5�-O-(4,4�-Dimethoxytrityl)-4-O-(4-nitrophenyl)-uridine (2)
(1.12g, 1.67 mmol), which was coevaporated with pyridine,
was dissolved in dry tetrahydrofuran (16 ml). To the solution,
dry pyridine (594�l, 7.3 mmol) and silver nitrate (426 mg,
2.5 mmol) were added, and the reaction mixture was stirred at

room temperature. After 15 min,tert-butyldimethylsilyl
(TBDMS) chloride (429 mg, 2.8 mmol) was added, and th
solution was stirred for 2.5 h. The reaction solution was filtere
to remove the nitrate salt, and the solvent was evaporat
Triethylammonium phosphate buffer (0.5 M, pH 7.0, 20 m
was added to the residue, and the solution was extracted w
chloroform (20 ml). The aqueous layer was back extracted w
chloroform (2� 20 ml), and the combined organic layers we
filtered through 1PS filter paper. The solvent was evapora
under reduced pressure, and was coevaporated with toluen
remove the pyridine. The residue was chromatographed o
neutralized silica gel column (silica gel 32.6 g) with 50–60%
diethyl ether in hexane to give the 2�-O-silylated isomer (3)

Figure 1. Secondary structures of hairpin ribozymes. (a) Wild type hairpin
ribozyme, (b) complex of a two stranded hairpin ribozyme with a substrat
The substrate (S-4S, S-2S), with 4- or 2-thiouridine at U+2, was used for
cleavage reactions. S1 is the wild type substrate. (c) Structures of 4- and 2-
thiouridines. Arrows indicate cleavage sites. Dotted lines indicate base p
between the ribozyme and the substrate, and solid lines represent cov
bonds within the ribozyme.
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(707 mg, 0.90 mmol, 54%) and the 3�-silylated isomer
(305 mg, 0.39 mmol, 23%).

1H-NMR (270 MHz) [DMSO-d6]� (p.p.m.): 8.43(1H, d, J = 7.3,
H6), 8.37(2H, m, H6, phenyl), 7.54 (2H, m, phenyl), 7.47–7.21
(9H, m, DMTr), 6.97–6.94 (4H, m, DMTr), 5.93 (1H, d, J = 7.3,
H5), 5.72 (1H, s, H1�), 5.19 (1H, d, J = 5.9, 3�-OH), 4.30–4.20
(2H, m, H2�, H3�), 4.14–4.12 (1H, m, H4�), 3.79 (6H, s, CH3O-),
3.52–3.40 (2H, m, H5�), 0.89 (9H, s, TBDMS tBu), 0.14 (3H,
s, TBDMS CH3-), 0.12 (3H, s, TBDMS CH3-). FAB-HRMS
(M+H+) 782.9413. Analysis calculated for C42H47N3O10Si: C,
64.51; H, 6.06; N, 5.37. Found: C, 64.72; H, 6.13; N 5.16.

5′′′′-O-(4,4′′′′-Dimethoxytrityl)-3 ′′′′-O-[(2-cyanoethoxy)(N,N-diiso-
propylamino)phosphino]-2′′′′-O-(tert-butyldimethylsilyl)-
4-O-(4-nitrophenyl)uridine (4)

5�-O-(4,4�-Dimethoxytrityl)-2�-O-(tert-butyldimethylsilyl)-4-O-
(4-nitrophenyl)-uridine (3) (261 mg, 0.33 mmol) was coevaporated
with pyridine and dissolved in dry tetrahydrofuran (1 ml). To
the solution, 2,4,6-collidine (329�l, 2.5 mmol), followed by
N-methylimidazole (13.2�l, 0.17 mmol), was added, and then
(2-cyanoethoxy)(N,N-diisopropyl)chloro-phosphoramidite (95�l,
0.43 mmol) was added dropwise to the solution, which was
stirred. After 1 h, chloroform (20 ml) was added to the reaction
solution and extraction was carried out using 0.5 M triethyl-
ammonium phosphate buffer (pH 7.0, 20 ml). The aqueous
layer was back extracted with chloroform (20 ml). The
combined organic layers were filtered through 1PS filter paper,
and the solvent was evaporated under reduced pressure. After
coevaporation with toluene, the residue was chromatographed
on a neutralized silica gel column (silica gel, 7.5 g) with 0–3%
ethylacetate in dichloromethane, and the compound (4)
(195 mg, 0.20 mmol, 60%) was obtained.

1H-NMR (270 MHz) [DMSO-d6]� (p.p.m.): 8.67 (d, J = 7.3,
H6, diastereomer), 8.62 (d, J = 7.3, H6, diastereomer), 8.27
(2H, d, J = 9.3, phenyl), 7.48–7.27 (11H, m, phenyl, DMTr),
6.90–6.86 (4H, m, DMTr), 5.82 (s, H-1�, diastereomer), 5.76
(s, H1�, diastereomer), 5.67 (d, J = 7.3, H5, diastereomer), 5.54
(d, J = 7.3, H5, diastereomer), 4.39–4.07 (3H, m, H2�, H3�,
H4�), 3.82 (6H, s, CH3O-), 3.74–3.51 (6H, m, cyanoethyl, H5�,
diisopropylamino methines), 2.47–2.45 (2H, m, cyanoethyl),
1.56–1.11 (12H, m, diisopropylamino methyl), 0.91(9H, s,
TBDMS tBu), 0.31, 0.27, 0.20, 0.15(6H, s, TBDMS CH3-).

31P-NMR (270 MHz) [CDCl3 ](p.p.m.): 148.444, 146.022.

4-Thiouridine

4-(4-Nitrophenoxy)-1-(�-D-ribofuranosyl) pyridine-2(1H)-one (2)
(184 mg, 0.5 mmol) was suspended in methanol (10 ml). Thioacetic
acid (0.5 ml, 7.03 mmol) was added to the solution, and the
reaction mixture was stirred at room temperature. After 30 min,
the solvent was evaporated and the residue was chromatographed
over a silica gel column (Wakogel C-300, 6.4 g) with 0–10%
methanol in chloroform to give 4-thiouridine (143 mg,
0.54 mmol, 90%).

1H-NMR (270 MHz) [DMSO-d6]� (p.p.m.): 12.69 (1H, br,
N-H), 7.84 (1H, d, J = 7.3, H5), 6.31 (2H, d, J = 7.9, H6), 5.73
(1H, d, J = 4.62, H1�), 5.44 (1H, d, J = 4.62, 2�-OH), 5.14–5.08
(2H, m, 2�-OH, 5�-OH), 4.06 (1H, m, H2�), 3.96 (1H, m, H3�),
3.87 (1H, m, H4�), 3.66 (1H, m, H5�a), 3.56 (1H, m, H5�b).
FAB-HRMS (M+H+) 261.2721. Analysis calculated for
C9H12N2O5S: C, 49.32; H, 4.22; N, 11.14. Found: C, 49.11; H,
4.22; N, 11.14.

Preparation of oligoribonucleotides

The 4-O-(p-nitrophenyl)-uridine (4nphU) amidite unit was used
with the DNA/RNA synthesizer and was assembled usi
standard RNA solid synthesis conditions, except for an extens
of the coupling time (20 min). After the coupling reaction, th
resin-bound oligoribonucleotides were treated with 10% thioace
acid in methanol (1 ml) for 12 h at room temperature to conve
4nphU to 4SU. The resin was washed by CH3CN. The oligoribo-
nucleotides were cleaved from the resin and the protect
groups on the exocyclic amines and the phosphates w
removed by treatment with 10% DBU (1,8-diazabicyclo
[5,4,0]-7-undecene) in methanol (1 ml) for 16 h at 30�C (41).
The solution was filtered and concentrated to 1 ml. After 50
aqueous acetic acid (90�l; 1.5 equivalent to DBU) was added
the solution was immediately passed through a Dowex50�8
(Na+ form) ion exchange column, which was preequilibrate
with methanol:H2O (9:1) (42). The fractions containing the
oligoribonucleotides were identified by UV absorbance (A260)
and combined. The 2�-O-TBDMS was removed by treatmen
with 50% triethylamine tris-hydrofluoride (Fluka) in dimethyl-
sulfoxide (1 ml) for 24 h at room temperature. The complete
deblocked oligoribonucleotides were desalted with Sephad
G25 (Pharmacia), and then purified by reverse phase and an
exchange column chromatographies, using�-Bondasphere (C-18),
3.9 mm i.d.� 150 mm (Waters) and TSK gel DEAE-2SW
4.6 mm i.d.� 250 mm (Tosoh), columns, respectively. Th
oligoribonucleotides containing4SU were traced by absorption
at 334 nm and were detected by a photodiode array dete
(WatersTM996). The 4SU-containing oligonucleotides (S-4S)
were purified by reverse phase and anion exchange colu
chromatographies.�-Bondasphere (C-18, 3.9 mm i.d.� 150 mm,
Waters) was used as the reverse phase columun, and
gradient was 5–30% of B buffer content over 20 min [A buffe
0.1 M TEAA (triethylamine acetate); B buffer, 25%
acetonitrile, 0.1 M TEAA]. TSK gel DEAE-2SW (4.6 mm i.d.
� 250 mm, Tosoh) was used as anion exchange column. T
gradient was 25–45% B buffer content over 20 min (A buffe
20% acetonitrile; B buffer, 20% acetonitrile, 2 M ammonium
formate). The yield of S-4S substrate analog was 10%, and
conversion of4nphU to 4SU was 94%.

Oligoribonucleotides containing a 4-O-methyluridine (4MeU)
were also prepared from the conversion of4nphU by a procedure
similar to that used for4SU, except for the thioacetic acid treatmen
4nphU in the resin-bound oligoribonucleotide was converted
4MeU during the deprotection of the exocyclic amino group
with 10% DBU in methanol (2 ml) at 30�C for 16 h. The
desalting of DBU and deprotection of 2�-O-TBDMS group
were carried out as described in the preparation of the olig
nucleotide with a4SU. The 4MeU-containing oligonucleotides
(S-4Me) were purified by reverse phase and anion exchan
column chromatographies.�-Bondasphere (C-18, 3.9 mm i.d
� 150 mm, Waters) was used as the reverse phase colum
and the gradient was 5–25% B buffer content over 20 m
(A buffer, 0.1 M TEAA; B buffer, 25% acetonitrile, 0.1 M
TEAA). TSK gel DEAE-2SW (4.6 mm i.d.� 250 mm, Tosoh)
was used as anion exchange column. The gradient was 20–
B buffer content over 20 min (A buffer, 20% acetonitrile; B buffe
20% acetonitrile, 2 M ammonium formate). The yield of S-4M
was 10%, and that of the conversion step from4nphU to 4MeU
was 96%.



Nucleic Acids Research, 1999, Vol. 27, No. 224317

ted

the
the
e
ed

-4S,
er
t

on
–
me

d
he
d.

lot
of

he
ich
tion
e

)
ion
ts
ide
cts
ere
ts

e
sis

,

D
ise,

on

nd
The coupling time of the2SU amidite unit was 20 min, and
the oxidation step was carried out for 12 min with 1.0 Mtert-
butylhydroperoxide, which was prepared from the dilution of
7.9 M tert-butylhydroperoxide in a di-tert-butylhydroperoxide
solution with acetonitrile (43). Deprotection of the exocyclic
amino and 2�-O-TBDMS groups were carried out by the same
method as S-4S preparation. The2SU containing oligonucleo-
tides (S-2S) were purified by reverse phase and anion exchange
column chromatographies, using�-Bondasphere (C-18), 3.9 mm
i.d. � 150 mm (Waters) and TSK gel DEAE-2SW (4.6 mm i.d.
� 250 mm, Tosoh), columns, respectively. The gradient conditions
used for these chromatographies were the same as that for S-4Me
purification. The yield of S-2S was 27%.

The purity and nucleotide composition of the substrate
containing 4SU, 2SU and 4MeU were identified by complete
digestion with snake venom phosphodiesterase and alkaline
phosphatase, followed by analyses by reverse phase HPLC
using standard compounds as previously reported (44). The
composition analysis of2SU and4MeU were carried out using a
reverse phase (C-18) column (Inertsil ODS-3, 4.6 mm i.d.�
250 mm, GL Sci. Inc.). Gradient was 0–30% B buffer content
over 30 min (A buffer, 0.1 M TEAA; B buffer, 50%
acetonitrile, 0.1 M TEAA). However, the analysis of4SU was
not separable by Inertsil ODS-3 column, and�-Bondasphere
(C-18, 3.9 mm i.d.� 150 mm, Waters) was used with a
gradient of 0–25% B buffer content over 20 min (A buffer,
0.1 M TEAA; B buffer, 50% acetonitrile, 0.1 M TEAA).

Cleavage reaction

Single turnover reaction. The 5�-ends of the substrates (S1, S-4S,
S-2S, S-4Me and S-C) were labeled with32P for the cleavage
reactions. These 5�-end-labeled substrates and the ribozyme
(E32-E21) were dissolved separately in cleavage buffer
(40 mM Tris–HCl pH 7.5, 12 mM MgCl2, 2 mM spermidine–
3HCl) to concentrations of 40 nM and 4�M, respectively. The
substrate in the cleavage buffer (6�l) was heated at 65�C for
2 min and immediately transferred to an ice-bath, and an equal
volume of ribozyme solution, which had been denatured at
65�C for 2 min and annealed in an ice-bath for 10 min, was
added to the denatured substrate to start the reaction. The final
concentrations of substrate (S1, S-4S, S-2S, S-4Me or S-C) and
ribozyme were 10 nM and 1�M, respectively, and the total
volume was 12�l. The reaction mixture was incubated at
37�C, and aliquots were taken at time intervals and added to
loading solution (10 M urea, 50 mM Na2EDTA) to stop the
reaction. The aliquots were fractionated by electrophoresis on
a 20% polyacrylamide gel (acrylamide:bisacrylamide, 19:1)
containing 8 M urea. The gel was dried and exposed to an imaging
plate for bioimaging analysis (Fujix BAS2000). The observed rate
constants were calculated from a least squares fit of the data points
on a plot of the percentages of cleavage versus time, using the
following equation P/P + S = A[1 – exp(–kobs� t)], where P is
the concentration of the cleavage products, S is the concentration
of the remaining substrate, and A is a factor showing the cleavable
substrate ([cleavable substrate] = A[total substrate]).

Multiple turnover reaction. The ribozyme strands (E32 and
E21) and the substrate were dissolved separately in the
cleavage buffer. The ribozyme was denatured by heating at
65�C for 2 min, followed by cooling in an ice-bath for 10 min.
An equal volume of the ribozyme solution was added to the

substrate solution, which was previously denatured at 65�C for
2 min and then cooled in an ice bath. The reaction was star
in a final volume of 12�l, containing 16 nM ribozyme strands
and 20–300 nM substrate, and was incubated at 37�C.
Cleavage products were analyzed as described above for
single turnover reaction. From the cleavage products,
initial velocities were calculated over a specific time rang
(<10% cleavage), and the kinetic parameters were obtain
from Hanes–Woolf plots.

Cleavage reactions at various magnesium ion concentrations

The ribozyme strands (E32 and E21) and the substrate (S1, S
S-2S, S-4Me or S-C) were dissolved in annealing buff
(80 mM Tris–HCl pH 7.5, 4 mM spermidine–3HCl) withou
magnesium ions, to concentrations of 4�M and 40 nM,
respectively. An equal volume of magnesium chloride soluti
(4–200 mM, 7�l) was added to the solution of the ribozyme
substrate complex. The reaction was started in a final volu
of 14�l, containing 2�M ribozyme and 20 nM substrate, and
was incubated at 37�C. The cleavage products were analyze
as described for the single turnover reaction. From t
cleavage products, the initial velocities (V) were calculate
The association constants (K[Mg2+]) of the magnesium ions were
determined from a least squares fit of the data points on a p
of the initial velocities of cleavage versus the concentrations
magnesium ions, using the following equation:

V = (Vmax� [Mg2+])/(K [Mg2+] + [Mg2+]) (45).

Photo crosslinking

S-4S (Fig. 1b) in the cleavage buffer was heated at 65�C for
2 min, and then cooled in an ice bath. An equal volume of t
substrate solution was added to the ribozyme solution, wh
was also dissolved in the cleavage buffer. The combined solu
(14 �l), containing both the substrate (750 nM) and th
ribozyme (1.5�M), was exposed to UV irradiation (365 nm
for 30 min, either on ice or at room temperature. After the react
solution was mixed with the loading solution, the produc
were fractionated by electrophoresis on a 20% polyacrylam
gel containing 8 M urea. The bands of the crosslinked produ
were excised from the gel, and the crosslinked products w
eluted from the gel slice in distilled water. The eluted produc
were purified on a NENSORBTM20 column (Du Pont).

After the purification of the crosslinked products, th
crosslinked sites were determined by limited alkaline hydroly
and by base specific RNases.

CD measurements

Hairpin ribozyme components [domains I and (I+II)]
dissolved in the cleavage buffer (300�l) to a concentration of
20 �M, were heated at 90�C for 2 min, and then immediately
transferred to an ice bath. After 1 h on the ice bath, the C
spectra were measured using a 1 mm path length cell. Otherw
the temperature was not specified.

H2O2 treatment. Domain I or domain (I+II), dissolved in the
cleavage buffer (20�M; 300�l), was heated at 90�C for 2 min,
and then immediately transferred to an ice bath. After 1 h
the ice bath, 1 and 30% H2O2 aqueous solutions (1�l) were
added for the reaction of the ribozymes containing 4-thio a
2-thiouridine, respectively. Since H2O2 converts 4-thiouridine
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to uridine, the CD spectra of both complexes containing a
uridine at +2 were used to monitor the complete reaction of
H2O2. Percentages of the remaining thiocarbonyl group ([�]s)
were obtained by [�]s = 100[1 – ([�]t – [�]0)/([�]

�

�–�]0)]. Each
[�] was the peak intensity at 335 nm. Half-lives were deter-
mined by plots of [�]s versus various times. [�]t, [�] value after
t min; [�]0, [�] before the reaction with H2O2; [�]

�

, [�] of the
complex containing a uridine at position +2.

RESULTS AND DISCUSSION

Post-synthetic modification of oligonucleotides using
4-O-p-nitrophenyluridine

Oligoribonucleotides containing 4-thiouridine can be prepared
by using S-cyanoethyl-protected 4-thiouridine as a coupling
unit, followed by deprotection (46,47). However, S-cyanoethyl-
protected 4-thiouridine cannot be converted to any other
nucleoside analog. Although a post-synthetic modification for
the synthesis of 4-thiouridine-containing oligonucleotides
using 4-O-triazolouridine was reported (41), it is too unstable
for a large-scale preparation. Thus, we planned to use 4-O-p-
nitrophenyl-uridine for the modification of oligonucleotide
analogs. As shown in Scheme 1, 4-O-p-nitrophenyl-uridine
(4nphU) (1) (40) was prepared from uridine, and the primary
hydroxyl group was protected by dimethoxytrityl chloride to
give compound2. The 2�-hydroxyl group was silylated with
TBDMS chloride in the presence of silver nitrate and pyridine
(48) since thep-nitrophenol group is unstable in either dimethyl-
amino pyridine or imidazole. The 2�-O-TBDMS isomer (3)
was separated from the 3�-isomer. The 3�-hydroxyl group of
compound3 was phosphorylated by a standard method (49) in
the presence of collidine andN-methylimidazole, which did
not cleave thep-nitrophenol group.

To prepare the substrate analogs (S-4S and S-4Me shown in
Fig. 1b) with 4-thio- and 4-O-methyluridne, respectively, at posi-
tion +2 in S1, the4nphU amidite unit was assembled by a standard
method. After the synthesis, the resin-bound oligo-ribonucleotide

was treated with thioacetic acid to convert4nphU to 4SU, by the
procedure used for the conversion of 4-O-triazolouridine (41).
The 4nphU in the resin-bound oligonucleotide was als
converted to 4-O-methyluridine (4MeU), by treatment with
DBU/methanol during the deprotection of the exocycl
amines and the cleavage from the support. The DBU w
removed by the ion exchange resin, and the oligoribonucleo
was purified by reverse phase and anion exchange colu
chromatography. The presence of4SU or 4MeU was analyzed by
complete enzymatic digestions of S-4S and S-4Me. The S
substrate analog was further characterized by polyacrylam
gel electrophoresis with a mercury derivative (50).

2-Thiouridine was prepared from the glycosylation o
2-thiouracil andD-ribose, as previously described (43). The S-2
substrate, with2SU at position +2, was synthesized by the pho
phoramidite method (Fig. 1b).

Cleavage reaction of RNA containing4SU, 4MeU, C or 2SU

Besides three substrate analogs (S-4S, S-2S and S-4Me),
which has a cytidine base at position +2, was prepared
compare the cleavage activity. The 5�-ends of S-4S, S-2S, S-4Me
S-C and S1 were labeled with32P. Since it has been reported
that the sulfur atom of4SU decomposes by irradiation with the
32P-derived�-emission (50), the stability of S-4S was checke
by fractionation on a polyacylamide gel in which a mercu
derivative was covalently immobilized. Although a sligh
amount of4SU desulfurization was detected after32P labeling,
depending on the amount of time after labeling, it was immediat
used for the cleavage reactions. The three substrate analogs (S
S-2S and S-4Me) and the natural substrate (S1) were subje
to cleavage by the two stranded ribozymes (R32-R21) (5
shown in Figure 1b. Cleavage reactions were carried out un
single turnover conditions. S-2S was cleaved with almost t
same activity as that of the natural substrate, whereas
cleavage rate constants for S-4S and S-4Me were ~6-
4-fold lower than that of S1, respectively (Table 1). Unde
multiple turnover conditions, S-2S indicated slightly highe

Scheme 1.
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kcat/Km value than that of the wild-type substrate, although the
Km of S-2S was larger than that of S1. Thekcat for S-4S was 20-fold
lower than that of the natural substrate. Thekcat values for S-4Me,
and S-C were 2- and 5-fold lower than that of the natural
substrates, respectively. On the other hand, S-2S indicated
about a 3-fold higherkcat than that of the control substrate. The
kcat/Km value for S-4S was ~30-fold lower than that of the
natural substrate. These results suggest that the O4 of U+2 is
more important for the cleavage activity than the O2 of U+2.
The largeKm of S-2S, suggests that the O2 of U+2 might be
involved in binding with the ribozyme; however, the O2 does
not influence the chemical step.

The exocyclic oxygens of a uridine can become hydrogen
acceptors; however, sulfur substitution of the oxygen is
supposed to decrease the stability of the hydrogen bond. Since
the structure of the N3 of uridine is the same between4SU and
2SU, the difference in the cleavage activity between S-4S and
S-2S indicates that the O4 of U+2 is more important than the
O2 of U+2 for the cleavage reactions. The O4 may be involved
in the hydrogen bond, whereas the O2 of U+2 may not participate
in the active loop structure. S-4Me was cleaved slightly more
efficiently than S-4S. The substrate with a4MeU also was
cleaved ~4-fold faster than S-C with a cytidine at position +2,
under single turnover conditions. From the crystal structure of
4-O-methyluridine, the methyl group of4MeU assumes thesyn-
periplanar conformation, as shown in Figure 1c (52,53). There-
fore, the O4 of4MeU could be a weak hydrogen bond acceptor,
and then S-4Me might be cleaved more efficiently than S-C.
The 4-amino group of C+2 is a hydrogen donor, and S-C was
cleaved at a 14-fold lower rate than the natural substrate under
single turnover conditions. S-4S had slightly higher cleavage
activity than S-C. The reason for this might be that the sulfur
atom of S-4S might serve as a weak hydrogen acceptor.

To investigate whether the O4 of U+2 participates in magnesium
ion binding, the cleavage reactions were carried out at various
magnesium ion concentrations, and the initial velocities were
measured (Fig. 2). The association constants and Vmax were
calculated as reported (45). The cleavage activities of S-4S, S-4Me
and S-C could not reach that of S1, even at high magnesium
ion concentrations (Table 1). On the other hand, S-2S was
cleaved as efficiently as the natural substrate at all magnesium
ion concentrations. High concentrations of magnesium ions
could not compensate for the cleavage activities of S-4S, S-4Me
and S-C. The Vmaxs of S-4S, S-4Me and S-C were 6-, 4- and 8-fold
lower than that of S1, respectively. The difference in the activities
might be derived from the structural distortion induced by the
O4 modification. The association constants for the magnesium

ion of S-4S indicated almost the same activity as the cont
substrate. This result suggests that the O4 of U+2 is n
involved with magnesium ion binding, but with the formation o
hydrogen bonds. The reason for the low value of the associa
constant of S-4Me is not clear; however, steric hindrance of
methyl group of4MeU might deform the internal loop structure

Tinoco and co-workers revealed that U+2 is splayed apar
the stem–loop structure of domain I, in the absence of dom
II, by NMR analysis (38). In the loop A structure, the O4� of
the sugar of U+2 forms hydrogen bonds with either the imin
or amino proton of G8, and there was no evidence for a
interaction with the base of U+2. The present result that t
O4 of U+2 is involved with the cleavage step, in contrast to t
O2 of U+2, cannot be elucidated by the NMR structure. Therefo
the conformational change of U+2 was considered to occ
when domain I interacts with domain II. The O4 of U+2 doe
not contact other residues in domain I itself, but may becom
hydrogen acceptor in the active bent structure. The NMR d
also suggest that U+2 adopts the flexible conformation
domain I, because of the millisecond conformational change
U+2. Therefore, U+2 could easily adopt the conformation
change by domain docking.

The NMR structure of U+2 indicates the ground sta
conformation, and this structure of U+2 may change from
bulged structure to a paired form in a transition state. Recen
Burke and co-workers also suggested that a conformatio

Table 1.Kinetic parameters of cleavage reactions with natural and modified substrates

Substrate kobs Km kcat kcat/Km KMg2+

(min–1) (nM) (min–1) (min–1·nM–1) (mM)

S1 0.34� 0.01 26� 0.55 0.15� 0.04 5.8� 10–3 3.8� 0.3

S-2S 0.24� 0.009 139� 10 0.49� 0.06 3.5� 10–3 8.8� 1.5

S-4S 0.059� 0.002 44� 4 0.0089� 0.0014 2.0� 10–4 4.7� 0.7

S-4Me 0.093� 0.004 29� 12 0.082� 0.003 2.8� 10–3 0.9� 0.1

S-C 0.025� 0.0003 26� 9 0.029� 0.005 1.1� 10–3 13.4� 2.0

Figure 2. Plot of initial velocities versus concentrations of magnesium ion
S1 (circles), S-2S (solid squares), S-4Me (triangles), S-4S (diamonds) and
(open squares) were subjected to cleavage reactions by the ribozyme (R32-
with various concentrations of magnesium ions.
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change occurs in the ribozyme after the initial domain docking
in the hairpin ribozyme, based on the results of a fluorescence
resonance energy transfer experiment (54).

Photo crosslinking reactions using S-4S

Although S-4S was cleaved at a 6-fold lower rate than that of
the natural substrate, S-4S could be cleaved faster than S-C.
Therefore, photo crosslinking experiments with S-4S were
carried out to investigate the tertiary structure of loop A. To
prevent cleavage of the substrate during the photo reaction,
photo crosslinking was carried out using S-4S(me), which has
2�-O-methylcytidine at the cleavage site (C-1). S-4S(me) was
combined with R14 and R32-R21 to form domains I and (I+II),
respectively (Fig. 3a). The S-4S(me)–R32 complex [domain
(I+II �)] was also used as an inactive molecule. The 5�-end of
either R14, R32 or R21 was labeled with32P for photo
crosslinking. Crosslinked products, CL(I) (lane 3), CL(I+II�)
(lane 4), and CL(I+II) (lane 5), were generated from UV irradiation
of domains I, (I+II�) and (I+II), respectively (Fig. 3b). S-4S(me) did
not crosslink with R21 in domain (I+II), but with R14 and R32
in the three complexes. The CL(I), CL(I+II�) and CL(I+II)
complexes were recovered from the gel, and the crosslinking
sites of these products were determined by limited alkaline
hydrolysis (Fig. 4a) (28). For CL(I), the crosslinked residue in
R14 was A9 (Fig. 4a, lane 3). The crosslinked sites for
CL(I+II �) and CL(I+II) were also A9 in R32 (Fig. 4a, lanes 7
and 12). The crosslinked sites in the S-4S(me) strand of these
crosslinked products were identified as4SU+2, as expected
(data not shown). These results indicate that4SU+2 in S-4S(me) of
the three complexes crosslinked with A9 in the complementary
strand, as shown in Figure 4b. The percentages of crosslinked
products were measured at various times, and the yields of the
crosslinked products were not changed after 30 min of UV
irradiation. The yields of CL(I), CL(I+II�) and CL(I+II) were
~50% after 30 min of irradiation. Although the yields of the
crosslinking reactions were also measured at various concen-
trations of magnesium ions, the three complexes had almost
the same crosslinking yields.

Previous hairpin ribozyme crosslinking experiments had
been carried out using an all deoxy substrate, which contained
a 2�-deoxy-4-thiothymidine substituted for U+2 (32). The 2�-
deoxy-4-thiothymidine substituted for U+2 was crosslinked
with A7 and A5, in addition to A9 in the complementary strand.
On the other hand, S-4S(me) only contained ribonucleotides and
crosslinked only with A9. This difference may be derived from
the different conformations induced by the ribose structure.

CD measurements

The CD spectra of4SU and2SU have been measured for confor-
mational analyses of tRNA, since these nucleosides indicate
characteristic positive and negative peaks at 330 nm, respec-
tively (55). Since the CD spectrum around 330 nm is derived
from only the thiocarbonyl group, comparison of the CD spectra
at 330 nm provides information about the conformational change
of U+2 in domains I and (I+II). The CD spectra of domains I
and (I+II) containing S-2S(me) or S-4S(me) in the substrate
strand were measured at various temperatures. Both of these
substrate strands had a 2�-O-methyl ribonucleoside (me) at the
cleavage site, to prevent cleavage of the RNA during the CD
measurement. Both complexes indicated a positive or negative
peak around 330 nm, which was derived from4SU+2 or 2SU+2

(Fig. 5a and b). When S-4S(me) containing4SU+2 was used as
a substrate strand, domain (I+II) showed a peak with high
intensity than domain I at low temperature (Fig. 5a). This res
suggests that the structure of4SU+2 was different between
domains I and (I+II). On the other hand, when S-2S(me) w
used as a substrate, there were few differences between
peak intensities from domains I and (I+II), even at low temperatu
(Fig. 5b). This result suggests that the environment around
2-thiocarbonyl group of2SU+2 did not change between domai
I alone and domain (I+II). Therefore, the environment near t
4-keto group of U+2 changes more than that around the 2-k
group of U+2 during domain docking, and this is consiste

Figure 3.Photo crosslinking of 4-thiouridine. (a) Sequences of the three complexes
used for photo crosslinking.4SU+2 in the substrate is circled. C-1 is substituted for
2�-O-methylcytidine in S-4S(me). Dotted and solid lines indicate base pai
and covalent bonds, respectively. (b) Denaturing polyacrylamide gel electro-
phoresis of the photo crosslinking reaction. Lane 1,32pR14; lane 2,32pR32;
lane 3, photo crosslink of domain I [32pR14+S-4S(me)]; lane 4, photo
crosslink of domain (I+II�) [32pR32+S-4S(me)]; lane 5, photo crosslink of
domain (I+II) [32pR32+R21+S-4S(me)]. CL I, CL (I+II�) and CL (I+II) indicate
the crosslinked products of domain I, domain (I+II�) and domain (I+II),
respectively.
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with the result from the cleavage reaction of the substrate with
4SU. The peak intensities at 335 nm of domains I and (I+II)
containing 4SU+2 were plotted versus the temperature
(Fig. 5c). The difference between the peak intensities from
domains I and (I+II) became larger at a low temperature. The
change at 50�C, found in both complexes, was derived from
the destruction of the A-form structure, because the positive
peak at 260 nm from the A-form structure also drastically
changed at ~50�C. However, the peak intensity from domain
(I+II) increased below 16�C, in contrast to that from domain I.
It is thought that the difference is derived from the environ-
mental change at4SU+2 caused by domain docking.

Watanabe and co-workers investigated the structures of 2-
and 4-thiouridine in tRNA by comparing the reactivities of
these bases with H2O2, which can promote desulfurization of 2-
or 4-thiouridine (55,56), and the difference in the reactivities
appeared around 330 nm in the CD spectra. Therefore, we
investigated the reactivities of both2SU+2 and 4SU+2 in
domains I or (I+II) by CD measurements. As reported previously,
4-thiouridine reacted with H2O2 much faster than 2-thiouridine

under the same conditions. Therefore, both domain I a
domain (I+II) containing S-4S(me) were reacted with H2O2
under milder conditions than those for the domains containi
S-2S(me). The reaction rate constants are listed in Table
2SU+2 in domain (I+II) reacted with H2O2 3-fold faster than
that in domain I. On the other hand, the reactivity of4SU+2 in
domain (I+II) decreased 2-fold faster than in domain I. Whe
the two domains could interact with each other, such as
domain (I+II), the reaction of4SU+2 with H2O2 was prevented,
whereas the reactivity of2SU+2 was enhanced. There was n
difference in the reactivity of4SU+2 between both complexes
in the absence of magnesium ions, which are important
domain docking. The reactivity of4SU+2 in both complexes
was also the same at a higher temperature (32�C). These results
suggest that the lower reactivity of4SU+2 in domain (I+II) was
caused by domain docking and the conformational change
U+2. Based on the results from the previous NMR report and
present pyrimidine-substituted experiments, the conformation
U+2 in the substrate strand may change, as shown in Figur
In an inactive conformation, U+2 does not interact with an
residues; however, in an active bent conformation, U+2 mig
change from the splayed structure to the helix.

Gait and co-workers presented a hairpin ribozyme mod
based on the results of the formation of an inter-doma
disulfide bond (57). In this model, U+2 is located in the mino
groove, the O4 of U+2 forms a hydrogen bond with the 2-ami
group of G8 in the opposite strand, and the O2 of U+2 does
contact any nucleoside. However, the existence of the base
has not been confirmed. On the other hand, the NMR resul
domain I indicates that U+2 following the cleavage site do

Figure 4. Identification of crosslinking residues in the complexes. (a) Analysis
of crosslinking sites in R14 and R32. Lanes 1, 2, 4 and 5, partial alkaline
hydrolysis and ribonucleases T1 andB.cereusdigestion of32pR14 for markers;
lane 3, partial alkaline hydrolysis of CL I [32pR14-S-4S(me)]; lanes 6, 8, 9, 10,
11 and 14, partial alkaline hydrolysis and ribonucleases T1 andB.cereus
digestion of32pR32 for markers; lanes 7 and 12, partial alkaline hydrolysis of
CL (I+II �) [32pR32-S-4S(me)] and CL (I+II) [32pR32-S-4S(me)], respectively.
Arrows indicate crosslinking sites in R14 and R32. Reaction times (min) are
indicated in parentheses. (b) Secondary structure of ribozymes, showing the
crosslink between A9 and4SU+2.

Figure 5. CD spectra of components of the hairpin ribozyme. CD spectra
the near UV region of domains I and (I+II) containing 4-thiouridine (a) or
2-thiouridine at 4�C (b). Domain I, dotted line; domain (I+II), solid line.
(c) Plots of [�] at 335 nm containing the4SU+2 versus various temperatures.
Domain I, circles; domain (I+II), squares.
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not contact any base and is splayed apart. Furthermore, the
NMR data suggest that U+2 adopts a millisecond conformational
change (38). In our photo crosslinking experiment, there were
few differences in either the crosslinked sites or the yields
between domains I and (I+II). The reason for this is not clear.
Due to the flexible conformation of U+2 in domain I alone, the
equilibrium between the splayed structure and the stacked form
might shift to the stacked structure during the UV-irradiation.
Therefore, we think that the crosslinking reaction did not
reflect the percentage of the stacked structure of U+2 exactly,
but rather indicated the base stacking on U+2. Since A9 stacks
with U+2 in the model, the present result that4SU+2
crosslinked with A9 agrees with the structure in the model. The
pyrimidine substitution experiments performed here suggest
that the O4 of U+2 is involved in the hydrogen bond, but the
O2 is not. Thus, the O4 of U+2 may be recognized by the 2-amino
group of G8 by domain docking, as shown in the predicted model.
Together with the results from NMR studies, the substitution
experiments performed here suggest that U+2 in loop A is in a
splayed out structure at the ground state and moves to the
minor groove during the cleavage reaction. The O4 of U+2
may be involved in the transition state.

SUPPLEMENTARY MATERIAL

See Supplementary Material available in NAR Online.
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