
Research Paper 607 

Isolation of novel ribozymes that ligate AMP-activated 
RNA substrates 
Alicia J Hager and Jack W Szostak 

Background: The protein enzymes RNA ligase and DNA ligase catalyze the 
ligation of nucleic acids via an adenosine-5’-5’-pyrophosphate ‘capped’ RNA or 
DNA intermediate. The activation of nucleic acid substrates by adenosine 
5’-monophosphate (AMP) may be a vestige of ‘RNA world’ catalysis. 
AMP-activated ligation seems ideally suited for catalysis by ribozymes (RNA 
enzymes), because an RNA motif capable of tightly and specifically binding 
AMP has previously been isolated. 

Results: We used in vitro selection and directed evolution to explore the ability 
of ribozymes to catalyze the template-directed ligation of AMP-activated RNAs. 
We subjected a pool of 1 015 RNA molecules, each consisting of long random 
sequences flanking a mutagenized adenosine triphosphate (ATP) aptamer, to 
ten rounds of in vitro selection, including three rounds involving mutagenic 
polymerase chain reaction. Selection was for the ligation of an oligonucleotide 
to the 5’-capped active pool RNA species. Many different ligase ribozymes 
were isolated; these ribozymes had rates of reaction up to 0.4 ligations per 
hour, corresponding to rate accelerations of -5 x 1 O5 over the templated, but 
otherwise uncatalyzed, background reaction rate. Three characterized 
ribozymes catalyzed the formation of 3’-5’-phosphodiester bonds and were 
highly specific for activation by AMP at the ligation site. 
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Conclusions: The existence of a new class of ligase ribozymes is consistent 
with the hypothesis that the unusual mechanism of the biological ligases 
resulted from a conservation of mechanism during an evolutionary replacement 
of a primordial ribozyme ligase by a more modern protein enzyme. The newly 
isolated ligase ribozymes may also provide a starting point for the isolation of 
ribozymes that catalyze the polymerization of AMP-activated oligonucleotides 
or mononucleotides, which might have been the prebiotic analogs of 
nucleoside triphosphates. 

Introduction 
In vitro selection techniques have facilitated the isolation 
and optimization of numerous RNA and DNA enzymes, 
several of which catalyze the ligation of oligonucleotides. 
Ribozymes that ligate oligonucleotides activated by pyro- 
phosphate (i.e. with 5’-triphosphates) have been isolated 
using in vitro selection from a random pool [1,2]. Further 
in vitro evolution of one of these ribozymes has led to an 
extremely efficient ligase that is capable of catalyzing the 
template-directed polymerization of nucleoside triphos- 
phates [2,3]. Similar selection techniques have been used 
to manipulate and optimize the ligation activity of a 
ribozyme derived from group I introns [4]. More recently, 
a DNA enzyme that ligates imidazole-activated oligo- 
nucleotides has been isolated from a pool of random 
sequences [S]. 

Much of the interest in ligase ribozymes stems from the sim- 
ilarity between oligonucleotide ligation and mononucleotide 

polymerization. This similarity suggests that ribozymes 
that catalyze these two types of reaction might be closely 
related to each other, such that either function might be 
derived from the other by evolution [6]. The mechanism 
by which RNA self-replicated in the ‘RNA world’ is a 
matter of much speculation. It has been proposed that 
5’-5’-pyrophosphate linkages may have played a signifi- 
cant role in prebiotic ligation and polymerization, based 
upon the accumulation of 5’-5’-pyrophosphate-linked 
dinucleotides in reactions containing highly activated 
nucleotides such as phosphorimidazolides [7]. Adenosine- 
5’-5’-pyrophosphate moieties are also found in some of 
the most important enzymatic cofactors, such as coen- 
zyme A, NAD+, and FAD, which may be relics of the 
RNA world [8,9]. Similarly, it has been proposed that the 
mechanism of the protein enzymes DNA ligase and RNA 
ligase, which use nucleic acid intermediates bearing adeno- 
sine-5’-5’-pyrophosphate moieties, might be a vestige of 
the RNA world [7]. 
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Figure 1 - 

Pool RNA. (a) A schematic of starting pool 
RNA and the designed substrate-binding site. 
The 5’-phosphate of the first guanosine of 
pool transcripts was activated with adenosine 
5’-monophosphate (AMP). Substrate 
oligonucleotides (like substrate I, shown here 
in red) were designed to bind a region near 
the 5’-end of the pool. This stem-loop 
structure templates the possible attack of the 
3’-hydroxyl of the substrate onto the 
5’-phosphate of the guanosine, resulting in 
ligation and the loss of AMP. N represents a 
random nucleotide. The Aval and Ban1 sites 
are shown in italics. Adenosine triphosphate 
(ATP) aptamer sites that were mutagenized at 
15% (50/, to each of the three possible other 
bases) are shown in blue. (b) Ligation of 
substrate to (AppG)-primed pool RNA (AppG: 
PI-[adenosine-5’1-P*-[guanosine-5’l-pyro- 
phosphate) by T4 DNA ligase in the absence 
of ATP. When substrate oligonucleotide and 
internally 32P-labeled AppG-primed pool RNA 
were pre-annealed to a DNA template oligo- 
nucleotide that spanned the ligation junction 
(and usurped the designed stem-loop 

(slgrted pool RNA ; 

Pool RNA - 
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3’4 48 Nucleotides FGAGCCC-NBO 
A A 

I I 
AAG 
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structure), T4 DNA ligase efficiently ligated 
the substrate to the pool. No ATP was 
included in the reaction buffer. In the reaction 
shown here, substrate Ill (see the Materials 
and methods section) was ligated to 

AppG-primed round 4 pool RNA (see 
Figure 2 and Table 1). Similar results were 
obtained from pool RNA of other rounds, 
including round 0 (the starting pool). 

We sought to investigate the ability of RNA enzymes to 
catalyze the template-directed ligation of AMP-activated 
(AMP: adenosine 5’-monophosphate) RNA substrates, a 
reaction analogous to that catalyzed by the protein enzymes 
DNA ligase and RNA ligase. In an effor; to favor interaction 
between the ribozyme and the activating group at the liga- 
tion junction, a previously isolated adenosine triphosphate 
(ATP) aptamer [lo] was incorporated within the context of 
a complex pool of long, random RNAs. Here, we describe 
the isolation and initial characterization of multiple, inde- 
pendent AMP-activated ligase ribozymes from the pool 
using in vitro selection. 

Results 
Pool design and preparation 
The initial sequence pool consisted of RNAs containing 
an ATP aptamer (which also binds AMP) [lo-121 embed- 
ded within random regions consisting of two 80 nucleotide 
segments and one 50 nucleotide segment (Figure la). The 
ATP aptamer was mutagenized at a rate of 15% per posi- 
tion. Regions of constant sequence flanked the pool on 
both ends. Two 6 nucleotide regions overlapping one of 
the aptamer stems also remained invariant, because these 
regions served as sites for restriction digestion and ligation 
during the construction of the pool. The complexity of the 
completed pool was -2 x 1015 sequences (-760 pg isolated 
ligated pool DNA). The total transcript length of the 
completed pool RNA was 332 nucleotides. 

The selection protocol we used required that pool RNA 
molecules be synthesized with P1-(adenosine-S’)-P*- 
(guanosine-5’)-pyrophosphate (AppG) at their 5’-termini 

(Figure 1). This was achieved by priming transcription 
with AppG at a concentration threefold higher than that of 
the guanosine triphosphate (GTP) present in the tran- 
scription reaction. AppG was readily formed by the reac- 
tion of the 5’-phosphorimidazolide of adenosine (ImpA) 
with guanosine 5’-monophosphate (GMP) [13]. AppG 
incorporation at the beginning of transcripts was verified 
by demonstrating that AppG-primed pool RNA transcripts 
serve as substrates for T4 DNA ligase in the absence of 
ATP (Figure lb). Typically, 61-&S% of pool RNA tran- 
scripts were rapidly ligated by T4 DNA ligase. Model 
studies with short transcripts, the size of which allowed for 
separation of 5’-AppG-primed and GTP-primed tran- 
scripts, indicated that -70% of the RNA should have been 
correctly activated under the transcription conditions used 
(data not shown). 

Selection 
The initial phase of the selection proceeded for four 
cycles (Figure 2, Table 1). Following transcription, pool 
RNA was annealed to a biotinylated oligodeoxynucleotide 
complementary to its 3’ constant region and the complex 
was applied to a streptavidin agarose column. This immo- 
bilization was designed to prevent aggregation of the pool 
RNA in the presence of Mg2+ [l]. The solid-support- 
bound pool RNA was then incubated with a buffer con- 
taining substrate oligonucleotide and high concentrations 
of Mg*+ and KCl. The substrate oligonucleotides consisted 
of 6 nucleotides of RNA sequence at the 3’ end and DNA 
‘tag’ sequences of 20-25 nucleotides at the 5’ end. The 
RNA portion of the substrate was complementary to a 
constant region near the 5’ end of the pool transcripts 
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Figure 2 

The scheme for in vitro selection of pool 
RNAs that ligate tagged substrate 
oligonucleotides to their AMP-activated 
5’ end. Abbreviations as in Figure 1; round 4 
pool is the pool generated by four successive 
rounds of selection. 

I I 
AEFG-primed transcription 

A5’5 

‘PG 

1 incubation with tagged substrate 

1 RNAs passed over column and 
extensively washed 

Oligonucleotide- 
affinity resin 

$ Elution of active sequences 

$ 
Reverse transcription 

Selective PCR 

Nested PCR with T7 promoter 

(Figure la). After the reaction incubation, the pool RNA 
was eluted from the streptavidin agarose. Active RNAs 
that had covalently attached themselves to a substrate 
oligonucleotide were separated from inactive and unre- 
acted RNAs on an affinity selection column. The selection 
column contained immobilized oligodeoxynucleotides 
complementary to the 5’ DNA sequence (tag) of the sub- 
strate oligonucleotides. The pool RNAs were annealed 
with the selection column, RNAs lacking the tag sequence 
were removed by a series of washes, and specifically 
bound RNAs were then eluted. Following reverse tran- 
scription, polymerase chain reaction (PCR) with a forward 
primer sequence identical to portions of the substrate was 
used to selectively enrich for active sequences. The selec- 
tion column resin and corresponding DNA-tag portion of 

Table 1 

Selection conditions for rounds l-4. 

Proportion of 
Amount of Incubation Selection pool RNA 

Round pool RNA time column selected (O/o) 

1 1.5 mg 21 h oligo d(T) cellulose 0.06 

2 35 Kl 21 h d(A) magnetic beads 0.4 

3 15P9 16h d(T) magnetic beads 0.4 

4 15P9 16h dGAGATG.. .teflon 0.9 

The proportion of pool RNA selected on the column (O/o) reflects the 
percentage of pool RNA that was retained on the column after 
extensive washings and recovered after elution. 
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the substrate oligonucleotide were varied from round to 
round, to discourage the propagation of selection artifacts. 

Round 4 pool RNA 
Ligation activity by the pool was first detected following 
the fourth round of selection (Figure 3). The observed lig- 
ation rate (kobs) for ligation by the round 4 pool RNA 
ranged from 1 x 1O-3 h-r to 7 x 10” h-l depending on the 
substrate oligonucleotide used in the assay. Members of 
the round 4 pool were cloned and sequenced. Sequence 
comparison, as well as digestion of the round 4 pool DNA 
with a mix of three restriction enzymes (TapI, MseI, and 
HinfI; data not shown), showed that the pool was domi- 
nated by a single ribozyme that constituted at least 80% of 
the round 4 pool. The sequence of clone H4004, a repre- 
sentative of this dominating ribozyme family, is shown in 
Figure 4a. In addition to this dominant ribozyme, seven 
other ribozymes were isolated (Table 2 and Figure 4b). All 
of the ribozymes contained an internal region complemen- 
tary in sequence to the substrate RNA, and in every case 
except one (clone H4003) this potential substrate-binding 
site was positioned directly adjacent to a region comple- 
mentary to the 5’ end of the pool transcripts. The pres- 
ence of these complementary sequences strongly suggests 
that the ribozymes did not use the designed stem-loop at 
the 5 end of the pool transcripts as a substrate-binding 
site, and that the ligation junction instead relied on an 
internal ribozyme sequence as a template. 

Further rounds of selection 
Because of the low activity and limited complexity of 
pool 4, the selection process was continued independently 
on both the pool and on one of the minor clones. Six more 

Figure 4 

Figure 3 

Product - 

Substrate- 

0.5 1 3 9.5 24 

Time (h) 

Self-ligation by AppG-primed round 4 pool RNA. The pool RNA 
was first pre-annealed to the biotinylated primer used for pool 
immobilization in the selection. AppG-primed round 4 pool RNA 
was then incubated in 1 x ligation buffer with 6 uM 5’ 32P-labeled 
substrate Ill. Over the incubation times, the round 4 pool RNA 
self-ligated to give the product observed on the gel. 

a) 24 34 44 54 64 74 84 
JGQl’TcaAnc CCATTTGGAG CCTTCTTGGC TTGTT- CCGAGGGGAT GCCTCTGCAA ACGCATGCAT 

94 104 114 124 134 144 154 
CTTGCACCCT CCCMccccGefQl’GCCCGCA ACGCATCACT TGCATCCTCC CGCCGAATTG ATTT-TO 

164 174 184 194 204 214 224 
AACTATTCTA GTCCGTTCCG AAMACCTGT OarAC!C CGAG CACGGAA TTCATTT 

234 244 254 264 274 264 294 
CC~CWPX! GTCTAGCACT ATGACACGTT OGATWTCTCCCGAGACCG TATAGCATGT c 

b) 24 34 44 54 64 74 84 
UTCTATTG T-CCTTT TTACMTATC TGCGUACCCC AAGGGTCTCG GTGGATATGA GCGTCACGTT 

94 104 114 124 134 144 154 
GGCCATAATG TCTOCCCGAGTCCCACMCAC(UCCAOMO CATTCTCCAG AGGCGATTCG GACTCCACGG 

164 174 184 194 204 214 224 
GACTCGT-TAA CCGCaCTGGC MCAAACTGT GGCACCCACC AAATTTCOM CACCGCTACC GCM'CCCCOA 

234 244 254 264 274 284 294 
TGCC-CC TACTTCCCTA GCTCT- C-A- ACCCGAGACC GTATAGCATG 

304 
n: 

Sequences of selected round 4 clones, The 
first 23 andlast 33 nucleotides of the 
sequences are not shown; these regions 
‘consist entirely of constant sequence 
complementary to PCR primers used in the 
selection. Regions that were initially constant, 
but which were free to mutate over the course 
of the selection, are underlined; the restriction 
digest sites are italicized; originally 
mutagenized aptamer regions are in blue; the 
region in the shaded box is likely to act as a 
template for the ligation junction; internal sites 
complementary to the substrate RNA are in 
green; magenta nucleotides are comple- 
mentary to the 5’ end of pool transcripts. 
(a) Internal sequence of clone H4004. 
(b) Internal sequence of clone H4853. 



Research Paper Isolation of novel ligase ribozymes Hager and Szostak 611 

Table 2 Round 10 pool RNA 

Activities of AppG-primed and GTP-primed round 4 clones with 
substrate oligonucleotides II and Ill. 

kobs (h-‘1 

Clone AppG/substrate II AppGlsubstrate Ill GTPlsubstrate Ill 

H4004 7x 10-4 1 x10-2 n.d. 

H4853 6~10-~ 6~10-~ n.d. 

H4823 4x10-4 3x10-3 n.d. 

H4742 6~10-~ 3x10-3 n.d. 

H4009 9x10-4 2x10-3 n.d. 

H4028 2x10-4 2x10-3 n.d. 

H4003 1 x10-3 6~10-~ 1 x10-4 

H4736 4x10-3 1 x 10-4 n.d. 

kobs: observed ligation rate. n.d.: no product was detected. See the 
Materials and methods section for details of substrates II and III. 

After 10 rounds of selection, a lo-loo-fold increase in lig- 
ation rate was observed with the pools from both selec- 
tions A and B. We also observed a decrease in the effect 
on the ligation rate of changing the DNA-tag region of 
the substrate. The final selection A pool ligated to both 
substrates II and III (see the Materials and methods 
section) at a rate of 0.10 h-l, while the final selection B 
pool ligated at rates of 0.04 hm’ and 0.038 h-l, respectively. 

rounds of selection (selection A) were carried out on the 
round 4 pool. In the first three of these additional selec- 
tion cycles, the pools were subjected to mutagenic PCR. 
In addition, increasingly stringent selection conditions 
were used to select for more efficient ribozymes (Table 3). 
Mutagenic PCR conditions in each of the rounds 5, 6 and 
7 resulted in an estimated 2% mutagenesis rate per posi- 
tion per round, giving a total of 6% per position. In addi- 
tion to selection A, a separate selection (selection B) was 
started from the isolated clone H4853. This clone was 
evolved separately in order to ensure the propagation of at 
least one sequence other than the pool-dominating clone 
H4004. Clone H4853 was chosen because of its relatively 
high ligation activity; selection B was otherwise identical 
in procedure to selection A (Table 3). The complexity of 
the pool in selection B was entirely derived from the PCR 
mutagenesis performed in rounds 5-7. 

DNA from both round 10 pools was cloned and 74 
sequences from selection A and 37 sequences from selec- 
tion B were obtained. From the selection A pool, a family of 
38 sequences unrelated to any of the ribozymes identified 
at round 4 was discovered. Like all the other sequences, 
however, the members of this ribozyme family contained an 
internal template for the ligation reaction. The originally 
dominant sequence in round 4 -that of clone H4004 - 
was represented by 24 clones of the 74 round 10 sequences. 
The remaining clones from selection A were all related to 
the other ribozymes identified at round 4, and 34 of the 
selection B pool sequences were related to the founding 
clone H4853. Three other selection B sequences were 
unrelated to H4853, and were believed to be contaminants 
from selection A. 

Sequencing across the ligation junction of the PCR-ampli- 
fied cDNA from round 4 and round 10 confirmed that liga- 
tion occurred at the correct site in all clones. In all cases, 
the substrate was directly ligated to the initial guanosine 
at the 5’ end of the pool transcript, and therefore occurred 
by displacement of the AMP-activating group. 

Based in part on the patterns of conserved and variable 
bases observed in the aligned sequences (data not shown), 
a series of deletion constructs of ribozymes H4853, H4004 
and H10140 (a member of the major ribozyme family from 
selection A, round 10) were generated and assayed for 

Table 3 

Conditions for rounds 6-10 of selections A and B. 

Round 

Amount of 

pool RNA 

Incubation 

time Selection column 

Proportion of pool RNA selected (O/o) Mutagenic 

A El PCR 

Round 5 1olKl 3.5 h d(A) magnetic beads 0.5 0.4 30 doublings 

Round 6 lOI 3.5 h d(A) magnetic beads 8.4 1.2 30 doublings 

Round 7 5 IFI 2.5 h dGAGATG...teflon 0.3 0.2 30 doublings 

Round 8 4-10 pg 30 min dGAGATG.. .teflon 0.1 0.4 No 

Round 9 lOI@3 1Omin dGAGATG .teflon 0.2 0.1 No 

Round 10 15!43 2 min d(T) magnetic beads 0.2 0.4 No 

Selection A: rounds 6-l 0 of selection with pool RNA. Selection B: rounds 6-l 0 of selection with clone H4853. 30 doublings indicates that the 
template DNA in the PCR reaction was amplified an estimated 230 times. 
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Figure 5 

Nucleotides Nucleotides Nucleotide 
H4004del l-109 142-258 327 

.,, 
k obs = 0.007 h-1 IW _.._ ----Yi’Ll..l 

Nucleotides Nucleotide 
H4853del l-282 338 ..--,-- -~-- 

k =0.0083 h-1 - ----‘I--’ 
(.. 0 

obs 

Nucleotides Nucleotide 
H10140del l-299 323 

.F :;,- 

k 
q;:; _,I 

obs = 0.27 h-1 - 

Deletion mutants representing the three main 
round 10 sequence families and their 
activities. Portions of the ribozymes H4004, 
H4853 and Hl 0140 were deleted to form 
H4004del, H4853del and Hl 0140del, 
respectively. Each of the deletion ribozymes is 
shown schematically along with the original 
full-length sequence (lighter colors and dashed 
lines). The green portions correspond to the 
flanking constant regions of the pool. Full- 
length Hl 0140 self-ligated at a rate of 0.2 h-l. 

ligation activity (Figure 5). Only limited 3’-terminal dele- 
tions of H4853 and H10140 retained full activity. The 
remaining internal sequences were quite conserved, so no 
further deletion analysis was undertaken. Although little 
of the H4004 family sequence was strongly conserved, 
deletions in most of the unconserved regions resulted in 
decreased activity. The internal deletion of nucleotides 
110-141, which occurred in a significant fraction of the 
sequenced clones from round 10, was an exception and 
resulted in no decrease in activity. 

Ribozymes CMZg and CM3 were then generated by intro- 
ducing a subset of the most highly enriched mutations 
observed in the aligned round 10 sequences into deleted 
versions of the H10140 family consensus sequence and 
the H4853 sequence, respectively. The sequence of 
CMZg is shown in Figure 6. The kobs for ligation of this 
ribozyme was 0.38 h-l. The activity of CMZg is almost 
twofold better than that of H10140 (0.2 h-l), which con- 
tains many, but not all, of the enriched mutations. CM3 is 
identical to H4853del except for the mutations T32+C, 
ASS+T, A59+G, A126+T, AZOl+T, AZ63-+G, and 
AZ69+G. These mutations were each present at a high 

Figure 6 - 

frequency among round 10 members of the H4853 
sequence family. CM3 self-ligated at a rate of 0.046 h-l, 
compared to 0.0058 h-l for the ancestral sequence H4853. 
Incorporation of enriched mutations from round 10 
sequences either decreased or had no effect on the initial 
rate of ligation observed for clone H4004. Therefore, the 
original full-length H4004 sequence was used in all 
further studies of this ribozyme. 

Activating-group specificity 
A significant fraction of pool transcripts would be 
expected to have GTP rather than AppG at their 
5’-termini (up to 35%, Figure lb). To establish the iden- 
tity of the activating group involved in the observed liga- 
tion reactions (and the specificity of the various ribozymes 
for the activating group), transcription of CMZg, CM3, and 
H4004 was primed with GTP only, P1-(adenosine-5’)-P3- 
(guanosine-5’)-triphosphate (ApppG), or P1,P2-(diguano- 
sine-5’)-pyrophosphate (GppG), and the ligation activity 
of the resulting RNAs was compared to the activity of the 
corresponding AppG primed RNAs (Figure 7, Table 4). 
GTP-primed CM’2g exhibited a decrease in ligation rate 
of > 4000-fold, while GTP-primed CM3 and H4004 

24 34 44 54 64 74 a4 
AFCA- GTGGCCAAAC AGTTCGGGC,G AAGATG‘XGT GTAGTATGGC CAGGGGAEGT ATAGCTGCCG 

94 104 114 124 134 144 154 
CGACACGATG ‘lTCCGA‘72CA GCAACCCAGT GATCTTA’ITG AootGATCAC C AGTGTCTAC ATTCGAtGTA 

164 174 184 194 204 214 224 
TGACGCGTTG GGAAGAAACT CT GGtGGCCATT AATACCTCAG GCCCAC!G,AA 

234 244 254 264 274 284 
GCATGGGGAC ACCAGTGTC G CCGATCGACC ATACTT~ AGACCGTATA GCCTGTC 

The internal sequence of the mutant ribozyme 
CM2g. The sequence of CM2g is identical to 
the consensus sequence of the H 10140 
sequence family except for the nucleotides 
shown in red lower-case letters and the 
deletion of nucleotides 300-323. The red 
lower-case letters represent sites where a 
significant fraction of the members of the 
sequence family showed the same, non- 
consensus base. These enriched mutations 
were incorporated into CM2g. Other markings 
in the text are as described in Figure 4. The 
first 23 and last 9 nucleotides were invariant 
in the selection and are not shown. 
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Figure 7 

,  

L 

Product - 

Substrate -+ 

0.5 0.5 22 22 0.522 0.5 22 0.5 22 22 22 

Time (h) 

Self-ligation of ribozymes activated by AMP, GMP, adenosine 
diphosphate (ADP), or pyrophosphate. CMPg, CM3 and H4004 
RNAs, each primed in transcription with AppG, Pi,P2-(diguanosine-5’) 
pyrophosphate (GppG), PI-(adenosine-5’)Ps-(guanosine-5’) 
triphosphate (ApppG), or GTP, were incubated with 5’ 32P-iabeled 
substrate Ill under standard assay conditions; 0.5 h and 22 h reactions 
are shown. 

showed no detectable ligation activity. In fact, none of the 
ribozymes isolated from round 4 preferred GTP at the lig- 
ation junction (Table 2). Similarly, none of the ribozymes 
CMZg, CM3, or H4004 ligated efficiently when their tran- 
scription was primed with ApppG. GppG-primed CMZg, 
however, ligated at a rate only threefold lower than the 
AppG-primed ribozyme, while GppG-primed CM3 or 
H4004 showed little or no detectable activity. 

Ribozymes catalyze 3’-5’ ligation 

Because many previously isolated ribozyme ligases cat- 
alyze the formation of Z-5’ phosphodiester bonds [14], we 
wished to establish whether the current generation of 
ligases, which uses a different activating group, is predom- 
inantly composed of Z-5’ ligases or 3’-5’ ligases. Ligases 
that generate Z/-S’ linkages are not strongly selected 
against during the reverse transcription step of amplilica- 
tion, because reverse transcriptase is able to copy tem- 
plates containing Z-5’ linkages under the conditions used 
[1.5]. The nature of the linkage formed by the ribozymes 
CMZg, CM3, and H4004 was determined with substrates 
carrying modified 3’-termini (Table 5). Each of the three 
ribozymes was able to ligate to substrates possessing 
either a 2’-methoxycytosine or a 2’-deoxycytosine at the 

Table 4 

Comparison of activities of alternatively activated ribozymes. 

kobs h-‘) 

APPG GPPG APPG GTP 

CMPg 3.8 x 1 o-’ 1.4x 1 o-1 4.8 x 1 o-4 8.9 x 1 O-5 

CM3 4.6 x 1O-2 9.5 x 1 o-5 7.2 x 1O-5 nd. 

H4004 1.2 x 1 o-2 n.d. 2.5 x 10-a n.d. 

kobs: observed ligation rate. nd.: no product was detected 
(kobs<-1 ~lO-~h-‘). 

3’-terminal position, although the rates decreased by 
lo-ZO-fold and 100-400-fold, respectively. In contrast, 
none of the ribozymes were able to ligate detectably to a 
3’-deoxy substrate. These results strongly suggest that 
the CMZg, CM3, and H4004 ribozymes all catalyze the 
synthesis of 3’-5’-phosphodiester bonds. 

Comparison to background reaction rate 
Ligation was not detectable when a stem-loop, directly 
analogous to the designed stem-loop at the 5 end of pool 
transcripts, was incubated with substrate oligonucleotide 
(Figure Ba). The rate for templated, but otherwise uncat- 
alyzed, ligation in the context of an extended stem-loop 
structure (Figure 8b) was determined to be 7 x lo-‘h-l. 
Previous comparisons indicated that this stem-loop fully 
adopts the closed conformation, so the ligation rate should 
be comparable to that observed for two oligonucleotides 
aligned on a separate template strand. Each of the 
ribozymes CMZg, CM3, and H4004 appeared to catalyze 
ligation at internal sites within the context of extended 
duplexes. Therefore, the rate enhancement achieved by 

Table 5 

Ribozyme activities with modified substrates. 

kobs 0-l) 

Ribose 2’-OMe Y-deoxy 3’-deoxy 

CM2g 3.8 x 10-l 1.6 x 1 O-2 9.1 x 10-d nd. 

CM3 4.6 x 1 O-2 3.7 x 1 o-3 4.4 x 1 o-4 nd. 

H4004 1.2 x 1 o-2 1.5 x 1 o-a 1.1 x 10-4 nd. 

A very faint product band was seen in reactions of the CM2g and 
CM3 with the 3’-deoxy-substituted substrate. But in both cases this 
small amount of product formed rapidly and then leveled off with only 
4 x 1 O-5 to 6 x 1 O-5 of the total ribozyme being ligated. We believe 
that this nominal product formation was a result of contamination of the 
3’-deoxysubstrate oligonucleotide with minute amounts of the ribose or 
2’.deoxysubstrate. This contamination presumably resulted from 
impurities in the 3’-deoxycytosine CPG used in the automated 
synthesis procedures. Any product formed in the reaction of H4004 
with the 3’-deoxysubstrate was below the detection limit 
(kobs < 3 x 1 O-7 h-l). 
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The uncatalyzed ligation of RNAs. The background rate of ligation of 
template RNAs was investigated using the sequences shown. 
Substrate III and one of the AppG-primed template RNAs shown were 
annealed and then incubated in standard ligation buffer conditions at 
25°C. (a) Duplex analogous to the stem-loop originally designed for 
the pool (Figure 1 a). (b) Extended duplex configuration. 

CMZg was -5 x lo5 relative to the templated, but uncat- 
alyzed, background rate. CM3 and H4004 showed rate 
enhancements > 104-fold above the uncatalyzed rate. 

Discussion 
We have isolated ribozymes that catalyze the template- 
directed ligation of AMP-activated RNAs in a reaction 
analogous to the final step in the mechanism of the protein 
enzymes DNA ligase and RNA ligase. In this study, a total 
of nine different ribozymes have been uncovered (eight 
ribozymes after four rounds of selection and one ribozyme 
after ten rounds); in an earlier study, a much larger collec- 
tion of ribozyme ligases that used pyrophosphate-activated 
substrates was isolated from a pool of similar complexity 
[l]. This difference raises the question of whether it is 
easier to select for ligases that use pyrophosphate activa- 
tion. The background rate for the templated ligation of 
oligonucleotides activated with pyrophosphate is twofold 
to threefold higher than that of AMP-activated substrates 
under similar conditions [l]. Because a smaller rate 
enhancement would be required to achieve the same liga- 
tion rate for pyrophosphate-activated RNAs as for AMP- 
activated RNAs, ligases that use the former class of 
substrates might be more abundant in sequence space 
than those that use the latter class. The present selection 
was internally controlled for comparison of isolation of dif- 
ferent classes of ligases, because up to about a third of the 
pool RNAs could have been activated with pyrophosphate, 
rather than AMP, during each round of selection. In this 
study, no ribozymes were isolated that used pyrophos- 
phate activation to any significant extent, suggesting that 
ribozymes that use pyrophosphate-activated substrates 
are not much more common than ribozymes that use 

AMP-activated substrates. Also, ribozymes that could use 
either activating group would have held a selective advan- 
tage over the AMP-specific ribozymes; because no non- 
specific ribozymes were detected, these must be 
significantly less common in sequence space than specific 
ribozymes. Alternatively, it may be that our attempt to bias 
the pool in favor of ribozymes that use AMP-activated 
substrates (by incorporating the aptamer) was successful. 

Another remarkable aspect of the ligase ribozymes iso- 
lated here is the unusual ‘preference’ for a ligation junc- 
tion that is part of a continuous Watson-Crick duplex. 
DNA and RNA ligase enzymes previously isolated by in 
nitro selection have generally used ligation junctions that 
are not part of an extended duplex [2,5]. For instance, a 
very similar selection for 5’-triphosphate ligases from 
random RNAs yielded only RNAs which ignored or 
altered the 5’-stem-loop that was designed to bind sub- 
strate oligonucleotides as part of a long, contiguous stem 
[Z]. Every ligase isolated from that selection either par- 
tially disrupted and opened up the designed stem-loop 
through alternative base pairing or used a completely dif- 
ferent, internal, substrate-binding site that formed a 
Watson-Crick duplex on only one side of the ligation 
junction. Presumably, catalysis was favored by enhanced 
access to the ligation site. In the present selection, a sub- 
strate-binding stem-loop structure with a shorter stem and 
a larger loop than in the triphosphate ligase selection was 
placed at the 5’ end of the pool. Surprisingly, none of the 
isolated ligases appeared to use the designed stem-loop. 
All but one of the isolated ribozymes have sequences that 
would place the ligation junction within an internal, 
extended duplex structure with at least two base pairs 
(usually more) on both sides of the ligation junction. The 
one exception, clone H4003, was the only round 4 
ribozyme with detectable pyrophosphate-activated liga- 
tion. The availability of the activating AMP for ribozyme- 
substrate interactions may have decreased the need for 
closer contacts to the ligation site which would otherwise 
have been incompatible with a contiguous duplex. If this 
speculation is correct, AMP-activation may be intrinsically 
better suited than pyrophosphate activation for a replica- 
tion strategy that involves the sequential ligation of short 
oligonucleotide substrates. 

The isolation of ligase ribozymes that use AMP-activated, 
templated RNA substrates strengthens the notion that 
RNA may be capable of the ligation or even the polymer- 
ization of similarly activated, templated substrates in a 
sequence-independent manner. The AMP ‘handle’ at the 
ligation junction may provide a route to strong enzyme- 
substrate interactions that would eliminate the sequence- 
specific contacts often observed with ribozymes. Evolu- 
tionary pressures for increased fidelity and for the ability 
to use more abundant shorter substrates may have favored 
the use of AppN (where N is a nucleoside) substrates, 
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which could ultimately be replaced by NTP substrates. 
The ribozymes isolated here are candidates for further in 
vitro evolution into more efficient ribozymes that catalyze 
partial RNA replication, as has been done with the previ- 
ously isolated Class I ligase ribozyme [3], which can extend 
a primer by incorporation of NTPs. 

An interesting but unresolved question is whether incor- 
poration of the mutagenized ATP aptamer region within 
the pool was advantageous. The presence of frequent 
mutations in critical parts of the aptamer structure sug- 
gests that many of the isolated ribozymes may not use the 
aptamer region for AMP binding (Figure 4a,b). Presum- 
ably these ribozymes have adopted structures elsewhere 
in their sequence that specifically recognize the AMP 
leaving group. No new AMP-binding motif was identified 
in a comparison of different ribozymes, although a lack of 
knowledge of their secondary structures may have pre- 
vented the identification of any such consensus sequence. 
Whether or not those ribozymes with more conserved 
aptamer regions, such as H10140 and the derivative CMZg 
(Figure 6), are in fact using the aptamer to bind AMP is 
currently under study. Even weak binding of the AMP- 
activating group may be sufficient due to its high local 
concentration [ 161. 

A previous selection for kinase ribozymes that used the 
ATP aptamer in a pool produced an estimated 10,000 
kinase ribozymes [17]. This high yield suggested that pre- 
disposing the pool towards AMP binding by the incorpora- 
tion of the aptamer had aided in the isolation of ribozymes, 
although this remains uncertain in the absence of a control 
selection from a random pool. Because fewer ligase ribo- 
zymes were obtained in the selection presented here than 
in the closely related selection for 5’-triphosphate ligases 
from a completely random pool [1,14], it appears that little 
advantage was achieved by incorporating the aptamer in 
the starting pool in the selection for AMP-activated ligases. 
It is possible that binding of the AMP handle by the apta- 
mer might block access to the 5’-5’-pyrophosphate, thereby 
blocking efficient catalysis of ligation. Alternatively, the 15% 
mutagenesis of the aptamer region, which was designed to 
allow for some flexibility in the binding domain, may have 
simply resulted in the great majority of pool molecules 
having no functional aptamer domain so that the pool was 
functionally equivalent to a fully random pool. 

Several results strongly suggest that factors other than cat- 
alytic efficiency determined the overall fitness of individ- 
uals in the pool population. H4004 only showed a slight 
rate advantage over several of the other ribozymes isolated 
at round 4, yet made up 80% of the entire pool. It seems 
unlikely that such a complete level of dominance at an 
early round could have resulted from such a minor rate 
advantage. H4004 was probably a superior template for 
PCR amplification, reverse transcription, or transcription. 

Furthermore, preliminary analysis suggested that some 
mutations found at high frequency in round 10 clones of 
the major ribozymes do not detectably enhance ligation 
rates. These mutations may have had more of an effect on 
replication efficiency than catalytic efficiency. 

Significance 
The successful isolation of ribozyme ligases that use 
AMP-activated (AMP: adenosine S-monophosphate) 
substrates expands the repertoire of biologically relevant 
reactions known to be efficiently catalyzed by RNA 
enzymes. These ribozymes use the same kind of sub- 
strate activation employed by the protein enzymes DNA 
ligase and RNA ligase and accelerate the attack by the 
3’-hydroxyl of a ternplated RNA on the a-phosphate of 
an adenosine-5’-5’-pyrophosphate linkage of an adjacent 
ternplated RNA, resulting in 3’-S/-ligation and loss of 
AMP. The use of adenosine-5’-5’-pyrophosphate struc- 
tures may be a relic of ribozyme catalysis in the ‘RNA 
world’. The isolated ligases provide a promising starting 
point for the evolution of more efficient template- 
directed ligases or polymerases capable of sequence- 
independent recognition of substrate RNAs or monomers 
equipped with an AMP ‘handle’. 

Materials and methods 
Oligonucleotide synthesis and purification 
Synthetic DNAs and DNA/RNA substrate molecules were synthesized 
on PerSeptive Biosystems Expedite 8900 (Framingham, MA, USA) 
nucleic acid synthesizers according to the manufacturer’s instructions, 
DNA/RNA substrate oligonucleotides were deprotected in ammonium 
hydroxide, 3:l (v:v), and then thoroughly dried. The substrate oligonu- 
cleotides (each 1 jtmol scale synthesis) were then incubated in 150 pl 
of 1 M tetrabutylammonium fluoride (Sigma, St Louis, MO, USA) at 
room temperature for 24 h to remove silyl groups. The tetrabutylammo- 
nium fluoride was removed by ethanol precipitation of the oligonu- 
cleotide. The 2’smethoxycytosine and 3’-deoxycytosine CPG support 
columns used for modified substrate synthesis were obtained from 
Glen Research (Sterling, VA, USA). All synthesized oligonucleotides 
were purified on denaturing polyacrylamide gels. 

Pool construction 
Two pool oligonucleotides were synthesized: 5’-GAACCTCTAG- 
GTCACCCGAGtgccagcaacgc-N,,-gcgttgggaagaaactgtGGCACCAC- 
GTCAGAAGGATC-3’ and 5’-GCGCGACTAGGATAGGCACC-Nsn- 
CCCGAGACCGTATAGCATGT-3’ (lower-case letters represent ATP 
aptamer bases randomized at a rate of 150/o, upper-case letters repre- 
sent constant regions, N represents a randomized site, bold letters indi- 
cate Ban1 sites, and italics indicate Aval sites). Synthesis of random 
regions and analysis of pool complexity was done as previously 
reported 111. The pool oligonucleotide containing the 60-nucleotide 
random region was PCR-amplified using the forward primer B’-GCGC- 
GACTAGGATAGGCACC-3’ and the reverse primer B’-ACATGCTAT- 
ACGGTCTCGGG-3’. The pool oligonucleotide containing the doped 
ATP aptamer was PCR-amplified using the forward primer 5’-GAAC- 
CTCTAGGTCACCCGAG-3’ and the reverse primer 5’-GATCCTTCT- 
GACGTGGTGCC-3’. Half of the Ns,-containing pool PCR DNA was 
digested with Banl (NEB, Beverly, MA, USA) and the other half was 
digested with Aval (NEB). The aptamer-containing pool PCR DNA was 
digested with both Aval and Banl. A mixture of each of the three 
digested pool fragments was combined and ligated using T4 DNA 
Ligase (NEB). The ligated pool DNA was purified on 5% denaturing 
polyacrylamide gels and -760 ug double-stranded DNA was recovered. 



616 Chemistry & Biology 1997, Vol 4 No 8 

The ligated pool DNA was then PCR-amplified using the forward 
primer 5’-ATGTAATACGACTCACTATAGGCAACGCGCGACTAG- 
GATAGGC-3’ (ah42.97) and the reverse primer 5’-GCCTGGTGATTT- 
GCTGAACCTGATGTATCTAAGGACATGCTATACGGTCTC-3’. 

Synthesis of 5’-.5’-pyrophosphate dinucleotides 
The phosphorimidazolide of adenosine (ImpA.) and the phosphorimida- 
zolide of guanosine (ImpG) were prepared on the gram scale as pub- 
lished [I 81. The 5’-monophosphates were purchased from Sigma. 
Typically, AppG was synthesized by reacting ImpA (0.1 M) with 
5’-GMP (0.05 M) in 0.1 M PIPES (piperidine-N,N’-bis[2-ethanesulfonic 
acid) pl-l 7.0 and 0.15-0.20 M MgCI, at 50°C for 4 h [I 3). GppG was 
synthesized by reacting ImpG (50 mM) with 5’-GMP (25 mM) under 
the same conditions. The 5’-5’-pyrophosphate dinucleotides were ana- 
lyzed and purified by high performance liquid chromatography (HPLC; 
Beckman Instruments (Columbia, MD, USA), Dionex NucleoPac 
column, 1 Oo/, CHsCN, gradient: 1 O-400 mM ammonium acetate, 
pH 5.5, in 30 min). The identity of the desired dinucleotides was con- 
firmed enzymatically. The AppG dinucleotide, for instance, was cleaved 
by nucleotide pyrophosphatase (Sigma) into phosphatase-sensitive 
products, which coeluted with B/-AMP and 5’-GMP under anion 
exchange HPLC conditions. The 5’-5’-pyrophosphate dinucleotide was 
resistant to alkaline phosphatase (Boehringer-Mannheim, Indianapolis, 
IN, USA). 

Transcription reactions 
Pool transcription of round 0 pool (IO ml) contained the following: 
-40,000 units T7 RNA polymerase; -1200 units RNasin RNase 
inhibitor (Promega, Madison, WI, USA); pool template DNA (-1 FM); 
5 mM DTT (dithiothreitol); 5 mM uracil triphosphate (UTP), ATP, and 
cytosine triphosphate (CTP); 2.3 mM GTP; 7 mM AppG; 26 mM 
MgCI,; 0.01% triton x-l 00; 3 mM spermidine; 40 mM Tris pH 7.9. 
Transcription reactions for subsequent pools were performed in smaller 
volumes (25-l 00 ~1). Round 0 pool transcription was at 37°C for 8 h. 
Subsequent pools were typically transcribed in overnight incubations. 
All transcribed RNAs were gel purified on denaturing polyacrylamide 
gels. ‘GTP only’ transcription reactions were done as above except that 
they contained 5 mM GTP and no 5’-5’-pyrophosphate dinucleotide. 
Transcriptions primed with ApppG (NEB) were identical to the AppG 
reactions except for the substitution of ApppG for AppG. GppG- 
primed transcriptions contained 4.6 mM GppG and 2.3 mM GTP. 
(Less GppG was used due to its inhibition of transcription.) 

DNA ligase reactions 
DNA ligase reactions were performed on internally 3sP-labeled AppG- 
primed pool (0.5 FM) transcripts in ATP-free buffer (50 mM Tris pH 7.8, 
10 mM MgCI,, 10 mM DTT, and 50 pglml bovine serum albumin). 
1.5 uM DNA splint oligonucleotide (5’~CCTAGTCGCGCGTTGCCG- 
ACTAGllTll-TTTTTTTTT-3’, 5’-CCTAGTCGCGCGTTGCCGACTA- 
GAAAAAAAAAAAAAA-3’, or B’CCTAGTCGCGCGTTGCCGACTA- 
GTTTGCTTGAGATGC-3’) and 3 PM substrate oligonucleotide were 
annealed to the pool RNA in distilled H,O prior to the addition of buffer 
or enzyme. 60 units of T4 DNA ligase (NEB) were added to the 20 pl 
reactions. Reactions were incubated for 15 min at 25°C. 

In vitro selection 
Pool RNAs were immobilized on streptavidin agarose (Pierce, Rockford, 
IL, USA) by first annealing the pool RNA to a biotinylated primer 5’-AA- 
(biotin dT)-GCCTGGTGATTTGCTGAACC-3’ (biotin-dT phosphor- 
amidite purchased from Glen Research) in 600 mM KCI, 25 mM Tris 
pH 7.4, and 1 mM EDTA. The poured column was washed with 1 x liga- 
tion buffer: 60 mM MgCI,; 30 mM Tris pH 7.4; 600 mM KCI. The column 
was then stopped and 1 x ligation buffer and substrate DNA/RNA 
oligonucleotide added (6-8 uM final concentration). DNA/RNA sub- 
strate sequences were as follows: 5’-d(A),,-cuaguc-3’ (substrate I); 
5’-d(T),,-cuaguc-3’ (substrate II); 5’-d(AAGCATGTAAGCATCTCAAG- 
CAAA)-cuaguc-3’ (substrate Ill); 5’-d(AAGCATGTAAGCATCTCAAG- 
CAAC)-cuaguc-3’ (substrate IV). The entire incubation took place at 

25°C. After the incubation was completed the pool RNA was eluted off 
the column with 15 mM NaOH and immediately neutralized. 

The active RNA species were selected on either oligo (T) cellulose 
columns (Pharmacia, Piscataway, NJ, USA), teflon oligo-affinity support 
columns (Glen Research), poiy d(T) magnetic beads (Dynal, Lake 
Success, NY, USA), or poly d(A) magnetic beads depending on which 
substrate oligonucleotide had been used in that round. The poly d(A) 
magnetic beads were constructed from streptavidin magnetic beads 
from Dynal and the biotinylated oligonucleotide 5’-d(A),,-BioTEG-3’ 
(BioTEG CPG support column from Glen Research). The DNA 
oligonucleotide sequence of the teflon oligo-affinity column was 
5’-GAGATGCTTACATGCA-3’. Selection column binding of active 
RNAs took place in 5 x SSC (saline-sodium citrate buffer) and 0.5% 
sodium dodecyl sulfate. Multiple column volume washings were done 
with 2 x SSC. Active RNAs were eluted with distilled H,O (or 15 mM 
NaOH, if necessary). 

Superscript II (Gibco BRL, Grand Island, NY, USA) was used in all 
rounds for reverse transcription. The reverse primer 5’-GCCTGGT- 
GATTTGCTGAACCTGATGTATCTAAG-3’ was used for both reverse 
transcription and PCR. In selective PCR, 5’-(A),,-CTAGTC-3, 5’~(T)sz- 
CTAGTC-3’, or 5’-AAGCATGTAAGCATCTCAAGCA-3’ was used as 
the forward primer. Prior to round 4, 20 cycles of selective PCR were 
done in each round. Starting with round 4, selective PCR was per- 
formed until a double-stranded DNA product of the correct size could 
be observed on a 2% agarose gel with ethidium staining. The DNA 
primer ah42.97 was used in nested PCRs to regenerate the T7 pro- 
moter. In rounds 6-10 of selection B, the following clone-specific 
forward primer was used in nested PCRs to discourage the amplifica- 
tion of contaminants: 5’-ATGTAATACGACTCACTATAGGCAACGC- 
GCGACTAGGATAGGCACCTCTAT-3’. 

Mutagenic PCR conditions were created by increasing Mg*+ and poly- 
merase concentrations, increasing deoxyCTP (dCTP) and deoxythymi- 
dine triphosphate (dTTP) concentrations, and adding Mn*+ [1,19]. 
Analysis of mutations in a nonessential 32 nucleotide region in round 
10 H4004 family clones (found deleted in several of the sequences 
and, when deleted in others, had no effect on activity) confirmed that 
the average rate of mutagenesis was 6% per site after three rounds of 
30 doublings under mutagenic PCR conditions. There was a substan- 
tial bias, however, among the 51 mutations examined. A.T to T.A muta- 
tions were significantly overrepresented (5.3% frequency) and GC to 
T.A and GC to C.G mutations were significantly underrepresented 
(0.4% and 0.14% frequency, respectively). 

Ligation assay conditions 
Ribozymes were assayed for initial ligation rate activity in 1 x ligation 
buffer with 6 pM 5 ’ 32P-labeled substrate oligonucleotide at 25°C. 
Unless otherwise indicated, all assays were done using substrate oligo- 
nucleotide Ill. Ribozyme concentration was 1.5 PM. If the ribozyme was 
full-length, the biotinylated oligonucleotide used to immobilize the pool 
during the selection was preannealed to the ribozyme prior to addition 
of substrate. Reactions were typically analyzed and bands quantitated 
on 8% polyacrylamide denaturing gels using a Phosphorlmager from 
Molecular Dynamics (Sunnyvale, CA, USA). 

Uncatalyzed reaction rate assay 
5’ 32P-labeled substrate oligonucleotide Ill (0.5 FM) and 10 pM of one 
of the template RNAs shown in Figure 8 were annealed and then incu- 
bated in 1 x ligation buffer for l-2 weeks at 25°C. The template RNAs 
were AppG-primed and because of their small size we were able to 
separate the transcripts beginning with AppG from those beginning 
with GTP on a denaturing polyacrylamide gel. 

Cloning and sequencing 
All cloning was done as directed in the pT7Blue T-Vector Kit 
(Novagen, Madison, WI, USA). All sequencing was performed using 
ABI 373 DNA sequencers. Sequences of round 4 isolates were 
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submitted to the databases. Genbank accession numbers for the iso- 
lates: H4004, AFOOOl22; H4853, AFOOO123; H4823, AF000124; 
H4742, AF000125; H4009, AF000126; H4028, AFOOO127; H4003, 
AF000128; and H4736, AF000129. The sequences of CM2g and 
CM3 were also submitted to the databases (accession numbers 
AF000130 and AFOOOl31, respectively). 
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