
ABSTRACT 
 
 

ZHAO, JIE. Improved RNA Diels-Alderase by Mutation. (Under the direction of Bruce 

Eaton.) 

 

DA-22 is a well-studied Diels-Alderase with good catalysis. DA-2 and DA-22 

share a highly conserved sequence. The RNA selection would have converged on a local 

catalytic maximum and that further mutation might lead to better catalysis. My research 

was to mutagenize DA-2 by mutagenic PCR to diversify the number of sequences and to 

determine if better Diels-Alderases could be found. RNA Diels-Alderase DA-2 was 

selected through in vitro evolution cycles. The strategy is to transcribe mutagenized DNA 

to RNA with T7 RNA polymerase, conjugate RNA with a diene via a PEG linker in a 

DNA bridge-mediated ligation, incubate RNA-diene conjugate with dienophile, then use 

streptavidin to separate the reacted and unreacted RNA. After the separation, RNA can be 

reverse transcribed to DNA and then the cycles can be repeated. 
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1. INTRODUCTION 

1.1 Catalytic RNA   

With the discovery of self-splicing1,2 and self-cleaving3-7 catalytic RNA (ribozymes, 

RNA molecules with catalytic properties), naturally occurring ribozymes have been 

shown to efficiently catalyze the formation and cleavage of nucleic-acid phosphodiester 

bonds.8 These ribozyme-substrate interactions are governed by nucleobase-pairing 

interaction.  

Oligonucleotides are very unique among macromolecular catalytic platforms.9 RNA 

was once thought to only be able to interact as catalysts with other nucleic acid substrates 

and not to possess the required functionality to catalyze the synthesis of small organic 

structures. Can RNA be made to catalyze reactions that are fundamentally different than 

those catalyzed by natural ribozymes? In contrast to proteins with diverse functional 

groups as side chains that can provide intricate interactions with substrates or cofactors,9 

nucleic acids are lacking of functional group diversity. Incorporation of modified 

nucleotides with a variety of functional groups, which extend even beyond the diversity 

present in proteins has overcome this limitation.10,11 Recent advances in the chemical and 

enzymatic modification of RNA are being used to increase the structural and functional 

diversity in nucleic acids and provide the opportunity to tune the functionality of the 

macromolecular platform for the desired catalytic outcome.9-24 In addition, RNA catalysts 

have demonstrated substrate specificity25,26 and sometimes stereospecific product 

formation.27 Combining these properties makes catalytic oligonucleotides a useful 
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platform for creating new catalysts and studying reaction mechanisms. The evidence is 

that the narrow range of RNA-catalyzed reactions has now been subsequently expanded 

by in vitro selection methods to include acyl transfers,28-38 peptidyl transfers,39 ester and 

amide bond formation,40,41 cofactor synthesis,42 Michael additions,43 nucleophilic 

substitutions,44 porphyrin metallations45,46 and Diels-Alder cycloaddtions.47-50  

1.2  Diels-Alder reaction  

Carbon-carbon bond formation and the creation of asymmetric centers are both very 

bioactively important. Diels-Alder cycloaddition is historically among the most powerful 

and widely used of all synthetic organic transformations.51 It creates two carbon-carbon 

bonds and up to four new stereocenters and can typically be accelerated by Lewis acid 

catalysts. There are exo-diasteroselectivity and endo-diasteroselectivity as shown in 

equation 1.1, but few known catalysts can give the exo-diasteroselectivity for an acyclic 

1,3-butadiene in a normal demand Diels-Alder reaction.  
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Equation 1.1.  Diels-Alder cycloaddition 

 



 3

π-electron-rich aromatic groups in [4+2] catalysts could be used both to stabilize 

specific transition-state geometries and to provide stereoselectivity for the development of 

enantioselective catalysts for Diels-Alder reactions. In figure 1.1, the dienophile (1) was 

activated by Al-coordination and the structure (5) allowed optimal π-π interaction 

between the Al-coordinated carbonyl group and C2 of the nearby 3,5-dimethylphenyl 

group in (3) to stabilize the specific transition-state geometries. The phenyl group in (3) 

can block the [4+2] cycloaddition of (2) to the front face of N-arylmaleimide (1) to favor 

the formation of (5) by forcing the diene to add to the rear face, rendering this 

endo-product stereoselectivity. The stereoselectivity of the reaction was high and 

formation of (6) was disfavored.52,53  

RNA catalysis to assemble organic molecules could provide major advancements in 

understanding the mechanisms of  these organic reactions. It may also reveal new 

possibilities for low reactivity cycloaddition substrates and diastereoselectivity. 
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Figure 1.1. Enantioselective synthesis of 4 through the reaction of 2-methoxybutadiene 2 with the 
N-arylmaleimide 1 in the presence of catalyst 3. 5 was favored form and 6 was disfavored form. 

 

 

2.  LITERATURE REVIEW 

2.1  RNA Diels-Alderase binding interactions   

Most RNA structures are not catalysts, but when RNA is chemically modified with 

functional groups like imidazoles and pyridines used in an in vitro selection, its catalytic 

capabilities are expanded. A Diels-Alder reaction catalyst was reported consisting of 

modified RNA with additional functionalities attached to the nucleobases.47 The pyridyl 

modification expands the functional diversity of the RNA by providing additional 

hydrogen bonding, hydrophobic and dipolar interactions as well as an alternative 



 6

sigma-donor ligand for metal ion binding. Novel metal binding sites created by the 

precise positioning of pyridyl groups may be crucial to the Diels-Alderase activity. Most 

of the RNA Diels-Alderases have demonstrated a high degree of substrate specificity and 

a dependence on the presence of cupric ion (Cu2+). Modified RNA bound with crucial 

metals folds specifically to recognize the two reactants. Hydrophobic interactions play an 

important role between RNA Diels-Alderases and substrates. To date, no catalysis of 

carbon-carbon bond formation by unmodified RNA has been described.34 Either the RNA 

or the substrates has to be modified. In the work of Jaschke on the Diels-Alder [4+2] 

reaction, no modified bases were used in the RNA, but modified substrate, anthracene 

(modified diene), served as a diene in Diels-Alder reactions and was also a good 

intercalator for binding nucleic acids.27,50 

RNA can fold up in three-dimensional complex shapes with intricate binding 

pockets. Some RNA can form catalytic pockets and some may only bind small molecules 

and proteins. Proposed secondary structures based on the Zucker folding algorithm are 

shown in figure 2.1. It is evident from the structures that the RNA Diels-Alderases have 

the potential to generate extended helical regions resulting in stable secondary 

structures.48 It is clear that large portions of the secondary structures involve the constant 

regions, which are required for the various enzymatic steps of in vitro selection cycles. 

The lowest energy structures generated by the Zucker algorithm show the locations and 

secondary structures of the 10 base conserved regions, which are largely centralized in the 

primary sequence and are involved in a variety of secondary interactions. The 10 base 
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conserved regions have been expanded in figure 2.1 to show that they may share similar 

secondary structures consisting of a bulge and they can fold with the bulges in a special 

manner. It is likely that these conserved regions play similar roles in creating catalytically 

active folded topologies. The mechanisms by which RNA accelerates Diels-Alder 

cycloaddition have received much attention in recent years and there is currently much 

interest in developing methods for improving its rate and selectivity. 

 

 

 
 
Figure 2.1. Proposed secondary structures of the two RNA Diels-Alderase isolates. The 10 base 
conserved sequences have been enlarged to show secondary structural details. 
 
 
 
2.2  RNA Diels-Alderase in vitro selection 

A variety of catalytic molecules can be present in a diverse pool of nucleic acids 

with random sequence. How to identify or isolate those rare molecules that have the 

desired catalytic properties is a challenging problem. The use of combinatorial methods is 

playing a central role in expanding RNA Diels-Alderase functions. An in vitro selection 

scheme to isolate RNA molecules with Diels-Alderase activity was carried out as 
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described previously.41,47 The strategy is to generate a randomized pool of RNA that is 

transcribed from DNA. Many different modified ribonucleotides can be efficiently 

incorporated into the transcripts with high fidelity by using T7 RNA polymerase. 

Compared to natural nucleotide catalysts, the scope of catalysis can be greatly increased 

by adding functional groups to the nucleotide bases. Conformational flexibility, 

nucleophilicity, electrophilicity, metal coordination sites and acid or base characteristics 

are then added.41,47 T7 RNA polymerase can well tolerate these modifications with regard 

to sequence diversity and overall fidelity. RNA conjugates can be transcribed with a diene 

attached to a long flexible polyethylene glycol (PEG) tether and a DNA 10-mer by 

bridge-mediated ligation of the 10-mer onto the 5’-end of the RNA. The long flexible 

PEG linker (average MW 2,000) allows the diene to survey the entire surface of the RNA. 

This relatively inert linear polymer is soluble in aqueous buffers so that it is used for 

many RNA catalyzed reactions and may improve the solubility of substrates in some 

cases. Cycles of in vitro selection are carried out by incubating the RNA-diene conjugate 

with the dienophile. The resulting pool of product bears a biotin substituent contributed 

by the dienophile for selection of RNA molecules that catalyze carbon-carbon bond 

formation between the two reactants. Selective capturing of the active nucleic acid 

sequences is a crucial factor in determining the success of a RNA catalyst in vitro 

selection. A convenient technique for partitioning active from inactive RNA sequences 

involves capture of biotin by streptavidin. Biotin is a widely used affinity tag because of 

its strong binding to streptavidin. The newly formed biotinylated Diels-Alder product 
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would then be covalently attached to the RNA through the PEG linker allowing for 

separation of reacted and unreacted RNA molecules by virtue of streptavidin binding and 

concomitant electrophoretic mobility shift. The streptavidin dependent gel shifted product 

can be quantitated by phosphorimaging or scintillation counting of excised gel bands.47 

After removal of all nonbiotinylated members of the pool, active RNA molecules can be 

reverse transcribed and the resulting PCR-amplified DNA used in the next cycle is the 

template for transcription. Multiple cycles of in vitro selection produce a population of 

RNA molecules capable of catalyzing the desired Diels-Alder reaction. Mixtures of 

transition metals are used in the incubation for Diels-Alder cycloaddition. They could 

form unique structural or Lewis acidic sites with the modified RNA. Divalent metal ions 

are essential components present in successful nucleic acid catalyzed reactions, such as 

Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Al3+, and Ga2+.35,41 A buffer without functional groups 

that could react is also required. HEPES (2-[4-(2-hydroxyethyl)-1-piperazine] 

ethanesulfonic acid) is a commonly used buffer. These essential components maintain 

RNA tertiary structure and prevent its aggregation.43,47,54 Unlike any other molecule type, 

nucleic acids can be enzymatically replicated and this provides the opportunity to directly 

select for a desired catalytic function by in vitro techniques. 

2.3  Mutagenic PCR   

If a significant number of mutations were introduced during PCR amplification, an 

in vitro evolution would diversify the pool of catalytic RNAs. Most practitioners of PCR 

prefer to carry out DNA amplification in an accurate manner, introducing as few base 
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substitutions as possible. This is especially critical when one is studying clonal isolates 

and must distinguish natural variation from artifactual variation that is introduced by 

polymerase error. Thermostable DNA polymerases are available that operate with high 

fidelity because of an intrinsic 3’ to 5’ exonuclease activity. Manipulation of PCR 

conditions can lead to further improvement of copying accuracy.55 The other side of the 

fidelity issue can also be considered, those instances where promiscuity is a virtue. In 

probing the structure or function of a protein or nucleic acid, it maybe desirable to 

generate a library of mutants and apply a screening method to isolate sequences that 

exhibit a particular property.56-59 For mutations over a short sequence within a cloned 

gene, it is appropriate to replace a portion of the gene with a synthetic DNA fragment that 

contains random or partially randomized nucleotides. One convenient way to introduce 

random mutations is through inaccurate copying by a DNA polymerase, especially if the 

polymerase is a thermastable enzyme that can operate in the context of the PCR. Each 

pass of the polymerase during the PCR allows for the possibility of mutation, so that the 

cumulative error rate can become substantial. The error rate of Taq polymerase is the 

highest of the known thermostable DNA polymerase. Over the course of 20-25 cycles of 

the mutagenic PCR, the polymerase can make a mutation rate from one to a few 

mutations per base. 20-25 cycles of the mutagenic PCR are carried out to ensure that 

mismatched termini have ample opportunity to become extended to produce complete 

copies and there are very little chance of any two molecules isolated from the final 

population carrying the same mutation as a consequence of deriving from a common 
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ancestor. Therefore, after mutation, more sequences are created.  

 Through mutagenesis a cloned catalyst can be re-randomized and examined for 

changed activity. An evolving pool can periodically be mutagenized and re-selected. After 

subpopulations are selected, they can then be used directly as input for a second evolution 

cycle of mutagenic PCR. Repeating the cycle of selection and mutagenic amplification 

allows one to carry out in vitro evolution of nucleic acids, including those that have 

catalytic function.60-62 Theoretically this can result in selection convergence on sequences 

around the most active catalytic motifs. The type of mutagenic PCR employed can control 

the degree of mutation introduced at each position. Chemical mutagenesis uses 

incorporation of nucleotide analogs to cause base pair mismatching during PCR 

amplification.  

Important advantages of mutagenic PCR are to introduce the various types of 

mutations in an unbiased fashion rather than to achieve a high overall level of 

amplification and to allow repeated randomization of populations of nucleic acids without 

isolating clones and obtaining sequence information.  

 

3.  IN VITRO SELECTION OF RNA DIELS-ALDERASE IN MY 

RESEARCH 

3.1  Objectives 

My research is to utilize mutagenic PCR and isolate mutated RNA molecules that 

catalyze the formation of carbon-carbon bonds between a tethered diene and a 
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biotinylated maleimide dienophile by [4+2] cycloaddition (Diels-Alder reaction).  

3.2  Materials and methods 

The process begins with dsDNA DA-2. The dsDNA templates contain fixed regions 

required for the enzymes used in the amplification. The fixed regions were not mutated, 

as these are essential for PCR amplification and the other enzymatic steps of the selection 

process. The center of the templates contains a variable region of 100 nucleotides long 

that is practically the maximum length in DNA synthesis of a random sequence, as shown 

in figure 3.1.47 Mutation is only in the 100 nucleotide random region. Mutation in this 

variable region can diversify the number of sequences after cycles of selection to help 

explore the details of the evolving catalytic region. It seems reasonable that further 

mutation might lead to better catalysis.  

Mutagenic PCR is derived from “standard” PCR conditions: 1.5 mM MgCl2, 50 

mM KCl, 10 mM Tris (pH 8.3 at 25°C), 0.2 mM each dNTP, 0.3 µM each primer and 2.5 

units of Taq polymerase in a 100-µl volume, and the reaction mixtures were incubated for 

30 cycles of 95°C for 1 min, 55°C for 1 min and 72°C for 1 min in a conventional 

thermocycler. Some changes are made to enhance the mutation rate and introduce the 

mutagenic PCR. In my research, a RNA sequence (DA-2) was mutated using PCR in the 

variable and highly conserved sequence regions (Scheme 3.1) while maintaining the fixed 

regions by increasing the concentrations of Mn2+ and Mg2+.  
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Family 1 

DA-01  

GUGAGUGUCUUGUAGAGCGGCGUGAAGAGCUUACGACUCUUCGUGUCCGUUUCUAACGCGUGUCCAUGAACCCGUCCCUAGUGGGGGGGGGCGCCUG 

DA-14  

CUGAGUGUCUUGUAGAGCGGUGUGAAGAGCUUACGACUCUUCGUGUCCGUUUCUAACGCGUGCCCAUGAACCCUCCCUAGUUGGGGGGGCGCCUG  

DA-22  

UUGAGUGUCUUGUAGAGCGGCGUGAAGAGCUUACGACUCUUCGUGUCCGUUUCUAACGCGUGCCCAUGAACCCAUCCCUAGUGGGUGGGGGCGCCUG 

DA-47 

UUGAGUGUCUUGUAGAGUGGCGUGAAGAGCUUACGACUCUUCGUGUCCGUUUCUAACGCGUGCCCAUGAACCCAUCCCUAGUGGGUUGCGGCGCCUG 

 

Family 2 

DA-2 

GGCUUUCCAGUAUGGAUACCCUUGGGGCUCUUUGUAGACAGCGUAGUUGUUCUAAUCGCGUAGGCCUGGUGAGGUACGUGUUAGAUGCGGUUAUCGAGGG 

 
Figure 3.1. Variable region (~100 N) and highly conserved region underlined, sequences of 5 
isolates obtained from the Diels-Alderases in vitro selection. The number to the left of the 
sequences identifies isolates. Members of clonal families are labeled. The computer-identified 
consensus sequence is in bold and underlined for each of the isolates from families. 
 
 

In step 1 (Scheme 1), 0.5 mM Mn2+ was added to diminish the template specificity 

of the polymerase;63,64 higher Mg2+ concentration (7 mM) was used to stabilize 

noncomplementary pairs;65,66 The Concentrations of dCTP and dTTP were increased five 

fold over that of dGTP and dATP to promote misincorporation;64,67 Doubling the units of 

Taq polymerase to 5 units was done to promote chain extension beyond positions of base 

mismatches.68 Reaction mixtures were incubated for 30 cycles of 95°C for 1 min, 55°C 

for 1 min, 72°C for 1 min and the reaction products were purified with a silica 

purification kit (Qiagen). Then a small portion of the purified products was run on a 6% 

analytical polyacrylamide (19:1) gel stained with ethidium bromide to confirm a 
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satisfactory yield of full-length material.  
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Scheme 3.1. Steps of the RNA catalyst selection cycle 
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In step 2 (Scheme 1), mutagenized dsDNA library was then transcribed to produce a 

new RNA library with T7 RNA polymerase. During transcription step it is easy to 

incorporate additional functional groups into the RNA by using modified UTP. The 

pyridine modified UTP shown in Scheme 1 (*UTP) has been shown to be essential in a  

selection for RNA Diels-Alderases. 20 mM GMP, 0.5 mM each of ATP, GTP, CTP and 1 

mM modified UTP (in 100 ul total reaction volume) were incorporated. High 

concentration of GMP was used to make sure that the 5’ end of transcribed RNA was 

GMP for Diene-PEG-DNA ligation. Reactants were incubated at 37°C for 6 hours. 

Once the transcribed RNA was purified, in step 3 (Scheme 1) it was then attached to 

a diene via a long flexible polyethylene glycol (PEG) and a DNA 10-mer by 

bridge-mediated ligation of the 10-mer onto the GMP 5’-end of the RNA by T4 DNA 

ligase. The PEG linker is long enough (44 units ± 6) that on average the diene has 

sufficient freedom to find an active site along the length of the catalyst. The ratio of 

modified transcript of RNA to 10-mer-PEG-substrate to 20-mer DNA bridge 

oligonucleotide was 1:2:3. These components were mixed thoroughly and incubated at 

72°C for 3 min and then allowed to cool to room temperature. Ligation buffer with T4 

DNA ligase and RNasin were added and the mixture was incubated in thermocycler at 

37°C for 3 hours, at 22°C for 3 hours, 17°C for 3 hours and held at 4°C overnight.  

In step 4 (Scheme 1), biotinylated maleimide (final concentration 200 µM) as the 

Diels-Alder dienophile was added to the ligation product. The reaction mixture contained 

HEPES pH 7.0, 200 mM NaCl, 200 mM KCl, 1mM CaCl2, 1 mM MgCl2, 10 uM each 
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Al(lactate)3, GaSO4, MnCl2, FeCl2, CoCl2, NiCl2, CuCl2 and ZnCl2, 10% ethanol (EtOH) 

and 2% dimethyl sulfoxide (DMSO). The mixture was incubated at 25°C for 3 hours. One 

major drawback was the low solubility of the biotinylated substrates.  

Streptavidin bound biotin in the biotin-product-PEG-DNA-RNA ligation product to 

produce molecules with large molecular weight. Through running electrophoretic gel, 

streptavidin-biotin-product-PEG-DNA-RNA with large molecular weight moved slowest 

in the gel to produce a gel shift. The gel shift was the reacted diene-PEG-DNA-RNA 

sequences in step 5 (Scheme 1). After removal of all nonbiotinylated members of the pool, 

in step 6 (Scheme 1) active mutagenized RNA molecules were then reverse transcribed in 

a mixture of buffer components, dNTP’s, 3’ primer, RNasin and superscript II reverse 

transcriptase by incubating at 45°C for 45 min. to give a cDNA copy of the “winning” 

sequences. These sequences were amplified by performing multiple cycles of mutagenic 

PCR for further evolution and then used in iterative selection cycles.  

Each mutagenic evolution cycle expanded the pool of RNA sequences. It was 

unclear if the mutated RNA library was enriched in sequences that could catalyze the 

Diels-Alder reaction. A large population of sequence variants indicates that there are 

many unique sequences with comparable ability to catalyze this single Diels-Alder 

reaction. The mutation of a RNA Diels-Alderase can generate numerous related catalysts 

for a given [4+2] cycloaddition. The majority of the selected mutagenized ssRNA 

sequences contains a special folded three dimensional structure domain bound with 

crucial metals and produces intricate binding pockets that specifically recognize diene 
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and maleimide and catalyze the carbon-carbon bond formation. The number and potential 

structures possible to bind small molecules or catalyze reactions are unknown. An 

important goal of my research was to determine if including mutagenesis as part of 

Diels-Alderase selection would allow better catalysts to be found. 

 

4.  RESULTS AND DISCUSSIONS 

4.1  DA-2 mutation library generation and in vitro selection  

The beginning mutated DNA sequence library (~1014) was prepared by mutagenic 

PCR of clone DNA DA-2 with 157 base pairs. A small portion of the purified products on 

a 6% analytical polyacrylamide (19:1) gel was stained with ethidium bromide to confirm 

a satisfactory yield of full-length material, 157 base pair mutated DA-2 as shown in figure 

4.1.  

 

  
 
Figure 4.1. 6% analytical polyacrylamide gel for 30 cycles of mutagenic PCR products. 157 base 
pairs are the right full length of mutagenized DNA products. 
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The mutated RNA sequence library was then prepared by transcription of the cDNA 

library generated by mutagenic PCR. A diene was attached to the transcribed RNA 

through a long flexible polyethylene glycol (PEG) and a DNA 10-mer by bridge-mediated 

ligation of the 10-mer onto the GMP 5’-end of the RNA by T4 DNA ligase to form the 

ligation product. Electrophoresis was used to separate ligation products. Voltage was 

applied to charged molecules, inducing them to migrate through the gel, causing the 

bigger molecules to move more slowly. The ligation products have a larger molecular 

weight to charge ratio, so they migrate slower, as seen as the upper bands shown in figure 

4.2.  

 

 

 
 
Figure 4.2. 6% denaturing polyacrylamide, 8.3 M Urea gel for ligation. The lower mobility bands 
correspond to the ligation products, which were excised for Diels-Alder reaction and the higher 
mobility bands were unligated transcription products. 
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Catalyzed Diels-Alder cycloaddition products were isolated from the gel shifts, 

which were streptavidin-bound with biotin in the dienophile, as shown in figure 4.3. 

Cycles of in vitro selection were continued as described in Scheme 3.1. 

 

 

 
 
Figure 4.3. 6% denaturing polyacrylamide, 8.3 M Urea gel for Diels-Alder cycloaddion product 
analysis. The lower mobility bands, gel shifts correspond to the Diels-Alder products, which were 
excised and brought forward to next cycle. The higher mobility bands were ligation products, 
which were also the unreacted Diels-Alder products. 

 

 

4.2  Mutated Diels-Alderase catalytic characterization   

Since the sequence of DA-2 was diversified by mutagenic PCR and selected by each 

evolution cycle, new mutated sequences were introduced in each cycle and the 

concentration of these different sequences was relatively low in Diels-Alder reaction. 
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Also, one mutated RNA sequence might have much better or even worse catalytic 

possibility. Therefore the percentage of reacted Diels-Alder product was getting lower 

after each cycle of selection shown in table 4.1, showing that sequence diversity increased 

more than catalytic activity. However, after giving up mutagenic PCR and doing several 

standard PCR evolution selections, those selected catalytic RNA sequences would 

converge and we might be able to isolate better Diels-Alderases. 

 

Table 4.1. Progress of the 5 rounds of selection for mutagenized RNA Diels-Alderase from DA-2 
 

Round Reaction time  
(min.) 

Percentage of 
streptavidin-bound product 

per input pmol of RNA 
(%/pmol RNA) 

1 180 1.53 

2 180 0.35 

3 180 0.78 

4 180 0.23 

5 60 0.036 

 

4.3  Metal Dependence   

The original in vitro selection that produced the parent DA-2 included a mixture of 

metal ions (Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Al3+, Ga2+). This provides the pyridyl 

modified RNA the opportunity to utilize any metal or metal combination in structural or 

functional roles. It was found that the position of the nitrogen in the pyridine modification 
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(*UTP in Scheme 1) was essential for catalytic activity and it suggested that the 

organization of certain pyridine groups to form a specific copper ion-binding site 

contributes to the observed rate enhancement through Lewis acid catalysis.  

The 5-position pyridyl modified uridine in RNA is crucial to Diels-Alderases 

because it expands the functional diversity of the RNA by providing additional hydrogen 

bonding, hydrophobic and dipolar interactions as well as an alternative sigma-donor 

ligand for metal ion binding. 

4.4  Significant effect of RNA catalysis 

The recent explosion of genomic and proteomic information has created an 

abundance of protein targets that have potential as therapeutics. Expanding our 

understanding of RNA catalyzed cycloadditions will provide the ability to rapidly create 

and screen a large library of small molecules against protein targets. With a broader 

understanding of RNA catalysis and the ability to create chemical diversity through 

cycloaddition reactions it could be possible to assemble libraries of compounds to be 

targeted to protein active sites that might lead to new structures for pharmaceuticals and 

agrochemicals. 

 

5.  RECOMMENDATIONS FOR FUTURE RESEARCH 

5.1  RNA Diels-Alderase sequence analysis   

At the end of a selection experiment, the individual “winning” sequences can be 

spatially isolated from the evolved pool by standard cloning procedures and the 
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concentrations of the diversified new catalytic RNA Diels-Alderase could be brought up. 

To isolate the individual sequences of the PCR product from step 6 in Scheme 1, the last 

cycle will be used in standard plasmid cloning procedures that allows for the isolation of 

pure bacteria colonies containing individual catalyst sequences. The amplified DNA pool 

from the cycle of selection can be treated as a “pure” solution of insert and cloned in a 

variety of ways most typically by blunt-ended ligation into any variety of plasmid vectors. 

Bacteria can be transformed, plated, isolated and plasmid-purified using standard 

protocols or high-throughout facilities. Sequencing will be performed on the isolated 

DNA from the colonies. This can be done by dideoxy cycle sequencing with 

thermosequenase and a 32P end labeled primer. Sequencing of pools recovered as PCR 

product from cycles of selection can be compared to the starting DNA pool. This would 

provide information about the convergence of sequence information in the evolving pool. 

The sequencing would provide an indication of how the selection preceded.  

5.2  Mutagenic evolution of DA-22   

The best-studied RNA Diels-Alderase DA-22 will be used under the same condition 

and compared to the catalytic ability of mutated DA-2.  

5.3  Further modifications of RNA   

There remain many further modifications of RNA that could be tested to determine 

what functionality will impart the greatest catalytic activity. For cycloadditions, we 

currently use 4-pyridyl modification on the U-bases to help form Lewis acid metal 

coordination sites. We have the potential to modify U-bases or C-bases with new 
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chemical groups or modify both the U-bases and C-bases in RNA simultaneously. Further 

modification could be done to render RNA with better catalysis. 

5.4  Substrate Specificity   

Previously reported Diels-Alderases had been shown to posses a high degree of 

substrate specificity even when presented with dienophile substrates that were structurally 

and electronically very similar to the biotinylated maleimide dienophile used in its 

selection.49 Substrate specificity could be performed on mutated RNA sequences to detect 

whether or not the mutation would sacrifice substrate molecular recognition. 

5.5  New metal dependence   

The mutated Diels-Alderases were incubated with the same mixture of metal ions 

that was used in the original selection to allow for new metal dependent activity to 

emerge. All the generations of Diels-Alderases showed a dependence on cupric ion, but 

with the enrichment of RNA Diels-Alderases, we can predict that new transition metals 

would be required because the expanded sequences would fold into a different binding 

site, which fits some other new transition metals. The unique metal dependence of 

Diels-Alderases would demonstrate that RNA sequences with new structural and/or 

mechanistic features could be generated through mutation of existing RNA catalysts.  
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