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Group I intron ribozymes are a class of catalytic RNA that can excise themselves from a 

pre-mRNA sequence without the aid of the RNA/protein complex, spliceosome. Group I introns 

from Tetrahymena thermophila  have been modified to catalyze the same reaction but on a 

substrate in trans. One such example is the “spliceozyme”.  These are tetrahymena based trans-

splicing ribozymes that can remove 100 nucleotides long sequences from a substrate mRNA. 

Theoretically, these spliceozymes could be used to treat genetic diseases caused due to intron 

retention. However certain limitations such as  delivery of the ribozymes, trans-splicing efficiency, 

binding and splicing at the correct splice site, control of expression levels and off-target effects 

need to be overcome. A previous study tried to improve the trans-splicing efficiency of a 



x 

 

spliceozyme by evolving it for 10 rounds in bacterial cells. This resulted in a  clone called W11 

that enhanced  the trans-splicing efficiency by decreasing the formation of side products. However, 

the expression levels of these spliceozymes were too high (~10,000 molecules per cell) to be used 

in clinical settings. Additionally, the spliceozyme was optimized to remove the intron from a single 

splice site. This study focused on addressing these limitations by  evolving spliceozyme W11 in 

E.coli cells   under low expression levels and challenging it to remove different intron sequences 

from two different splice sites. Twelve rounds of evolution resulted in two spliceozyme sequences 

that showed better growth in E.coli than W11. It currently unclear, how the mutations observed in 

the winning spliceozymes improve their trans-splicing efficiency in E.coli cells. Future 

experiments like invitro assays and site directed mutagenesis need to be conducted in order to 

understand  how these mutations benefit the spliceozymes. 
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1.Introduction 
 

1.1 Self-splicing ribozymes  

 
RNA Splicing is a process in eukaryotic cells that involves the removal of non-coding 

introns from the pre-mRNA and the ligation of the exons to create a mature mRNA transcript that 

is ready to be translated. This requires the use of RNA/protein complexes such as the spliceosome 

[1].However, some introns can catalyze their own removal from pre-mRNAs without the aid of 

the spliceosome. Such catalytic RNA or ribozymes are considered to be self-splicing. There are 

two classes of these self-splicing introns: group I and group II [2,5]. 

Group I introns catalyze their removal in two transesterification reactions (Fig 1). In the 

first reaction, an exogenous guanosine enters and binds in a specific binding pocket in the catalytic 

core of the ribozyme. The 3'OH of this free guanosine acts as a nucleophile and attacks the 5' splice 

site. The 5'-splice site is the phosphodiester bond at the 3'-hydroxyl of a uridine, which constitutes 

the 3'-end of the 5' exon. The uridine is identified via a G-U wobble pair present in the P1 helix 

between the 5' exon and the Internal Guide Sequence (IGS) of the intron. The IGS refers to a short 

nucleotide sequence (~5 to 6 nts long) that base pairs with the 3'-terminus of the 5' exon [3]. Before 

the second reaction, a conformational rearrangement occurs, which brings the guanosine at the 

ribozyme 3'-terminus into the same guanosine binding site mentioned in the first step. This 3' 

terminal guanosine of the intron is termed ‘ωG’. Along with the binding of ‘ωG’ into the binding 

pocket, the 3' splice site is also recognized using hydrogen bonding and stacking interactions with 

adjacent base triplets. After the conformational rearrangement, the 3' OH of the terminal uridine 

at the 5' exon performs a nucleophilic attack on the 3' splice site which results in the ligation of the 

two flanking exons, and dissociation of the group I intron from the mRNA [4]. 
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Group II introns also catalyze their removal in two trans esterification reactions (Fig 1). 

However, they use a different nucleophile in the first catalytic step, and thereby generate different 

products: In the first step, the 2' OH of a bulged adenosine near the 3' splice site, performs a 

nucleophilic attack at the 5' splice site of the intron, cleaving the 5'exon and forming an intron 

lariat with the 3' exon. In the next step, the 3' OH of the 5' exon performs a nucleophilic attack on 

the 3' splice site and ligates the two exons and releasing the group II intron as a lariat [5,6]. 

This diagram is modified after [5]. A) Group I Intron: In the first step, an exogenous G attacks the 5' splice site. In the 

second step, the 3' OH of the 5' splice site attacks the 3'splice site and ligates the 5' and 3' exons (shown in red) together 

and the group I intron (shown in black) is excised. B) Group II intron: In the first step, an endogenous adenosine 

nucleotide attacks the 5' splice site and forms a 2'-5' phosphodiester linkage with the 3' exon (shown in red). In the 

second step, the 3' OH of the 5' exon attacks the 3' splice site and ligates the two exons together, releasing the group 

II intron (shown in black) in the form of a lariat.  

 

This study is focused on group I introns. The first group I intron was discovered in 1982 in the 

Cech Lab. It was isolated from the single celled eukaryote Tetrahymena thermophila. This 

Tetrahymena group I intron was one of the first catalytic RNAs to be discovered [7,8]. Another 

Figure 1. Cis-splicing mechanisms of Group I and Group II Introns. 
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catalytic RNA called RNase P, was also discovered around the same time in 1983 by the Altman 

Group [8]. Both PIs were jointly awarded the Nobel Prize for their discovery. 

 

Besides Tetrahymena, group I variants from other genera such as Azoarcus, Twort, 

Didymium and Fuligo and species such as Pneumocystis carinii and Candida Albicans and many 

others have also been studied [10,11,12,13,14,15]. The P1 duplex, the P1 duplex extension, and 

the corresponding loop of the Tetrahymena group I intron ribozyme can be modified without losing 

activity in vitro or in vivo, making it more suitable for splicing on an external substrate in trans 

[9]. Group I introns from Pneumocystis carinii, Candida Albicans, and Fuligo show similar trans-

splicing potential as the Tetrahymena ribozyme. The Azoarcus group I intron on the other hand 

has specific secondary structure requirements that make it less suitable for trans- splicing [14]. 

Due to the extensive biochemical characterization and the robustness of the Tetrahymena ribozyme 

Figure 2. Secondary structure representation of cis-splicing reaction of the Tetrahymena group I intron  

(shown in black) ribozyme. 

This diagram is modified after [3,9]). The 5' and 3' exons are shown in red. The 5' splice site is indicated by the filled 

black triangle and the 3' splice site is indicated by the white triangle. The P4-P6 domain is shown to the right of the 

rest of the ribozyme for easier visualization of the secondary structures at the catalytic site. 
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with regard to different sequence contexts, most trans-splicing studies use the Tetrahymena 

ribozyme [9].  

1.2 Trans-splicing group I Intron ribozymes 

  Cis-splicing ribozymes have been engineered to produce four different types of trans-

splicing ribozymes. As shown in figure 3, these trans-splicing ribozymes can (i) replace the 3' end 

of the substrate, (ii) replace the 5' end of the substrate, (iii) excise nucleotides from the substrate, 

or (iv) insert nucleotides into the substrate [9].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(This group of schematics is modified after [9]). The group I intron ribozyme is coloured in black. For easier 

visualization, only some duplexes are shown. The rest of the ribozyme, including its core, is represented by a black 

cylinder. The 5' and 3' exons of the substrate are indicated by red, while the 5' and 3' tails of the ribozyme as well as 

the intron are coloured in blue. A) A Tetrahymena ribozyme designed for 3' replacement of the substrate mRNA. The 

5' splice site is recognized using the P1 helix B) A Pneumocystis carinii ribozyme variant designed for 5' replacement 

of the substrate mRNA. The 3' splice site is recognized using P9.0 and P10 helices. C) A Tetrahymena ribozyme 

variant designed for 5' replacement of the substrate mRNA. The 3' splice site is recognized using P9.0 and P9.2 helices. 

D) A Pneumocystis carinii ribozyme variant designed for trans-excision reaction. The ribozyme recognizes the 5'(via 

P1 helix) and 3′-splice (via P9.0 and P10 helices). E) A Tetrahymena ribozyme variant called the “spliceozyme” 

Figure 3. Schematic secondary structure representations of engineered trans-splicing Group I intron 

ribozymes. 
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designed for recognizing both the 5'(via P1 helix) and 3' splice site (via P9.0 and P9.2 helices) catalyzing the removal 

of an intron sequence from the substrate mRNA. 

 

The first trans splicing group I intron used a Tetrahymena ribozyme which replaced the 3' 

end of a substrate with its own 3' exon [16]. The ribozyme forms a P1 duplex with the substrate 

(Fig 3A). Upon docking into the active site, the ribozyme recognizes the 5' splice site and removes 

the substrate 3' exon. The 3' hydroxyl at the 3'-end of 5' exon performs a nucleophilic attack on the 

ribozyme’s 3' splice site and ligates the 5'-exon of the substrate and the 3' exon of the ribozyme 

together. This type of a trans splicing ribozyme can be used to repair an RNA substrate that has a 

mutation in its 3' end [9].  

 Trans splicing group I introns that replace the 5' end of the substrate need to recognize the 

3' splice site and replace the substrate’s 5' exon with their own 5' exon. The 3' splice site can be 

recognized in two ways [9]. In the first method, a Pneumocystis carinii variant was designed that 

binds with the substrate using P9.0 and P10 duplexes (Fig 3B). The ribozyme cleaves at the 3' 

splice site. The substrate’s 3' exon launches a nucleophilic attack on the 5' exon of the ribozyme 

and the two exons are ligated together [17,18]. In the second method, a Tetrahymena ribozyme 

variant was designed that uses P9.0 and P9.2 duplexes to recognize the 3' splice site (Fig 3C) [19].  

When a ribozyme is able to recognize both the 5' and 3' splice site, then nucleotides can be 

excised or inserted in a substrate sequence. Pneumocystis carinii variants have been designed that 

use the P1 duplex for 5' splice site recognition and the P9.0 and P10 duplexes for 3' splice 

recognition (Fig 3D) and catalyze a trans-excision reaction (TES) [20]. These ribozymes have been 

shown to excise internal sequences of up to 28 nucleotides long from a substrate RNA in vitro and 

a single nucleotide in E. coli cells. The efficiency of removing sequences longer than a few 

nucleotides is low in cells [21,22]. These types of variants could be used to repair mRNA 

transcripts with single-insertion or frameshift mutations, but they would not be suitable to remove 
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RNA fragments longer than a few nucleotides, which is needed to correct several genetic diseases 

(see section 4 below).  

The P. carinii ribozyme variants have also been designed to insert short oligomeric 

sequences into target RNA in vitro. The ribozyme base pairs with an exogenous short RNA 

substrate containing the oligomeric sequence and catalyzes the reverse of the second step of the 

splicing reaction. The ribozyme attaches itself to the oligomeric sequence and then proceeds to 

ligate the 5' exon of the substrate to its 5' exon with the attached oligo. The requirement of an 

external RNA sequence limits the use of the ribozyme for therapeutic purposes because in cells, 

these RNA sequences do not exist. However, these trans insertion reactions could be useful for 

inserting modified RNA into long RNAs at a specific site. For example, isotopically labelled 

nucleotides could be inserted for NMR analysis [23].  

Tetrahymena ribozyme variants have been designed which using a different 3' splice site 

recognition principle, can excise RNA segments of at least 100 nts long in vitro and in vivo (Fig 

4). These Tetrahymena group I intron variants have been termed ‘spliceozymes’ because their 

behavior is similar to that of the spliceosome. Like the P. carinii ribozyme variants, the 

spliceozyme variants recognize the 5' splice site using the P1 duplex. However, duplexes P9.0 and 

P9.2 are used instead to recognize the 3' splice sites. The P9.2 duplex is formed with the substrate 

in trans and like the P1 helix is about 6-7 base pairs long (Fig 3E). After two trans-phosphorylation 

reactions, the intron is removed from the substrate RNA, and the exons are ligated. [19]. 
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Trans-splicing ribozymes require a substrate with at least one accessible uridine preceding 

the 5’ splice site because a G•U wobble pair with a guanosine at the ribozyme 5'-terminus is 

necessary for identifying the 5' splice site. Efficient splice sites can be identified using a trans-

tagging assay. In this assay, a ribozyme library with a randomized internal guide sequence (IGS), 

a short sequence that anneals to the substrate, and a 3' exon tag is made to react with the substrate. 

The trans-spliced products are then identified via RT-PCR and sequencing the PCR products. Each 

sequence corresponds to one splicing event, therefore the determination of many sequences of 

splicing products gives an idea about which of the uridines in the mRNA are accessible [23]. 

Apart from this experimental procedure, efficient splice sites can also be identified 

computationally using calculated binding energies using software such as mfold [24]. The binding 

energy is calculated as a summation of energy required to unfold the target site, unfold the 

ribozyme 5' terminus, and subtracting the energy gained by base pairing the target site and 

ribozyme 5' terminus [24]. So far, the computational method has been tested on a chloramphenicol 

Figure 4. Secondary structure representation of the trans-splicing reaction of the spliceozyme. 

This diagram is modified after [18,46]. (A) The spliceozyme (black) anneals to the CAT pre-mRNA by forming the 

P1, P9.0 and P9.2 duplexes. The 5' splice site and the 3' splice site are indicated by black and white triangles, 

respectively. (B) After the splicing reaction, the intron (blue) is excised and the 5'and 3'exons (indicated by red 

letters and dashed lines) are joined together. 
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acetyl transferase (CAT) mRNA. 18 different splice sites were tested for their trans-splicing 

efficiency and the results showed good correlation with the binding free energy calculations. Two 

splice sites at nucleotide positions 258 and 448 of the CAT gene were identified as the most active 

splice sites on the CAT mRNA [25]. 

1.3 Therapeutic use of Trans-splicing ribozymes 

  Currently, there are two ways in which trans splicing ribozymes could be therapeutically 

used. In the first way, trans-splicing ribozymes could be used to repair mutated mRNA by 

replacing their 5' or 3' mutated portion with the correct sequence. For example, Tetrahymena-based 

trans splicing ribozymes have been designed that repaired the mRNA transcript of a mutant canine 

skeletal muscle chloride channel (cClC-1) mRNA causing the inherited disorder myotonia 

congenita and approximately 1.2% of substrate mRNA was found to be repaired in cells. 

Additionally, 18% of these cells experienced restored chloride channel function [26]. Another 

example is the trans-splicing variant developed targeting uridine residues in a mutant p53 

suppressor gene in cancer cells. The ribozyme produced a repaired p53 RNA and a functional 

protein [27]. 

In the second way, trans-splicing ribozymes could be used to selectively modify RNA in 

disease causing cells. The benefit of such an approach is that it could be used to selectively induce 

death in target cells and not healthy cells [28]. For example, group I introns can be used to target 

hTERT mRNA, a highly expressed RNA in cancer cells.  Tetrahymena based group I introns have 

been designed which can splice a sequence encoding an enzyme inducing cell death into hTERT 

mRNA.These sequences have been referred to as “suicide genes” [29,31]. Some examples of 

“suicide genes” that have been used are RNA sequences that code for diphtheria toxin A [29] or 

herpes simplex virus thymidine kinase (HSV-tk), which converts the prodrug form of ganciclovir 
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to a cytotoxin thus triggering cell death. The trans-splicing ribozyme encoding for HSV-tk is 

currently undergoing Phase I clinical trials in South Korea for patients with hepatic metastases 

[29,31]. Another example where trans splicing ribozymes are being used, is in selective targeting 

of virally infected cells. As in the case of cancer cells, here too Tetrahymena group I ribozymes 

have been designed that splice diphtheria toxin A or HSV-tk [28]. Additionally, there has been a 

trans-splicing group I intron designed to target highly conserved RNA sequences found in Dengue 

Virus (DENV) serotypes. The ribozyme replaces a portion of the target RNA with a sequence 

coding for a modified version of the apoptosis activator molecule Bax which induces apoptosis 

more rapidly [32]. 

1.4 Possible Therapeutic Applications of Spliceozymes 

Future applications of trans-splicing ribozymes could include the use of spliceozymes in 

treating diseases caused due to incorrect alternative splicing or mis-splicing. Alternative splicing 

is a process in which different mRNAs are generated from the same pre-mRNA transcript.  About 

15% of human hereditary diseases and cancers are reported to be associated with incorrect 

alternative splicing [33]. Intron retention is a type of alternative splicing associated with a lot of 

complex diseases. A recent transcriptome analysis of 805 samples from 16 different cancers 

displayed intron retention in the absence of mutations in the splicing machinery. Their results 

suggest that intron retention might be playing a big role in enhancing the transcriptional diversity 

of many cancer cells [34]. The spliceozyme could remove these disease-causing introns from the 

pre-mRNA and generate a functional transcript.  

For example, Cowden’s Syndrome is a disease characterized by multiple non-cancerous 

growths on the skin, mucous membranes, and intestine. Individuals diagnosed with Cowden 

syndrome are at a high risk of developing cancers such as breast cancer, kidney cancer, colorectal 
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cancer, and melanoma. It is caused due to mutations in the PTEN (Phosphatase and Tensin) gene 

which acts as a tumor suppressor gene. A G>A mutation in the 801+1 position of the pTEN mRNA 

causes partial retention of intron 7(~75 bp) which has been suggested to lead to generation of 

distinct truncated version of protein [36]. A Pneumocystis ribozyme variant might not be suitable 

for removing the intron, because the length of the intron is too long (section 3). However, a 

spliceozyme could be designed to remove the partially retained intron 4 from the pre-mRNA and 

ligate the two flanking exons. Some other examples are shown in table 1 below. 

Table 1.Retention of short intron sequences in human diseases. 
The exons are coloured in red and the introns in blue. Dotted lines indicate the 3'terminal end of the intron that is 

included in the mis-spliced product. 

 

In order to use trans splicing ribozymes for therapy, there are some limitations that need to 

be overcome. For instance, one limitation is the delivery of the ribozyme. Currently delivery 

systems like adenovirus vectors [37,38], cationic peptides [41], nanoparticles [42], enveloped 

protein nanocages [39], and modified Salmonella [40] are being used. However, efforts to 

minimize toxicity, off-target effects, immune responses, and increase delivery to target tissues are 

still necessary. Besides delivery, the ribozymes also need to be improved in terms of their trans-

splicing efficiency in cells. This efficiency is measured by the amount of substrate converted into 
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product. This efficiency is highly dependent on the expression levels of ribozyme [9]. For example, 

a study was conducted that designed trans-splicing ribozymes targeting mutant βS-globin mRNAs 

in transfected mammalian cells. These ribozymes could repair ~50% of the substrate [43]. 

However, the study used a strong bacteriophage T7 promoter, and the resulting expression levels 

of ribozymes were too high to be used in therapeutic applications [28]. Therefore, an efficient 

ribozyme would be a ribozyme that can convert clinically significant amounts of substrate mRNA 

into product at low ribozyme expression levels. It is also important to improve the trans-splicing 

accuracy of the ribozyme which depends on the ribozyme binding and splicing at the correct splice 

site. Such off-target effects include splicing at an incorrect splice site on the correct target RNA or 

splicing on a different RNA; both off-target effects need to be minimized [44,47]. 

1.5 Improvement of trans-splicing ribozymes by directed evolution 

Trans-splicing ribozyme variants can be improved using two methods: selection and 

evolution. In selection experiments, a library of randomized sequences is subjected to selection 

steps and amplification iteratively. This results in the most efficient variants from the initial library 

being isolated. An evolution on the other hand, is where a starting population of sequences is 

partially mutagenized and then a selection step is performed. In the selection step, the most 

efficient sequence variants are enriched. The selected variants are then amplified and partially 

mutagenized again. This cycle of mutagenesis, amplification and selection is done iteratively 

allowing the evolving population to accumulate and enrich beneficial mutations that increase 

activity. Three evolution studies have been completed on trans splicing group I introns [44-46].  

In the first study, a trans-splicing Tetrahymena ribozyme was evolved over 21 rounds of 

evolution. In each round, the ribozyme was challenged to repair a mutated mRNA that coded for 

the antibiotic resistance gene chloramphenicol acetyl transferase (CAT). The ribozymes replaced 
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the substrate’s 3' tail carrying a frameshift mutation with their own 3' exon, which mediated growth 

in E. coli in medium containing chloramphenicol. The selection pressure, in the form of 

chloramphenicol concentration on the selection plates was successively increased in each round. 

The most efficient ribozyme variant had four mutations clustered in the P6b loop. These mutations 

generated a (C)5 homopentamer sequence that was able to recruit the Rho transcription termination 

factor in E. coli cells. Furthermore, the mutations did not benefit the trans-splicing efficiency but 

increased the translation of the spliced mRNA [44]. This showed that in vivo evolution can 

sometimes develop ribozyme interactions with cellular proteins for the ribozyme's evolutionary 

benefit [9].  

The second evolution study tested the impact of selection pressure on the evolution of trans 

splicing group I introns in a cellular environment. Like the previous study, Tetrahymena based 

trans-splicing ribozymes were challenged to repair a CAT pre-mRNA inactivated by a frame-shift 

mutation. The study found that a lower selection pressure was beneficial to the evolution as it 

evolved ribozymes with higher activity. Five mutations were identified on the winning ribozyme. 

Four of these mutations acted cooperatively such that the ribozyme could only be evolved under 

low selection pressure and not high selection pressure [46]. These four mutations were the same 

as the four identified in the study described above [45].  

The third evolution study involved the spliceozyme. This trans-splicing ribozyme was 

challenged to remove a 100-nucleotide long intron sequence inserted at the splice site position 258 

on the CAT mRNA. Removal of the intron resulted in E. coli growth on selection plates containing 

chloramphenicol. Ten rounds of evolution (Fig 5) were conducted under increasing 

chloramphenicol concentrations. The spliceozyme variant that showed the highest activity 

(measured by growth) in E. coli cells was termed “W11” and had 10 mutations. The overall 
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mechanism of these mutations included a reduction of splicing activity at the 5'-splice site and an 

increase of splicing activity at the 3'-splice site. While all of the 10 mutations are necessary for 

maximum activity, the detailed mechanistic contribution of most of the 10 mutations is currently 

unclear. Importantly, these beneficial effects of the mutations were effective in vitro, which 

suggests that this ribozyme is not dependent on E. coli specific cellular factors, and therefore would 

show improved splicing in a broad range of cell types [44]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This diagram is modified after [44,45 and 47].A) A pUC19 based library plasmid (grey) containing expression 

cassettes for chloramphenicol acetyl transferase (CAT) pre-mRNA(red) and spliceozyme(black) is constructed. The 

CAT pre-mRNA expression is driven by a constitutive promoter (black triangle) and the spliceozyme expression is 

controlled by an IPTG-inducible promoter(white triangle). The CAT pre-mRNA contains an intron (blue) which 

inactivates it. The spliceozyme is designed to excise the intron and ligate the exons together. Both the spliceozyme 

and CAT pre-mRNA contain 3' hairpin terminators(white). B) The library is transformed into E. coli and plated on 

LB-Agar plates containing chloramphenicol, IPTG and Mg2+. Only spliceozymes that are able to successfully remove 

the intron can mediate growth in E. coli. C) The LB-CAM plates are washed using LB Medium and plasmids from 

the suspended colonies are isolated from the colonies. D) The spliceozyme pool is either isolated using restriction 

digest or amplified using PCR. Resulting products are purified using a 1% agarose gel electrophoresis. E) Mutagenesis 

is introduced in the PCR products either through mutagenic PCR or PCR amplification using Taq Polymerase. This 

spliceozyme pool is cloned into a fresh library plasmid and more evolution rounds are carried out. 

 

Figure 5. Evolution scheme of spliceozymes in bacterial cells. 
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However, one of the limitations of the above-mentioned study involving the evolution of 

spliceozymes, was that the spliceozyme was evolved under high expression levels (~ 10,000 

molecules per cell) [44,47]. This makes it unsuitable for use in clinical settings because one would 

not want to 'flood the cells' of the patient with ribozymes. Another limitation was that only one 

specific splice site was used, which could have made the ribozyme dependent on that sequence 

context. This study aims to address these limitations by identifying improved spliceozymes that 

can work at low expression levels and can splice at different splice sites on a substrate mRNA. 

This was done by evolving the spliceozyme at low expression levels and challenging the ribozymes 

to splice different intron sequences from two different splice sites. 
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2.Results 
 

 To improve the spliceozyme’s trans-splicing efficiency and sequence generality in cells, 

the spliceozymes were subjected to directed evolution in E. coli using a similar evolution system 

as shown in figure 5 and described in previous evolution studies [44-46].   

In this study, a spliceozyme variant called “W11” was used as a starting template for the 

evolution. “W11” was a ribozyme that displayed the highest activity in E. coli cells in a previously 

described evolution study (see introduction section 1.5, paragraph 4). This previous study involved 

challenging a library of spliceozymes in bacterial cells to remove 100 nucleotide long intron 

sequences from the chloramphenicol acetyl transferase (CAT) pre-mRNA under increasing 

concentrations of chloramphenicol. Spliceozymes that were able to remove the intron and generate 

functional CAT enzymes, were able to mediate growth in E. coli in the presence of 

chloramphenicol. The spliceozyme “W11” had 10 mutations in total, showed reduced activity at 

the 5' splice site and increased activity at the 3' splice site. The overall effect of these mutations 

was a decrease in the amount of side products, thus displaying an increased trans-splicing 

efficiency compared to the parent spliceozyme [44].  

However, in order to be used therapeutically, the current spliceozymes would need to be 

improved in two ways. First, the expression levels of the spliceozymes in cells need to be lowered. 

For example, the previous study involving “W11” evolved the ribozymes under high expression 

levels, about 10,000 ribozyme molecules per cell [44]. Clinical settings would require efficient 

spliceozymes that can splice therapeutically significant amount of target mRNA at low 

concentrations. This should be possible for spliceozymes because in principle they should be able 

to perform multi-turnover splicing. Unlike other trans splicing ribozymes, spliceozymes do not get 

modified while catalyzing intron removal and therefore theoretically, one ribozyme could be used 
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to splice many substrate mRNAs (although this has not been experimentally demonstrated yet). 

Second, the existing spliceozymes need to be made more “sequence general” i.e., the spliceozymes 

should not be optimized for one specific splice site on one specific mRNA but be able to efficiently 

splice introns from different target sites on different substrate mRNAs. In contrast, previous studies 

have evolved spliceozymes that are optimized to remove a single intron sequence from a single 

splice site of the CAT mRNA (splice site 258).   

To address the above-mentioned limitations, we evolved the spliceozymes in E. coli cells 

under low expression levels and by challenging the spliceozyme to remove different intron 

sequences from two different splice sites on the chloramphenicol acetyl transferase (CAT) pre-

mRNA in 12 evolution rounds, under increasing selection pressure. The selection pressure was 

applied partially in the form of intron sequences that become increasingly difficult to remove from 

a particular splice site on the CAT pre-mRNA. 

2.1 Summary of early work done on the evolution study 

 

2.1.1 Development of promoter 5 sequence to lower spliceozyme expression levels 

 

 To control the spliceozyme expression levels, a weak Lac I based promoter called 

“promoter 5” was developed (I. Behera (2018) [47]). The resulting “promoter 5” reduced the 

spliceozyme expression levels about 300-fold compared to the previously used promoter while 

still expressing sufficient amount of spliceozymes, to mediate growth in E. coli cells in presence 

of chloramphenicol.  

The development of “promoter 5” began with testing five different IPTG-inducible Lac I 

based promoter sequences for their ability to produce weak spliceozyme-mediated growth in E. 

coli [48]. These five promoter sequences were published in a previous study [48] and promoter 
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A87 was chosen, because it showed the weakest growth (Fig 6A). The generation of promoter 5 

was done in four steps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This image is modified after [47]. Five Lac I based promoters [48] were tested for mediating growth in E. coli in the 

presence of chloramphenicol. (A) A87 is one of the five promoter sequences and mediated the weakest growth. It was 

used as a starting template for developing promoter 5. The -35 and -10 promoter boxes are highlighted in bold blue 

and bold black, respectively. (B) A87b library was generated by inserting random NNNN sequences, highlighted in 

bold green in three different positions of promoter A87. The nucleotides highlighted in red were added to the original 

promoter sequence. The red upstream sequence contained a restriction site to facilitate easier cloning. The red 

downstream sequence was part of our previous spliceozyme expression constructs. (C) A87 3.1a is a promoter 

sequence identified after performing one round of selection on A87b library and screening it for weak growth. (D) 

Promoter 87.1 was generated by modifying the promoter sequence A87 3.1a to include restriction site Kpn I for easier 

cloning. (E) A87.2 library was generated by inserting random NNNN sequence in place of the first four nucleotides 

of the -10 box. From the selection round testing growth in E. coli cells in presence of chloramphenicol, four clones 

were identified mediating weak growth. The four clones were tested for spliceozyme expression using RT-qPCR. (F) 

Promoter 5 (Clone A87.2.5) was chosen for the evolution because it mediated 300- fold lower spliceozyme expression 

compared to promoter trc2. 

 

In the first step, a library was generated by randomizing four consecutive nucleotides, at 

three different positions in promoter A87 (Fig 6B). After screening the library for weak growth on 

LB medium containing chloramphenicol (4ug/mL), clone 87 3.1 a (Fig 6C) was identified. In the 

second step, the restriction site Kpn I was added for easier cloning and promoter 87.1 was 

Figure 6. Development of Promoter 5. 
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generated (Figure 6D). In the third step, a library was generated from A87.1 by randomizing the 

first four nucleotides of the -10 promoter box (Figure 6E). A selection step was performed using 

this library (termed A87.2) and four clones were identified that mediated weak growth in E. coli 

cells in the presence of chloramphenicol. In the fourth step, the spliceozyme expression levels 

mediated by the four promoter variants was measured using RT-qPCR. The four promoters were 

measured in comparison to a promoter called “trc2” which has been used in previous evolution 

studies [44,45,46]. Interestingly, the expression levels fell into two classes: Similar to the original 

trc2 promoter, and ~300-fold weaker than the trc2 promoter (Fig. 7). On average, in comparison 

to promoter trc2, “promoter 5” (also called A87.2.5) reduced the spliceozyme expression levels by 

greater than 300-fold. This reduction of expression levels, from 10,000 spliceozyme molecules per 

cell to ~30 molecules per cell was good to proceed with using promoter 5 in evolution of 

spliceozymes [47]. 

 

 

 

 

 

 

 

 

 

Figure 7.Analysis of different promoters for spliceozyme expression using RT-qPCR. 

This result is taken from I. Behera (2018) [47]. The number of qPCR cycles (plotted on the y-axis) corresponds to 

the number of PCR cycles required to reach a threshold of product concentration. To gain confidence in the qPCR 

results, five different dilutions were tested. Clones with promoter trc2 required an average of 8.3 fewer qPCR 

cycles to reach threshold in comparison to promoter 5 (A87.2.5). Because 28.3 = 315, this corresponded to a >300-

fold lower spliceozyme concentration with promoter 5 in comparison to promoter trc2. 
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2.1.2 Summary of evolution rounds 1-9 

 

 As mentioned earlier, the spliceozyme W11 was used a starting point for the 

evolution. In rounds 1 to 6, mutations were introduced in spliceozymes using ten cycles of 

mutagenic PCR in each evolution round. The resulting mutagenesis rate observed in rounds 1 to 6 

was ~ 2.4 mutations per ribozyme which decreased to ~1.1 mutations per ribozyme after the 

selection step [47]. Rounds 7 to 9 on the other hand used Taq Pol to generate mutations, which 

resulted in 4- fold less mutations compared to mutagenic PCR [47]. 

 To evolve spliceozymes that are less dependent on the sequence of the intron, we 

challenged the spliceozymes to remove different 100 nts intron sequences from two different splice 

sites on the CAT mRNA, splice sites 258 and 448. We selected these splice sites based on a 

previous study, which found the splice sites 258 and 448 to be the most efficient splice sites on the 

CAT mRNA [25].  

 In rounds 1 to 6, the same splice site 258 was used but the intron sequences at these sites 

were changed every two rounds. Selection pressure was provided in the form of intron sequences 

that became increasingly difficult to remove. Rounds 1 and 2 used the intron sequence SiC10 

which was reported to be the best intron for splice site 258 in a previous study [19]. Rounds 3 and 

4 used the second-best intron SiC9 and rounds 5 and 6 used the third best intron sequence SiC4, 

as reported in the above-mentioned study [19]. Rounds 7 to 9, involved using the splice sites 258 

and 448 alternatively and using a different intron sequence every round. Since the splice site 448 

was being used for the first time in context of spliceozymes, new intron sequences had to be 

established that the spliceozymes could remove from splice site 448 (I. Behera (2018) [47]). For a 

successful evolution, these intron sequences would need to be easily removable in the initial rounds 

of evolution.  
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To develop these introns, a library plasmid, similar to the one shown in figure 5, was 

constructed that contained the spliceozyme W11, promoter 5 sequence and a CAT gene expression 

cassette with a randomized intron sequence. The intron sequence had 78 random nucleotides 

inserted into it, thus providing the genetic diversity of the library. The initial effective complexity 

of this library was estimated to be 5.4x1011 different intron sequences. Four rounds of selection 

experiments were performed by challenging variants of W11 to splice out different intron 

sequences in the presence of chloramphenicol (4 ug/ml). Nineteen clones from rounds 3 and 4 

were individually chosen and analyzed, which resulted in 13 unique sequences and 5 duplicates.  

These 13 clones were screened for bacterial growth on four different concentrations of 

chloramphenicol medium. A semi-quantitative method was used to evaluate the growth of the 

clones by giving each clone a growth rating between 0 and 100. This was done by two people 

independently. The average of the growth rating was plotted against chloramphenicol 

concentration (Fig 8). The best growth was shown by clone containing intron 3C8. However, there 

was a possible contamination with intron 3C8. Therefore, rounds 7 and 9 used introns 3C29 and 

4C2, respectively [47]. 
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Nine rounds of evolution with switching of splice sites and intron sequences were 

performed. A summary of the different substrate sequences used during rounds 1-9 is shown in 

Table 1 below. The upper limit of the effective complexity of the evolution was about 49,000 cfu. 

Using semi-quantitative screening assays like the one described in the paragraph above, 80 clones 

were screened. From this, eight potential “winners” were identified and tested for growth in E. coli 

cells in different substrate contexts. All eight clones were able to mediate better growth in bacterial 

cells in comparison to W11. These results are an indication that directed evolution in E. coli cells 

could be used to generate improved variants of spliceozymes that can splice at low expression 

levels and at multiple splice sites [48].  

 

 

 

 

Figure 8.Semi quantitative growth assay for 13 clones containing intron sequences for splice site 448. 

This result is taken from I. Behera (2018) [47]. The clones were tested for growth under 4 different chloramphenicol 

concentrations (2,4,6 and 8 ug/mL). Each clone was individually rated between 0 and 100 by two people. The 

average of these values is plotted against chloramphenicol concentrations as shown in this figure. 
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I would like to acknowledge Logan Norrell and Ishani Behera for their contribution in 

identification of promoter 5 and the first nine rounds of evolution. 

2.2 Evolution rounds 10 to 12  

In my own work, the above discussed evolution project was extended by three more rounds 

(rounds 10 to 12) at low expression levels and at different sequence contexts for two reasons. First, 

increasing the number of rounds increases the probability of enriching mutations that aid the 

ribozyme in splicing at low expression levels and in different sequence contexts. Second, 

additional rounds help in increasing the selection pressure by challenging the ribozyme to remove 

introns that are increasingly difficult to remove. Rounds 10 and 12 used the intron sequence SiC2 

and SiC3 which according to a previous study were the 5th best and the 6th best introns to remove 

from splice site 258. Round 11 used the intron sequence 4C6, which was found to be the third best 

intron sequence to remove from splice site 448 as shown in figure 8 [47].  

Rounds 10 to 12 used a similar evolution system to ones described in previous studies [44-

47]. Briefly, spliceozyme pool from the previous round was amplified using Taq Polymerase. The 

natural error rate of Taq Polymerase made it unnecessary to integrate steps with mutagenic PCR 

to generate mutations in the spliceozyme product. Additionally, in these last 3 rounds of the 

Round 1 2 3 4 5 6 7 8 9 

Splice 

site 

258 258 258 258 258 258 448 258 448 

Intron SiC10 SiC10 SiC9 SiC9 SiC4 SiC4 3C29 SiC8 4C2 

[cam] 

µg/ml 

4 4 4 4 4 4 4 8 12 

Table 2.A summary of the different substrate sequence contexts used in rounds 1 to 9. 
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evolution a lower rate of mutagenesis was desired because a high mutational load can decrease the 

fitness of the evolving population [45]. 

The PCR product was ligated into a pUC19 plasmid containing promoter 5 and CAT gene 

expression cassette with the designated intron sequence at a particular splice site. The library 

plasmid was then transformed into E. coli cells and plated on LB amp plates, to select for cells that 

had taken up the plasmid. This step did not select for or against any spliceozyme variants. Plating 

on LB amp plates before plating on the selection medium helped in estimating the number of viable 

cells, and therefore gave an upper limit for the possible sequence complexity of the library.   

 Colony PCR was performed to estimate the fraction of cells that carried a ribozyme inserted 

in the library plasmid, and therefore to calculate the effective complexity of the bacterial library.  

This was done by determining the insert ratio.  The insert ratio is the ratio of colonies whose 

plasmids have a spliceozyme inserted to the total number of colonies tested in a given sample (Fig 

9 A). The insert ratio for all evolution rounds was in the range of 0.89 to 1, with the last three 

rounds showing an insert ratio of 1. This would indicate that about 90-100% of the cells on LB 

amp plates contained a ribozyme insert. The insert ratio was used to determine the total number of 

unique spliceozyme sequences (or effective complexity) that was represented in the spliceozyme 

pool before performing the selection step.  

In an evolution study, a higher maximum effective complexity in the initial rounds is 

desired so that a larger number of potentially beneficial mutations is explored. This increases the 

probability of finding ribozyme variants that carry one of more beneficial mutations and withstand 

increasing selection pressure in the future rounds. In the last stages of the evolution, the maximum 

effective complexity can be lower because the purpose of the last rounds is not to generate new 
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variants but to enrich existing, beneficial variants and to weed out variants with deleterious 

mutations.  

In this study, the number of bacterial colonies plated on selection plates that contained a 

ribozyme insert in each evolution round , was at or above 1 million with the exception of  round 8 

(49,000). These ribozyme inserts were amplified with Taq DNA polymerase (Taq Pol) in each 

evolution round. We have found in earlier studies [45], that amplification with Taq Pol results in 

the insertion of approximately one new mutation per ribozyme. This means that in the current 

study, most bacterial colonies contained ribozyme inserts with different sequences such that the 

effective complexity (the number of different sequences plated onto selection plates) was around 1 

million for all rounds except round 8. On average, about 5% of the plated cells formed colonies on 

the LB-chloramphenicol selection plates, which means that the bottleneck in each selection round 

was in about 50,000. Overall, the genetic diversity in each selection round ranged between 50,000 

to 1 million, except for round 8.  

For the selection step, LB-Agar plates containing different chloramphenicol concentrations 

(4,5, 8 and 12 ug/ml) were used. A concentration of 1mM MgCl2 was added to these selection 

plates to help the ribozymes to be active inside the cells. In addition, a final concentration of 1mM 

IPTG was spread on the plates after cooling. The IPTG was added to drive the ribozyme library 

expression from the weak Lac I based promoter 5 in all E. coli cells. In each round, the growth on 

different chloramphenicol plates were compared and the plasmids were isolated from the 

chloramphenicol plates where a good fraction of the population (~1 to 10%) survived. Our goal 

was to let at least 1% of the population survive so that the population could maintain a sufficient 

genomic diversity. The survival was directed to less than 10% of the population so that the best 

spliceozyme variants could be enriched.  
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(A) Colony PCR to determine insert ratio. In every round, 18 clones were arbitrarily picked and subjected to PCR. 

The PCR products were run on a 2% Agarose midi gel. The clones with insert showed a product band at 718 bp and 

the clones without insert showed a product band at 313 bp. As a -ve control, a plasmid that does not have an insert 

was used. The first lane shows a 100bp DNA Ladder. In the second lane, -ve control is loaded. Lanes 3 to 20 are loaded 

with the PCR products of 18 randomly picked colonies. (B) and (C) Examples of selection plates used in the evolution. 

(B) A 4 ug/ml chloramphenicol plate that was used in round 10 and selected for further processing. In each plate, 

approximately 100 distinct colonies along with numerous smaller colonies was seen on each plate. (C) A 12 ug/ml 

chloramphenicol plate that was used in round 10 and selected for further processing. In each plate, an average estimate 

of 25,000 distinct colonies were seen. Round 12 used a similar selection plate as shown in (B) with a slight increase 

in the chloramphenicol concentration to 5ug/ml.  

 

Round 10 selection plate (4ug/ml)                         Round 11 selection plate (12ug/ml) 

 

(B) (C) 

Figure 9. Evolution of spliceozymes in E. coli cells (rounds 10 to 12). 



26 

 

In this evolution study, about 3x105 cells were plated on each plate. In round 10, plates 

containing 4 ug/ml chloramphenicol (Fig 9 B) were chosen. On average, the growth of about 100 

clearly visible colonies along with numerous smaller colonies was seen on each plate. In round 11, 

12 ug/ml chloramphenicol plates were chosen. An average of 25,000 distinct colonies (Fig 9 C) 

was seen on each plate. In round 12, 5 ug/mL chloramphenicol plates were chosen. Similar to 

round 10 (Fig 9 B), each plate showed an average growth of about 100 clearly visible cfu along 

with numerous smaller colonies. In rounds 10 and 12, it was necessary to decrease the 

chloramphenicol concentration because the selection pressure was very high, as the removal of the 

introns SiC2 and SiC3 from splice site 258, are quite difficult. On the other hand, in round 11, a 

high chloramphenicol concentration was chosen so that stringent selection conditions are 

maintained. A summary of the evolution rounds 1 to 12 is given in table 3 below. 

Initial attempts at evolution rounds 10 and 11 were unsuccessful. While the selection step 

in round 10 showed a few 1000 cfus on the plate, the selection step in round 11 showed about 5-

20 cfu on each plate. Sequencing analysis of both round 10 and round 11 clones showed mutations 

in the promoter boxes. For round 10 clones, this would indicate that the wrong selection plate was 

used for downstream applications. Additionally, round 11 clone sequences revealed that the 

ribozymes did not contain the internal guide sequence (IGS)- a group of six or seven nucleotides 

which is essential for the ribozyme to bind to the target site. This might explain why so few 

colonies grew on plate 11. This could be traced back to a pair of primers that did not incorporate 

the IGS required for splice site 448.  Hence the evolution rounds 10 and 11 were repeated with 

care to use primers that introduced the correct IGS required for a particular evolution round.   
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Table 3.Overview of evolution rounds 1 to 12. 

 

2.3 Identification of the most active ribozymes in cells 

 
 After 12 rounds of evolution, the spliceozyme pool was cloned into a plasmid containing 

CAT gene expression cassette that had the intron 4C2 at splice site 448 and plated on LB amp 

plates. To identify spliceozymes with high activity, colonies on the LB amp plate were screened 

using growth assays. Three such screening assays were conducted. In each assay, the clones that 

mediated the best growth in E. coli cells on chloramphenicol plates were selected. 

Round 1 2 3 4 5 6 7 8 9 10 11 12 

Splice 

site 
258 258 258 258 258 258 448 258 448 258 448 258 

Intron SiC10 SiC10 SiC9 SiC9 SiC4 SiC4 3C29 SiC8 4C2 SiC2 4C6 SiC3 

Added 

[Mg+2] 
10 10 10 10 10 0 0 0 0 1 1 1 

[cam] 

ug/ml 
4 4 4 4 4 4 4 8 12 4 12 5 

Cfu 

(LB 

amp) 

3.4E6 4.1E6 3.1E6 2.3E6 1.3E6 4.3E6 6.3E6 5.3E4 1.0E6 1.9E6 1.6E6 1.6E6 

Insert 

ratio 
0.94 0.89 0.89 0.94 0.94 1.00 0.89 0.94 0.94 1 1 1 

Effect 

cfu 
3.1E6 3.6E6 2.8E6 2.2E6 1.2E6 4.3E6 5.6E6 4.9E4 9.9E5 1.9E6 1.6E6 1.6E6 

Plated 

LB 

Cam 

2.8E6 1.8E6 1.9E6 1.2E6 2.6E6 3.6E6 3.3E6 3.3E6 3.8E6 3.6E6 3.6E6 1.8E6 

Max 

Effect 

Comp 

1.9E6 1.4E6 1.4E6 0.9E6 1.1E6 2.4E6 3.3E6 4.9E4 6.1E5 1.6E6 1.4E6 1.0E6 

This table is modified from I. Behera (2018) [47]. Rounds 1 to 6 used splice site 258 and switched intron sequences 

every two rounds. Rounds 7 to 12, switched between two splice sites-258 and 448. The intron sequences were also 

changed every round. In order to determine the maximal effective complexity for each round, the insert ratio was 

determined. Insert ratios (ratio of colonies that contain an insert to the total number of colonies) were calculated 

by randomly picking 18 clones. 
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In the first assay, a semi-quantitative growth assay was performed, on two hundred clones 

randomly chosen clones. These 200 clones were first tested for the presence of a spliceozyme 

insert using a colony PCR. 196 colonies showed the presence of spliceozyme insert. Cell 

suspensions of these colonies were pre-incubated in liquid LB culture at 37˚C for 1 hour and plated 

at approximately the same cell density (as judged by eye) on LB agar plates containing 20 ug/ml 

chloramphenicol. The growth of each colony was visually evaluated and scored between 0 and 

100 with 100 being the strongest clone. This was done by two people independently (fig 10 A). 

The scores were compared, and the top 24 clones were chosen (highlighted in orange in fig 10 A) 

for further analysis.  

In the second assay, the above mentioned 24 clones were subjected to slightly more 

quantitative growth assay. The substrate context remained the same, with the intron 4C2 at splice 

site 448. This growth assay followed the same methodology as described in the above paragraph, 

except the chloramphenicol concentration was increased to 30 ug/ml in order to see difference in 

growth between the colonies (fig 10 B). Additionally, to ensure that the colonies were plated at the 

same cell density, the colonies were diluted to the same OD600. The assay was done in triplicate 

and the average scores for each clone were compared to identify the top 10 clones (highlighted in 

orange in fig 10 C). The 10 clones were sequenced, and all ten clones showed unique sequences. 

In the third assay, a quantitative growth assay was performed. The cells suspensions of 

these top 10 clones were diluted to the same cell density (OD600) and pre-incubated in liquid LB 

culture at 37˚C for 1 hr and plated on 35ug/ml chloramphenicol plates. The clones were challenged 

to splice the intron 4C2 from the splice site 448. To estimate the growth of each clone, the plates 

were   washed with 5ml of 50 mM NaCl, and the OD 600 values of the resulting cells suspensions 
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were measured and compared. This assay was done in triplicate. The four clones (176, 74, 92, and 

154) that showed the best growth (fig 10D) were chosen for further analysis.                                                                                                                                                                                                                                                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B) (A) 

(C) 

Figure 10.Identification of the most active ribozyme sequences. 

(D) 

(A)  A semi-quantitative growth assay comparing the growth of 196 clones. The clones contain plasmids that have 

a CAT expression cassette with the intron 4C2 inserted after position 448. 5uL aliquots of the clones were plated 

at the same cell density on medium containing 20 ug/ml chloramphenicol. The plates were grown for 19 hrs at 

37°C.The growth of each individual clone was visually assigned a score between 0 and 100. The scores were 

assigned by two people independently and plotted against each other. Twenty-four clones (shown in orange) that 

were assigned high scores by both individuals, were selected for further analysis. (B) A semi-quantitative assay 

comparing the growth of top 24 clones on 30 ug/ml chloramphenicol plates. This assay was done in a similar 

methodology as shown above and was done in triplicate. (C) The average of these scores were plotted against each 

other. The top 10 clones (shown in orange) were selected for further analysis. (D) A quantitative growth assay 

comparing the growth of 10 clones was performed. 100 ul of cell suspensions were plated at the same cell density 

on 35 ug/ml chloramphenicol plates. The plates were grown for 19 hrs at 37°C and the OD600 growth was 

measured and plotted. The assay was done in triplicate. Clones 176, 74, 92 and 154 showed the best growth. 
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To identify the “winners” of the evolution i.e., ribozymes that were efficient and sequence 

general, the activity of the top four spliceozymes in E. coli cells was compared to the parent 

spliceozyme W11 in four different sequence contexts. The ribozymes were challenged to remove 

introns from splice site 258 (with introns SiC8 and SiC2) and from splice site 448 (with introns 

4C2 and 4C6). The cell density of plated cells was carefully controlled, and the growth of each 

clone on LB chloramphenicol plates was determined by measuring OD600 values. Cells 

transformed with plasmids containing the intron SiC2 at splice site 258 were tested on 5ug/ml 

chloramphenicol plates. For the remaining substrate sequence contexts, 10 ug/ml chloramphenicol 

plates were used. This assay was done in two triplicates and the mean of the six OD 600 values 

were plotted as shown in Fig 11 (A).  
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(A) Growth in E. coli cells mediated by four clones that were identified to be most active and parent spliceozyme 

W11. All five ribozymes were challenged to splice in four different sequence contexts, splice site 258 (introns SiC8 

and SiC2) and splice site 448 (introns 4C2 and 4C6). Each ribozyme was cloned into a plasmid containing one of the 

four substrate sequences. A total of 20 such plasmids were prepared and sequenced to confirm absence of mutations. 

For each sample, overnight liquid cultures (from master plates) were diluted to 50,000 cfu per mL and preincubated 

in 1mL of LB-Amp-IPTG at 37 degrees Celsius. for 1 hour. 100uL was plated on plates of LB-Cam-IPTG (5ug/mL 

for 258_SiC2 and 10ug/ml for the rest of them). The plates were incubated for 19 hours at 37°C. Each plate was 

washed with 50 mM NaCl solution and the OD600 was measured. The assay was done in two triplicates and the mean 

of the OD600 measurements were plotted for each clone. The error bars represent the uncertainties of the mean (the 

standard deviation divided by the square root of the number of replicates). (B) Average fold improvement of the four 

spliceozymes in comparison to the parent spliceozyme W11. 

 

 

258_SiC2 

 

258_SiC8 

 

 

448_4C2 

 

448_4C6 Avg. fold improvement over W11 

W11 1 1 1 1 - 

176 19 8 4 8 10 

92 9 12 5 7 8 

154 10 8 2 3 6 

74 8 4 3 6 5 

(A) 

Figure 11.Analysis of splicing activity of top four ribozyme sequences in cells. 

(B) 
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For splice site 258, all four ribozyme sequences showed a better bacterial growth in cells 

than W11. For splice site 448, although all four ribozymes had an average OD600 value higher 

than W11, the uncertainties of the mean for ribozyme 74 and 154 overlapped with W11. Two 

ribozymes, 92 and 176 showed better growth in E. coli cells than W11 in all four substrate 

sequence contexts. On average, ribozymes 92 and 176 mediated an 8-fold and 10-fold 

improvement in growth than W11 respectively (fig 11B).  Hence the two ribozymes, ribozymes 

92 and 176 were considered the “winners” of this evolution study.               

2.4 Possible explanations for the beneficial effect of mutations on spliceozyme activity 

in cells 

 
 To understand how ribozymes 92 and 176 may have mediated high activity, we looked at 

their sequences. Ribozyme 176 has four mutations in total while ribozyme 92 has eight mutations. 

These mutations are highlighted in the secondary structure representation of the Tetrahymena 

ribozyme (fig. 12 A). Two mutations A89U and A175G, which are common to both ribozymes are 

quite likely to have a beneficial effect on the activity because they appear frequently in the top four 

ribozyme sequences (fig. 12 B). The remaining eight mutations (A230G, U240C, A270G, A292U, 

U318A, U334C, U357C and A370G) may have a beneficial, deleterious, or no  effect. Since the 

two ribozymes 176 and 92 show statistically different behavior at splice site 258 with intron SiC2, 

this indicates that some of the remaining eight mutations have an effect. To identify which of these 

mutations are necessary and sufficient for enhanced splicing, additional analysis is required.  

 The 3D model of the Tetrahymena group I intron (Fig 12 C and D) allows speculating on 

the possible effects of the mutations in the winning ribozymes. For example, in ribozyme 92, 

mutations such as A89U, A175G, A230G, U240C and A292U are present on the periphery of the 

ribozyme and exposed to the solvent. One possible explanation for the effect of these mutations is 
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that they might be facilitating interactions with bacterial proteins. Other mutations like U318A 

located close to the 3' splice site could affect the annealing of the ribozyme with the intron. The 

mutation A370G present in ribozyme 176 might have a similar effect like U318A.  The mutation 

A270G, which is located in the catalytic active site, forms a hydrogen bond with A305 (Fig 12 E) 

which is located in the J7/8 junction loop. The J7/8 loop helps in positioning the 5'splice site into 

the active site. Therefore, by increasing interactions with the J7/8 loop, this mutation might have 

an influence on the activity at the 5'splice site. 

 Together, these results show that improved spliceozyme variants that can splice in different 

substrate sequence contexts and with improved efficiency, can be generated using directed 

evolution. Further experiments need to be done in order to determine whether these spliceozymes 

require bacterial proteins to aid their splicing  or whether they do not require bacterial proteins and 

could then be useful as therapeutic agents in humans. 
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The 5' and 3' exons are colored in dark red, and intron is colored in blue. Mutations associated with Rz 176 are 

highlighted in yellow and mutations associated with Rz 92 are highlighted in bright red.(A) Secondary structure of 

the spliceozyme(black) with the mutations in Rz 92 and Rz 176 highlighted. (B) Table showing all the mutations 

appearing in top 4 clones tested in growth assays as shown in fig 11d. (C) and (D) Three dimensional models of the 

Tetrahymena ribozyme showing the mutations observed in Rz 176 (yellow) and Rz 92(red) respectively. The 3D 

models are based on the Westhof model (cite here Michel and Westhof 1990). The active site of the ribozyme is 

coloured in black and the rest of the ribozyme is depicted in grey. The ribozymes are shown in two different 

perspectives. (E) 3D Westhof model of Rz92 showing a H-bond (blue) between the mutated core  residue A270G(red) 

and nucleotide A305 (yellow) located in the J7/8 loop of the ribozyme (also a part of the core of the ribozyme). 

 

(A) 

 

(B) 

 

Figure 12. Representation of mutations observed in spliceozymes after 12 rounds of evolution. 
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(D) 

 

(E) 

 

Figure 12. continued. 
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3.Discussion 

In this study, a spliceozyme was evolved in bacterial cells  under low expression levels and 

in different substrate sequence contexts for 12 rounds . In each round, this Tetrahymena based 

trans-splicing group I intron was challenged to excise different intron sequences from either of the  

two different splice sites-258 and 448 on the CAT mRNA. After 12 rounds and multiple screening 

assays, two ribozymes-Rz92 and Rz176  were identified, which mediated better growth in E.coli 

cells than the  parent spliceozyme W11 in different substrate sequences.  

3.1 Future experiments 

 Although two winning ribozymes were identified, it is still unclear whether or not  the 

mutations evolved in these two ribozymes need a bacterial environment to show their beneficial 

effect or not.  Previous evolution studies have shown that the evolution of  a Tetrahymena based 

trans-splicing group I intron in E.coli cells  could either lead to an accumulation of mutations that 

increase interactions with protein factor present inside the cell[45] or benefit the  splicing activity, 

independent of the bacterial cellular environment[44]. 

              To discern if the “winning” ribozymes could mediate their increased splicing activity 

outside E.coli cells, an in vitro assay measuring the splicing activity of  the two ribozymes (Rz 92 

and Rz 176)  along with the remaining top 4 ribozymes ( Rz 74 and 92)  in all four substrate 

sequence contexts (448_4C2, 448_4C6,258_SiC2 and 258_SiC8 ) would be beneficial. Since this 

assay only involves  substrate RNA, spliceozymes, guanosine, and buffer (no bacterial proteins 

will be present), the results will show whether the help of a bacterial protein is necessary for the 

ribozyme's activity increase observed in bacterial cells. The two ribozymes 74 and 154, are  also 

included in this assay because they showed an improved activity over W11 in at least two of the 
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four substrate sequences and therefore, any mutations in these ribozymes that may turn out to be 

beneficial in vitro could be identified.  

 In the future, we could also perform a growth assay with bacterial cells that identifies the 

minimal set of mutations that is necessary and sufficient for maximal activity of ribozymes 92 and 

176. Individual mutations on these ribozymes will be reverted to the W11 sequence and the effect 

on the E.coli growth on medium containing chloramphenicol will be measured. Identifying the 

necessary mutations could bring us closer to understanding the mechanistic contributions of the 

mutations to the splicing activity of these spliceozymes. 

3.2 Mutations observed in the winning spliceozymes 

 In this study, sequencing data showed that there are eight mutations in ribozyme 92 and 

four mutations in ribozyme 176 in total. While we need to perform some more experiments before 

we understand which of the roles  of these mutations are (see section 3.1), the locations of these 

mutations give some hints with respect to this. For example,  the mutations A89U, A175G,A230 

and A292 U are located in the peripheral regions of this ribozyme and are far away from the 

catalytic active site. According to the available 3D models([4],[51]) these regions do not show any 

long-range tertiary interactions and are exposed to the solvent. This would suggest that the 

ribozyme might be interacting with factors present inside the cell that might enhance its activity. 

Protein-pull down experiments as described in[45] would be helpful in identifying such a factor. 

Another interesting example would be the mutation A270G. This mutation is located in the 

conserved core of the ribozyme (the junction between P7 and P3 helix). Generally, mutations in 

the conserved core decrease the group I intron’s catalytic activity [51,53]. According to the 3D 

Westhof model, the nucleotide A270 forms a tertiary interaction with A305 in the J7/J8 loop 

[51,52]. The J7/J8 loop  is known to affect the 5' splice site activity by stabilizing the P1 duplex. 
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Therefore, by mutating the A270 to a G, this tertiary interaction may be modified,  and the catalytic 

activity may reduce. However, if we look at the 3D model representation of Rz 92 (Fig 12 E) , a 

hydrogen bond between the G270 and A305 is predicted. This would mean that the interaction is 

not lost, and the catalytic activity is retained. Therefore, it may appear that this mutation has no 

benefit. Using site-directed mutagenesis, we could mutate only this residue G270 back to A and 

see if there is any effect on the growth of the spliceozyme.  

 3.3 A future outlook on the development of therapeutic spliceozymes 

 To develop spliceozymes that can be therapeutically useful, they need to be adapted for 

use in human cells. For this to happen, first ribozymes need to be delivered to cells in a safe and 

efficient manner. Currently, viral delivery methods like AAV and non-viral delivery methods like 

using cationic polymeric micelles, lipid nanoparticles, or cationic lipids like lipofectamine are used 

to deliver RNA. However, several issues need to be overcome. For instance, the use of viral vectors 

is limited by induction of high immune responses, broad tropism , low gene-packaging capacity, 

and difficulty in production [54,55]. On the other hand, non-viral vectors have low 

immunogenicity and can be easily produced in large quantities. However, these non -viral vectors 

are inefficient in delivering RNA to the cell and as a result have much lower transfection 

efficiencies in comparison to viral vectors[54].  

Second, the spliceozymes must be efficient in splicing in  human cells once delivered. 

Initially, a spliceozyme could be designed to repair a mutant mRNA transcript inside human cell 

lines like HEK 293. The spliceozyme and the mutant mRNA  could be expressed by transfecting 

these cells with AAV viral plasmids encoding their gene sequences. Alternatively, spliceozymes 

could be used to  target mRNA transcripts in  diseased cell lines directly.  Ideally, in both cases, 

the spliceozymes would be able to repair the transcripts with high efficiency at low expression 
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levels. Assuming this pans out, the next step would be building mouse models before proceeding 

into phase I clinical trials.  

Although spliceozymes are a long way from being therapeutically viable, the results shown 

in this study are encouraging because they showed that spliceozymes that are efficient at low 

expression levels and are sequence general can be generated using evolution in cells.  Further 

experiments and analysis need to be performed in order to understand whether the spliceozymes 

require bacterial factors to be efficient. If bacterial factors are required for the spliceozyme’s 

efficiency, then this might suggest that evolution in human cells may be more appropriate to 

generate  clinically applicable spliceozymes.  
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4. Materials and Methods 

4.1 Generation of Library Plasmid 

The library plasmids used in evolution were generated as described in [44]. Briefly, a 

pUC19 based vector containing multiple cloning sites was used to clone in a CAT gene, a 

spliceozyme gene and a weak IPTG-inducible promoter called promoter 5. The promoter 5 

(GGATCCGTACAACGTCGTGTTAGCTGCCTTTCGCTTCAATAATTCTTGACAATCAAT

GTGGTACCACCCTGTGTGG) was inserted in between Bam HI and Kpn I and the spliceozyme 

insert including its 3' hairpin terminator was placed in between restriction sites Sac I and Kpn I. 

This placed the spliceozyme under the control of promoter 5.  The CAT expression cassette 

containing a constitutive promoter and a 3' hairpin terminator was PCR amplified from plasmid 

pLysS (Novagen) and inserted in between restriction sites Sph I and Hind III. A 100nt long intron 

sequence was inserted either at position 258 or position 448 of the CAT gene.  Restriction sites 

Spe I and BsrGI were used to insert intron sequence at position 258. The restriction sites were 

created using site directed mutagenesis as described in [19]. A 3' PCR primer was used to amplify 

the 5' exon of the CAT gene and introduced silent mutations G243A and G246A to create SpeI 

restriction site and added an XmaI site at the 3' end. Similarly, a 5' PCR primer was used to amplify 

the 3' exon of the CAT gene. The primer introduced the silent mutation T264A to create the BsrGI 

restriction site and added an XmaI site at the 5' end near position 258. The 5' exon PCR product 

was digested using SphI and XmaI restriction enzymes and the 3' exon PCR product was digested 

using HindIII and XmaI. Both the digested fragments were then ligated into the pUC19 vector. 

For splice site 448, the 100 nucleotides intron was inserted between the restriction sites PciI and 

MscI. The restriction site PciI was created by introducing the mutation T243A using PCR 

mutagenesis. The origin gene contained another PciI site which was silently mutated. 
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4.2 Development of a weak Lac I based promoter (promoter 5) 

 Five Lac I based promoter sequences that were published in a previous study [48] were 

added individually to the 5' end of spliceozyme W11 using PCR amplification. These five 

promoters were called as A38, A52, A81, A87 and B4 and were IPTG inducible. These PCR 

products were cloned into a pUC19 vectors containing a CAT expression cassette with the 

previously published intron sequence SiC10[19] inserted at splice site 258. The plasmid vectors 

were sequenced to confirm the insertion of the correct promoter sequences. Plasmids containing 

the five different promoter sequences were transformed into electrocompetent E. coli cells and 

plated on LB amp plates.  

For each promoter sequence, growth assays using liquid bacterial cultures were performed 

in triplicate. Briefly, a single colony was picked and used to inoculate 5ml of LB medium 

containing 100 ug/mL ampicillin. The cultures were grown overnight and were incubated with 

5uL of 1M IPTG with shaking for 1 hr at 37°C, the next day. The IPTG was added to activate the 

promoter sequences.  This starter culture was then used to inoculate 20 mL of LB medium 

containing 4 ug/ml chloramphenicol and 1 mM IPTG. The OD600 of these 20 mL cultures were 

diluted to 0.05 ± 0.01 at the beginning and incubated at 37°C and the growth rate was measured. 

Out of the five promoters, A87 promoter showed the weakest growth. 

The expression of the A87 promoter was reduced in four steps. In the first step, four 

nucleotides next to either the 5'-end of the -35 box, the 3'-end of the -35 box or  the 5'-end of the 

-10 box of the A87 promoter were randomized to generate libraries . The following 5' primers, 

i)5'GCTGCCTTTCGTCTTCAATANNNNTTGACAATCAATGTGGATTTCTGATCTGTGTG

TCTG,ii)5'GCTGCCTTTCGTCTTCAATAATTCTTGACANNNNATGTGGATTTTCTGATA

CTGTGTGGCT, iii)5'GCTGCCTTTCGTCTTCAATAATTCTTGACAATCAATGTGGATTN 
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NNNGATACTGTGTGGCTG and iv)5'ACTGGGATCCGTACAACGTCGTCTTAGCTGCCT 

TTCGTCTTCAATA were used. The 3' primer CGGAGCTCCAAAAAACCCTCAAGACCCG 

TTTAGAGGCCCCAAGGGGTTATG was used for PCR. Using the growth curve assay methods 

described in the previous paragraph, the libraries were analyzed and  A87 3.1a showed the slowest 

rate of growth. 

In the second step, a Kpn I restriction site was added to A87 3.1a. This was to make it 

easier for the promoter to be cloned into the library plasmid mentioned in section 4.2. The resulting 

promoter sequence was called A87.1. In the third step,  four nucleotides next to  the 5'-10 box of 

the promoter sequence were randomized to develop the A87.2 library. Once again, a  growth assay 

was performed to identify the weakest promoters. The assay was performed using  LB medium 

containing 4 μg/mL chloramphenicol and 1 mM IPTG, and the methodology used to do the assay 

is as described in paragraph 2 of this section.   

In the fourth step, expression levels of spliceozymes in clones containing the selected 

promoters were quantified using RT-qPCR. E.coli cultures were induced with 1 mM IPTG, and 

the total RNA was isolated from cells that were in the log phase of the growth curve, using the 

RNeasy kit(Qiagen). Two hundred nanograms of the  total RNA  was used as a template for the 

reverse-transcription reaction with  SuperScript III reverse transcriptase (Invitrogen) and the 3' 

primer  5'GGCTCCAGTGTTGCATCACT. 

For the subsequent quantitative PCR reaction, 1/10th of the cDNA generated from the 

reverse transcription reaction was used as template. Fast 7500 RT-PCR machine (Applied 

biosystems) was used to perform the qPCR. For the PCR reaction, the SYBR green master mix 

(Thermofisher) and two sets of primers were used. The reaction mixture underwent an initial 

denaturation at 95 °C for 10 min. Subsequently, every PCR cycle had the following temperature 
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profile- 95°C (30 sec) , 57°C (30 sec) ,and 72°C (30 sec). Thirty cycles of PCR were conducted. 

The concentration of the DNA was estimated by correlating the number of qPCR cycles with the 

qPCR graph of a standard sample of known concentration . This assay was repeated using five 

different dilutions of the initial DNA template concentration. This was done to gain confidence in 

the qPCR results. 

4.3 Efficient intron sequences for splice site 448  

 To identify efficient intron sequences for splice site 448, four rounds of selection were 

performed. In every selection round, a pUC19 based library plasmid containing the spliceozyme 

W11, promoter 5 and a CAT gene with randomized intron sequence was constructed. For the first 

selection round, the randomized intron sequence was generated by PCR amplifying the 

oligonucleotide template 5'-acatgtttttcGTCTCAGCCAATCCCTAG-N78-GATTAGTTTTGGAG 

TACgggtgagtttcaccagttttgatttaaacgtggccaatatgg-3' and digesting the PCR product  between 

restriction sites PciI and MscI and ligating the digested product into the plasmid. The library 

plasmid was transformed into electrocompetent E.coli cells and plated on LB ampicillin (100 

ug/ml)  plates. The plates were washed with LB medium and frozen glycerol cell stocks were 

prepared. A single glycerol cell stock was thawed and diluted to 3,000,000 cfu/mL with LB 

medium. The cell suspension was then incubated with 1mM IPTG at 37°C for 1 hour. 100 uL of  

cell suspension was plated onto LB agar plates with 4ug/ml chloramphenicol. Twenty plates were 

plated and incubated at 37°C for 17 hrs. The  plates were washed with LB medium, and plasmids 

were isolated. The intron sequences were amplified from these plasmids and ligated back into a 

fresh plasmid to complete one evolution round. 

 After four selection rounds, colonies from rounds 3 and 4 were screened for growth using 

a semi-quantitative assay. Plasmids from these selected clones were transformed into 
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electrocompetent E. coli cells and plated on LB amp plates (100 ug/mL) and incubated overnight 

at 37°C. LB medium was used to wash the plates and prepare the glycerol cell stocks. A glycerol 

cell stock of each clone was diluted to 2000 cfu/5μL and incubated with 1mM IPTG with shaking 

at 37°C.  For every clone, 5uL of cell suspension was plated on LB-agar plates with either 2, 4, 6, 

or 8 μg/mL chloramphenicol. The plates were grown for 19 hours at 37°C.  The growth of each 

clone was judged by the eye and given a score between  0  to 100, with  0 indicating no growth 

and 100 indicating the strongest growth across all plates. The scores were assigned by two people 

independently. This semi-quantitative assay was performed in triplicate. The average score of each 

clone was plotted  against the chloramphenicol concentration and the most efficient introns were 

determined. 

  Aside from visually judging the growth of each clone, 10μl of fresh LB medium was used 

to wash each clone by pipetting up and down and the OD600 was measured. However, these 

quantitative measurements were inaccurate due to LB agar pieces were found in the cell 

suspensions along with the colonies. Additionally, this process was found to be cumbersome and  

and time consuming. 

4.4 Spliceozyme evolution in E.coli cells 

4.4.1 Rounds 1 to 6 

 Rounds 1 to 6 used a similar evolution protocol as described in [45]. In each round, a 

spliceozyme pool was cloned into a library plasmid containing a promoter 5 sequence, a CAT gene 

with a specified  intron sequence at splice site 258 as described in Table 3. The library plasmid 

was transformed into E. coli cells and plated on LB ampicillin (100 μg/mL) plates in serial dilutions 

and incubated for 16hrs at 37°C .  Eighteen clones were randomly picked and tested for the 

presence of the ribozyme insert using colony PCR.  The LB amp plates were washed with LB 
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medium,  and the cell suspension was diluted to 300,000 cfu/mL. The diluted cell suspension was 

incubated with 1 mM IPTG at 37°C for 1hour. 100uL of  these cell suspensions were plated onto 

LB agar plates containing 4ug/mL of chloramphenicol concentration and incubated at 37°C for 16 

hrs. Five or ten of the surviving colonies were sent for sequencing and the rest were washed off 

these plates using LB medium. The plasmids from the resulting cell suspension were isolated using 

miniprep.  The resulting spliceozyme pool was isolated, amplified using PCR and then further 

mutagenized using 10 cycles of mutagenic PCR. The resulting spliceozyme library was ligated  

into a fresh library plasmid to complete one evolution round. 

4.4.2 Rounds 7 to 9 

Rounds 7 to 9 used a similar evolution procedure as described in section 4.4.1. Briefly, 

library plasmids for rounds 7,8 and 9 were generated by inserting the intron sequences 3C29, SiC4 

and 4C6 at positions 448, 258 and 448 of the CAT gene respectively. Accordingly, these plasmids 

were named as 448_3C29, 258_SiC4 and 448_4C6. In round 7 of the evolution, 1nM of round 6 

plasmid pool  was amplified using a 5' primer that introduced the internal guide sequence for splice 

site 448- 5' CAATGTGGTACCACAAAGCCTGTGTGGCTGGGGATAAAAGTTATTAGGC  

and 3' primer-5' GCCAGTGAATTCGAGCTC for 25 cycles. The round 6 spliceozyme pool was 

isolated  via restriction digest reactions with Kpn I and Sac I  enzymes at 30°C and ligated into the 

plasmid 448_3C29.  The library plasmid was transformed into electrocompetent E.coli cells and 

plated on LB agar plates containing 100 ug/mL ampicillin. The plates were incubated overnight at 

37˚C. Colony PCR was performed on 18 randomly picked clones to determine the insert ratio. 

Each plate was washed with LB medium and glycerol cell stocks were prepared. One of the 

glycerol cell stocks was diluted to 3,000,000 cfu/mL and incubated at 37°C with a final 

concentration of 1mM IPTG for 1 hour with shaking. One hundred uL of diluted cell suspension 
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was plated on each of the LB agar plates with 4ug/ml chloramphenicol concentration and incubated 

at 37°C for 16hrs. The plates were washed with 3mL of LB. In this washing step, glass spreaders 

were used to dislodge the colonies from the plate. To avoid contamination from previous rounds, 

the spreaders were incubated with 1% bleach solution for at least 15 mins, washed with deionized 

water and then placed in flame, before being cooled for use. The plasmids were isolated using 

miniprep and labelled as the round 7 (R7) plasmid pool. One nM of this R7 pool was PCR 

amplified using a 5' primer that introduced the internal guide sequence for ss 258, 

CAATGTGGTACCACAAAGCCTGTGTGGCTGTCCCAAAAAGTTATTAGGC and the 3’ 

primer-5' GCCAGTGAATTCGAGCTC and the products were run on a 1% agarose gel and the 

product band size (536 nts) matching the  spliceozyme length was cut and the DNA was extracted 

using the agarose gel extraction kit (Macherey-Nagel NucleoSpin gel extraction kit). The extracted 

DNA was labelled as round 7 (R7) spliceozyme pool. 1nM of this R7 pool was ligated into the 

plasmid 258_SiC4 to generate the plasmid library for round 8 of evolution. Rounds 8 and 9 

followed the same steps as round 7, except for the selection step. In the selection step of rounds 8 

and 9,  100 uL of the diluted cell stocks (after being incubated with 1mM IPTG for 1hr at 37˚C), 

were plated on LB agar plates with  4, 8, 12, 20, and 40 μg/mL chloramphenicol. The plates were 

incubated for 20 hrs at 37˚C and the plates showing about 1000 cfus per plate were selected. In 

round 8, 8 ug/ml plate was chosen and in round 9, 12 ug/ml plate was chosen.  

I would like to acknowledge Logan Norrell and Ishani Behera for their contributions to the 

materials and methods section. Logan Norrell developed the  promoter 5 sequence  and completed 

the first six rounds of this evolution study. Ishani Behera identified the most efficient intron 

sequences for splice site 448 and completed the rounds 7 to 9 of this evolution study. 
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4.4.3 Rounds 10 to 12 

Rounds 10 to 12 followed the same evolution procedure as described above with minor 

changes. Each round of evolution used a plasmid construct containing a weak IPTG- inducible 

“promoter 5” and a CAT gene containing an intron at the specified splice site. Accordingly, library 

plasmids 258_SiC2, 448_4C6, 258_SiC3 were constructed for Rounds 10, 11 and 12 respectively. 

The names SiC2, 4C6 and SiC3 refer to the intron sequences that were inserted at positions 258,448 

and 258 of the CAT gene respectively. For each round the corresponding library plasmid was 

digested at Kpn I and Sac I restriction sites and dephosphorylated at 37ᵒC.  

In round 10, 0.04 nM of round 9 (R9) plasmid pool was PCR amplified for 16 cycles using 

the primers 5'-TGTGGTACCACAAAGCCTGTGTGG-3' and 5’-GCCAGTGAATTCGAGCTC-

3’ in a 100uL reaction. The amplified R9 pool was run on a 1% Agarose gel. This was done to 

separate the spliceozyme from the plasmid. The spliceozyme sized band (444nts) was excised, and 

the DNA was extracted from the gel piece, using the agarose gel extraction kit (Macharey-Nagel, 

NuceloSpin) according to the manufacturer’ instructions. However, a slight modification  to the 

manufacturer’s protocol was made. Instead of melting the  gel piece at 50˚C for 15 min, the gel 

piece was melted at 80ᵒC for 1hr.  

Since the gel purified spliceozyme product contained the internal guide sequence for splice 

site 448, 1.6 nM of the gel purified spliceozyme product was amplified for 10 cycles in a 100ul 

PCR reaction, using the 5' primer  that contained the internal guide sequence for splice site 258,  

5' CAATGTGGTACCACAAAGCCTGTGTGGCTGTCCCAAAAAGTTATTAGGC and 3' 

primer, 5' GCCAGTGAATTCGAGCTC. The purified PCR product was digested using Kpn I and 

Sac I enzymes and ligated into the 258_SiC2 library plasmid. The ligated products were 

transformed into electrocompetent DH5α E. coli cells and 1mL of bacterial culture was  plated on 
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twelve LB Agar plates containing 100 ug/ml of ampicillin to select for presence of plasmids and 

incubated at 37ᵒC for 16 hrs.  On three of these LB amp plates, the transformed E. coli cells were 

plated in serial dilutions of 1:10. This was done to estimate the number of colonies present in 1mL 

of bacterial culture.  All the LB amp plates were washed with a total of 5 mL of LB medium. The 

resulting cell suspension was vortexed gently and 500uL of cell suspension was pipetted into each 

of the ten 1.5 mL tubes. Five hundred uL of glycerol was added to each of the 1.5mL tubes and 

the tubes were vortexed and set on ice for 30 mins before flash freezing them using liquid nitrogen. 

The OD600 of one such cell stock was measured as a representation of the OD600 and diluted 

using LB medium to an OD 600 of 0.3. The resulting cell stock was further serially diluted (1:10 

dilutions) until an OD600 of 0.03 or 3,000,000 cfu/mL (1OD600 = 108 viable bacterial cfus) was 

reached. The diluted cell stock was incubated with a final concentration of 1mM IPTG for 1hr at 

37ᵒC. One hundred uL of the 1mM IPTG was spread on each of the 12 LB Agar plates containing 

either 4,5,8 or 12 ug/mL of Chloramphenicol. 1mM Mg2+ was present in each of the plates to help 

with the activity of ribozymes inside cells. The plates were incubated at 37 ᵒC for approximately 

20 hrs and analyzed for growth. LB chloramphenicol plates where about 1-10% of the cfu had 

grown was chosen and washed with 3mL of LB. These cam concentrations were 4, 12 and 5ug/ml 

over the rounds 10, 11 and 12 respectively. The cell suspension was centrifuged for 5 min at 5000g.  

From the cell pellet, plasmid was isolated using a plasmid prep kit (Macharey Nagel, NuceloSpin 

Plasmid  Easy Pure mini kit). The Plasmid pool obtained after miniprepping the supernatant was 

termed the R10 plasmid pool.  

For Rounds 11 and 12, in a 100ul PCR reaction, 1.25 nM of R10 plasmid pool and 1 nM 

of R11 plasmid pool were amplified with the same primers, 5'-TGTGGTACCACAAAGCCTGTG 
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TGG-3' and 5’-GCCAGTGAATTCGAGCTC-3’ for  10 and 12 cycles respectively.  The amplified 

pools were run on a 1% agarose gel and the spliceozyme PCR product was excised. One nM of 

the R10  and 3 nM of R11 excised spliceozyme PCR product  were amplified using two different 

sets of primers for 10 and 11 cycles respectively. The 5' primers -5' 

CAATGTGGTACCACAAAGCCTGTGTGGCTGGGGATAAAAGTTATTAGGC (contains the 

IGS for splice site 448) or 5' CAATGTGGTACCACAAAGCCTGTGTGGCTGTCCCAAAAAG 

TTATTAGGC (contains the IGS for splice site 258) and 3' primer- GCCAGTGAATTCGAGCTC  

were used  for amplification. The R10 and R11 spliceozyme PCR products were ligated into cut 

and dephosphorylated 4484C6 and 258SiC3 library plasmids respectively. The ligated plasmids 

were transformed into electrocompetent DH5α cells and plated on LB agar plates containing 100 

ug/mL ampicillin and made into glycerol stocks. After diluting one cell stock to 300,000 cfu/ 100 

uL, the diluted cell stock was incubated with a final concentration of 1mM IPTG at 37°C for 1 

hour with shaking. One hundred uL of this cell suspension was plated each of the 12 LB Agar 

plates containing 1mM Mg+2 and 4, 5, 8 and 12 ug/mL of Chloramphenicol and incubated for 16-

20 hrs at 37ᵒC. Before plating, 100uL of 1mM IPTG was spread on the LB chloramphenicol plates. 

Based on growth of E.coli cells, 12 and 5 ug/ml of chloramphenicol were chosen for rounds 11 

and 12. The chloramphenicol plates were washed with 3 mL of LB and centrifuged for 5 min at 

5000g. From the cell pellet, plasmid was isolated using a plasmid prep kit (company, cat number). 

The Plasmid pool obtained after miniprepping  was termed the R11 and R12 plasmid pool. 

4.5 Screening of  colonies for growth in E. coli  

        1.6 nM of Round 12 plasmid pool was PCR amplified using the 5' primer-

5'TGTGGTACCACAAAGCCTGTGTGG and 3' primer-5'GCCAGTGAATTCGAGCTC for 16 

cycles. The PCR amplification was done using a high-fidelity polymerase (PrimeSTAR GXL) to 
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minimalize the chances of mutations appearing in the round 12 library. The amplified products 

were run on a 1% Agarose gel and the correct sized band(444nts) was excised, melted and the 

DNA was extracted using the agarose DNA extraction kit (Macharey- Nagel, NuceloSpin). The 

gel purified PCR product was amplified using the primers, 5' 

CAATGTGGTACCACAAAGCCTGTGTGGCTGGGGATAAAAGTTATTAGGC (contains the 

IGS for splice site 448) and the 3' primer- 5'GCCAGTGAATTCGAGCTC for 11 cycles, digested 

using Kpn I and SacI restriction enzymes and ligated into plasmid 448_4C2. The ligated products 

were purified and transformed using DH5αelectrocompetent E. coli cells and plated on LB agar 

plates containing 100 ug/ml of ampicillin. From this, 200 clones were randomly picked and 

analyzed for the presence of spliceozyme insert using colony PCR. 196 colonies showed the 

presence of insert. 

4.5.1 Semi-quantitative growth assay for screening 196 colonies and top 24 colonies 

 A master plate was created by streaking all 196 colonies on an LB ampicillin (100 ug/mL) 

plate and incubated overnight at 37˚C. Cell suspensions for all 196 clones were prepared by 

suspending approximately equal amount of cells (as judged by the eye) of each clone into a 1 mL 

of LB ampicillin media (100 ug/mL) with a final concentration of 1mM IPTG. Each cell 

suspension was incubated for 1 hour at 37˚C with shaking . Five uL of each cell suspension was 

plated on LB agar plates containing 20 ug/mL chloramphenicol, 1mM of MgCl2 and 1mM IPTG 

and incubated for 16hrs at 37 ˚C. Unlike the evolution rounds, the IPTG was not spread on top but 

was instead mixed in with the LB agar to ensure that the plates had a uniform distribution of IPTG. 

The growth of E.coli cells mediated by these 196 clones were rated from 0 (no growth) to 100 

(strongest growth) by two people individually. The scores were compared, and 24 clones that were 

rated the highest by both individuals were chosen for further analysis. 
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  The top 24 clones were screened for growth on LB-agar plates with a higher 

chloramphenicol concentration (30ug/ml) using the same method as above. However, to make it 

more quantitative, for each of the 24 clones, the OD600 of the cell suspension after being incubated 

with a final concentration of 1mM for 1 hr at 37˚C was measured. The cell suspensions were 

immediately placed in ice after measurement. All cell suspensions were diluted to the lowest 

OD600 and 5uL of each cell suspension was plated and incubated for 16 hrs at 37 ˚C. This was 

done in triplicate. As described in the paragraph above, the growth mediated by these clones was 

visually analyzed and assigned a score between  0 and 100 by two people individually. Top 10 

clones that were scored high by both individuals were chosen for further analysis and sequenced. 

4.5.2 Quantitative growth assay for screening top 10 colonies 

A master plate was created by streaking the top 10 clones on a LB agar plate containing 

100 ug/mL ampicillin. Along with the top 10 clones, clone containing wild-type CAT gene was 

also included as a positive control.  Similar to the screening assay above , cell suspensions for each 

clone, were prepared by suspending cells in 1 mL of LB medium containing 100  ug/mL  ampicillin 

containing a final concentration of 1mM IPTG. The 11 cell suspensions were incubated for 1hour 

at 37˚C and their OD600s were measured. After measurement, the cell suspensions were 

immediately placed back on ice. The cell suspensions of all 11 clones were diluted to an OD600 

of 0.1 using LB ampicillin media and then further serially diluted by 1:10  to reach an OD600 of 

0.01. One hundred uL of each cell suspension was plated on LB agar plates containing 35 ug/ml 

chloramphenicol, 1mM MgCl2 and 1mM IPTG and incubated for 19hrs at 37 ˚C. For each clone, 

the plates were washed with 5mL of 50 mM NaCl solution, and the resulting cell suspensions were 

brought to the same volume. The OD600s of these cell suspensions were measured and the top 4 

clones that showed  the best growth were chosen for further analysis. 
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4.5.3 Quantitative growth assay for screening top 4 colonies in multiple substrate sequence  

contexts 

 

The top four ribozymes, 74,92,154 and 176  and parent sequence W11 were challenged to 

splice in four different substrate contexts- splice site 258 (introns SiC2  and SiC8) and splice site 

448( introns 4C2 and 4C6). Accordingly, the five ribozymes were cloned individually into each of 

the following plasmids: 258_SiC2, 258_SiC8, 448_4C2 and 448_4C6. The resulting 20 plasmids 

were sequenced to ensure that no mutations appeared in either the Spliceozyme expression cassette 

including the promoter 5 region or the CAT gene expression cassette including the intron sequence. 

All 20 clones were transformed into chemically competent DH5alpha cells (NEB #C2987H) and 

plated on LB ampicillin (100 ug/ml) plates. These 20 clones were inoculated in 5mL LB ampicillin 

(100 ug/mL) media each and incubated at 37 ˚C for 16hrs. These overnight culture of each was 

diluted to an OD600 of 0.5 and then serially diluted to an OD600 of 0.0005 or 50,000 

cfu/mL(1OD600=108 viable bacterial cells). The diluted cell suspensions were incubated for 1hr 

at 37 ˚C with a final concentration of 1mM IPTG and plated on  LB agar plates containing 1mM 

MgCl2, 1mM IPTG and  5 or 10 ug/ml chloramphenicol concentrations. Clones containing 

plasmids with the intron sequence SiC2 at splice site 258, were plated on 5ug/mL LB 

chloramphenicol plates and the rest of the clones were plated on 10ug/mL LB chloramphenicol 

plates. After incubating the plates at 37 ̊ C for 19 hours, the plates were washed with 5mL of 50mM 

NaCl solution each, and the OD 600 was measured. This assay was completed in two triplicates. 
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