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ABSTRACT

In this paper , we show that an adenosine to inosine
mutation at position 15.1 changes the substrate
specificity of the hammerhead ribozyme from
N16.2y16.1417 to N 16-2C16.1H17 (H represents A , C or U).
This result extends the hammerhead cleavage triplet
definition from N 162161417 to the more general
N16.2y16.1417 Comparison of cleavage rates using | 151
ribozymes for NCH triplets and standard A~ 151 ribozymes
for NUH triplets under single turnover conditions
shows similar or slightly enhanced levels of reactivity

for the | 15-1-containing structures. The effect of | 151
substitution was also tested in nuclease-resistant
2'-O-alkyl substituted derivatives (oligozymes)  , showing
a similar level of activity for the NUH and NCH cleaving
structures. The availability of NCH triplets that can be
targeted without loss of efficiency increases the
flexibility of ribozyme targeting strategies. This was
demonstrated by an efficient cleavage of an HCV
transcript at a previously inaccessible GCA site in
codon 2.

INTRODUCTION

GUC > GUA, AUA, CUC > AUU, UUC, UUA > GUU, CUA >
UuU, CUU (9,11,12).

Several lines of evidence indicate that only a few regions on the
RNA are accessible for fast hybridization with ribozymes, thus
severely limiting the actual availability of many of the canonical
NUH cleavage sites (13-18). This NUH specificity constrains the
practical use of hammerhead ribozymes for gene inactivation, in
as much as optimal triplets do not always occur within accessible
regions of the mRNA, and the absence of such sites necessitates
targeting of non-optimal triplet€ 9,20). Moreover, for certain
biological systems, which by their nature necessitate the use of
specific cleavage sites (BCR-ABL, oncogenes formed by mutations)
(21,22), a greater fi@bility in cleavage triplet selection would
offer a significant advantage.

This problem has led to serious efforts involving the screening
of randomized pools of RNA or DNA sequences for RNA
cleaving capability at non-NUH sites. These experiments resulted
in selection of the naturally occurring hammerhead sequence
when GUC was the target triplet, or led to significantly altered
sequences when the selection was performed for cleavage at a
non-NUH site(23-25). The cleavagetadties of these systems
are lower than that of the standard hammerhead ribozyme which
has a typicak, value of 3 per min at 3T in the presence of 10 mM
Mg2* at pH 7.5 (26).

In this paper, we describe an efficient solution to the

The hammerhead ribozyme self-cleaving motif was identifiefammerhead ribozyme target-site extension problem, which is
originally in plant pathogens such as the avocado sunblotch virdkgsed on the use of a nucleoside analogue at position 15.1. We
(1). Dissection of the hammerhead motif into a catalytic and und that although single functional group changes in either of

substrate part allows the specific cleavage of RNA sequend

the two conserved &1 or U6-1 residues are deleterious, the

(2,3). Since then, pplication of trans-cleaving hammerheadchange of the complete!2U6-1 base pair to'P-1C'®1 (Fig. 1)
ribozymes for gene inactivation by specific hydrolysis of mRNAgesults in retention of activity. Using inosine at position 15.1
has become a major topic of inter@sB). A basic characteristic therefore allows efficient cleavage at NCH sites.

of the hammerhead ribozyme is that it cleaves its substrate after

N16.-216.3417 triplets (6). Position &1 of the substrate is MATERIALS AND METHODS

strictly conserved in all naturally occurriog-cleaving systems Materials

(5,7,8). A systmatic analysis of possible substitutions at this

position with naturally occurring nucleosides also confirmed the'-O-Dimethoxytrityl-2-O-allylribonucleoside-30-(2-cyanoethyl

this AL5-1U16.1 base pair is essential for activif9,10). A

N,N-diisopropylphosphoramidites) and@-dimethoxytrityl-2-O-

comparison of cleavage rates of individual NUH triplets revealetért-butyldimethylsilylribonucleoside-30-(2-cyanoethyl N,N-di-

that the reaction ratelg.f) decrease in the following order: AUC, isopropylphosphoramidites)

bearingert-butylphenoxyacetyl
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Purification was performed by anion-exchange chromatography
on a Dionex NucleoPac column at elevated temperature and
eluting with a sodium perchlorate salt gradi@a). All samples
were treated with Chelex resin in order to remove traces of heavy
metal ions before kinetic analysis. A different purification
procedure was used for compounds containing ‘ter&inal
hexanediol residue (Sproat al, manuscript in preparation).
Ribozymes with 50H or 3-hexanediol residues had identical
kinetic properties in the single turnover assay.

The presence of inosine was verified by RNase T1 digestion
[this enzyme has | and G specifici(g3)] followed by mass

spectroscopic analysis of the cleavage fragments. The fragments
resulting from cleavage atl&and 51 gave the correct mass
representing AAIp.

\ OH
0 Mass spectroscopy

0
. ox All modified and unmodified ribozymes used were characterized

NN —nN by mass spectroscopy on a \oyager DE Biospectrometry
. ‘l’ K/lk. =y o-"" workstation (PerSeptive Biosystems). For MALDI TOF MS
o—F, ~H J NN, analysis, 0.04 Agg unit in 2l water was microdialysed using a
‘o \ o 4, 0.025pum membrane. One microlitre from the resulting dialysed
N g sample was mixed with 2,4,6-trihydroxyacetophenone:ammonium
\ o citrate matrix and samples were prepared according to the
o,p“‘ protocol provided by PerSeptive. Between 150 and 256 shots
were averaged in the positive ion mode for each spectrum using
an acceleration voltage of 256 kV. Spectra were calibrated with
_ o _ o two external standards, dT(pd#)and dT(pdTgo. Mass spectra
Figure 1. Relative orientation of th in tHeYA1S.1 ir in the 3D . e -
e e hong ribggﬁgzn driffisoste?f%ﬁ? iy bzs?’e showed the correct molecular weights withi@ mass units.

pair with an inverted arrangement of the H-bond donor and acceptor functional
groups B). Capillary electrophoresis

B c16-1 1151

The homogeneity of all modified and unmodified oligoribo-
protection of the exocyclic amino functions of adenine, cytosinsucleotides was analysed by capillary gel electrophoresis on a
and guanine were obtained from PerSeptive Biosysteérsdb  Biofocus 3000 Capillary Electrophoresis system (Bio-Rad).
methoxytrityl-2-O-tert-butyldimethylsilylinosine-30-(2-cyano- Probes were analysed under denaturating conditions using
ethylN,N-diisopropylphosphoramidite) was obtained from CP@ynamic Sieving Buffer (Bio-Rad 148-502) and 8 M urea and
(Lincoln Park, NJ). 5Fluorescent-labelled oligoribonucleotides coated capillaries (44 cm 15 um). All compounds used for
were obtained from OSWELL DNA service Southampton,UKkinetic analysis were >98% pure under conditions where a
All other synthesis chemicals were from Perkin Elmer, Appliedbase-line separation of 25 to 40mers was observed.
Biosystems or PerSeptive Biosystems, Hamburg. Molar extinction
coefficients for oligonucleotides were calculated according to theonditions for kinetic experiments

nearest neighbour mod@?7).
J aerr) To 75ul H20, 2.5ul of a 100uM ribozyme solution and 2l

of a 10uM solution of 3-fluorescein labelled substrate, 10of

100 mM MES pH 6.0 or 100 mM Tris—HCI pH 7.4 were added.
Ribozymes and'20-allyl substituted analogues were synthesized'he solution was heated at°@5for 2 min then allowed to cool

on a 1umol scale by solid-phagecyanoethyl phosphoramidite to 37°C. The reaction was started by addition ofill6f 100 mM
chemistry (28) using the-D-tert-butyldimethylsilyl (TBDMS)  MgCly, giving a final concentration of 250 nM substrate (@b
protection strategy for the ribonucleotidg®,30). $ntheses ribozyme and 10 mM MgGl Ten microlitre samples were
were performed on aminomethylpolystyrene, bearing an invertedthdrawn after 1, 2, 4, 6, 8, 10 and 20 min intervals and the
thymidine linkagg(31). Upon ompletion of the desired sequence,reaction was quenched by the addition ofd3of 100 mM

the oligomer was cleaved from the support and all base-labildéayEDTA-95% formamide—0.05% bromophenol blue stop mix.
protecting groups (2-cyanoethyl andteft-butylphenoxyacetyl) Probes at 0 min were taken from reaction mixtures after the
were removed by treatment with aqueous ammonia—ethartmbating—cooling cycle, without addition of MgCIReactions

(3:1 v/v) for 2 h at 60C in a sealed vial. After lyophilization of with slower ribozymes were followed to completion (usually
the filtered mixture, the residue was dissolved in g0@f  80-85%) using appropriate reaction times. Cleavage products
anhydrous triethylamine—triethylamine tri(hydrofluoridd)— were separated from unreacted substrate by electrophoresis in 20%
methylpyrrolidinone (3:4:6 by volume) and kept at6dor 4 h  polyacrylamide—1.5% bisacrylamide—7 M urea gelsx146 cm)

to cleave the silyl protecting grouf®2). The &illy deprotected using Tris—borate pH 8 buffer containing 2 mM,NBTA, and
ribozyme was then precipitated by addition of sterile aqueous 3 ¥Me fluorescent bands were quantitated on a Molecular Dynamics
sodium acetate (3Ql, pH 5.2) followed by 1-butanol (1 ml). Fluorolmager using version 4.2 of the Molecular Dynamics

Oligonucleotide synthesis
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G-U G.u RESULTS
A G
G-C - AG . CG Chemical synthesis
i-c > . I
Z ) g OO»O o N The ribozyme and substrate sequences used in this study are showr
c. G o © zg o in Figure 2. An inosine residue was incorporated into a sequence
Gu O‘@, ¢ o A v @ derived from the well characterized HH8 ribozyme (26,35).
Atz Gg e, O e AZ GZ N O\Q‘o helix T Sequence variants containing A, G, C or U at position 15.2 and A
Awyy o e or | at position 15.1 were synthesized as nuclease-resistant
Aslie> A g, LT ™ A U, 2'-O-allyl substituted analogues, which contain ribonucleotides
NisNig2  Gs NisMNg2 G5 at only five critical positions, viz. GAS, G8, G12and 15>-YA15.1
- AU (36-38), and as urmdified oligoribonucleotides. The 12 NCH
Uoa v-a e (FFGAAUNCH GGUCGC-iT) and NUH substratéa*GAAU-
c-c - NUHGGUCGC-T) were synthesized with &fsiorescein label.
TR T B The synthesis of the ribozymes was performed using standard
A B oligonucleotide synthesis procedures using a general solid-phase

support loaded with an inverted T, and oligoribonucleotides were
Figure 2. Sequence of the hammerhead ribozyg gnd of the double pu”f'ed by '0n'eXChange chromatography; an 'mpfOVeo_' _reverse-
mutated $5-1C16.1 ribozyme B). Substrate nucleotides are in bold, the phase chromatography procedure was used for the purification of
15.1-16.1 base pairs are outlined. the modified structures (Spraettal, manuscript in preparation).

Cleavage assays

Image Quant software. Measurements were repeated at leAstinitial screening using fluorescein-labelled substrates containing
twice. Fraction product curves were fitted to the equation Frac[R]l possible NCH cleavage triplets with thé-Qallylated

=Hop X (1 - ek2Y)/S(34) using KaleidaGraph (Synergy Software, oligozymes demonstrated that each NCH triplet was cleavable by
Reading, PA) curve fittings routines withy andk, as parameters. the complementary!?-containing oligozyme, although the
Hp values, which can be interpreted as the ribozyme—substratieavage rates for most YCH containing substrates (Y =
complex concentrationstgf were 80—-85% diy; the error ifkowas  pyrimidine), except for CCA, were lows[0.01 per min[[30%

10%. Alternatively, ko values were also determined from conversion in 1 h). Further analysis using unmodifié?’A 151
IN(Sorm)/time plots giving identical results. Substrate concentrationbozymes was therefore concentrated on the faster cleaving
changes (20-250 nM) and ribozyme excess (2—10-fold) had ®36-2C16.1H17 and R6-2J16.1417 triplets having a purine at
effect on the cleavage kinetics, thus demonstrating that the reactigasition 16.2 (R = A or G).

were performed under saturating conditions where the observedrigure 3 shows the cleavage products from a reaction between
first-order rate constant is determinedKayi.e. the speed of the the GCA substrate and tH&-&-CL>-2ribozyme (Table 1, reaction
chemical step. Because at pH 7.4 the unmodified ribozymes hav)aComparison with the hydroxyl cleavage pattern and with the
ko value >2.5/min, which cannot be determined precisely fromeaction product of a standard ribozyme reaction performed on a
first-order decay curves, cleavage reactions with unmodifie@UA substrate (reaction 8) shows that tA&Mcontaining
ribozymes were also performed at pH 6. ribozyme cleaves after the adenosifiehe GCA triplet in the

S, o - TS - . * '#
by T
e ST e I __'“‘(:(J
1 2 3 4 5 6 7 ] 9. 10

Figure 3. Gel scan of the time course of tA&}ribozyme-mediated cleavage reaction of thitrescent-labelled substrate, FFGAAUGG&UCGC-T (Table 1,
reaction 2). Bands indicate uncleavédiGorescein-labelled substrate arieflGorescein-labelled product. Reaction was performed as indicated in the Materials and
Methods (pH 6, 10 mM Mg, 37°C, 250 nM substrate, 2.8/ ribozyme). Lane 1,4 0 min (sample was taken after the annealing and cooling step prior to the addition
of Mg2*); lanes 2-8,t=1, 2, 4, 6, 8, 10 and 20 min reaction times; lane 9, sequence ladder generatéddresté&in-labelled substrate by treatment with 50 mM
NaHCQ; for 2 min at 90C; lane 10, substrate incubated in the reaction buffer for 20 min with 10 nf¥Witnout ribozyme.
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Table 1.Single turnover rate constants for the cleavage of NCH and NUH substrates

15.2 ,716.2
N N

15.1 .
N yl6-1

14 17
A H
Nl 1
Ribozyme Substrate A B
ribozymes Z’Fbg)-allyl
St tituted
b:naloggl ues
. NlS.l NlS.Z N16.2 Y 16.1 H 17 k
Rez;::lon (pH %_0 ) (pH %44)
1 1 C G C C 0.19 0.11
2 1 C G C A 0.39 0.40
3 1 C G C U 0.03 0.02
4 1 U A C 0.17 0.07
5 I U A C A 0.41 0.30
6 I U A C U 0.03 0.014
7 A C G U C 0.15 0.10
8 A C G U A 0.12 0.31
9 A C G U U 0.04 0.06
10 A U A U C 0.14 0.05
11 A U A U A 0.11 0.17
12 A U A U U 0.05 0.04
Congrol
reactions (pH .2,.4 )
13 1 c G c A >25
14 C G U C < 0.008
15 1 C G U A < 0.003
16 1 C G U U < 0.001
17 A C G C C < 0.008
18 A C G C A < 0.002
19 A C G C U < 0.001
20 I C G A A < 0.001
21 I C G G A < 0.001
22 1 C G C G < 0.001
23 G C G C A < 0.001

Upper part, partial sequence of the Hammerhead ribozyme indicating the five positions of substitutions. Position
of cleavage in the substrate is betweéd &hd N-1,

A, with unmodified ribozymes at pH 6.0 in MES buffer af@7n the presence of 10 mM Mgor, in the

case of control reactions, pH 7.4 Tris buffer &G the presence of 10 mM Mit(upper limits for cleavage

rates estimated from reactions followed until 120 min).

B, with nuclease resistant@-allyl modified oligozymes containing five residual ribonucleotides at pH 7.4

in Tris buffer at 37C in the presence of 10 mM Nty

FI*GAAUGCAGGUCGC-IT substrate. All other sequencesinvestigated using the nuclease-resistant and unmodified ribozymes
shown in Figure 2, which were investigated in this work, alsare summarized in Table 1. This comparison revealed an
gave identical 7mer products. N16.2C16.1017 > N16.2C16.1C17 > N16.2C16.9y17 order of reactivity

A comparison of the three 82C16-1H17 and three at pH 6, with similar values for thel6&2 and Al6-2 cases. The
G16.2J16.1417 cleavage triplets using®% and Al5-Lcontaining measured values for the GUC substrate anét.oualue at pH 6
unmodified ribozymes at pH 6.0 in MES buffer is shown inare very similar to the value reported by Taira under identical
Figure 4 (Table 1, reactions 1-3 and 7-9). Single turnover ratenditions (39), and similar to aecently published single
constants for all B-2C16.1417 and R6-Q16.1417 triplets  turnover value ok, for the HH8 sequence when corrected to the
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1.0 - in control experiments that under our conditions the standard
i hammerhead also has a limited acceptance for the GCH-type

substrates, with a preference for GCC (Table 1, reactions 17-19).
Substrates containing al®#A16-1A17 or GL6-2G16.IA17 triplet
were completely unreactive with th&-} constructs (Table 1,
reactions 20 and 21); the observed formation of cleavage products
after 120 min incubation at 3, pH 7.4, was 6 and 3%,
respectively.

In order to check the validity of the hammerhead cleavage
rules, which require H not to be guanosine (6), a reaction
between thelP-Lcontaining ribozyme and the corresponding
G16-2c16.1G17_containing substrate was also investigated (Table 1,
reaction 22). Similar to the standard hammerhead, no cleavage
(<3% conversion after 2 h) could be observed.

In another control reaction, the activity of al5&Cl6.1

A R RN RO hammerhead was examined, i.e. a case where a regular base pai
0 5 10 15 20 can form (Table 1, reaction 23), and compared with the

time (mir) 115.1Cl16.-1containing construction. Less than 3% product formation

was observed with thel&-containing ribozyme, which allows

Figure 4. Comparison of the GCH- and GUH-cleaving ribozymes. Cleavage @n upper limit value for the rate constant of <0.001/min to be
reactions were carried out at’&in 10 mM MES buffer at pH 6 under single  calculated. When compared with the >2.5/min value observed
fulfjnﬁl"e‘; COTJditiO”S- R%aCtiO” mE(tures (w&omai”ed 25(? ”"’t')'gl"umesc?i”j with the I5-1substituted case, this experiment strongly reinforces
e Sy S Ao SEPSISE oMM the mporiance of the single point contact between the nucleobases
the reaction was started by the addition of Mg®la final concentration of @t Positions 15.1 and 16.1 of the hammerhead ribozyme.

10 mM. Ten microlitre samples were withdrawn after 1, 2, 4, 6, 8, 10 and

20 min. The t = O probe was taken after the heating—cooling cycle before 7 .

addition of MgCp. Fraction product curves were fitted to the equation Frac[P] Influence of the N position

=Hgx (1 - €Y/ as described in the Materials and Methods, giksnglues . .
listed in Table 1. Symbols: closed square, FFGAAUGEBUCGC-T: closed  According to the 3D structural model, cleavage at an NCH triplet

circle, FFGAAUGCOGGUCGCHT; closed diamond, FFGAAUGCU- instead of an NUH may also lead to a change in tHe/N’
SSXSSSC'EX'%“ ;geef;rillébﬁ:}gii S%O%”éeu é’g%”_?qgg;% d'?ggmu' stacking interactio42). In order to examine the role of thé N
AT, ircle, UGU AT, i , ide i INT ion i

FI*GAAUGUU GGUCGC-HT with the standard?&Lcontaining ribozyme. pucle03|de in the ©-YN7 interaction in our structures, the
influence of the other three natural bases was investigated. The
nuclease stableé-®-allyl modified analogues were used for this

same conditions, viz. 3.2 per min at°87and 10 mM M&* experiment. The relative activities of these'cqmpounds were as

(40,41) P g follows: U’ =1, A’=1, ¢ =0.7 and G=0.5, similar to the order

The influence of thelP-1C16.1 hase pair on cleavage rates isPPserved with the standard hammerhead.
context dependent. The data in Table 1 show that whér A,
the 15-1.C16-1pase pair destabilizes the transition state less thamemonstration of cleavage with a long substrate at a GCA
the standard #-1U16.1 pase pair; when H = C, then the site
115.1.c16.1and Al5-LUL6.1cases are similar; however wheh’H
= U, A15-LU6.1js preferred. A similar order of relative activities The cleavage activity at a GCA site was tested using a 1358mer
is visible in the series of ©-modified compounds (Fig. 1B).  transcript corresponding to the first 1358 bases of the human
A comparison between the RCH/RUH triplets was alsdepatitis C virus (DDBJ/EMBL/GenBank accession no.
performed under biologically more relevant conditions (1 mMS62220). The sequence around the polyprotein AUG  site
Mg2*, pH 7.4). The order of reactivity remains unchanged, givinglCCgtgca—gM_C‘at cacga atcdaaacc, region 330-350), which is
ko = 2.3/min for GCAky = 2.0/min for GCCky = 1.0/min for nown to be accessible from systematic binding stu@ia}
GUC andk, = 0.77/min for GUA. contains two GCA sites. Ard--containing nuclease-resistant
oligozyme targeting the gca site within codon 2 was synthesized
(the region complementary to the recognition sequence is
underlined). Thek, observed with the corresponding short
In order to check the specificity of cleavage the activity of theubstrate was 0.4/min for this compound, similar to the model
1151 all ribozyme was tested with the three correspondingequence in Table 1. Using 300 nM oligozyme and 30 nM
GUH-containing substrates (Table 1, reactions 14-16). Th&ubstrate (pH 7.4, 10 mM M), the long substrate gat®0%
experiment shows that the structure containing #aé- W61  product formation in 60 min. The two cleavage products were in
base pair catalyses cleavage of GUH substrates much Igke range of 350 and 1000 nucleotides, as determined by the use of
efficiently. The GUH substrates were cleaved in the order GU@ngth standards. The size of the shorter cleavage product was more
> GUA > GUU, with a cleavage rate more than two orders odiccurately estimated by comparison with the cleavage products of
magnitude lower than observed in the GCH series. The cleavageset of standard NUH-cleaving oligozymes cleaving the same
rates for the slow ribozymes were estimated from the fractiomanscript at the 322 guc, 351 auc, 354 cua, 360 cuc and 378 gua
product/time curves followed until 10-15% conversion; thesites. In this experiment, the shorter product of the 345 goaraiea
have to be interpreted, therefore, as upper limits. We determingdozyme was located between the shorter products created by the

0.8

Fraction Product

0.4 —

0.2

Specificity of cleavage
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322 guc and 351 auc ribozymes, thus showing that the cleavaagivity of the novel 3>-1Cl8-1 ribozyme relative to the
products were approximately of the expected size. A15.1U16.Imolecule could be observed. The order of activity was
changed from a preference fo¥’Cas observed with the standard
hammerhead (5), to a preference fdr’.AComparison of the

ko (GcH) - K2 (Guny) ratios gives 1.2 for the GCC:GUC, 3.2 for the
According to the X-ray crystal structud—46) of the hammerhead SCA:GUA and 0.7 for the GCU:GUU triplet pairs. Thus, the
ribozyme, the strictly conserved!ALUL6.1 base pair (Fig. 1A), ncrementofthe |-C base pair on the cleavage rate depends on the
which determines the 182 U16.1 H17-type cleavage specificity triplet sequence. This is in agreement with a recent th_ermodynamlc
is part of the A5-1U16.1 A14.U7 branching element, where the analysis of the hammerhe_ad cleavage p_athway, which concluc_jed
A15.1Ul6.1pase pair broadens, and tHE147 base pair narrows that the cleavage mechamsm may be slightly different depending
the minor groove at the branching position of the stacked helic88 the HY nucleot|de(41)é 161 _

Il and 1l and of helix I. The A5-1U6.1pase pair is characterized | N€ acceptance of aritClo-1 base pair means that a new
by a single hydrogen-bond interaction between the 4-keto grodg'ies of triplets will be cleavable in hammerhead ribozyme
of U16-1and the 6-amino group oft&1 (Fig. 1A); additionally, appllcatlt_)ns, smc.e.the cleavage specificity is dgtermmed_ l?y the
the 2-keto group of &-1is involved in a set of interactions with 16.1 position. This increases the chance for finding an efficiently
the ribose of nucleotide®of the U-turn (45). cleavable triplet in an accessible region. The chemical modification

In the structure of this A-U base pair, the distance between tpEthe hammerhead structure requires the use of inosine, which is
NI atom of A5-1and the N atom of U6lis 4 A, which is @ hon-toxic, readily available nucleoside analogue. With this
significantly greater than the typical value of 2.8 A for a regulapotential application in mind, we wanted to prove the specificity of
Watson—Crick A-U base pair (Fig. 1A). Recent NOE distancgieavage and investigated the cleavage rates df°thedntaining
measurements performed on a hammerhead ribozyme al§¥zymes with other triplets. Similar experiments were previously
confirm that the distance between the 16.1 pyrimidine N-H3 arerformed with the A>-Iribozymes with the conclusion that only
15.1 purine C-H2 atoms (3.95 A) is greater than the 2.7 A valdBe A*>+U'%Icombination gives efficient cleavage.
observed in regular helicé47). Our data in Table 1 demonstrate that substrate recognition is also

An overview of functional group modification studies involving SPecific with the ¥>-Lcontaining compounds, the discrimination
the A5-1U6-1pase pair shows that modifications which disruptoetween other triplets is similar to that observed with standard

this structure have a large negative effect on catalytic activitpammerhead ribozymes. The cleavage rates with GUH triplets
Substitution of W6-1by 2-pyrimidinone-18-p-riboside, i.e. deleting are at least 2 orders.of magnitude lower than those with GCH
the 4-keto group and replacing NH by N, leads to completéiplets (Table 1, reactions 13 and 14-16). The level of acceptance
inhibition of cleavage, and substitution of&} by 4-thiouridine  of an #>-2U5-1pair is similar to an A>-1.C!%-1 pair as shown in
leads to a 3-fold reduction kfx; (48). Replacing A5-1by purine  reactions 17-19 or to antALA6-1 pair (9,10). The cleavage
riboside, i.e. deletion of the exocyclic amino group leads to Eates of stuctures requiring an I-A or |-G base pair are extremely low.
50-fold reductior{49,50). Chaging A-U to isoG-U introduces an ~ An interesting structural aspect of these studies is the great loss

NH-NH repulsive interaction but retains the original 6-amingf activity of a G>--containing ribozyme when compared with
group at N1 with the result that only a 2-fold reduction in the >-containing structure (Table 1, reactions 13 and 23). The

activity is observed51). single point contact in the catalytic core between the positions
Our starting hypothesis for this work was that for any structura5.1 and 16.1 thus appears to be an essential feature of the
change at the 1§-1 position, appropriate compensating change§ammerhead structure. The reason for the inactivity of #hé G
would have to be made in spatially neighbouring regions of thgiructure may be at least 2-fold, (i) the 2-keto group at the 16.1
hammerhead ribozyme. When considering®i. C16-Imutation, ~ Pyrimidine is no longer available for the required interaction with
which would have the important practical consequence that &P and (i) replacement of the I-C pair with a G-C pair
N16-2C16.1417 triplet will be cleavedh trans such a compensating significantly distorts the position of the sugar residue at the 16.1
change may be antAl_ |15-1substitution as the comparison of position. Superimposition of the purine from the A-U (or |-C) base
Figure 1A and B suggests. This change conserves the geoméayjr from the X-ray crystal structure (Fig. 1A) with that from a
of the ALS5-LU6.1 single point contact and only reverses thenormal Watson—Crick G-C base pair indicates that the position of
polarity of the hydrogen bonds between the functional groups #fe ribose 20H and the 2-keto group of the 16.1 pyrimidine,
nucleoside 15.1 and nucleoside 16.1. The interactions of th¢hich are essential for transition state format{@®), are
2-keto group of the pyrimidine at position 16.1 with may different by at least 5 A in these two structures.
remain essentially unchanged and no new functional groups ardJsing 15 ribozymes for the cleavage of NCH substrates
introduced. Whereas the I-C base pair satisfies the most baglaces the I-C pair base in the context of #é-C16-1 A14.N?
criteria for an A-U replacement, this substitution also changes theanching element. In order to evaluate the influence of the
stacking interaction of the original!ALU6-1 base pair with nucleotide identity at position 7, which is generally U, the other
Al4U7 to 15116 5a14.7, three natural bases (A, C and G) were tested. The nuclease stable
In order to test the acceptance of &ANCI6-1 pair in the 2'-O-allyl modified compounds were used for this comparison,
hammerhead core, we incorporated inosine into a well characteriagtiere other structural factors may also influence the relative
hammerhead sequence and tested its cleavage activity watbtivity. This comparison shows anJA > C > G order of
complementary substrate sequences containing various NCiactivity similar to the standard hammerhéad?2).
type triplets. The results presented in Figure 4 and Table 1 confirmThe feasibility of cleaving longer target sequences at NCH-type
that the A5-1U16-1pase pair of the hammerhead ribozyme can bpositions with nuclease stable analogues was also investigated.
replaced with anlP-1Cl6-1 base pair without loss of catalytic We selected the HCV transcript because detailed accessibility
activity. In some triplet contexts, even a slightincrease in catalytemalysis is available for this target (43). The cleavage rate of the

DISCUSSION
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fluorescein-labelled short 15mer substrate corresponding to th@ Jarvis,T., Alby,L., Beaudry,A., Wincott,F., Beigelman,L., McSwiggen,J.,

target sequence was similar to that of the model compound.

cleavage of the radioactively labelled long substrate was perform

without pre-annealing the reaction partners, using 't dlyl

T

&

substituted oligozyme. The efficient cleavage of this target
suggests that the NCH-cleaving ribozymes will be generallgl

useful for the selective cleavage of long RNA sequences.

CONCLUSION

24
In summary, we have found that the cleavage rules characteristic

22

23

of hammerhead ribozymes can be expanded from NUH to ti2e
more general A-2y16.1417 provided that a suitable nucleoside 26

analogue, e.g. inosine, is used at position 15.1 to maintain

essential single point contact with the pyrimidine residtfely

The availability of NCH triplets, which can be targeted withoutg
loss of activity, makes a new set of previously inaccessible NCH

target sites available for hammerhead ribozyme targeting.
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