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Highly active variants of minimal hammerhead ribozymes are
generated by the replacement of substantial parts of stem-loop
structures with pyrene building blocks.

The hairpin is one of the most common and most important
secondary structural motifs found in nucleic acids.! In functional
RNA it is an essential element for adopting the proper three-
dimensional structure.> Due to the prominent role of the hairpin
motif, the generation and study of hairpin mimics has been a topic
of thorough investigation. The hairpin loop has been replaced with
aliphatic linkers® as well as with various types of aromatic* and
metal-coordinating derivatives.’ Stem-loop structures altered in
this way were shown to possess interesting electronic and structural
properties. **?3>6 Thys, hairpin mimics should be well suited for
elucidating the role of stem-looped domains of functional nucleic
acids. Often, stem-loops are mainly needed to add stability to the
functional fold.” On the other hand, such elements may also be
engaged in other functions, such as tertiary interactions. Deletion
of nucleotides is a commonly used method to address the function
of a particular domain. This approach, however, is hampered by
the fact that both, the contribution to the stability of a certain fold,
as well as possible other functions may be affected simultaneously.
Hairpin mimics could serve as ideal substitutes of stem-loop
structures within a functional RNA and substitutions of this kind
should provide an answer if the stem-loop is necessary for stability
reasons or if it is additionally involved in critical tertiary
interactions. In the present work, we demonstrate that hairpin
mimics are able to displace stem-loops while maintaining the
overall stability and activity of the fold. To our knowledge, this is
the first report of hairpin mimics being used to replace substantial
hairpins within the context of a functional RNA while maintaining
its activity.

The minimal hammerhead ribozyme (HHR) represents an
excellent model for a functional RNA since it consists of a small,
well characterized motif. Moreover, its functionality can be
monitored easily by determining the cleavage rate. The stability
of the three stems flanking the ribozyme core is critical for folding
and, hence, for cleavage activity in minimal hammerhead motifs.®
Recent studies have shown that close proximity of stem-loops I
and II facilitated by tertiary interactions results in highly active
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(kops >1 min~ 1) ribozymes.9 In contrast, truncation of stem II has
been carried out in minimal hammerhead motifs before. Tuschl
and Eckstein reported the need of at least two GC-base pairs in
stem II for full activity of minimal hammerhead ribozymes.'® In
addition to the shortening of stem II in the HHR by omitting base
pairs, non-nucleotidic loops have been described as well.
Ribozymes with stem II shortened to two base pairs and connected
with aliphatic, non-nucleotidic linkers showed drastically reduced
cleavage activities."! Here, we introduce variants of a minimal
hammerhead ribozyme that contain pyrene-based hairpin mimics
displacing stem-loops II and III. In contrast to previous studies,
the highly truncated pyrene-modified variants of the hammerhead
ribozyme reveal catalytic activities exceeding those of the
unmodified, minimal hammerhead motif.

A series of in cis-cleaving minimal hammerhead ribozymes was
prepared by automated solid phase RNA synthesis using pyrene
phosphoramidite building blocks described earlier'? (see Fig. 1).
Cleavage rates were determined by 5'-labelling using y-*P-ATP
(for details see ESIT). Drastic truncation of stem-loops in pyrene-
containing variants still maintained catalytic activity (Fig. 2). For
example, the pyrene modification allows for shortening of stem II
to one basepair (see variant S2-HMR, Fig. 1). The obtained
cleavage rates were even higher than for the unmodified ribozyme
containing four GC base pairs and the GUUA tetraloop in stem II
(see wt-HHR).

The variant S3-HMR with deletions in stem III showed higher
activity than the unmodified ribozyme wt-HHR. The observed
increase in cleavage rates could originate from a reduced number
of alternative folds of the pyrene-capped variants relative to the
ribozyme containing all-natural nucleotidic stem-loops. Upon
further truncation of the stems, the use of hairpin mimics allows
for probing the influence of individual base pairs on the general
stability of the catalytically active RNA. A drastic drop in catalytic
fitness is observed upon going from S2-HMR to S2.2-HMR,
confirming that the corresponding GC-base pair represents an
integral part of the conserved catalytic core.'® In contrast, deletion
of the AU-base pair in the series S3-HMR to S3.2-HMR in stem
IIT results in a variant still showing a kq,s of 0.1 min~ ",
Interestingly, a drastically shortened variant combining both
mimics of stems II and IIT (S2 + S3 HMR) still exhibits catalytic
activity of 0.1 min.”!

These data show that pyrene-derived hairpin mimics can be used
as probes for studying the contribution of stem-looped elements to
the stability of functional RNAs. The incorporated modifications
allow for truncation of these elements without altering either the
overall stability of the general fold or the catalytic activity of the
minimal HHR. The stabilizing effect very likely originates from
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Fig. 1 Pyrene-capped hammerhead ribozymes used in this study. (A)
Inserted pyrene building block, symbolized as bold line in (B) which shows
wild-type minimal ribozyme and modified variants. The names correspond
to the shortened stem-loops, e.g. “S2-HMR” abbreviates “‘stem 2 hairpin
mimic ribozyme”.

stacking interactions of the pyrene building blocks with natural
base pairs'>!* since previously studied aliphatic linkers failed to
stabilize the ribozyme fold.!! If tertiary contacts of the shortened
stems were essential for ribozyme function, catalytic activity should
be greatly reduced. With the minimal HHR as model RNA, we
find that the major role of stems II and III is the stabilization of
the fold since truncation in concert with maintaining structural
stability results in variants as active as the unmodified HHR. In
the most remarkable case (S2 + S3-HMR), substitution of stems I1
and III with pyrene-based hairpin mimics results in a considerable
reduction of the minimal HHR of up to 18 nucleotides, while
catalytic activity is preserved.

In conclusion, we have demonstrated that highly active minimal
hammerhead ribozymes are obtained by replacement of stem-
loops II and III with pyrene. The polyaromatic building blocks
allow for deletion of substantial parts of the ribozyme while
maintaining the overall stability of the structural fold. Hairpin
mimics, such as the pyrene modifications described here, might
also be valuable tools for the elucidation of structure-function
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Fig. 2 Kinetic performance of pyrene modified ribozymes. (A) Time
course of cleavage reactions. Filled triangles: wt-HHR, filled circles: S2-
HMR, open circles: S2.2-HMR, filled squares: S3-HMR, open squares:
S3.2-HMR, open triangles: S2 + S3-HMR. Details of ribozyme kinetics
can be found in ESIL{ (B) Cleavage rates obtained by non-linear
regression.

relationships of less well-characterized, functional nucleic acids
such as aptamers, recently discovered riboswitches, and other non-
coding RNAs.
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