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zymes were found to reduce significantly their cleavage
The uniform 2*-pyrimidine modifications have been activity. For example, replacement of all pyrimidine

found to inhibit ribozyme cleavage activity. However, nucleotides with their 2 *-fluoro or 2 *-amino analogs
in the present study we show that a good cleavage activ- resulted in 20 to 50-fold decrease in ribozyme cleavage
ity can be achieved for the 2*-amino modified ribozymes activity, respectively (9), while substitution of the 2 *-when their sequences were designed to contain only a hydroxyl groups by 2 *-O-methyl-2 *-deoxyuridine/cyti-few pyrimidines in helix I. In particular, ribozymes with

dine inactivated the ribozyme (14). These studies sug-no pyrimidines in helix I cleaved their target RNAs with
gested that the strategy of uniform modification cannotalmost the same efficacy as their unmodified versions.
be directly applied to hammerhead ribozymes, sinceInterestingly, selective 2*-amino modification at posi-
the cleavage activity of the modified ribozymes wastions 2.1 and 2.2 reduced the ribozyme cleavage activity
nearly abolished.by 8-fold, suggesting that the 2*-amino groups at these

We have been looking at the effect of pyrimidine con-two positions may interfere with the formation of the
tent in helix I and III upon the cleavage activity ofribozyme active conformation. In addition, uniformly
ribozymes with uniform 2 *-modifications. In this study,modified ribozymes showed a remarkable stability in
we show that hammerhead ribozymes with low pyrimi-serum. Taken together these results should facilitate

the design of stable ribozymes with sustained cleavage dine content, especially in helix I, can be fully substi-
activity. q 1998 Academic Press tuted with 2 *-amino pyrimidines without detriment to

the catalytic activity.

MATERIALS AND METHODS
Recent experiments indicate that hammerhead ribo-

In vitro RNA synthesis. Unmodified and 2*-amino pyrimidine mod-zymes can be designed to cleave in trans virtually any
ified ribozymes were synthesised by in vitro transcription using DNARNA whose sequences are known (1-8). However, the
oligodeoxy-nucleotides and the T7 RNA polymerase as previously de-

therapeutic utility of exogenously delivered ribozymes scribed (4,5). Following transcription, intact ribozymes were gel-puri-
is potentially limited by their short half-life in biologi- fied, eluted, ethanol-precipitated, washed with 70% ethanol, dried and

resuspended in water and their concentration was determined by mea-cal fluids. In order to improve stability many chemical
surement of absorbency at 260 nm. The 2*-amino modified nucleotidesmodifications have been introduced into ribozymes (9-
were obtained from Amersham (Little Chalfont, United Kingdom) and14). Introduction of 2 *-amino uridines at position U4 used as substrates for the T7 RNA polymerase as described by Aurup

and U7 in a ribozyme with 2 *-fluoro pyrimidines in- et al. (15). Target RNAs corresponding to the vascular endothelial
creased the ribozyme stability without affecting its growth factor (VEGF) ribozyme cleavage site was synthesized by in

vitro transcription of a synthetic DNA template with the T7 RNAcleavage activity (11). Furthermore, ribozymes with 2 *-
polymerase and subsequently gel-purified. After transcription, the gel-0-methyl nucleotides having one or two 2 *-modified
purified substrate RNA was dephosphorylated by alkaline phosphateriboses at position U4 and/or U7 retained their cleav- and then 5*-end labelled using T4 polynucleotide kinase and [g-32P]

age activity when compared to their unmodified ver- ATP. The RNA substrates for the mouse tumour necrosis factor a
sions (12). In contrast to these selective chemical modi- (TNFa) was chemically synthesised. The unmodified, modified TNFa

ribozyme with 2*-amino uridine at position 2.1 and 2.2 and the RNAfications, uniform modifications in hammerhead ribo-
substrate were chemically synthesised by Dr. Phil Hendry and Maxine
McCall (CSIRO, Sydney, Australia).

In vitro cleavage activity of the unmodified and modified ribozymes.1 To whom correspondence should be addressed. E-mail: mosioud@
embnet.uio.no. Cleavage reactions were performed at 377C in buffer containing 50
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found to be 40 to 60% of the unmodified ribozyme activ-
ity. Indeed, the unmodified and the modified PKCa ri-
bozyme cleaved the short RNA substrate with an ap-
parent turnover number of 0.32 min01 and 0.20 min01,
respectively. Most importantly, the modified ribozyme
blocked tumour growth in vivo (16).

To see whether this similarity in cleavage also ap-
plied to other ribozymes, all pyrimidine nucleotides in
a TNFa ribozyme were substituted with their 2 *-amino
analogues (Fig. 1A). Both ribozymes cleaved the RNA
substrate with comparable efficacy (Fig. 1B). The high
cleavage activity of the modified TNFa ribozyme is in
disagreement with the data reported by Pieken et al.
where a chemically and uniformly modified 2 *-amino

FIG. 1. In vitro cleavage activity of the TNFa ribozyme. (A) Base-
pairing of the TNFa ribozyme with its RNA target site. The cleavage
site is indicated by an arrow. The 2*-amino pyrimidine nucleotides in
the modified ribozyme are circled. (B) An example of multiple turnover
reaction kinetics of the unmodified and 2*-amino pyrimidine modified
TNFa ribozyme. Equal amounts of in vitro transcribed and internally
labelled ribozymes (10 nM) were incubated with 100 nM of 5*-32P-end-
labelled target RNA in reaction mixtures containing 50 mM Tris-HCl,
pH 7. 4, and 10 mM MgCl2 at 377C. Aliquots were taken at the time
points 10, 20, 30 and 60 min (lanes 2-5, respectively), analysed by
electrophoresis on a 15% polyacrylamide with 7 M urea and visualised
by PhosphoImager. The 5*-cleavage product is indicated by an arrow.
Rz, ribozyme; S, substrate; 5*P, 5*-cleavage product.

mM Tris-HCl (pH 7.4) and 10 mM MgCl2. Cleavage products were
separated by electrophoresis on a 15% polyacrylamide gel containing
7 M urea and scanned on a Molecular Dynamics PhosphoImager.
Initial ribozyme cleavage rates and kcat were determined from Line-
weaver-Burk plots.

Ribozyme stability analysis in fetal calf serum (FCS). [a-32P] ATP
internally labelled ribozymes were incubated in medium containing
10% FCS. Aliquots of the mixture were removed at various times,
quenched with phenol/chloroform mixture and frozen until use. All sam-
ples were phenol extracted and analysed on 15% polyacrylamide gel
with 7 M urea and scanned by a Molecular Dynamics PhosphoImager.

RESULTS

In Trans Cleavage Activity of Ribozymes with a
Complete 2 *-Amino Pyrimidine Modification

Recent experiments have shown loss in cleavage ac-
tivity of totally 2 *-amino pyrimidine substituted ribo-

FIG. 2. In vitro cleavage activity of the TNFa with 2 *-amino-zymes (9,13). In particular, where all pyrimidines had
uridine at position 2.1 and 2.2. (A) Base-pairing of the ribozyme withbeen replaced by their 2 *-amino analogs only 1.9%
its RNA target site. The cleavage site is indicated by an arrow. Thecleavage activity was retained (9). To our surprise, 2 *-amino uridines are circled. (B) An example of multiple turnover

when the cleavage activity of a 2 *-amino pyrimidine reactions of unmodified and modified ribozymes. Cleavage reactions
are as in Figure 1B. (C) Quantification of the data shown in B.modified rat PKCa ribozyme was investigated, it was
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zyme catalytic potency. Complete 2 *–amino pyrimi-
dine substitution in a second TNFa ribozyme con-
taining pyrimidines at positions 2.1 and 2.2 reduced
the ribozyme cleavage activity by almost 7 to 8-fold.

To gain further insight into the effect of the 2 *- amino
groups at positions 2.1 and 2.2 on ribozyme cleavage
activity we have performed a selective modification. A
TNFa ribozyme identical to the one shown in figure 1,
but with 2-amino uridines at only positions 2.1 and
2.2 was chemically synthesised (Fig. 2A). Interestingly,
such specific modification reduced the ribozyme cleav-
age activity by almost 8-fold (Fig. 2B and C, as a repre-
sentative example).

Design of Ribozymes That Can Be Totally 2 *-Amino
Pyrimidine Substituted

Although the catalytic potency of hammerhead ribo-
zymes might be in part influenced by their secondary
structures following 2 *-pyrimidine modifications, anal-
ysis of several ribozymes indicated that ribozymes con-
taining purines at position 2.1, 2.2 and 15.2 have their
catalytic activities either unaffected or slightly affected
by the 2 *-amino pyrimidine modifications. To illustrate
this observation, ribozyme directed against VEGF was
designed and its in vitro cleavage activity was investi-
gated. In addition to many biological roles, VEGF plays

FIG. 3. In vitro cleavage activity of the VEGF ribozyme. (A) Base- a crucial factor in tumour angiogenesis and metastasis
pairing of the VEGF ribozyme with its RNA target site. The cleavage (18). Figure 3A shows the VEGF ribozyme complexed
site is indicated by an arrow. The 2*-amino pyrimidines are circled. with its corresponding cleavage site within the rat(B) An example of multiple turnover reactions of unmodified and

VEGF mRNA sequence. As can be seen, the ribozymemodified VEGF ribozymes. PhosphorImager printout of a 15% dena-
was designed to contain no pyrimidines in helix I, whileturing polyacrylamide gel. Cleavage reactions were carried out at

377C with 5 nM ribozyme and 100 nM substrate in the presence of position 15.2 contains a purine (G). The 2 *-amino py-
50 mM Tris-HCl, pH 7.4, and 10 mM MgCl2. Aliquots were taken at rimidine modified ribozyme cleaved the target RNA
the time points 5, 10, 15 and 30 min (lanes 2-5, respectively), ana-
lysed by electrophoresis on a 15% polyacrylamide with 7 M urea and
visualised by PhosphoImager.

pyrimidine ribozyme showed almost no cleavage activ-
ity (9). As hammerhead ribozymes have virtually the
same catalytic core, the inhibition of cleavage in their
case must be due to the presence of 2 *-amino pyrimi-
dines in helix I and/or III.

The Presence of 2 *-Amino Groups at Positions 2.1 and
2.2 Inhibits the Ribozyme Cleavage Activity

To evaluate the effect of the 2 *-amino groups on the
ribozyme cleavage activity as a first step, we investi-
gated the effect of a 2 *-amino group at position 2.1 (17).
A TNFa ribozyme identical to the one shown in figure
1, but with a cytidine (C) at position 2.1 and a guani- FIG. 4. Ribozyme stability in medium containing 10% FCS. In-

ternally labelled and PAGE purified ribozymes were incubated indine (G) in the corresponding position in the substrate
RPMI supplemented with 10% FCS. At indicated times 10 ml aliquotswas designed. Complete 2 *-amino pyrimidine modifi-
were removed from the mixture and processed as described in mate-cation reduced the ribozyme cleavage activity by ap- rial and methods. Samples were analysed by 15% polyacrylamide gel

proximately 6-fold. This data would suggest a negative with 7 M urea and analysed by PhosphoImager. Time point 0 was
taken prior to serum addition.effect of the 2 *-amino group at position 2.1 on the ribo-
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with almost the same efficacy as the unmodified ribo- understand the molecular basis by which 2 *-amino
groups, in particular, at position 2.1 inhibit ribozymezyme (Fig. 3B). The apparent turnover kcat for the un-

modified and modified ribozymes were found to be 1.4 cleavage activity.
({ 0.15) min01 and 1.32 ({ 0.12) min01, respectively.
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