Isolation of a ribozyme with 5'-5' ligase activity
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Background: Many new ribozymes, including sequ-
ence-specific nucleases, ligases and kinases, have been
isolated by in vitro selection from large pools of random-
sequence RINAs. We are attempting to use in vitro selec-
tion to isolate new ribozymes that have, or can be
evolved to have, RNA polymerase-like activities. As
phosphorimidazolide-activated nucleosides are exten-
sively used to study non-enzymatic RNA replication, we
wished to select for a ribozyme that would accelerate the
template~directed ligation of 5'-phosphorimidazolide-
activated oligonucleotides.

Results: Ribozymes selected to perform the desired
template~directed ligation reaction instead ligated them-
selves to the activated substrate oligonucleotide via their
5'-triphosphate, generating a 5'-5' P!, P4_tetraphosphate

linkage. Deletion analysis of one of the selected
sequences revealed that a 54-nucleotide RNA retained
activity; this small ribozyme folds into a pseudoknot sec-
ondary structure with an internal binding site for the
substrate oligonucleotide. The ribozyme can also synthe-
size 5'-5' triphosphate and 5'-5' pyrophosphate linkages.
Conclusions: The emergence of ribozymes that acceler-
ate an unexpected 5'-5' ligation reaction from a selection
designed to yield template-dependent 3'-5' ligases
suggests that it may be much easier for RNA to catalyze
the synthesis of 5'-5' linkages than 3'-5' linkages. 5'-5'
linkages are found in a variety of contexts in present-day
biology. The ribozyme-catalyzed synthesis of such
linkages raises the possibility that these 5'-5' linkages
originated in the biochemistry of the RNA world.
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Introduction

We have been pursuing the discovery of new ribozymes
to provide an experimental foundation for thinking
about the potential functions of ribozymes in early cells,
and as a way of providing new starting points for
attempts to evolve self-replicating RINAs. In vitro selec-
tion has proven to be a powerful method for the isola-
tion of RNAs with novel functions from large pools of
random sequences [1]. In vitro selection experiments
involving iterative cycles of affinity chromatography and
sequence amplification have led to the isolation of speci-
fic RNAs that bind a wide range of small molecules with
high specificity [2]. Direct selections for catalytic RNAs
from partially and completely random sequence RNA
pools have yielded several novel classes of ribozymes,
including self~cleaving RINAs [3] and a variety of ligases
[4,5]. More complex ribozymes that bind two substrates
and release two products have recently been isolated
from pools of sequences biased towards a binding site for
one substrate [6,7]. The chemistry catalyzed by ribo-
zymes has recently been extended beyond phospho-
transfer reactions with the isolation of a rotational
isomerase [8], a self-alkylating ribozyme [9] and ribo-
zymes that carry out aminoacyl transfer reactions [10] (P.
Lohse and J.W. S., unpublished data).

RNA can catalyze several reactions that lead to polynu-
cleotide synthesis [11,12]. We have found that derivatives
of group I introns are able to join together a series of
short oligonucleotides that have been aligned on a tem-
plate strand, producing a complementary strand [13].
However, the transesterification reaction catalyzed by

these ribozymes conserves the total number of phospho-
diester bonds. The joining reaction is therefore largely
driven entropically, by the release of guanosine, and the
accumulation of this product could ultimately limit the
replication of longer templates. Recently, we have iso-
lated ribozymes that catalyze the ligation of oligonu-
cleotides with the same chemistry used by present-day
polymerases, that is, the attack of a 3' hydroxyl on the
a-phosphate of a 5'-triphosphate [4,5]. Some of these
ribozymes may be suitable starting points for the in vitro
evolution of ribozyme polymerases that use nucleoside
(or oligonucleotide) triphosphates as substrates.

In order to isolate other ribozymes that might be
evolved into replicases, we have started to explore the use
of other phosphate activation chemistries. Nucleoside
phosphorimidazolides have been used extensively by
Orgel and colleagues [14,15] in studies of non-enzy-
matic template-directed copying reactions, because they
are more highly activated than nucleoside triphosphates
and therefore react more rapidly in uncatalyzed reac-
tions. This higher uncatalyzed reaction rate led us to
hypothesize that it might be easier to isolate ribozymes
that would join phosphorimidazolide-derivatized oligo-
nucleotides instead of triphosphate-activated oligo-
nucleotides, because a smaller rate enhancement would
still provide a useful absolute reaction rate. Here we
present the results of an attempt to use in vitro selection
to isolate novel ribozymes that ligate their own 3' ends
to a 5'-phosphorimidazolide-activated oligonucleotide
substrate. Instead of the desired activity, we found
ribozymes that ligated their 5' ends to the substrate.
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Fig. 1. In vitro selection scheme for iso-
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substrate oligonucleotide. (a) The RNA
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sequences flanked by defined primer
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rupted hairpin-loop, which would juxta-
pose the 3'-OH of the pool RNA with
the 5'-phosphorimidazole moiety of the
substrate. (b) The reaction catalyzed by
the RNA that was actually selected from
the pool: attack of the y-phosphate of
the 5'-triphosphate of the pool RNA on
the 5'-phosphorimidazolide of the sub-
strate to generate a 5'-5' tetraphosphate
linkage. Molecules that became ligated
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to the substrate were purified away from
unligated RNAs by binding to strept-
avidin agarose. These RNAs were
eluted, reverse transcribed, PCR ampli-
fied and transcribed with T7 RNA poly-
merase, generating more RNA for
further rounds of selection.
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Results

In vitro selection

An in vitro selection experiment involves the synthesis of
a suitable pool of random-sequence RINA molecules,
followed by the incubation of the pool with a substrate
and the subsequent selection from the pool of those rare
molecules that are able to modify themselves by reacting
with the substrate. In the selection described here, the
substrate was a hexanucleotide with a 5'-phosphate that
was activated by reaction with the water-soluble carbo-
diimide EDC and imidazole to form the reactive
phosphorimidazolide (Fig. 1). The substrate was also
biotinylated at its 3' end, allowing the reacted molecules
to be purified using streptavidin agarose.

A random-sequence RNA pool was constructed by in
vitro transcription of a synthetic oligodeoxynucleotide

_ that had been amplified by PCR.The pool had a com-

plexity of ~1 x 10! different molecules and each RNA
molecule contained 90 random nucleotides flanked by
defined primer-binding sites of 20 and 39 nucleotides.

The 3' primer binding site was designed to fold into a
partial hairpin stem—loop adjacent to the substrate-
binding site such that Watson—Crick base pairing with
the substrate hexanucleotide would position the
3'-hydroxyl of the pool RNA to attack the 5'-phosphor-
imidazolide of the activated substrate (Fig. 1a). The tem-
plate-directed but otherwise uncatalyzed condensation of
imidazolide-activated oligonucleotides generates pre-
dominantly 3'-5' phosphodiester linkages (R. Rohatgi
and J.W.S., unpublished data). The rate of ligation of
random pool RNA with saturating concentrations of this
substrate was ~7 x 1076 min~!, while reaction with a dif-
ferent substrate, not complementary to the template
region, was undetectable after a 24 h reaction.

In the first round of in vitro selection, the activated sub-
strate was incubated with the random-sequence RNA
for 4 h in a buffer containing high concentrations of salt
and magnesium (to stabilize folded RNA structures).
Pool molecules that had become covalently linked to
the biotinylated substrate were purified by streptavidin



A 5'-5' ligase ribozyme Chapman and Szostak

Table 1. Selection Summary

Round Amount of RNA Reaction time Mg2* conc. % recovered

1 1 mg 4h 50 mM 0.03 %

2 50 ug 45 min 50 mM 1.5%

3 50 pg 30 min 50 mM 0.008 %
4 50 ng 30 min 50 mM 0.024 %
5 50 pg 30 min 50 mM 0.02 %

6 50 pg 20 min 50 mM 2.0%

7 50 pg 2 min 50 mM 0.7 %

8 50 pg 2 min 100 puM 0.03 %

Summary of reaction conditions throughout the selection. Percentage recovered is percentage of input RNA recovered from the
streptavidin column. Following round 2, the column washing conditions were altered to include a denaturing wash to reduce non-

specific sticking to the column.

affinity chromatography, reverse transcribed and PCR
amplified (Fig. 1b). The resulting DNA was transcribed
in vitro with T7 RNA polymerase to generate more
RNA for further rounds of selection, during which the
reaction time was gradually reduced to as little as 2 min
to increase the stringency of selection for more active
ribozymes (Table 1). The concentration of Mg?* was
also decreased in the final round to enhance selection of
RNA molecules with stable folded structures. After
eight rounds of in vitro selection, the ligation activity of
the selected pool had increased to ~0.8 min~!, an
increase of 100 000-fold over the rate exhibited by the

initial random pool (Fig. 2).

Sequence and deletion analysis of the selected ribozymes
Individual molecules from the final selected pool were
cloned and sequenced. Examination of the sequences of
28 clones revealed a major class of selected RNAs (class
1) represented by six virtually identical clones (Fig. 32). A
second minor class was represented by two individual
clones {class 2) while the remaining twenty clones were
unique sequences.

Deletion analysis of one of the class 1 ribozymes revealed
that as many as 95 nucleotides could be removed from
the 3' end (resulting in a 54-nucleotide ribozyme)
without greatly affecting ligation activity; however, dele-
tion of 115 nucleotides resulted in an inactive
34-nucleotide derivative. This was a surprising result
since it showed that the template provided for substrate
binding was not necessary for activity. The 54-nucleotide
ribozyme had a k_  for the self-ligating reaction of
0.09 min! and a K of 8 uM for the activated hexa-
nucleotide substrate. This template~independent activity
appeared to be a general characteristic of the selected
pool. Round 6 RINA was tested for template depen-
dence by changing the designed substrate-binding
sequence by PCR. This change did not significantly
affect the ligation activity of the selected pool. In con-
trast to these results, the 5' terminus of the RNA
appeared to be critical for ligation, since a PCR -gener-
ated deletion of only 10 nucleotides from the 5'-end of
the transcript resulted in complete loss of activity.

The secondary structure of the 54-nucleotide deletion
mutant is shown in Figure 3b. The existence of the two
base-paired stems of the pseudoknot was confirmed by
site-directed mutagenesis. Point mutations in the paired
regions significantly decreased activity, while double
mutations that restored base-pairing also restored activ-
ity. Pairing between the 5' sequence G;GAAC;, and
the sequence G, UUCU,; was tested by making
the mutants A;—U and U,; A, both of which were

0 1 2 3 4 5 6 7 8

Selection cycle

Fig. 2. Rate of ligation of RNA transcribed after each round of
selection. The rate observed for the random pool {round 0) reflects
the template-directed uncatalyzed reaction, which generates a
3'-5' phosphodiester linkage. Reaction rates seen in later rounds
reflect the emergence of RNAs that catalyze the 5'-5' ligation
reaction. Initial rates were measured under selection conditions.
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Fig. 3. RNA sequences and structure. (a)
Sequences of class 1 and class 2 RNAs.
Invariant primer binding sites are in bold.
Regions complementary to the substrate
are boxed, and internal complementary
sequences are indicated by arrows of
matching color. (b) The predicted sec-
ondary structure of the smallest active
class 1 deletion derivative (cl-54) is
depicted below. The class 2 sequence
can be folded into a similar structure.

inactive, and the double mutant, which had wild-type
activity. Pairing between G;CAGC 5 and G3,CUGC,,
was tested by making the single mutants G;,~C and
C4oG, which each had less than 10 % of wild type
activity, and the double mutant, which was restored to
full activity. Similar experiments failed to provide evi-
dence supporting two other possible pairings, between
G{GAA, and U;,UCC;,, and between A(ACUU,  and
GoAGUU ;.

Selected RNAs generate a 5'-5' P',P4-tetraphosphate linkage

Given the apparent importance of the 5'-end of the
class 1 ribozyme RNA, its role in the ligation reaction
was examined more carefully. In vitro transcription with
T7 RNA polymerase in the presence of GTP generates
RNA transcripts that begin with 5'-triphosphates. This
5'-triphosphate was found to be essential for the
ribozyme-catalyzed ligation, as pre-treatment of the
RNA with phosphatase results in a complete loss of
activity (Fig. 4a). Furthermore, the y-phosphate of a
class 1 transcript was completely removable by treat-
ment with phosphatase, but became resistant to phos-
phatase after reaction with the substrate oligonucleotide
(Fig. 4b). This suggested that the ligation reaction might
involve attack of the y-phosphate of the 5'-triphosphate
of the RNA on the 5'-phosphorimidazolide of the
substrate oligonucleotide, generating a 5'-5' P1,P* tetra-
phosphate linkage.

Further evidence that the reaction product is 5'-5'
P!,P*-tetraphosphate-linked substrate—ribozyme was
provided by P1 nuclease digestion of the reacted RNA

and thin-layer chromatography (TLC) of the digestion
products. P1 nuclease is an exonuclease that digests
linear RNA of non-specific sequence to 5'-nucleoside
monophosphates; it does not hydrolyze 5'-5' linkages
such as those found in the mRNA cap structure [16].
P1 nuclease digestion of substrate oligonucleotide
which had been 5'-phosphorylated with y-[*2P]-ATP
and T4 polynucleotide kinase yielded the expected
product, CMP, as analyzed by TLC (Fig. 4d). After acti-
vation of this labeled substrate and reaction with class 1
RNA, P1 nuclease digestion of the product resulted in
a more slowly migrating product, consistent with the
formation of Cp*pppG (the asterisk follows the posi-
tion of the 32P label). A similar P1 nuclease digestion
product is obtained when the labeled phosphate is the
y-phosphate of the 5'-triphosphate of the ribozyme
RNA.When y-32P-labeled RNA was digested with P1
nuclease, the labeled product GTP was obtained as
expected (Fig. 4d, lane 3). However, following reaction
with unlabeled substrate oligonucleotide, P1 nuclease
digestion of the reaction mixture again yielded a
product consistent with Cpp*ppG. The co-migration of
the reaction products generated from 5'-labeled sub-
strate or 5'-labeled ribozyme RINA (Fig. 4d) shows that
the 5'-phosphate of the substrate and the y-phosphate
of the ribozyme RNA are in the same P1 nuclease-
resistant linkage. This linkage is also resistant to ribonu-
clease T2 digestion and alkaline hydrolysis, as expected.
for a 5'-5' P!,P4-tetraphosphate linkage. A similar
nuclease digestion analysis of the round 5 selected pool
indicates that the vast majority of the pool molecules
(>97 %) catalyze the same type of reaction.
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Fig. 4. Characterization of ligation reactions. (a) Both class 1 and class 2 ribozymes lose activity if their 5'-triphosphates are removed
with phosphatase. Class 1 and class 2 RNAs, internally labeled with 32P, were incubated +/~ alkaline phosphatase prior to 10 and 30 min
reactions with activated substrate oligonucleotide. Reaction aliquots were incubated +/~ streptavidin prior to gel electrophoresis; the
position of the ligated, gel-shifted product is indicated. Streptavidin conjugates run more slowly than free RNAs in this gel system;
slowest migrating bands are due to complexes with streptavidin multimers. Reaction products were visualized using a phosphoimager
(Molecular Dynamics). (b) Reaction products are resistant to phosphatase treatment. Class 1 RNA beginning with y-[32P]-GTP was
treated with phosphatase before (lanes 1-4) or after (lanes 5-8) reaction with biotinylated substrate. Aliquots of each reaction were
mixed with streptavidin as indicated to distinguish between ligated and unligated RNAs. (c) Reaction product formed from 5'-monophos-
phorylated class 1 RNA is resistant to phosphatase. Class | RNA that had been phosphatased and subsequently phosphorylated with
polynucleotide kinase and v-[32P]-ATP was incubated with activated substrate, treated with phosphatase as indicated, and analyzed as
above. (d) Thin layer chromatography of reaction products following digestion with nuclease P1. Lane 1 is a nuclease P1 digest of the
substrate oligonucleotide phosphorylated with polynucleotide kinase and y-[32P]-ATP, thus yielding p*C, with the asterisk indicating the
position of the 32P label. Lane 2 is a nuclease P1 digestion of the same labeled substrate oligonucleotide after reaction with class 1T RNA,
thus yielding Cp*pppG. Lane 3 is a nuclease P1 digest of class 1 RNA labeled with y-[32P]-GTP during transcription, and which yields
p*ppG after nuclease P1 digestion. Lane 4 is a nuclease P1 digest of the same labeled class 1 RNA following incomplete reaction with
the substrate RNA, yielding both Cpp*ppG and p*ppG. Lane 5 is authentic y-[32P]-GTP.

The class 1 ribozyme can also generate 5'-5' triphosphate
and 5'-5' pyrophosphate linkages

Class 1 ribozyme RINA that begins with a 5'-diphos-
phate or monophosphate retains partial activity in the
5'—5" ligation reaction. When RINA is transcribed in the
presence of either GMP or GDP in addition to the four

nucleoside triphosphates, a fraction of the RINAs initiate
with either GMP or GDP respectively. When the class 1
5'-5' ligase was transcribed in the presence of GMP, two
linkages to substrate were observed after P1 nuclease
digestion, consistent with CppppG and CppG being
formed from RNAs beginning with 5'-triphosphates or
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Fig. 5. The selected ribozyme generates a variety of 5'-5'
oligophosphate linkages. cl-54 RNA was transcribed in the pres-
ence of all four nucleotide triphosphates plus GDP or GMP as
indicated. The resulting RNA was reacted with labeled, activated
substrate oligonucleotide (r37) and the reacted product was gel-
purified and digested with nuclease P1. TLC was carried out as
described in Materials and methods.

5'-monophosphates respectively (Fig. 5). A similar result
was obtained when this RNA was transcribed in the
presence of GDP, consistent with the formation of a 5-5'
triphosphate linkage.

Formation of the pyrophosphate linkage was directly con-
firmed with class 1 ribozyme RINA that had been treated
with phosphatase to remove the 5'-triphosphate and then
mono-phosphorylated by incubation with y-3?P-ATP
and polynucleotide kinase (Fig. 4c). In this case, the
pyrophosphate linked product was observed exclusively.
The 5'-monophosphorylated RNA reacted 360-fold more
slowly than RNA beginning with a 5'-triphosphate.

Ribozyme rate enhancement

The uncatalyzed rate of formation of 5-5' tetraphosphate-
linked RINA was so slow that we were unable to detect
any product after a 24 h incubation under the conditions
and reactant concentrations in which the selection was
carried out. We therefore developed a more sensitive assay
for reaction between the substrate and the 5'-triphosphate

of 2',3'-dideoxy ATP. Dideoxy adenosine triphosphate was
used to prevent reaction at the 2' and 3' positions, thus
simplifying the analysis of product formation. Using
labeled substrate and high concentrations (25 mM) of
2',3'-dideoxy ATP, followed by P1 nuclease digestion and
thin-layer chromatography, we were able to measure a
second-order rate constant k.. of ~6 x 107+ min™! M1

for 55 tetraphosphate formation.

Comparison of the second-order rate constant for the
uncatalyzed reaction with k_ /K = for the class 1
54-nucleotide deletion. derivative (cI-54) RINA (1.1 x
10* min~™! M) is not particularly meaningful, since most
of the substrate-binding energy is derived simply from
base pairing, and the calculated rate enhancement could
be arbitrarily changed by increasing or decreasing the
number of ribozyme—substrate base pairs. The ratio
k_,/kync, vields an effective substrate concentration of
1.5 x 10% M. This value suggests that the ribozyme could
be simply bringing the reactive phosphates close to each
other; alternatively the ribozyme may also constrain the
relative orientation of the reacting groups.The k_, for the
selected ribozyme is faster by a factor of 10°~10% than the
rate of the uncatalyzed but template-directed 3'-5' liga-
tion reaction (roughly 10~% min~!; R. Rohatgi and J.W.S.,
unpublished data), a situation involving the same activated
phosphate and highly constrained reacting groups.

The oligonucleotide substrate-binding site

Although the selected RNAs do not use the template
provided in the 3' constant region, examination of the
sequence of both class 1 and class 2 ribozymes revealed
an internal site with the potential to bind the substrate
by Watson—Crick base pairing. The class 2 ribozymes
contain an internal site that is completely complemen-
tary to the substrate oligonucleotide (six Watson—Crick
base pairs) while the corresponding site in the class 1
ribozymes contains five Watson—Crick base pairs and one
U:G wobble base pair. To assess the role of this putative
internal substrate-binding site, five of the six nucleotides
of this site in the class 1 ribozyme (cI-54) were altered
by site-directed mutagenesis (Fig. 6a). The resulting
mutant ribozyme (cI-54T) lacked detectable activity
when assayed with the original substrate (Fig. 6b).
However, when the mutant ribozyme was incubated
with a new substrate oligonucleotide that was comple-
mentary to the altered substrate-binding site, ligation
activity was restored (Fig. 6b, lane 4). A time course of
this reaction indicated that at 10 pM substrate concen-
tration, the reaction rate of this altered ribozyme with its
matching substrate was only 6-fold slower than that of
the original ribozyme—substrate combination. These
results demonstrate that the internal site is in fact the
substrate-binding site, and that the 5'-5' ligase is capable
of ligating itself to different substrate sequences, provided
that they base pair to the internal substrate-binding site.

Discussion
In the course of selecting for a ribozyme with a 3'-5'
RNA ligase activity, we have identified a novel class of
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Fig. 6. Importance of the internal substrate-binding site. (a) Class 1
RNA contains an internal substrate binding site. The substrate
binding site of cl-54 is boxed. The template mutant, cl-54T, con-
tains five nucleotide changes in the shaded region. Base-pairing to
the complementary substrate r43 is shown. (b) Reaction of [32P]-
labeled cl-54 RNA (lanes 1 and 2) or cl-54T RNA (lanes 3 and 4)
with substrate r37 (lanes 1 and 3) or r43 (lanes 2 and 4), confirms
the substrate-binding site indicated in (a).

ribozymes that ligate RNAs through a 5'-5'-tetraphos-
phate linkage. The selection of this novel class of
ribozymes as opposed to the desired 3'-5' ligation activ-
ity is particularly remarkable in that all pool molecules
contained a designed and built-in template for the 3'-5'
ligation activity, whereas only about 1 % of the pool
molecules would be expected to contain by chance an
internal sequence complementary to the substrate.

Therefore, the 5'-5' P1,P4-ligases were sclected from a
pool that was effectively about 100-fold smaller than the
pool from which a template-directed 3'-5' ligase could
have arisen. The selection of 5'-5' ligation activity, as
opposed to 3'-5' ligation activity, may reflect the inherent
ability of RNA to catalyze different types of reactions.
For example, a nicked but continuously base-paired
duplex may be such a sterically crowded environment
that it is difficult to achieve catalysis by an RNA
enzyme, whereas bringing a phosphorimidazolide and a
triphosphate into proximity may create a reactive center
that is much more accessible and around which it is
easier to place functional groups that can effect catalysis.

This hypothesis is consistent with the results of previous
in vitro selection experiments. For example, in the selec-
tion of RNA ligases that catalyze the reaction of the
2'- or 3'-hydroxyl of one oligonucleotide with the
5'-triphosphate of another oligonucleotide (which was in
turn attached to the ribozyme), alignment of the sub-
strates by continuous Watson—Crick base pairing to a
nearby template was disfavored. All of the selected ligases
used either partial, internal templates, or competing
sequences to disrupt the designed, continuous pairing so
that a more open ligation junction was generated [5].
Even a selection for optimal DNA substrates for the
protein enzyme, DNA ligase, showed that ligation junc-
tions with nearby base~base mismatches were preferred
substrates [17]. None of the ribozymes found in nature
efficiently cleave or ligate in the context of perfect RINA
duplexes: for example, the group I introns contain a U:G
wobble base pair at the cleavage/ligation site, perhaps to
widen the major groove and increase accessibility to the
reactive phosphate.

While we favor the idea that continuous base pairing to
a template restricts access to the site of ligation, we
cannot exclude the alternative hypothesis that the 55"
ligase we selected was favored for some other reason, for
example, by being simpler and therefore more abundant
in the initial pool than any possible 35" ligases, by being
more easily amplifiable, or because of the greater nucleo-
philicity of the attacking phosphate compared to the
3'-hydroxyl. Although substrate ligation at the designed
site would extend the 3' hairpin and partially occlude the
3' primer binding site, this is unlikely to decrease the
efficiency of the reverse transcription step significantly,
due to the length of the 3' primer.

The selected RNAs also accelerate the formation of 5'-5'
pyrophosphate and 55" triphosphate linkages, although
less efficiently than they accelerate the formation of 5'-5'
tetraphosphate linkages. [t is remarkable that ‘a

5'-monophosphate, necessarily somewhat distant from the-

position of the y-phosphate of a 5'-triphosphate, should
be able to react at all with the same substrate phosphor-
imidazolide. The most likely explanation for this phe-
nomenon Is that the ribozyme itself is rather flexible and
that internal motions in the ribozyme can result in the
5'-monophosphate being brought close to the substrate,
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although less frequently than in the case of the y-phos-
phate. It will be interesting to see if it is possible to select
for mutations that compensate for this change in distance;
such mutations could provide useful constraints for efforts
to model the structure of this ribozyme.

The 5-5' tetraphosphate, triphosphate and pyrophos-
phate linkages are found in a variety of biological con-
texts. All cell types that have been examined thus far
have been found to contain diadenosine 5'-5' P! P4.
tetraphosphate (Ap,A), a molecule that is synthesized
by some cellular tRINA synthetases [18,19]. The levels
of Ap,A increase under conditions of oxidative stress
and heat shock [19,20] and it has been proposed that
Ap A acts as a cellular ‘alarmone’, a signaling molecule
that alerts the cell to a condition of stress [18] and
modulates the activities of cellular enzymes. Although
the precise function of Ap,A is unknown, Ap,A has
been implicated in the processes of DINA replication
[18], platelet aggregation [21], hemoglobin function
[22] and extracellular signaling [23].

The structure of the 5' cap of eukaryotic mRNAs is
composed of a 7-methyl guanosine residue linked to the
5" end of the mRNA via a 5'-5' triphosphate linkage
[16,24,25]. The cellular capping enzyme possesses two
enzymatic activities, a 5' triphosphatase activity, which
removes the y-phosphate from the 5' terminus of the
mRNA, and a guanylyltransferase activity, which reacts
with GTP to form an enzyme—GMP intermediate and
then transfers the GMP to the 5' diphosphate of the
mRINA generating the structure G-5"-ppp-5'-IN [26,27].
The cap is subsequently methylated at the N7 position of
the terminal guanosine and at the 2' OH groups of the
first and sometimes the second nucleotide of the mRINA
chain. This 5' cap structure is found on all eukaryotic
mRNAs and serves as the site for the binding of eIF-4E,
an early step in the assembly of the ribosome-mRNA
complex prior to the initiation of translation [28,29].

The 5'-5' pyrophosphate dinucleotides are a common
product of activated nucleotide condensation reactions in
the absence of templates [14], in the presence of oligo-
nucleotide templates [14,15] or in the presence of
montmorillonite clay [30]. Condensation of the 5'-phos-
phorimidazolide of adenosine in the presence of mont-
morillonite has shown that A-5-pp-5'-A is readily
incorporated in RNA oligomers and is most prevalent at
the 5' position, thus yielding pyrophosphate ‘capped’
RNA oligomers [30]. Also, under certain conditions, the
most abundant products of oligonucleotide-templated
condensation reactions are capped with nucleoside
pyrophosphates [15]. This has led to the suggestion that
RNA oligonucleotides formed under pre-biotic condi-
tions would be likely to be capped by nucleoside
pyrophosphates [31]. Pyrophosphate linkages are also the
substrates for modern day DNA and RINA ligases. It has
been suggested that the use of pyrophosphate in the liga-
tion mechanism may represent a ‘molecular fossil’, reflect~
ing eatlier times when pyrophosphate linkages were

prevalent [32]. Many common metabolic cofactors, such
as NAD, FAD and CoA also contain pyrophosphate
linkages. Our results show that the di-, tri- and tetra-
phosphate linkages discussed above can be readily synthe-
sized by ribozymes from activated substrates, and might
thus have been used throughout the ribozyme-dominated
period known as the RNA world.

Significance

We have described the isolation of a new 54-
nucleotide ribozyme that can generate 5'-5'
tetraphosphate-, triphosphate- or pyrophosphate-
linked RNAs. While it is remarkable that this is
achieved by such a small and simple ribozyme, it
is equally surprising that no ribozymes were
selected that accelerated the seemingly simpler
template-directed 3'-5' ligation. An interesting
possible explanation for this difference is that the
steric environment within a continuous RNA
duplex is too crowded to allow effective catalysis
by RNA, with its bulky nucleotide subunits. If so,
models of RNA replication that invoke a primi-
tive replicase that assembles a cRNA strand by
ligating together a series of oligonucleotides may
have to be discarded in favor of the use of
mononucleotide substrates from the beginning.

The reaction products formed by this novel class
of ribozymes, 5'-5' oligophosphate linkages, are
common in a variety of biological contexts.
Aminoacyl-tRNA synthetases synthesize the sig-
naling molecule Ap,A, a 5'-53' triphosphate
linkage is part of the cap structure of all eukary-
otic mRNAs and 5'-5' pyrophosphate linkages
serve as an intermediate for both DNA and
RNA ligases and are also found in many co-
factors. The ability of ribozymes to catalyze
reactions that generate biologically relevant
molecular structures, and the existence of such
ribozymes in a relatively small sampling of
sequence space, supports the notion that RNA
enzymes had an important role in evolution
prior to the emergence of protein enzymes.

Materials and methods

[n vitro selection

Ligation reactions contained 1 wM random pool RNA, 10 mM
activated substrate, 500 mM KCl, 50 mM MgCl,, 30 mM
TrisCl pH 7.4, and 10 mM NH,CL All reaction components
except the activated substrate were mixed and heated to 80 °C
for 2 min to denature the RNA and then allowed to cool to
room temperature. Reactions wete initiated by the addition of
the activated substrate and incubated at room temperature for
the time indicated in Table 1.The pool RINA was then ethanol
precipitated, resuspended in 100 pl of streptavidin binding
buffer (1 M NaCl, 5 mM EDTA, 10 mM HEPES pH 7.4) and
incubated with 500 pl of 50 % streptavidin agarose (Pierce) for
30 min with gentle rolling. The streptavidin agarose slurry was
transferred to a column and was washed with 5 ml of binding
buffer, 5 ml dH,O, 5ml 3 M urea (rounds 3-8), and 5 ml
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dH,O. Bound RNAs were eluted by washing the streptavidin
agarose with 2 x 0.5 ml of 10 mM biotin pH 7.The streptavidin
agarose was then resuspended in 0.5ml 10 mM biotin and
heated to 94 °C for 8 min {9]. Eluted RNAs were ethanol pre-
cipitated, reverse transcribed, PCR. amplified and T7 transcribed
as previously described [4]. The 5' PCR primer, 40.70 is
5'-TTCTAATACGACTCACTATAGGAACAACTTGCAGC
TCTGA-3' and the 3' primer, 39.43 is 5'-CACGATAAGTGT-
CGTGCCGTAGGACTTACGATGTACGAC-3". The sub-
strate oligonucleotide was imidazole-activated by incubation in
a small volume (typically 20 pl) containing 0.13 M imidazole
solution, pH 6 and 0.19 M 1-ethyl-3,3-dimethylaminopropyl
carbodiimide (EDC) for 1 h at room temperature.

Oligonucleatide synthesis

All oligonucleotides were synthesized on a Millipore Expedite
oligonucleotide synthesizer. The 3' biotinylated RNAs were
synthesized on bioTEG columns (Glen research) and chemi-
cally phosphorylated on the column with phosphorylating
reagent (Glen research). Synthetic RNAs were purified by high
performance hiquid chromatography (HPLC). Mutant versions
of the cI-54 ribozyme were generated by T7 transcription of
synthetic oligodeoxynucleotides.

Cloning and sequencing

Round 8 DNA was cloned using pT7 Blue T-Vector Kit
(Novagen) and sequenced using standard dideoxy-nucleotide ter-
mination techniques. Deletion mutants were constructed from
clone s9¢31 by PCR amplification using primers complementary
to internal regions of the RINA. A

Nuclease digestion and thin layer chromatography
Nuclease P1 digests were done in 30 mM sodium acetate,
pH 5.3, in a 5ml volume. Thin-layer chromatography was
carried out on PEI cellulose plates and developed in 0.75 M
KH,PO,, pH 3.5. Products were visualized with a phospho-
imager or by autoradiography.

Ribozyme assays

Ribozyme activity was assayed in selection buffer at 1 WM
ribozyme and 10 uM substrate. Streptavidin gel shift assays
were conducted by mixing 2 pl aliquots from the reaction
mixture with excess (2 Lg) streptavidin prior to mixing with
an equal volume of formamide loading buffer. Samples were
then subjected to electrophoresis on an 8 M urea, 6 % poly-
acrylamide gel, and the separated products were visualized with
a phosphoimager or by autoradiography. Streptavidin binding
causes biotinylated RNAs to migrate more slowly.
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