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Mobile group II introns insert site-specifically into DNA target sites through a 

mechanism (“retrohoming”) that involves reverse splicing of the intron RNA into the 

DNA and its subsequent reverse transcription by an intron-encoded protein (IEP) that is 

associated with the RNA in a ribonucleoprotein (RNP) complex.  Characterization of this 

RNP complex and its retrohoming activities have enabled the development of 

programmable mobile group II intron gene targeting vectors routinely used in prokaryotic 

organisms.  Building upon recent research by our lab to develop gene targeting in 

Xenopus laevis and Drosophila melanogaster using the group II intron Ll.LtrB from 

Lactococcus lactis, I describe work to extend this system to mammalian cells. I 

demonstrate that group II intron RNPs can be delivered to mammalian cells efficiently 

and produced in vivo via a CMV/T7 hybrid expression system. Using a robust single-

strand annealing assay to detect homologous recombination induced by double-strand 

breaks (DSBs), I found that group II intron-mediated DSBs are efficiently repaired by 
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mammalian cells. Despite varied approaches, I failed to detect endogenous group II 

intron-mediated gene targeting in human and mouse cells in culture. Gene expression 

microarray analysis and in vivo imaging of RNP molecules indicated that group II intron 

RNPs are sequestered away from the genome and induce host innate immune responses. I 

also investigated how the C-terminal DNA-binding domain of the Ll.LtrB IEP 

contributes to DNA target site recognition. Building upon previous mass 

spectrophotometric analysis of site-specific UV-crosslinking, I used genetic and 

biochemical analyses to identify potential protein contacts for key target site residues T-

23 and T+5. Genetic selection of mutants in a region contacting T+5 led to identification 

of LtrA variants with increased retrohoming efficiency. My results provide evidence that 

the DNA-binding domain of a group II intron reverse transcriptase functions in DNA 

target site recognition and suggest new methods for changing its DNA target specificity 

and targeting efficiency. 
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Chapter 1: Introduction 

Group II introns are mobile genetic elements primarily found in bacterial and 

organellar genomes (Michel 1989, Ferat and Michel 1993). They consist of the 

catalytically active intron RNA and an intron-encoded protein (IEP), which work in 

concert to enable intron mobility (Lambowitz and Zimmerly 2011). The intron RNA is a 

ribozyme capable of catalyzing its own splicing from a precursor RNA, and in the case of 

mobile group II introns, inserting back into a DNA target site by reverse splicing during 

intron mobility (Pyle and Lambowitz 2006). 

These mobile introns are likely the evolutionary ancestors of spliceosomal 

introns, as suggested by structural similarity to spliceosomal machinery and that their 

splicing proceeds via sequential transesterification reactions resulting in an intron lariat 

RNA (Michel and Ferat 1995, Keating 2010). The multifunctional IEP is related to non-

LTR-retrotransposon reverse transcriptases (RTs) and aids splicing by stabilizing the 

catalytically active RNA structure (Matsuura 2001). The protein remains bound to the 

intron RNA as a ribonucleoprotein complex that is capable of reverse splicing the intron 

RNA into a DNA strand, followed by reverse transcription of the intron into DNA by the 

IEP (Zimmerly 1995). A recent hypothesis suggests that group II intron invasion was a 

major driving force in the evolution of eukaryotes (Koonin 2006, Martin and Koonin 

2006).  

Group II intron retrohoming has been studied in the greatest detail for the 

Lactococcus lactis Ll.LtrB intron (Matsuura 1997, Cousineau 1998, Mohr 2000, Smith 

2005). The Ll.LtrB intron and its IEP, termed LtrA, are the primary foci of this work. 

Recently, reprogramming of the intron RNA has enabled its use as novel gene targeting 

vectors in bacteria called a “targetron” (Perutka 2004). I here investigate the extension of 
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this gene targeting technology to mammalian systems as a means of site-specific genome 

modification. I also investigate specific interactions between the IEP and its DNA target 

site as they relate to group II intron mobility. 

1.1 GROUP II INTRON RNAS 

Group II introns are primarily found in bacteria and in the mitochondrial and 

chloroplast genomes of fungi, plants and protists (Lambowitz and Zimmerly 2011). They 

are found rarely in archaea, and the few known examples of archaeal group II introns are 

likely only due to horizontal gene transfers from bacteria (Rest and Mindell 2003). Group 

II introns have been found in ~25% of sequenced bacterial genomes, usually as active, 

functional retroelements. These “active” retroelements contain both active ribozyme and 

IEP components (Lambowitz and Zimmerly 2004, Candales 2012). In organellar 

genomes, group II introns are often degenerate and rely on host-encoded splicing factors 

to maintain activity (Lambowitz and Zimmerly 2011). Group II introns have thus far not 

been identified in eukaryotic nuclear genomes. Intriguingly, though, their likely 

descendants, spliceosomal introns and retrotransposons, make up more than half of the 

human genome (Sakharkar 2004, Cordaux and Batzer 2009). 

The conserved secondary structure of group II introns is composed of six helical 

domains (DI-DVI) radiating outward from a central hub, with a number of long-range 

tertiary interactions between domains (Figure 1.1) (Michel and Ferat 1995; Qin and Pyle 

1998; Lambowitz and Zimmerly 2011). DI provides the basis for exon recognition and 

active site assembly during the splicing and reverse splicing reactions. The minimal 

catalytic core of the group II intron consists of DI along with a triple helix formed 

between DV and a linker region termed J2/3  (Gordon and Piccirilli 2001, Keating 2010). 

DII contributes to the assembly of the core active site during RNA folding through 
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essential tertiary interactions. DIII is not required for catalysis but accelerates the 

catalytic step (Fedorova et al. 2003). The open reading frame (ORF) of the 

multifunctional IEP is found in DIV. DIV also includes a high-affinity binding site for 

the IEP, and in the case of the Ll.LtrB group II intron studied here, overlaps the ORF 

Shine-Dalgarno sequence so that IEP binding regulates its own translation (Singh 2002). 

The ORF may be readily deleted while maintaining intron catalytic activity (Wank et al. 

1999; Singh et al. 2002). DVI contains a bulged adenosine residue, the branch-point 

adenosine, required for formation of the intron lariat during the splicing reaction (Michel 

and Ferat 1995). 

Group II intron RNAs are divided into three major subgroups (IIA, IIB, IIC) 

based on variations in RNA structure and active site interactions (Lambowitz and 

Zimmerly 2011). The 2.5-kb Lactococcus lactis Ll.LtrB intron, studied here, is a member 

of the IIA subgroup that encodes a 70-kDa IEP (denoted “LtrA protein”) with reverse 

transcriptase (RT) activity (Matsuura 1997, Saldanha 1999). The IIA introns recognize 

their exons via three base-pairing interactions: IBS1/EBS1 and IBS2/EBS2 in the 5’ 

exon, and δ-δ’ in the 3’ exon. (Figure 1.2). 

1.1.1 Group II intron splicing 

Group II introns are capable of catalyzing their own splicing via two sequential 

transesterification reactions that are chemically identical to those used by eukaryotic 

spliceosomal introns (Figure 1.3A) (Lambowitz and Zimmerly 2004). The first 

transesterification reaction is nucleophilic attack of the 2’ OH of the bulged adenosine in 

DVI at the 5’ splice site, producing a lariat/3’exon intermediate. The 3’ OH of the 5’ 

exon then acts as a nucleophile, attacking the 3’ splice site and resulting in ligated exons 

and an excised lariat intron RNA. Some introns are capable of self-splicing in vitro in the 
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presence of high salt and Mg2+ concentrations, but usually require stabilization of the 

catalytically active RNA structure by protein in vivo (Lambowitz and Zimmerly 2011). 

For mobile group II introns, this stable lariat-IEP complex forms an active 

ribonucleoprotein (RNP) capable of reverse splicing and reverse transcription of the 

intron RNA into double-stranded DNA targets, a process termed retrohoming 

(Lambowitz and Zimmerly 2011). 

1.2.2 Group II intron retrohoming 

Retrohoming of the Ll.LtrB intron predominantly occurs via reverse splicing of 

the intron RNA into a double-stranded DNA target site, followed by IEP-mediated 

cleavage of the bottom-strand of the 3’ exon (Singh 2001). The IEP then uses the cleaved 

bottom strand as a primer for reverse transcription of the intron RNA, a process termed 

target-primed reverse transcription (TPRT). Host DNA repair mechanisms then 

incorporate the hybrid intron RNA/cDNA into the host genome (Lambowitz and 

Zimmerly 2011). 

Group II intron RNPs recognize DNA target sequences by using both the IEP and 

base-pairing of the intron RNA (Singh 2001, Figure 1.3B). The RNP binds DNA non-

specifically and scans for its target site (Aizawa 2003). Initial recognition of the DNA 

target site occurs in the 5’ exon and is mediated by specific contacts between LtrA and 

the DNA target site (Singh 2001). This leads to localized melting of the double-stranded 

DNA, allowing EBS1, EBS2 and δ of the intron RNA to base-pair to IBS1, IBS2 and δ’ 

(-12 to +3) in the top strand of the DNA target site (Guo 1997, Singh 2001, Zhong 2003). 

The intron then catalyzes reversal of the two transesterification reactions used in intron 

splicing. The 3’ OH of the intron attacks the DNA phosphodiester bond of the intron 

insertion site in the top strand, followed by attack of the 2’-5’ bond of the intron lariat 
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branchpoint by the free 3’ OH of the cleaved top strand DNA. As these transesterification 

reactions are reversible, the reaction must be driven forward by downstream IEP-

mediated reactions including reverse transcription (Aizawa 2003). 

Subsequent to reverse splicing, LtrA makes a limited number of contacts in the 3’ 

exon and cleaves the bottom strand of the DNA target between positions +9 and +10 

(Singh 2001). Using the free 3’ OH of the bottom strand cleavage product as a primer, 

LtrA reverse transcribes the intron into cDNA. These intron RNA/cDNA hybrids are 

repaired and incorporated into the genome by various host DNA recombination and 

repair processes that differ by organism (Eskes 2000, Smith 2005, Zhuang 2009, White 

2012). Ll.LtrB and other introns can retrohome in the absence of bottom-strand cleavage 

by using nascent strands at DNA replication forks to prime reverse transcription (Zhong 

2003).  

1.2 LTRA, THE MULTIFUNCTIONAL INTRON-ENCODED PROTEIN (IEP) 

LtrA, the multifunctional IEP encoded by Ll.LtrB, possesses four major domains 

(Figure 1.4).  The reverse transcriptase (RT) domain corresponds to the fingers and palm 

regions of retroviral RTs and is primarily responsible for conversion of the intron RNA 

into cDNA upon successful reverse splicing into a DNA target molecule (Blocker 2005).  

Additionally, the amino-terminal extension of the RT domain likely binds the high-

affinity site in DIVa of the intron (Gu 2010). The maturase domain (X) corresponds to 

the thumb region of retroviral RTs and, along with the RT domain, binds the intron RNA 

to stabilize its catalytically active tertiary structure of the intron (Cui 2004).  The DNA-

binding domain (D), which shares no homology with any known DNA binding domain, 

is dispensable for intron splicing but required for intron retrohoming into DNA target 

sites (San Filippo 2002). Finally, the DNA endonuclease domain (En) contains conserved 
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H-N-H DNA endonuclease motifs interspersed with two pairs of conserved cysteine 

residues that stabilize the active structure of the domain. The En domain is required for 

second-strand cleavage during intron retrohoming (San Filippo 2002, Blocker 2005). 

Thus far, little is known about the regions of the IEP that interact with the DNA 

target site to support retrohoming. IEP-mediated interactions with the distal 5’ exon 

region are required for reverse splicing into double-stranded DNA targets but not for 

single-stranded DNA targets, where RNA base-pairing interactions suffice (Guo 1997, 

Zhong 2003). IEP recognition of the 3’ exon is not require for reverse splicing into 

single- or double-stranded DNA targets, but is required for bottom-strand cleavage by the 

En domain (Mohr 2000, Zhong 2003). These requirements were inferred using mutant 

IEPs with C-terminal truncations. Details of the specific interactions between the IEP and 

its DNA target site remain unknown (discussed further in Chapters 4 and 5). 

1.3 GROUP II INTRONS AS GENE TARGETING VECTORS 

Because the site-specificity of retrohoming is primarily determined by base-

pairing between the intron and its DNA target, simple molecular cloning techniques can 

be utilized to retarget the intron to desired target sites (Mohr 2000). By developing an E. 

coli intron mobility assay, our laboratory has been able to characterize the retargeting 

behavior of the Ll.LtrB intron in great detail (Guo 2000, Karberg 2001).  As a result of 

this work, our laboratory has developed a computer algorithm that can search an input 

DNA sequence for probable target sites, taking into account IEP-mediated DNA 

interactions and intron base-pairing preferences (Perutka 2004).  Together, the intron 

RNA and IEP recognize enough of the DNA target sequence to theoretically target a 

unique site, even in complex genomes.  This technology has been used to target genes in 
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various Gram-negative and Gram-positive bacteria, and has been commercialized for this 

purpose (Zhong 2003, Yao 2006, Yao 2007).   

Recently, our laboratory has utilized an X. laevis microinjection assay to 

characterize group II intron mobility reactions in the eukaryotic cellular environment 

(Mastroianni 2008).  This work, as well as work done by our lab in D. melanogaster early 

embryos, demonstrates that group II introns can integrate into target DNA molecules and 

create double-strand breaks (DSBs) in a eukaryotic environment, but the reaction 

efficiency is highly dependent on Mg2+ concentration.  Additionally, we have 

demonstrated that group II introns can stimulate homologous recombination via the 

creation of a DSB at their target site in eukaryotic cells (Mastroianni 2008).  These events 

can be directed to genomic sequences in X. laevis and D. melanogaster, where either 

intron insertion, homologous recombination with an exogenous DNA molecule or 

mutations introduced via non-homologous end-joining (NHEJ) can successfully 

manipulate the genome in a site-specific manner (Zhuang 2009). 

With the exception of a few cell types, site-specific gene targeting in mammalian 

cells has remained elusive.  The potential benefits of developing group II intron gene 

targeting vectors in mammalian cells are discussed in detail in Chapter 2.  

1.4 OVERVIEW OF DISSERTATION RESEARCH 

My dissertation research has involved two areas of investigation. My main efforts 

centered around the application of group II intron-mediated gene targeting to mammalian 

cells in culture. Specifically, I analyzed the activity and localization of Ll.LtrB RNPs in 

the mammalian cellular environment and their ability to both cleave and retrohome into 

chromosomal DNA. This led to the development of a mammalian expression system for 

group II intron RNPs and gene expression analysis of host responses related to expression 
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of the bacterial retroelement. Finally, I attempted to use group II introns to knock out an 

endogenous gene in mouse embryonic stem cells. 

My other research focused on elucidating the specific interactions between LtrA 

and the DNA target site. Building upon of previous research, I employed a combination 

of genetic and biochemical analyses aimed at identifying specific amino acid residues in 

the DNA-binding domain responsible for recognition of conserved nucleotides in the 5’ 

and 3’ exons of the DNA target site. I was able to use this analysis as a basis for selection 

of LtrA mutants that supported increased retrohoming frequencies.  
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Figure 1.1 Secondary structure model of the Lactococcus lactis LtrB group II intron 

 The six conserved helical domains of group II introns, labeled DI-DVI, extend 
from a central hub. This model represents the class IIA Ll.LtrB intron. DI contains the 
sequence elements responsible for arranging the intron splice site, labeled EBS1, EBS2 
and δ, which base pair with IBS1 and IBS2 in the 5'-exon and δ' in the 3'-exon. DI, DV, 
and J2/3 comprise the catalytic core of the intron, while DII and DIII contribute to intron 
folding and catalysis. The ORF, encoding the LtrA protein and the high affinity binding 
site for LtrA are found in DIV. The bulged branch-point adenosine is located in DVI. 
(Image adapted from Perutka 2004) 
  

J2/3
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Figure 1.2 DNA target site interactions of the Ll.LtrB intron RNP 

 The Ll.LtrB DNA target site (-30 to +15, relative to the intron-insertion site) is 
represented here in complex with the Ll.LtrB RNP, composed of the LtrA protein (gray) 
and the Ll.LtrB intron RNA (DI stem loops containing EBS2 and EBS1/δ sequences 
shown in red). The schematic below shows the arrangement of the IBS2 and IBS1 
sequences in the 5'-exon (blue) and the δ' sequence in the 3'-exon (orange). The intron-
insertion site in the top strand of the DNA substrate and the endonuclease cleavage site in 
the bottom strand are also indicated by black arrowheads on the sequence. Nucleotide 
residues specifically recognized by the LtrA protein are also labeled: T-23, G-21, and A-
20 in the 5’ exon, and T+5 in the 3'-exon (highlighted in green). 
  

5’...CCACACGTCGATCGTGAACACATCCATAACCATATCATTTTTAAT...3’
3’...GGTGTGCAGCTAGCACTTGTGTAGGTATTGGTATAGTAAAAATTA...5’

GUGUA GUGUUGGUA

EBS2 EBS1    ƣ
LtrA Protein

-30 -15 +1 +15
IBS2 IBS1    ƣ·5’ exon 3’ exon
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Figure 1.3 Group II intron splicing and retrohoming 

 A) Self-splicing and protein-assisted splicing of group II intron RNAs follow the 
same reaction pathway.  The first transesterification reaction is nucleophilic attack of the 
2'-OH of the branch-point adenosine residue at the 5'-exon-intron junction, forming a 
partially spliced intron lariat-3'-exon intermediate. Splicing is completed by the second 
transesterification reaction, consisting of nucleophilic attack of the intron lariat-3'-exon 
junction by the 3'-OH of the 5'-exon. The products are ligated exons and lariat intron 
RNA containing a 2’-5‘ phosphodiester linkage. In protein-assisted splicing, the IEP 
stabilizes the catalytically active structure of the intron RNA and the lariat RNA remains 
bound to the IEP. 
 B) Following intron splicing, the IEP remains tightly bound to the intron RNA as 
a ribonucleoprotein (RNP) capable of retrohoming into a DNA target site. The RNP 
initially recognizes the DNA target site via interactions between the IEP and the 5’ exon 
of the target site (Singh 2001). This leads to localized DNA melting, allowing the intron 
RNA to base pair with the top strand of the DNA via the EBS/IBS and δ/δ‘ interactions 
(see Figure 1.2). The base-pairing interactions align the intron active site for reverse 
splicing of the intron into the top strand of the DNA. Subsequent to reverse-splicing, the 
IEP cleaves the bottom strand between +9 and +10 and uses the free 3’-OH as a primer 
for reverse transcription of the intron RNA. Host DNA repair and recombination 
mechanisms remove the intron RNA, replacing it with DNA and completing the 
retrohoming reaction. 
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A
E1 E2
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Figure 1.4 LtrA protein domain organization 

 The LtrA protein, the IEP encoded by the Ll.LtrB intron, is organized into four 
distinct domains, the reverse transcriptase (RT), maturase (X/Thumb), DNA-binding (D), 
and endonuclease (En) domains, indicated above. The numbers above the cartoon 
indicate amino acid positions at the domain boundaries. The N-terminal RT domain is 
composed of seven conserved motifs (RT1-7) as well as an up-stream extension (RT0) 
only present among non-LTR-retroelement RTs (Zimmerly 2001). The RT domain and 
domain X together bind the intron RNA, stabilizing its catalytically active structure. The 
C-terminal D and En domains interact with the DNA target site during intron mobility 
(image adapted from Lambowitz and Zimmerly 2011). 
  

RT X/Thumb D En
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Chapter 2: Group II Intron Gene Targeting in Mammalian Cells 

Building upon recent work in our laboratory to extend group II intron gene 

targeting to several eukaryotic model organisms, a large portion of my work focused on 

testing whether targetrons could be adapted to the mammalian cellular environment and 

used to site-specifically modify the mammalian genome. With the exception of a few cell 

types, genome-wide site-specific gene targeting in mammalian cells has only recently 

become practical. Adeno-associated virus (AAV) vectors show promise for gene therapy 

and gene targeting applications, but are currently hindered by their limited infectivity in 

many cell types (Vasileva and Jessberger 2005). RNAi-based methods are widely used 

and have shown clinical potential in gene therapy, but only result in knock-down of gene 

products, not knock-out (Davidson and McCray 2011). Additionally, RNA interference 

techniques are known to stimulate non-sequence-specific off-target effects that may 

interfere with sequence-specific effects (Olejniczak 2010). Traditional homologous 

recombination-mediated techniques are inefficient in a majority of cells and can be prone 

to off-target integrations (Capecchi 2005). To overcome the low efficiency of 

homologous recombination (HR) in mammalian cells, double-strand breaks at a target 

site can stimulate HR by several orders of magnitude (Jasin, 1996; Porteus & Baltimore, 

2003).  

Heralded successes in creating site-specific, mutagenic double-strand breaks have 

been reported using chimeric Zn2+-finger nucleases (ZFNs) and TALE nucleases 

(TALENs) to target mammalian genomes (Carroll 2011, Mussolino et al. 2011). These 

technologies have proven efficient in a variety of cell types.  However, they are still 

hindered by the high monetary expense of using commercialized custom proteins, and 

“open-source” design techniques require significant expertise.  Mobile group II introns 
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can be re-targeted in only days using common laboratory techniques, and have even 

demonstrated the ability to carry genetic markers enabling direct selection of targeted 

clones (Zhong et al. 2003). Group II introns are a unique genetic element that offers 

highly specific target site recognition combined with flexibility to change target 

specificity, making them an ideal gene targeting tool. Here I describe my work to adapt 

group II introns for use in gene targeting in cultured human cells. 

The most direct method of introducing active group II introns into mammalian 

cells involves using preparations of in vitro-reconstituted RNPs. Considerable work has 

been done previously in our laboratory optimizing in vitro preparations of highly-

concentrated group II intron RNPs for gene targeting in eukaryotic systems, including 

Drosophila melanogaster embryos and Xenopus laevis oocytes (Mastroianni et al. 2008). 

These analyses relied on direct injection of the group II intron RNPs into the cell, 

bypassing the need for an intracellular expression method to assemble the RNP. 

Our laboratory has also carried out additional experiments showing that in vitro-

prepared group II intron RNPs could successfully target plasmid DNA when co-

transfected into eukaryotic cells via liposomal complexes (Guo et al. 2000). These 

experiments demonstrated that group II introns are active at some efficiency in the 

eukaryotic cellular environment, albeit with several caveats: Transfected plasmids consist 

of non-chromatinized DNA bound by unknown combinations of polycations and DNA-

binding proteins and are not known to be actively transported to the nucleus in the 

absence of specific secondary import sequences (Dean et al. 2005). Therefore it is 

possible that a significant portion of plasmid targeting events occurred in the cytoplasm. 

Additionally, the number of DNA targets present as a result of transfecting plasmid DNA 

in each cell is orders of magnitude above what would exist for an endogenous single-

copy gene.  
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2.1 RECONSTITUTION OF NUCLEAR TARGETED GROUP II INTRON RNP MOLECULES 

The eukaryotic nucleus is a barrier that must be crossed via import or mitotic 

breakdown in order to gain access to the cell’s genetic material. I hypothesized that 

inclusion of a nuclear localization signal on the LtrA protein would increase the 

proportion of RNP molecules actively imported into the nucleus and thus enable access to 

the cell’s genetic material. Before optimizing introduction of active RNP molecules into 

the eukaryotic cellular environment, I sought to build upon the methods used previously 

in our laboratory and verify that purified in vitro RNPs containing nuclear localization 

signals were active in target DNA-primed reverse transcription (TPRT).  

Initial experiments from our laboratory had shown that the inclusion of a single 

SV40 Large T-antigen nuclear localization signal on the C-terminus of the LtrA protein 

resulted in nuclear translocation when expressed in mammalian cells from a viral 

promoter  (Cui 2005). It was unknown, however, whether this C-terminal addition 

affected reconstitution of in vitro RNP preparations or targeting efficiency when 

compared to wild-type LtrA. To assay this, I used modified LtrA constructs in which the 

NLS sequences from SV40 Large T-Antigen and HIV-1 Tat protein were cloned 

separately in a single copy at the C-terminus of the LtrA ORF in pMAL-C2T (see 

Methods). This E. coli expression vector produces LtrA protein as an N-terminal fusion 

to maltose-binding protein (MBP), which can be cleaved by incubation with TEV 

protease to produce LtrA free of the MalE tag (Del Campo 2007). Both wild-type or 

NLS-containing LtrA expressed robustly in E. coli. After initial purification on an 

amylose resin, I proceeded with an optional overnight TEV cleavage of the MBP fusion 

followed by purification on an additional Ni2+ resin, taking advantage the ability of LtrA 

to bind to the Ni2+ resin without an additional tag. This purified LtrA protein was 
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incubated with linear Ll.LtrB intron RNA and reconstituted into RNPs, as previously 

described (Mastroianni et al. 2008).  

Figure 2.1 shows a TPRT assay demonstrating that the NLS-containing RNPs 

were highly active and sequence-specific with or without cleavage of the MBP fusion. It 

is notable that the MBP fusion does not affect RNP activity in vitro, as this addition may 

contribute to increased LtrA solubility and stability. I conclude that addition of an NLS to 

the C-terminus of LtrA does not impair expression, RNP reconstitution or in vitro 

biochemical activity. 

2.2 IN VIVO REPAIR OF IN VITRO TARGETED GROUP II INTRON TARGETED DNA 
MOLECULES AND A REPORTER ASSAY FOR DSB-STIMULATED RECOMBINATION 

Homologous recombination, whether endogenous or stimulated by a double-

strand break (DSB), is a well-studied and flexible method for mammalian gene targeting 

that utilizes decades of established techniques for genetic modification in stem cell-based 

systems. To use group II introns in this manner, it was necessary to assay whether group 

II intron targeted DNA molecules are robust substrates for repair and recombination in 

mammalian cells. Specifically, it was not known whether the RNA/DNA hybrid 

molecules and reaction intermediates of the group II intron mobility reaction would be 

recognized and resolved by mammalian DNA repair and recombination machinery. 

Furthermore, it was necessary to determine whether or not reverse transcription of the 

intron RNA was required for repair or enhanced the repair and targeting efficiency. I first 

developed a genetic reporter based on single-strand annealing recombination assays used 

previously to demonstrate meganuclease function in eukaryotic cells and oncogenic SSA 

in myeloid cells (Epinat 2003, Fernandes 2009). I then incubated this reporter construct 

in vitro with group II intron RNPs in the presence or absence of dNTPs, purified the 
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targeted molecules, and transfected them to HEK-293 cells to allow the in vivo repair of 

group II intron targeted DNA molecules. 

The creation of recombinogenic and mutagenic DSBs in mammalian cells 

requires not only that the effector molecule be able to act in the context of chromatin and 

carry out its target DNA cleavage in the mammalian nuclear environment, but also that 

the targeted DNA molecules can be robustly repaired by the host cell. To assay the latter, 

I constructed a facile genetic reporter construct consisting of two overlapping segments 

of the enhanced green fluorescent protein gene from Aequorea victoria (EGFP) under 

control of a constitutive promoter and separated by a target site for the effector 

molecule(s) (Figure 2.2). Cleavage at the target site by a group II intron RNP (or I-SceI 

meganuclease as a control) resulting in a DSB is expected to stimulate homologous 

recombination between the 100 bp repeats.  This recombination event reconstitutes the 

EGFP ORF, the expression of which can be detected by flow cytometry or microscopy. 

In addition to in vitro plasmid targeting experiments, the reporter cassette was integrated 

into the genome of HEK-293 cells in a single copy (as determined by Southern blot). This 

cell line, termed 293/GFP100, was also used to analyze RNP introduction and targeting 

efficiency in the mammalian genome. 

GFP reporter DNA constructs were incubated with in vitro-prepared linear or 

lariat group II intron RNPs or recombinant I-SceI as a positive control. Additionally, 

dNTPs were added to the targeting reactions where indicated to assess whether reverse 

transcription of the intron RNA increased targeting and/or repair efficiencies. Products of 

the in vitro targeting reaction were purified via phenol/chloroform/isoamyl alcohol 

(25:24:1) extraction and transfected into HEK-293 cells to allow repair of the GFP ORF 

via recombination. Substrates targeted by both lariat and linear RNPs were robustly 

repaired in vivo, demonstrating that group II intron-targeted DNA molecules can be 
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repaired by mammalian cells (Figure 2.3). DNA substrates targeted by linear RNP 

molecules are repaired more efficiently than those targeted by lariat RNP molecules. This 

is likely due to the inability of linear RNPs to catalyze the second step of reverse splicing, 

with the resulting linear RNA/DNA hybrid acting as a more robust substrate for 

recombination and repair. Addition of dNTPs to the in vitro targeting reaction resulted in 

higher repair frequencies in vivo, suggesting that partial or full reverse transcription of the 

intron allows for elevated targeting frequencies. Neither linear nor lariat RNPs were able 

to stimulate recombination to the level of the I-SceI control, perhaps due to lower repair 

efficiencies as a result of RNA/DNA hybrid molecules compared to linear DNA. 

2.3 DELIVERY OF GROUP II INTRON RNP MOLECULES INTO MAMMALIAN CELLS VIA 
TRANSFECTION AND ELECTROPORATION 

Previous group II intron targeting experiments in eukaryotic systems such as 

Drosophila melanogaster, Danio rerio and Xenopus laevis have demonstrated efficient 

plasmid targeting rates after optimization of in vivo reaction conditions by co-injection of 

magnesium, dNTPs and polyamines (Mastroianni et al. 2008). Targeting mammalian 

cells in culture is hindered by the difficulty of using direct injection techniques. Thus, it 

was necessary to develop methods that would result in maximum delivery of active RNP 

molecules across the cytoplasmic membrane. Using in vitro prepared RNPs containing 

GFP-tagged LtrA, I analyzed a variety of transfection techniques for their ability to 

deliver RNPs to mammalian cells in a non-cytotoxic fashion. 

An in-frame fusion of GFP to the N-terminus of LtrA was previously shown to 

have minimal effect on intron mobility rates and RNP assembly (Zhao and Lambowitz, 

2005). For my experiments, LtrA with an N-terminal GFP tag and C-terminal SV40 NLS 

were expressed in E. coli as intein fusions to a chitin-binding domain and purified as 

previously published (Saldanha et al. 1999). After reconstitution with self-spliced Ll.LtrB 
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intron RNA, RNPs were concentrated by ultracentrifugation and electroporated or 

transfected into 293/GFP-100 reporter cells under a variety of conditions. After 24 h, 

cells receiving GFP-LtrA were analyzed by flow cytometry to assay the extent of RNP 

delivery. Cells receiving wild-type RNPs under the same conditions were harvested after 

72 h and analyzed by flow cytometry to determine if efficient delivery of RNPs resulted 

in any DSB-induced recombination and repair of the GFP ORF as described in the 

previous section. 

After comparison of various electroporation buffers, including commercial 

formulations designed for electroporation of mammalian cells, I found that the use of 

phosphate-buffered saline (PBS), a relatively isotonic buffer, resulted in 62% of cells 

receiving GFP-LtrA, the highest rate of all electroporation conditions tested (Figure 2.4). 

Hypotonic and commercial electroporation buffers tested resulted in large numbers of 

dead cells post-pulse and GFP-LtrA delivery rates not exceeding 10% (data not shown). 

In repeated trials, 293/GFP-100 cells electroporated with NLS-containing RNPs under 

optimal conditions showed no detectable gene targeting as assayed by flow cytometry, 

despite efficient delivery of RNPs by this method. 

I also tested a variety of protein and nucleic-acid specific transfection reagents for 

their ability to deliver RNPs to mammalian cells without electroporation. The RNP 

particle is largely composed of nucleic acid, and I presumed it would be efficiently 

packaged using common transfection techniques. The detailed fate of these transfected 

complexes after being absorbed into membrane vesicles is unknown, including 

maintenance of RNP activity, but these experiments serve as a proof of principle for a 

variety of RNP transfection techniques. I used the following reagents to transfect GFP-

LtrA RNPs into 293/GFP-100 cells: DEAE-Dextran (a polycation used for general 
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nucleic acid delivery), Transpass-P (a protein-specific transfection reagent), and DMRIE-

C (a liposomal formulation that efficiently delivers RNA). 

Flow cytometry analysis of 293/GFP-100 cells at 24 h post-transfection 

demonstrated delivery of GFP-LtrA RNPs to between 42% and 55% of cells for all 

reagents tested (Figure 2.4, in green). I attempted to observe the intracellular localization 

of the GFP-fusion RNP via fluorescent microscopy, but due to low RNP concentrations 

and moderate autofluorescence of the cells in culture, this was inconclusive. Where 

indicated in Figure 2.4, NLS-containing RNPs were transfected under identical 

conditions and failed to stimulate gene targeting as analyzed by flow cytometry (Figure 

2.4, in red). The combined results of electroporation and transfection experiments 

demonstrate that, although RNPs can be delivered to mammalian cells at high efficiency, 

they are unable to either access or act upon their DNA target. 

2.4 DEVELOPMENT OF HYBRID EUKARYOTIC EXPRESSION SYSTEM FOR GROUP II 
INTRON RNP MOLECULES 

The above experiments demonstrated that, although group II intron RNPs can be 

introduced to mammalian cells at high efficiency, in vitro prepared RNP molecules 

introduced by electroporation or transfection reagents are unable to stimulate efficient 

gene targeting.  Using these and similar methods, others in our laboratory have detected 

site-specific integration into genomic target sites, albeit at efficiencies so low as to 

require nested PCR techniques to detect intron integration (Cui 2005, Vernon 2010). 

Since group II introns target mammalian chromosomal DNA efficiently in a nuclear 

lysate (Cui 2005), the low frequency of the gene targeting reaction is likely hindered by 

the inability of a high proportion of active RNP molecules to reach the nucleus before 

degradation and inactivation by host cell machinery.  We therefore sought to develop a 

mammalian expression system for group II intron RNPs analogous to the systems 
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previously used for gene targeting in bacteria (Karberg et al. 2001).  The primary 

advantage of an expression system is that it provides a continuous source of active RNPs, 

as opposed to their transient introduction by electroporation or transfection. 

As mentioned above, previous experiments showed that LtrA protein with a C-

terminal SV40 NLS could be expressed in human cells and localized to the nucleus, but 

only after human codon optimization (hereafter referred to as hLtrA-SV) (Cui 2005). Our 

main challenge was to express the Ll.LtrB intron RNA in a fashion that allowed for 

maximal forward splicing and RNP assembly in vivo. Studies in bacterial systems have 

demonstrated that the Ll.LtrB-ΔORF intron RNA can only be spliced in vivo in a protein-

dependent manner (Matsuura et al. 1997, Saldanha et al. 1999).  This is because the 

maturase function of the IEP assists in folding the intron RNA into a catalytically active 

structure required for the splicing reaction.  I hypothesized that the promoter used to 

express the intron RNA would be critical to RNA stability and splicing activity in human 

cells.  

Others in our laboratory had analyzed the ability of endogenous eukaryotic 

promoters to express intron RNA that was capable of protein-dependent forward splicing 

as detected by RT-PCR. The Ll.LtrB-ΔORF intron precursor was efficiently expressed 

using Pol I (rRNA), Pol II (CMV) and Pol III (U6 snRNA) promoters. However, the 

transcripts expressed using Pol II and Pol III promoters were not spliced efficiently (Cui 

2005). This may be due to the interfering m7G cap and poly-A tail structures of Pol II 

transcripts, as well as highly regulated post-transcriptional localization and RNA 

processing that prevents association with the LtrA protein. While unpublished work from 

our laboratory has found that Pol I expression of the Ll.LtrB intron can result in protein-

dependent forward splicing when co-expressed with humanized LtrA (Cui 2005), I was 

unable to reproduce this result using several cDNA synthesis and RT-PCR methods. 
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Since the cellular transcription machinery seems unable to express group II intron 

RNA capable of efficient forward splicing and RNP assembly, I implemented a phage 

transcription system for mammalian cells utilizing the well-characterized and highly 

processive T7 RNA polymerase.  Multiple studies have shown that T7 RNA polymerase 

is stably expressed and active in eukaryotic cells (Yap et al. 1997), and that T7 transcripts 

can be translated or serve as effectors of RNAi (Wang et al. 2008). In certain expression 

systems, T7 RNA polymerase can produce transcript levels up to fifty times higher than 

even the most efficient viral Pol II promoters (Brisson et al. 1999). Finally, the 

subcellular localization of T7 RNA polymerase in eukaryotic cells is well described, with 

nearly complete cytoplasmic or nuclear localization in the absence or presence of a SV40 

NLS, respectively (Yarovoi and Pederson, 2001). 

Since Ll.LtrB only splices in vivo in a protein-dependent manner, the presence of 

ligated exons from the precursor RNA can be used as an indicator of RNP assembly. I co-

transfected plasmids expressing nuclear-localized T7 RNA polymerase (pCMV-nT7) 

with plasmids expressing hLtrA-SV under control of a CMV promoter (pIVS-hLtrASV) 

and Ll.LtrB-ΔORF intron RNA under control of a T7 promoter and terminator (pDR2t) 

into HEK-293 cells (Figure 2.5A). Purified RNA from these cells was reverse transcribed 

and amplified by PCR with primers specific to the ligated-exon product. The detection of 

ligated exons as shown in Figure 2.5B shows that forward splicing occurs in a protein-

dependent manner in mammalian cells when Ll.LtrB is expressed via nuclear-localized 

T7 polymerase and LtrA is expressed via a CMV promoter and localized to the nucleus. 

Ligated exons were not detected when either T7 polymerase or LtrA did not contain an 

NLS sequence.  

These findings demonstrate that the components of group II intron RNPs can be 

efficiently expressed in mammalian cells and assemble into catalytically active structures. 
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Furthermore, all components of this expression system are known to be localized 

individually to the nucleus. While these results do not rule out the possibility that a 

portion of RNPs are assembled in the cytoplasm and are imported post-assembly, it 

seems likely that this system results in nuclear assembly of RNP components, a beneficial 

scenario for gene targeting experiments. 

2.5 USE OF GFP SINGLE-STRAND ANNEALING ASSAY TO DETECT RECOMBINOGENIC 
DOUBLE-STRAND BREAKS IN MAMMALIAN CELLS 

The development of an expression system for group II intron RNPs allowed me to 

assay DSB-induced gene-targeting using a stable source of nuclear-localized active 

targeting molecules rather than relying on systems such as transfection and 

electroporation, which likely deliver a majority of their cargo to the cytoplasm. While in 

vitro-prepared RNPs are capable of efficiently cleaving DNA substrates for in vivo repair 

and recombination, the above electroporation and transfection experiments failed to result 

in detectable gene targeting despite optimization of delivery conditions. 

For all GFP-targeting flow cytometry assays mentioned in this work, targeting 

rates were corrected for the efficiency of transfection using a plasmid that expresses the 

complete GFP ORF in a separate well. Following from my successful RT-PCR analysis, I 

co-transfected the following plasmid combinations into 293/GFP-100 cells: Plasmids 

expressing nuclear-localized T7 RNA polymerase and either hLtrA or hLtrA-SV under 

control of a CMV promoter, and Ll.LtrB-ΔORF intron RNA under control of a T7 

promoter. I also included control samples consisting of an Ll.LtrB intron targeted to a 

nonspecific target to ensure target site specificity. After 72 h in culture, cells were 

trypsinized to a single cell suspension and analyzed via flow cytometry. In samples where 

one or more plasmids were omitted from transfection, total DNA amounts were equalized 

using empty vector. 
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Figure 2.6 demonstrates the results of a representative experiment, showing the 

average percentage of GFP+ cells detected in three independent transfections. Despite 

robust DSB-induced homologous recombination (> 1.5%) in the presence of the control 

I-SceI meganuclease, no combination of RNP expression plasmids resulted in any rate of 

GFP+ cells above background levels. In experiments not shown, extensive optimization 

and modification of RNP expression components was carried out. These include 

expression of T7-driven Ll.LtrB and CMV-driven-hLtrA-SV from the same plasmid 

template, expression of T7-driven Ll.LtrB with and without a T7 terminator, and 

expression of T7 RNA polymerase with and without an NLS. The hLtrA-SV ORF was 

also cloned into pAAV-MCS, a known high-expression plasmid used to produce rAAV, 

to increase expression levels. Under all conditions and contexts tested, no significant rate 

of DSB-induced homologous recombination was detected with any RNP expression 

strategy. 

I could not exclude the possibility that the time points tested thus far, 48 h and 72 

h post-transfection, were too short to allow for production and import of sufficient RNP 

molecules to act upon the genomic target site. A time-course experiment was carried out 

to see if long-term expression of RNP components would result in detectable targeting. 

For these experiments, hLtrA-SV was cloned into pCEP4 (Yates 1985), a stably 

replicating episome that can be maintained by selection with hygromycin in order to 

provide a consistent level of LtrA-SV protein. The T7 RNA polymerase and Ll.LtrB 

plasmids were provided via transient transfection as previously, and I-SceI was tested in 

parallel as a control. Cells were maintained in log phase growth and analyzed for GFP 

fluorescence via flow cytometry every day beginning at 48 h up to 6 days post-

transfection. Figure 2.7 shows the result of this time-course analysis. The rate of I-SceI 
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fluorescence continues to increase through six days post-transfection, the final time-point 

tested. No RNP-induced GFP+ cells were detected at any time point in this assay. 

While total intracellular magnesium concentrations in eukaryotic cells are in the 

range of 14-20 mM, the available free magnesium concentration is estimated to be in the 

range of 0.8 to 1.2 mM (Romani and Maguire, 2002). This is an order of magnitude 

below the optimal concentration required for optimal in vitro targeting, determined to be 

10 mM (Saldanha et al. 1999). Previous work in our laboratory demonstrated that co-

injection of extracellular magnesium could enhance plasmid targeting rates in Drosophila 

embryos and Xenopus oocytes by overcoming suboptimal free intracellular magnesium 

concentrations (Mastroianni et al. 2008). Although magnesium cannot be delivered 

directly to mammalian cells, I assayed whether targeting frequencies would be enhanced 

by supplementing the culture medium with additional magnesium. When magnesium was 

added to cell culture medium (in the form of MgCl2) to final concentrations of 40 and 80 

mM, no change in DSB-induced homologous recombination was seen for either RNP or 

I-SceI expressing cells when cells were analyzed for GFP fluorescence via microscopy 

(data not shown). Finally, when expression of Rad51 protein was successfully knocked 

down using transfected siRNA, previously shown to promote single-strand annealing in 

mammalian cells (Mansour 2008), no stimulation in GFP targeting was noted (data not 

shown). 

The combined results of these assays demonstrate that, despite the efficient 

expression and assembly of group II intron RNPs in mammalian cells using the hybrid 

CMV/T7 expression system that I have developed, DSB-induced homologous 

recombination has thus far remained elusive.  
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2.6 TARGETING THE HPRT1 LOCUS IN MOUSE ES CELLS 

Concurrently with experiments to assay DSB-induced homologous recombination 

in mammalian cells, I also attempted group II intron-stimulated gene inactivation in 

mouse embryonic stem cells.  Pluripotent stem cells are an attractive target for genetic 

modification due to their ability to give rise to entire transgenic animals and tissues. 

Although homologous recombination strategies allow for targeted gene replacement with 

various recombinant DNA constructs, insertion inactivation is an important genetic 

strategy in its own right. Mammalian gene therapy strategies and genetic studies are 

hindered by our inability to construct genetic knockouts and modifications in a wide 

variety of cell lines.  

Our lab’s experience in X. laevis and D. melanogaster has demonstrated that 

DSBs created by the RNP can disrupt genes by partial or complete retrohoming of the 

intron RNA into the target site or through mutations introduced as a result of non-

homologous end joining (NHEJ) repair (Mastroianni et al. 2008). Furthermore, these 

mutagenic NHEJ events can be stimulated by use of RNPs containing a linear form of the 

Ll.LtrB intron that is unable to complete the second step of reverse splicing (Zhuang et 

al. 2009). Using these combined strategies, I sought to target the well-characterized 

Hprt1 locus in mouse embryonic stem cells. As Hprt1 is readily selectable and resides in 

a single copy on the X chromosome, it made an attractive target for gene targeting in a 

male mouse ES line. 

A group II intron, termed HPRT-115s, targeting the sense strand in exon 2 of the 

mouse Hprt1 coding sequence, had previously been designed and exhibited high targeting 

activity in E. coli (Perutka et al. 2004). SM-1 mouse embryonic stem cells, a 

129/SvEvTac-derived line isolated at UT-Austin, were electroporated with in vitro-

prepared RNPs containing HPRT-115s intron RNA using conditions previously 
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optimized for plasmid DNA delivery. Colony-forming assay controls demonstrated that 

~60% of cells survived the RNP delivery pulse. After a 48 h recovery time post-pulse, 

cells were challenged with 2 µg/ml 6-thioguanine (6-TG), a nucleotide analog toxic to 

Hprt1- cells, for fourteen days. Although this concentration of 6-TG was determined by 

kill curve analysis to be a relatively low stringency, no surviving colonies remained. 

I also tested whether expressing HPRT-115s RNPs via the CMV/T7 hybrid 

expression system could allow for a steady population of active targeting molecules, 

thereby increasing the odds of successful targeting. An equal mixture of these plasmids 

was electroporated into SM-1 cells as described above. After 48 h in culture to allow 

optimal expression and assembly of RNPs, they were selected with 2 µg/ml 6-TG again 

for fourteen days. A few 6-TG resistant colonies remained at the end of this fourteen-day 

period, but they failed to grow after harvesting and outgrowth in 6-TG containing 

medium. 

Introduction of in vitro-prepared group II intron RNPs or expression via the 

CMV/T7 expression system do not appear to be useful methods for gene targeting in 

mouse ES cells as currently designed. It is possible that further optimization of RNP 

expression and culture conditions could result in detectable targeting rates in the future.  
  

2.7 DISCUSSION 

In this chapter, I have demonstrated that group II intron RNPs containing nuclear-

localization signals are active, can act upon their DNA targets, and that these targets are 

robust substrates for repair and recombination in the mammalian cellular environment. I 

also demonstrated that group II intron RNPs can be delivered to mammalian cells 

efficiently, as well as produced in vivo via a CMV/T7 hybrid expression system. I also 

developed a robust and high-throughput single-strand annealing assay for DSB-induced 
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recombination in mammalian cells as a means to quantify gene targeting frequency. 

Unfortunately, despite detecting robust targeting using an I-SceI meganuclease control, I 

detected no group II intron-directed gene targeting using either reconstituted or in vivo-

expressed RNPs. Gene targeting assays carried out against the mouse Hprt1 locus in 

embryonic stem cells also failed to detect group II intron-mediated direct gene knockout. 

There are many possible explanations for the inability to detect gene targeting 

utilizing the varied methods outlined here. We are able to efficiently deliver group II 

intron RNPs to the mammalian cell environment via several techniques, but it is possible, 

if not likely, that a large proportion of RNP molecules are partially degraded or 

inactivated prior to encountering their genetic target due to intracellular ribonucleases or 

other host cell responses. We are confident, though, that individual components of the 

RNP are expressed robustly and localize readily to the nucleus when they contain 

appropriate NLS sequences. As designed, the CMV/T7 hybrid expression system should 

result in LtrA and T7 polymerase proteins localized in the nucleus. This makes it likely 

that Ll.LtrB transcription and RNP assembly are primarily occurring in the nucleus. I 

have thus far been unable to quantify the amount of active RNP that results from this 

expression system by qPCR or Northern blot, due to extensive sequence overlap between 

the intron RNA, the Ll.LtrB transcription template, and small sequence elements in the 

LtrA ORF making quantification of ligated exons difficult. Optimizing expression levels 

and localization are areas for further work. 

More importantly, the eukaryotic cellular environment differs considerably from 

the prokaryotic cytoplasm in ionic composition. The forward and reverse splicing 

reactions are critically dependent on the free Mg2+ concentration within the cell. The 

Ll.LtrB group II intron evolved optimal activity in a bacterium containing >5 mM free 

[Mg2+], but the eukaryotic cellular environment contains much smaller amounts of free 
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Mg2+, as most is bound to metabolites and nucleic acids. Previous in vitro analysis in our 

laboratory has demonstrated that biochemical activity is drastically reduced at those low 

magnesium concentrations. A large part of the inefficiency of group II intron RNPs in 

mammalian cells may be due to this ionic incompatibility, and further work is being 

carried out in our laboratory to modify and evolve the intron RNA and LtrA protein for 

increased activity at low magnesium. The presence of chromatin on target DNA also 

reduces the efficiency of the targeting reaction by orders of magnitude (Mastroianni et al. 

2008). The GFP SSA reporter cassette is actively transcribed as part of a bicistronic 

cassette with the neomycin-resistance gene, and is likely in a relaxed chromatin state 

(Figure 2.2). However, this relaxed chromatin structure may still interfere with target 

recognition and intron activity in our system. 

I cannot overlook the possibility that deleterious eukaryotic host responses are 

activated in the presence of group II intron RNPs. There are multiple precedents for 

uncapped and highly structured RNA molecules activating cellular defenses, as well in 

response to the presence of bacterial protein impurities. Furthermore, as our T7 

transcripts not only lack appropriate eukaryotic mature mRNA features such as a m7G 

cap and poly-A tail, they also lack coding sequences and do not enter spliceosomal or 

other RNA processing pathways. It is therefore possible that they are actively or 

passively degraded by the host cell as part of RNA proofreading or pattern recognition 

processes.  

Although in vitro-prepared RNPs can certainly be efficiently delivered to 

mammalian cells as shown by data in this chapter, their ultimate cellular fate and possible 

host responses remain unclear. These will be further explored in Chapter 3. 
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2.8 METHODS 

2.8.1 Recombinant Plasmids 

Restriction enzymes and T4 DNA ligase were purchased from New England 

Biolabs (Ipswitch, MA). 

Plasmid pIVS-hLtrA-SV and pIVS-hLtrA were constructed by cloning the 

humanized LtrA ORF (Cui 2005) with or without a single C-terminal SV40 NLS to XhoI 

and NotI sites in the vector pIRES (Clontech, Mountain View, CA). This resulted in 

removal of the IRES sequence but retention of the artificial intron in the 5’ UTR. The 

plasmid pCMV-nT7Pol was constructed by PCR amplifying the T7 RNA polymerase 

ORF, appending a single N-terminal SV40 NLS using an overhanging oligonucleotide, 

and cloning between the BamHI and XbaI sites of pcDNA3 (Life Technologies). A 

version omitting the NLS was constructed in a similar fashion. 

Plasmid pDR2t is a modified version of Ll.LtrB expression plasmid pDR2c 

containing two tandem T7 terminators cloned at the BamHI site located 3’ of the intron 

cassette. pDR2c was constructed by PCR mutagenesis of the Ll.LtrB-ΔORF intron in 

pACD4C to delete additional non-essential regions of DIV (DIV-b1/b3; intron positions 

620-807) and leave an MluI site at the resulting deletion junction and then recloning the 

cassette for T7-transcription of the Ll.LtrB-ΔORF intron and flanking exons between the 

HindIII and BamHI sites of pUC18. 

Plasmid pCAGGS-GFP100 was constructed as a derivative of pCAGGS-IRES-

Neo (a gift of Dr. Steven Vokes, UT-Austin). The pCAGGS-IRES-Neo plasmid contains 

a CMV/chicken β-actin hybrid promoter upstream of an artificial intron, followed by a 

multiple cloning site, a downstream IRES sequence and a neomycin-resistance gene. This 

ensures that any neomycin-resistant cell harboring this vector is actively transcribing the 

full cassette. The first 408 nts of the GFP ORF were amplified from pEGFP-N1 
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(Clontech) followed by a stop codon (to prevent complete translation of non-recombined 

transcripts), the minimal Ll.LtrB target site from positions -30 to +15 of the intron-

insertion site, and an I-SceI recognition site. Additionally, the C-terminal 412 nucleotides 

of the GFP ORF were amplified from pEGFP-N1, including a short 5’ extension 

homologous to the I-SceI target site. These two fragments were combined using 

overlapping PCR to produce two incomplete segments of the GFP ORF containing 100 

bp of homology separated by the Ll.LtrB and I-SceI target sites. This cassette was cloned 

into pCAGGS-IRES-Neo at XhoI and EcoRI to obtain pCAGGS-GFP100. 

The pMAL-C2T LtrA expression plasmid (described in Del Campo et al. 2007) 

encoding the cleavable MBP-LtrA fusion protein was constructed by Paul Paukstelis. 

Modified versions containing C-terminal SV40 and HIV-1 Tat NLS sequences were 

constructed using DNA oligonucleotides and the GeneArt PCR mutagenesis kit (Life 

Technologies). 

pCMV-I-SceI was obtained from Dr. Matthew Porteus (Stanford University, Palo 

Alto, CA). 

2.8.2 Cell Culture 

All cell culture flasks and dishes were purchased from Corning (Tewksbury, 

MA). Cells were cultured at 37˚C in the presence of 5% CO2 in a controlled atmosphere 

cell culture incubator (Thermo, Rockford, IL).   

HEK-293 cells (CRL-1573) were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). HEK-293 cells were maintained in high glucose 

Dulbecco’s Modified Eagle Medium (DMEM) containing GlutaMAX (Gibco, Carlsbad, 

CA) and supplemented with 10% fetal bovine serum (Gemini Bio Products, West 

Sacramento, CA), 1,000 U/ml penicillin and 1,000 µg/ml streptomycin (Gibco). The 
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293/GFP-100 cell line was maintained in the presence of 250 µg/ml Geneticin (Gibco) to 

ensure active transcription of the reporter cassette. 

Mouse ES cell line SM-1 was obtained from the University of Texas at Austin 

Animal Resource Center, and grown in Knockout DMEM (Gibco) supplemented with 

15% ES-qualified fetal bovine serum (Gemini), 1X GlutaMAX, 0.1 mM non-essential 

amino acids, 1,000 U/ml penicillin, 1,000 µg/ml streptomycin, 0.1 mM β-

mercaptoethanol (Gibco) and 1,000 U/ml recombinant mouse leukemia inhibitory factor 

(EMD Millipore, Billerica, MA). SM-1 cells were cultured in cell culture dishes treated 

with sterile 0.1% gelatin (Sigma Aldrich, St. Louis, MO) on STO cell feeder layers 

(CRL-1503, ATCC) mitotically inactivated with mitomycin C (Sigma Aldrich). Mitotic 

inactivation of STO feeder layers was carried out by incubating confluent STO cells with 

0.01 mg/ml mitomycin C for 3 h, rinsing cells three times in PBS and freezing until use. 

Freeze medium for all cells consisted of complete culture medium supplemented with 

10% dimethyl sulfoxide (Sigma Aldrich) and cell stocks were stored in liquid nitrogen 

vapor phase long-term. 

For assays utilizing antibiotic or 6-TG selection, kill curves were carried out to 

determine the minimum working concentration of selective agent necessary. HEK-293 

cells were selected under 500 µg/ml Geneticin and SM-1 cells were selected under 2 

µg/ml 6-TG (Sigma Aldrich).  

2.8.3 Creation of 293/GFP-100 Cell Line 

To create the 293/GFP-100 cell line, 25 µg of pCAGGS-GFP100 was 

electroporated to 5 x 106 early-passage HEK-293 cells using conditions outlined below. 

Cells were plated onto five 100-mm plates in complete medium for 48 h, and then 

selected under 500 µg/ml Geneticin for 14 days. Twenty-four surviving colonies were 
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picked using sterile micropipette tips, briefly trypsinized to a single cell suspension, and 

limiting dilutions were carried out in 96-well plates to isolate a single-cell clonal 

population. This cell population was expanded and genomic DNA was isolated for 

Southern blot analysis using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA). 

To identify clones containing a single plasmid insert, Southern blot analysis was 

carried out as follows: 10 µg of genomic DNA from each clone was digested overnight 

with EcoRI-HF (New England Biolabs) and precipitated using sodium acetate/ethanol, 

resuspended in 15 µl TE pH 8.0. Samples were separated on a 0.7% Tris-Acetate EDTA 

(TAE) agarose gel. The gel was stained briefly using ethidium bromide and imaged 

before transfer. Transfer to BrightStar-Plus positively-charged nylon membrane 

(Ambion, Austin, TX) was carried out overnight using the alkaline transfer method 

(Sambrook and Russell, 2001). 

A radioactively labeled DNA probe was constructed from a PCR product 

corresponding to a 0.7-kb segment of the neomycin-resistance gene. The PCR product 

was internally labeled with [α-32P]-dTTP (Perkin Elmer, Waltham, MA) using the High 

Prime DNA Labeling Kit according to manufacturer’s protocol (Roche Applied Science, 

Indianapolis, IN) and purified in P-30 spin columns (Bio-Rad, Hercules, CA). After 

transfer, blocking and probe hybridization was carried out using Rapid-Hyb buffer 

according to manufacturer’s protocol (GE Life Sciences, Pittsburgh, PA). Membranes 

were washed in 2X SSC/ 0.1% SDS twice at room temperature, 1X SSC/0.1%SDS once 

at 65˚C, and 0.6X SSC/0.1% SDS once at 65˚C before exposure to a storage phosphor 

screen overnight and imaging via a Typhoon phosphorimager (GE Life Sciences).  

Clones containing single plasmid inserts are expected to show single 

hybridization bands that differ in size from cut plasmid. Clones containing multiple 

tandem inserts of the reporter cassette would be expected to show a 6.8-kb hybridization 
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band corresponding to the size of cut pCAGGS-GFP100 plasmid. Clones with plasmid 

insertions at multiple sites would be expected to show multiple hybridization bands. A 

clone was identified that contained a single hybridization band at a size larger than 6.8 kb 

and this cell line was expanded and used for subsequent gene targeting experiments. 

2.8.4 Electroporation and Transfection Conditions 

Electroporations were carried out using a Gene Pulser II electroporation system 

(Bio-Rad) in 0.4 cm cuvettes. For RNP electroporation into HEK-293 or 293/GFP100 

cells, 10 µg of RNPs in HKM buffer (40 mM HEPES pH 8.0, 10 mM KCl and 10 mM 

MgCl2) were placed on ice and 3 x 106 cells in 600 µl PBS were added to the RNP 

mixture. Finally, the cell/RNP mixture was transferred to a cuvette and pulsed (Voltage: 

250 V, Capacitance: 960 µF). The cells were immediately transferred to pre-warmed cell 

culture medium via Pasteur pipette and allowed to grow normally. Plasmid DNA 

electroporations were carried out using identical pulse and buffer conditions. 

For RNP electroporation into SM-1 ES cells, 8 x 106 SM-1 cells were 

resuspended in 800 µl EmbryoMax electroporation buffer (EMD Millipore), followed by 

addition of 30 µg of HPRT-115s lariat RNPs in HKM buffer. The mixture was 

electroporated (Voltage: 240 V, Capacitance: 500 µF). This mixture was transferred to 50 

ml of pre-warmed cell culture medium and plated onto ten 100-mm plates containing 

STO feeder layers. An aliquot of the pulsed cells were plated in serial dilutions to 

measure the rate of cell survival via a colony-forming assay. 

Plasmid DNA transfections were carried out using either Lipofectamine 2000 

(Life Technologies) or Fugene HD (Roche Applied Science) according to manufacturer 

instructions, with conditions independently optimized to provide for > 90% transfection 
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efficiency. DNA/reagent complexes were incubated in Opti-MEM I (Life Technologies) 

before addition to cells in culture. 

RNP transfections were carried out using DEAE-Dextran (Sigma-Aldrich), 

DMRIE-C (Life Technologies) and Transpass-P (New England Biolabs) according to 

manufacturer instructions. 

2.8.5 Flow Cytometry Analysis 

For flow cytometry analysis, cells were harvested at the appropriate time points 

via trypsinization. Cells were spun down gently, resuspended in PBS to a single cell 

suspension and filtered through a 35-µm nylon mesh to remove cell clumps into round-

bottom flow cytometry tubes. Cell suspensions were analyzed for GFP fluorescence using 

a FACSCalibur flow cytometry system (BD Biosciences, San Jose, CA). Flow cytometry 

data were analyzed using FlowJo software (http://www.flowjo.com). 

2.8.6 RNA Isolation and RT-PCR Analysis 

For RT-PCR analysis, total cellular RNA was isolated from transfected HEK-293 

cells using an RNeasy Plus Mini Kit (Qiagen) according to manufacturer’s protocol. 

cDNA was synthesized with random hexamer primers using the Transcriptor First Strand 

cDNA Synthesis Kit (Roche) according to manufacturer’s instructions. PCR was carried 

out with cDNA template for 25 cycles using Platinum Taq (Life Technologies) and 

primers specific to either the Ll.LtrB exon-exon junction or GAPDH. Reaction products 

were resolved on a 2% Tris-Borate-EDTA (TBE) agarose gel containing ethidium 

bromide. 

2.8.7 LtrA Expression and Purification, RNP Reconstitution 

For experiments described in this chapter, full-length LtrA or LtrA derivatives 

containing NLS sequences were expressed from pMAL-C2T. Proteins were expressed in 
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Escherichia coli BL21(DE3) (EMD Biosciences) in LB media containing 1 mM 

isopropyl β-D-thiogalactopyranoside (IPTG) for 18-24 h at 18˚C and purified at 4˚C. 

Purification steps included (1) 0.4% polyethyleneimine-precipitation of nucleic acids, (2) 

amylose-affinity chromatography, (3) overnight cleavage of MBP fusion by TEV 

protease on ice (where indicated), and (4) elimination of cleaved MBP tag utilizing non-

specific binding of LtrA to Ni2+-NTA resin. Proteins were dialyzed to 50 mM Tris-HCl 

(pH 8), 500 mM NaCl, 0.1 mM EDTA and 50% glycerol and frozen at -80˚C for storage 

prior to reconstitution. All chromatography steps were carried out on a BioLogic 

DuoFlow FPLC (Bio-Rad). 

RNPs were reconstituted from in vitro transcribed intron RNA and recombinant 

LtrA and concentrated by ultracentrifugation using methods described previously 

(Mastroianni et al., 2008). 

2.8.8 Target DNA-primed reverse transcription assay 

TPRT reactions were carried out by incubating equal masses of unlabeled target 

plasmid with reconstituted RNP particles (usually 1 µg, based on OD260) in 20 µl of 

TPRT reaction buffer [10 mM KCl, 10 mM MgCl2, and 50 mM Tris-HCl (pH 7.5)]. 

Radioactive TPRT assays contained 0.2 mM each dATP, dGTP, and dCTP and 20 µCi of 

[α-32P] dTTP (3000 Ci/mmol; New England Nuclear, Boston, MA). Non-radioactive 

TPRT assays contained 0.2 mM each dATP, dGTP, dCTP and dTTP. The reactions were 

initiated by addition of the RNP particles, and the mixtures were incubated for 30 min at 

37°C. 

Radioactive TPRT reaction products were analyzed on a 1% TAE agarose gel, 

dried and autoradiographed using a storage phosphor screen and Typhoon 

phosphorimager (GE Life Sciences) 
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2.8.9 In Vitro DNA Targeting for In Vivo Repair 

To assay in vivo repair of in vitro targeted DNA molecules, 4 µg pCAGGS-

GFP100 was incubated with either 2 µg RNPs, reconstituted with LtrA protein and linear 

or lariat Ll.LtrB intron RNA, in TPRT buffer or 5 U recombinant I-SceI (New England 

Biolabs) in manufacturer’s reaction buffer for 30 min at 37˚C. Where indicated, dNTPs 

were included at 0.2 mM. Reaction products were extracted using an equal volume of 

phenol/chloroform/isoamyl alcohol (25:24:1, Ambion) and precipitated with sodium 

acetate/ethanol in the presence of 20 µg of carrier glycogen. DNA was resuspended in 10 

mM Tris-HCl pH 7.5 and 1 mM MgCl2. A portion of the reaction products was analyzed 

on an agarose gel to check the extent of DNA cleavage. Transfection and flow cytometry 

analysis were carried out as described above. 
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Figure 2.1 Target DNA-primed reverse transcription by group II intron RNPs 
containing nuclear localization sequences 

 Recombinant LtrA containing C-terminal SV40 Large T-Antigen or HIV-1 Tat 
NLS sequences was purified with an N-terminal  maltose-binding protein fusion (MBP) 
and, where indicated, cleaved from the MBP tag using TEV protease (+: cleaved, –: 
uncleaved). Group II intron RNPs were reconstituted by incubation with in vitro 
transcribed linear Ll.LtrB intron RNA and concentrated by ultracentrifugation, as 
described in Methods. RNPs (1µg) were incubated with either wild-type target plasmid 
(L) or an otherwise identical plasmid containing the mouse HPRT115s target (H) in 
TPRT buffer, deoxynucleotides and [α-32P]-dTTP at 37˚C for 30 min and resolved in an 
agarose gel to assay cleavage and cDNA synthesis. RNPs containing NLS sequences 
have high activity, and show target specificity, regardless of presence of MBP on the 
LtrA protein. TAT: HIV-1 Tat NLS, TAg: SV-40 Large T-Antigen NLS. 
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Figure 2.2 GFP reporter construct used to assay double-strand break-induced 
single-strand annealing in mammalian cells 

 This genetic reporter construct consists of two segments of the enhanced green 
fluorescent protein gene from Aequorea victoria (GFP) containing 100 bp homology 
regions and separated by target sites for the effector molecule(s) (Ll.LtrB: -30 to +15 of 
the Ll.LtrB wild-type insertion site, I-SceI: Minimal I-SceI meganuclease recognition site 
(Jacquier 1985)). The gene cassette is under control of a hybrid CMV/chicken β-actin 
promoter and contains a bicistronic neomycin resistance gene preceded by an internal 
ribosome entry site (IRES).  
 Cleavage at the target site by a group II intron RNP (or I-SceI meganuclease as a 
control) and the subsequent DSB stimulates homologous recombination between the 100 
bp repeats reconstitutes the EGFP ORF, the expression of which can be detected by flow 
cytometry or microscopy. In addition to indicated in vitro plasmid targeting experiments, 
the reporter cassette was integrated into the genome of HEK-293 cells in a single copy 
(as determined by Southern blot). This cell line, termed 293/GFP100, was used where 
indicated to analyze RNP introduction and targeting efficiency in the mammalian 
genome. 
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Figure 2.3 In vivo repair and recombination of in vitro-targeted DNA substrates 

 The pCAGGS-GFP100 reporter plasmid was incubated with linear or lariat group 
II intron RNPs (or I-SceI meganuclease as a control), with or without of dNTPs, and 
reaction products were purified and transfected into HEK-293 cells to assay whether 
group II intron-targeted DNA molecules are substrates for DNA repair and 
recombination. A) Agarose gel electrophoresis of the reaction products demonstrates that 
both linear and lariat RNPs target robustly in vitro regardless of the presence of dNTPs. 
B) HEK-293 cells were analyzed for GFP fluorescence by flow cytometry 48 h post-
transfection. Linear RNPs resulted in elevated rates of recombination when compared to 
lariat RNPs, and cDNA synthesis (as a result of dNTP addition to targeting reactions) 
increases the rate of repair and recombination nearly two-fold in both linear and lariat. 
However, no RNP condition resulted in a recombination level as high as that of the I-SceI 
control. Values are the average of three independent transfections with error bars 
corresponding to the standard deviation. 
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Figure 2.4 Optimization of RNP electroporation and transfection using GFP-LtrA 

 Group II intron RNPs reconstituted with either GFP-LtrA or SV40 NLS-
containing LtrA were introduced to 293/GFP-100 cells using a variety of electroporation 
and transfection techniques. After optimization (clockwise from upper-left), 
electroporation of GFP-labeled RNPs in phosphate-buffered saline resulted in a delivery 
rate of 62%, transfection via DMRIE-C (Life Technologies) transfection resulted in a 
delivery rate of 55%, Transpass-P (NEB) resulted in a delivery rate of 44% and DEAE-
Dextran (Sigma-Aldrich) resulted in a delivery rate of 42%. NLS-containing RNPs 
delivered to 293/GFP-100 cells under the same conditions resulted in no detectable 
targeting or recombination (data in red). GFP-labeled RNP delivery was assayed by flow 
cytometry 24 h post-transfection and NLS-RNP targeting was assayed 72 h post-
transfection. 
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Figure 2.5 Hybrid Pol II/phage polymerase expression system results in RNP 
assembly in mammalian cells 

 (A) Plasmids encoding humanized LtrA with a C-terminal SV40 NLS, T7 RNA 
polymerase containing an N-terminal NLS and T7-driven LtrB-ΔORF. PCMV: 
Cytomegalovirus immediate-early promoter, PT7: T7 RNA polymerase promoter, IVS: 
Synthetic intron, pA: SV40 polyadenylation signal, E1/E2: ltrB minimal exons, TΦ: T7 
terminator. (B) RT-PCR analysis of cellular RNA harvested from plasmid-transfected 
HEK-293 cells detected spliced ltrB exons in an LtrA-dependent manner. Forward 
splicing is indicative of RNP assembly in vivo, demonstrating that the Pol II/phage 
polymerase hybrid expression system is active in mammalian cells. Agarose gels show 
RT-PCR products resulting from two independent transfections. A primer set targeted to 
GAPDH was used as cDNA loading control. NTC: No template control. 
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Figure 2.6 DSB-stimulated recombination using group II intron RNPs 

 A sample assay demonstrating that group II intron RNPs, despite efficient 
expression in mammalian cells, fail to stimulate homologous recombination. The 
293/GFP-100 cell line, harboring a single copy genomic insertion of the Ll.LtrB target 
GFP reporter cassette, was transfected with various combinations of plasmids and 
assayed via flow cytometry after 72 h.  
 The I-SceI meganuclease control robustly stimulated homologous recombination, 
but no samples expressing WT RNPs showed signal above background. LtrA was 
expressed with or without C-terminal NLS where indicated. WT: wild-type targeted 
Ll.LtrB, HPRT: HPRT-115s targeted Ll.LtrB as a negative control. Values are the 
average of three separate transfections, error bars indicate the standard deviation. 
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Figure 2.7 Long-term RNP expression fails to stimulate gene targeting 

The LtrA-SV expression cassette from pIVS-hLtrA-SV was cloned into the stably 
replicating, selectable plasmid pCEP4 and transfected into 293/GFP-100 cells along with 
transiently transfected T7 RNA polymerase and Ll.LtrB expression plasmids as 
previously described. A non-replicating plasmid expressing I-SceI was also assayed as a 
control. Samples collected at the indicated time-points after transfection were assayed for 
gene targeting-induced GFP fluorescence via flow cytometry. Cells expressing I-SceI 
exhibited increasing targeting measured by GFP fluorescence through six days post-
transfection, while RNP expressing cells failed to exhibit GFP fluorescence above 
background. 
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Chapter 3: Mammalian Host Responses to Group II Intron RNPs 

As demonstrated by the work summarized in Chapter 2, we have developed 

methods to both deliver in vitro-prepared group II intron RNPs to mammalian cells as 

well as express the RNA and protein components in vivo using a CMV/T7 expression 

system. Despite this progress, I have thus far been unable to detect robust gene targeting 

in mammalian cells using a double-strand break homologous recombination reporter 

assay. The ionic environment of mammalian cells, containing perhaps an order of 

magnitude lower free magnesium ion concentration than bacterial cells, may be a limiting 

factor for group II intron biochemical activity. However, I also hypothesized that 

detrimental host response mechanisms could be involved. The presence of foreign 

retroelements may be cytotoxic in mammalian cells, and there are multiple possible 

mechanisms implicated in recognition and degradation of foreign or incompletely 

processed RNA. In this chapter I describe work to elucidate possible cellular host 

responses that are detrimental to group II intron RNP activity. My results implicate 

elements of viral RNA recognition and the innate immune response as inhibitory 

mechanisms to targetron-mediated gene targeting in mammalian cells. 

3.1 CYTOTOXICITY ANALYSIS OF GROUP II INTRON RNP EXPRESSION IN MAMMALIAN 
CELLS 

The potential cytotoxic effects of any gene targeting agents include, but are not 

limited to, toxicity of the expressed protein or nucleic acid components, specific or 

nonspecific host responses, and genotoxicity as a result from off-target induction of 

DSBs (Szczepek 2007). In order to analyze possible cytotoxic effects as a result of 

expressing a bacterial retroelement in mammalian cells, I first employed a firefly 
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luciferase-based cell viability assay to analyze the effects of expressing various 

components of the Pol II/T7 hybrid expression system alone and in combination. 

Quantification of cellular ATP content using bioluminescence has long been used 

as a reliable measure of cell proliferation and cytotoxicity (Crouch 1993). After 

transfection of various combinations of plasmids encoding the components of the 

previously described Pol II/T7 RNP expression system into HEK-293 cells, cytotoxicity 

analysis was carried out using a direct-lysis cell-based luciferase assay (see Methods). 

After 48 h in culture to allow for stabilization of RNP expression levels, luciferase 

activity was measured via a platereader/luminometer. As seen in Figure 3.1, the data 

indicate that RNP expression is minimally cytotoxic. No component of the expression 

system was shown to be more cytotoxic than empty vector, with the exception of a slight 

reduction in luciferase activity in samples where wild-type Ll.LtrB was transcribed in the 

absence of hLtrA-SV. As samples in which the complete RNP was expressed did not also 

exhibit this slight reduction in luciferase activity and cell viability, it is possible that large 

amounts of phage-transcribed intron RNA in the absence of LtrA could induce an 

observable but non-lethal host response in this cultured cell line, resulting in the observed 

reduction in luciferase activity. To explore this possibility, I next employed gene 

expression microarray analysis to analyze whether any non-lethal, minimally cytotoxic 

host response was initiated in the presence of RNP components.  

3.2 GROUP II INTRON EXPRESSION IN MAMMALIAN CELLS CAN STIMULATE AN 
ENDOGENOUS ANTIVIRAL RESPONSE 

In recent years, it has been become apparent that mammalian cells possess a 

network of pattern-recognition receptors (PRRs) to identify pathogen-associated 

molecular patterns (PAMPs) and to distinguish self from non-self as part of innate 

immune responses (Lee 2007, Takeuchi 2010). One class, the Toll-like receptor family 
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(TLRs), are capable of recognizing a wide variety of PAMPs including, but not limited 

to, bacterial lipoproteins, lipopolysaccharides and double- and single-stranded RNA 

(Akira 2006). A separate family of PRRs include the RIG-I-like receptors, RNA helicases 

of the DExH/D-box family that recognize 5’-triphosphate-containing double- and single-

stranded RNAs (Rehwinkel 2010). Both of these classes activate interferon response 

through a cascade of signaling molecules, resulting in pro-inflammatory gene expression 

and, in some cases, apoptosis (Brennan 2010). Although the nuclear localization of the 

Pol II/T7 expression components should minimize the presence of uncapped 5’-

triphosphate-containing intron RNA in the cytoplasm, it is possible that nuclear 

breakdown during cell division or some other means allowed diffusion of such RNA to 

the cytoplasm.  

To assay whether the expression of intron RNA or complete RNPs may be 

inducing a deleterious host response, we collaborated with the laboratory of Dr. John V. 

Moran at the University of Michigan to carry out gene expression microarray analysis. 

Group II intron components were expressed in HeLa cells using the CMV/T7 system, 

RNA was harvested after 96 h and converted to cDNA libraries that were hybridized to 

DNA microarrays. Raw data was analyzed by the University of Michigan microarray 

facility in order to limit the false-discovery rate (FDR) of differentially-expressed genes 

to 5% (by the method of Benjamini 1995) and data were normalized and compared to 

untreated cells. We identified a total of 3,623 differentially expressed genes across three 

different sample groups (LtrA, Ll.LtrB RNA and RNPs), as illustrated in Figure 3.2. 

From this large data set, computational analysis was carried out on the unique and 

overlapping gene sets using the DAVID functional annotation microarray analysis 

resource (Huang 2009). This in silico analysis identified a subset of upregulated genes 

shared between Ll.LtrB and RNP expression samples that are involved in viral RNA 
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recognition, RNA sequestration and subsequent type I interferon signaling in the presence 

of phage-transcribed Ll.LtrB RNA.  

Figure 3.3 displays the PRR/IFN-related genes significantly upregulated in the 

presence of phage-transcribed Ll.LtrB intron RNA and complete RNPs. HeLa cells 

expressing Ll.LtrB RNA without co-expression of hLtrA-SV induced additional pro-

inflammatory cytokines and interferon-induced genes. Notably, the RIG-I gene, 

expressing the primary 5’-triphosphate RNA-sensing DEAD-box helicase, was 

upregulated nearly 4-fold in the presence of Ll.LtrB intron RNA. In addition, several 

interferon-induced genes were upregulated between two- and five-fold, including IFIT1, 

IFIT2, and IFIT3. These three proteins are thought to form a complex that binds 5’-

triphosphate-containing viral RNAs and sequester them to unknown intracellular fates 

(Pichlmair 2011) and may, individually or in concert, be key modulators of innate 

immune response (Liu 2011). Also notable is the upregulation of ISG15, an interferon-

stimulated gene implicated in ubiquitin-like post-translational modification of host and 

exogenous proteins (Skaug 2010) and IL-8, a pro-inflammatory cytokine that responds to 

multiple stimuli, including viral infection (Hoffman 2002). 

When Ll.LtrB RNA and hLtrA-SV were co-expressed, allowing reconstitution of 

the complete RNP molecule, a smaller subset of these interferon-induced and 

inflammatory genes were significantly upregulated. Most notably, expression of the 

complete RNP machinery still resulted in upregulation of RIG-I, IFIT2 and IFIT3. These 

results are somewhat surprising, as the expression of T7 RNA polymerase and hLtrA-SV 

as described in the current system is thought to direct transcription and RNP assembly to 

the nucleus, which should minimize PRR recognition (which occurs in the cytoplasm). It 

should be noted that cell viability remained stable throughout the time the cells were in 

culture, which could be the result of some incomplete pro-apoptotic signaling in a heavily 
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mutated and transformed cancer cell line such as HeLa. The apparent lack of toxicity in 

the previous HEK-293 luciferase assays could be due to a lack of expression of particular 

PRR proteins in that cell type or some other deficiency in the anti-viral RNA response. 

Although our gene expression analysis identified only a small subset of interferon-

stimulated genes (ISGs), this limited number could reflect the single time point at which 

cellular RNA was harvested. As type I interferon signaling is induced to high levels 

within hours of infection or introduction of immunostimulatory molecules, it is possible 

that cells collected at 96 h post-transfection contain less 5’-triphosphate-containing intron 

precursor RNA and are no longer expressing high levels of ISGs. It is possible that cells 

collected at time points prior to 96 h could show an expanded subset of ISGs (Reimer 

2008). Further validation of these gene candidates by qPCR or other means would be 

appropriate in future work. 

The increased expression of several genes involved in the innate immune 

response in HeLa cells in response to RNP expression raises concerns about the utility of 

T7-driven Ll.LtrB transcription in mammalian cells.  

3.3 INTRACELLULAR LOCALIZATION OF GROUP II INTRON RNP MOLECULES TO 
CYTOPLASMIC FOCI 

To further investigate the intracellular fate of Ll.LtrB intron RNA and group II 

intron RNPs in mammalian cells, I used fluorescent microscopy to observe the 

localization patterns of labeled intron RNA alone and in complex with LtrA. From our 

laboratory’s previous work developing a targetron expression system in mammalian cells, 

we confirmed that humanized LtrA containing a C-terminal SV40 NLS localizes 

efficiently to the nucleus (see Chapter 2). However, the effect of inclusion of an NLS 

sequence on the localization pattern of the complete RNP molecule has never been 

investigated. 
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I first labeled in vitro-transcribed, self-spliced Ll.LtrB with fluorescein 

isothiocyanate (FITC) or Cy5 using a non-specific chemical labeling technique that 

attaches fluorescent labels to the phosphate backbone of RNA (see Methods). This 

labeling technique is not thought to interfere with base-pairing, so the folding of the 

intron RNA into a catalytic structure should be minimally affected. It is unknown how 

many FITC or Cy5 molecules bind each RNA molecule, but I designed my assay at the 

lower end of manufacturer recommendations to minimize interference with folding and 

biochemical activity. To ensure these RNAs maintained activity, RNPs were 

reconstituted in vitro using purified wild-type LtrA and Cy5-labeled, linear Ll.LtrB intron 

RNA and analyzed for TPRT activity. I found that these Cy5-RNA RNPs exhibited 

reduced, but detectable, sequence-specific TPRT activity (Figure 3.4). Thus, it appears 

that labeled intron RNA can fold into a catalytically active structure and form RNPs, but 

the covalent modifications moderately inhibit RNP activity or reverse transcription of the 

intron RNA.  

FITC-labeled intron RNA alone was electroporated to HEK-293 cells, and cells 

were plated to poly-L-lysine-coated coverslips in culture plates. After 24 h, cells were 

fixed in paraformaldehyde, mounted and analyzed by fluorescent microscopy. Figure 

3.5a shows a representative image, indicating that Ll.LtrB intron RNA is present in 

discrete cytoplasmic foci. Notably, even mitotically active cells that have undergone 

nuclear breakdown display this pattern of discrete cytoplasmic foci and almost no 

detectable overlap with chromosomal DNA. Free Ll.LtrB intron RNA, at least under the 

conditions of this assay, appears to be almost exclusively sequestered to cytoplasmic foci. 

To assay the localization pattern of wild-type and NLS-containing RNPs, I instead 

chose to label Ll.LtrB intron RNA with Cy5 prior to reconstitution. Cy5 is a fluorescent 

dye that emits in the red range, allowing more sensitive detection due to minimal spectral 
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overlap with contaminating yellow-green autofluorescence from HEK-293 cells. Using 

the method mentioned previously, in vitro-transcribed, self-spliced Ll.LtrB was labeled 

with Cy5 and reconstituted with either wild-type or SV40 NLS-containing LtrA. RNPs 

were electroporated into HEK-293 cells, plated to poly-L-lysine coverslips, fixed and 

mounted as before. Fluorescent microscopic analysis indicates that both wild-type and 

NLS-containing RNPs are localized to the cytoplasm, regardless of the mitotic state of 

the cell (Figure 3.5b). Distinct cytoplasmic foci are also present in these samples, similar 

to those seen in the presence of intron RNA alone. Inclusion of an NLS sequence, despite 

its ability to direct nuclear localization of free LtrA protein (Cui 2005), does not appear to 

direct nuclear localization of in vitro-reconstituted RNPs. Most importantly, the large 

majority of these labeled RNPs seem to be directed to cytoplasmic foci and are 

sequestered from acting upon chromosomal DNA. In vivo fluorescent microscopy 

analysis of Cy5 RNP-containing cells grown on chambered cover glass demonstrated a 

similar pattern of cytoplasmic localization with the appearance of distinct foci (Figure 

3.6). Thus, it is unlikely that the foci are artifacts of the fixation and mounting procedure.  

These experiments indicate that, at least in the case of in vitro-prepared RNPs, 

inclusion of an NLS does not detectably direct RNP molecules to the nucleus. 

Furthermore, it raises the possibility that host response mechanisms actively sequester 

group II intron RNPs to cytoplasmic foci. A wide variety of cellular processing bodies 

could provide a possible mechanism of cytoplasmic foci formation, including the 

exosome complex, P-bodies, and stress granules (Houseley 2006, Balagopal 2009). At 

this point, the mechanism of foci formation remains unknown, but further gene 

expression and microscopy analysis of processing body components might provide 

additional insight in this area. 
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3.4 DISCUSSION 

In this chapter I have demonstrated that group II intron RNPs in cultured 

mammalian cells are not cytotoxic in HEK-293 cells, as indicated by a general cell 

viability assay, when expressed using the Pol II/T7 hybrid system described in Chapter 2. 

However, detailed gene-expression microarray analysis identified a subset of candidate 

host-response genes involved in recognition of viral-type RNA and activation of the 

innate immune response when group II intron RNP components were expressed using the 

Pol II/T7 expression system. Fluorescent microscopic analysis of mammalian cells 

electroporated with fluorescently-labeled group II intron RNA or RNP molecules 

indicated that NLS-containing in vitro-prepared RNP molecules are not detectably 

localized to the nucleus in the same manner as free LtrA-SV protein and indicates that the 

NLS does not function efficiently in the context of the complete RNP molecule. Most 

importantly, self-spliced intron RNA appears to be sequestered to cytoplasmic foci either 

alone or after reconstitution into RNP molecules. It is unknown whether this 

sequestration is reversible or is accompanied by RNA degradation.  

As seen in chapter 2, group II intron-mediated gene targeting has remained 

elusive even when RNP components are expressed robustly in mammalian cells. As 

noted, the intracellular magnesium concentrations in mammalian cells are suboptimal for 

group II intron activity, but I also hypothesized that some specific or non-specific host 

response was preventing RNPs from acting upon their genetic targets. My initial analysis 

involved assaying cellular ATP content as a very broad indicator of cytotoxicity. 

Although HEK-293 cells assayed in this manner showed no apparent cytotoxic response 

to the expression of RNP components, they are a transformed and highly mutated cell 

line that may be able to bypass certain pro-apoptosis or cytotoxicity signaling pathways 

that may otherwise mount a host response to the bacterial retroelement. When viewed 
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through the lens of the later gene expression microarray data, the small but significant 

reduction in luciferase activity in cells expressing Ll.LtrB intron RNA may be indicative 

of a host response to 5’-triphosphate-containing RNA, but more detailed cytotoxicity 

analysis would be required to confirm this hypothesis. 

Gene expression microarray analysis using total cellular RNA from HeLa cells 

expressing group II intron components allowed us to broadly survey candidate host 

responses that could be inhibiting RNP activity in mammalian cells. With the assistance 

of the Moran laboratory at the University of Michigan, I was able to identify a list of 

upregulated candidate genes that implicate a host response to group II intron RNPs 

similar to known antiviral RNA recognition pathways. Although I have focused here on 

upregulated genes involved in innate immune response, the complete data set contains 

many more genes, positively and negatively regulated, to which we have thus far been 

unable to attribute biological significance (complete microarray data available upon 

request from Lambowitz laboratory). It is possible that gene expression analysis at earlier 

time points would give a more detailed view of antiviral gene induction, as interferon- 

and PRR-based signaling is induced to maximum levels within hours of RNA 

recognition. This is an area for further study. 

The distinction of self- versus non-self RNA in mammalian cells is crucial in the 

context of antiviral defense. For long RNAs, there is limited sequence-specific 

information that distinguishes a particular non-self RNA from an endogenous RNA 

molecule. It is likely that mammalian PRRs utilize other distinguishing characteristics to 

discern non-self from self RNAs, including structural motifs such as double-stranded 

regions and stem loops, lack of 7-methyl guanosine 5’ cap or poly-A tail (as seen in 

mature mRNA), presence of 5’-triphosphates (absent from mature ribosomal RNAs and 

tRNAs) and lack of post-transcriptional nucleoside modifications such as 
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pseudouridinylation, among others (Schlee 2007). Indeed, many viral RNAs co-opt 

cellular RNA processing machinery in order to avoid detection. Group II intron RNA, 

when transcribed by T7 RNA polymerase either in vivo or in vitro, may contain several of 

these immunostimulatory motifs. 

This idea is supported by the upregulation of RIG-I in the presence of T7-

transcribed Ll.LtrB intron RNA. As previously witnessed using phage-transcribed 

siRNAs, free, cytoplasmic 5’-triphosphate-containing RNAs induce a potent, positive-

feedback interferon response via RIG-I (Kim 2004). When viewed in concert with the 

fluorescent microscopy data, the identification of IFIT1 as upregulated via microarray 

analysis suggests a possible means of intron RNA sequestration, as seen previously when 

IFIT1 was implicated in sequestering 5’-triphosphate-containing viral RNAs post-

infection (Pichlmair 2011). However, I cannot rule out other means of foci formation, and 

the precise cause of the RNA-containing foci I witnessed remains an open question. It 

should be noted that lariat RNA, as present in in vitro-reconstituted RNPs, should not 

contain a free 5’-triphosphate. It is possible that some contaminating precursor or linear 

intron RNA, which would contain the 5’-triphosphate motif, is present in our RNP 

preparations. Regardless, it is clear from these data that Ll.LtrB intron RNA, when 

transcribed by T7 RNA polymerase, initiates antiviral-type signaling, likely via PRRs 

such as RIG-I, and that NLS-containing RNPs are not actively translocated to the nucleus 

after assembly. In vitro-prepared RNPs, although delivered to mammalian cells with high 

efficiency, do not appear to be an efficient means of genomic gene targeting. Further 

work will likely focus on improving mammalian expression of group II intron RNPs. 

 As the CMV/T7 hybrid expression system remains the only system that thus far 

leads to robust RNP assembly, more optimization must be carried out to minimize 

triggering of innate immune response. Most importantly, this includes optimizing 
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expression levels and localization of expression components to minimize the amount of 

free 5’-triphosphate-containing RNA or RNPs that reach the cytoplasm, where PRR 

machinery resides. Gene targeting analysis carried out in RIG-I -/- mouse embryonic 

fibroblasts or Huh7.5 cells, both deficient in RIG-I-mediated RNA recognition, may 

further indicate the role of viral-type RNA recognition in host suppression of gene 

targeting (Blight 2002, Kato 2005). In addition, further optimization and modification of 

in vitro RNP preparations may allow for improved nuclear delivery and bypassing of 

observed cytoplasmic sequestration. In addition to the challenge of reduced magnesium 

concentrations in mammalian cells, this work has implicated several possible host 

responses that must be taken into account to maximize the action of group II introns in 

mammalian cells. 

3.5 METHODS 

3.5.1 Recombinant Plasmids 

All plasmids used for experiments in this section are described in Chapter 2. 

3.5.2 Cell Culture 

Cell culture flasks and dishes were purchased from Corning (Tewksbury, MA). 

Poly-L-lysine coated coverslips and CultureSlides were purchased from BD Falcon 

(Franklin Lakes, NJ). Cells were cultured at 37˚C in the presence of 5% CO2 in a 

controlled atmosphere cell culture incubator (Thermo, Rockford, IL).   

HEK-293 cells (CRL-1573) and HeLa cells (CCL-2) were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA). HEK-293 and HeLa cells 

were maintained in high glucose Dulbecco’s Modified Eagle Medium (DMEM) 

containing GlutaMAX (Gibco, Carlsbad, CA) and supplemented with 10% fetal bovine 

serum (Gemini Bio Products, West Sacramento, CA), 1,000 U/ml penicillin and 1,000 
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µg/ml streptomycin (Gibco). Where indicated for in vivo imaging purposes, DMEM 

without phenol red was used in place of standard DMEM.  

3.5.3 Electroporation and Transfection Conditions 

Electroporations were carried out using a Gene Pulser II electroporation system 

(Bio-Rad) in 0.4 cm cuvettes.  

For RNP or RNA electroporation into HEK-293 cells, 10 µg of FITC-RNA or 

Cy5-RNPs in HKM buffer (40 mM HEPES pH 8.0, 10 mM KCl and 10 mM MgCl2) 

were placed on ice, 3 x 106 cells were added in 600 µl PBS, and the cell/RNP mixture 

was transferred to a cuvette and pulsed (Voltage: 250 V, Capacitance: 960 µF). The cells 

were immediately transferred into pre-warmed cell culture medium via a Pasteur pipette, 

plated and allowed to grow normally. 

Plasmid DNA transfections for cytotoxicity analysis and HeLa microarray 

analysis were carried out using Lipofectamine 2000 (Life Technologies) according to 

manufacturer instructions, with conditions independently optimized to obtain >90% 

transfection efficiency. DNA/reagent mixtures were complexed in Opti-MEM I (Life 

Technologies) before addition to cells in culture. 

3.5.4 Cytotoxicity Analysis 

HEK-293 cells were seeded at equal density into 96-well white plates (Corning), 

allowed to outgrow, and transfected as described. After 48 h in culture, cytotoxicity 

analysis was carried out using the CellTiter-Glo direct lysis kit according to manufacturer 

instructions (Promega, Madison, WI). Luciferase activity was measured on a Mithras 

Multimode Platereader (Berthold, Oak Ridge, TN). 
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3.5.5 Total RNA Isolation and Microarray Analysis 

After 96 h in culture, total cellular RNA was isolated from transfected HeLa cells 

using an RNeasy Plus Mini Kit (Qiagen, Valencia, CA) according to manufacturer’s 

protocol. RNA integrity was analyzed by agarose gel electrophoresis and A260/A280 purity 

ratios were >1.95 for all samples. Total RNA was sent frozen on dry ice to the University 

of Michigan Microarray Analysis Center, which carried out all subsequent cDNA 

synthesis and array hybridization. Briefly, cDNA and subsequent biotin-labeled antisense 

RNA were synthesized using a GeneChip 3’ IVT Express kit (Affymetrix, Santa Clara, 

CA). 

Gene expression microarray hybridization was carried out using the Affymetrix 

GeneChip Human Genome U133 Plus 2.0 array. Statistical filtering and initial data 

analysis was carried out by Craig Johnson at the University of Michigan Microarray 

Center. Heatmap construction and clustering was carried out using the NetWalker suite 

(Komurov 2012). I further analyzed the resulting data sets for biologically relevant gene 

families using the DAVID Bioinformatics Gene Annotation Resource release 6.7 

(http://david.abcc.ncifcrf.gov/).  

3.5.6 LtrA Expression and Purification, RNP Reconstitution 

For experiments described in this chapter, full-length LtrA or LtrA derivatives 

containing NLS sequences were expressed from pIMP-1P (Mastroianni et al. 2008). 

Proteins were expressed in Escherichia coli BL21(DE3) (EMD Biosciences) in LB media 

containing 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) for 18-24 h at 18˚C and 

purified at 4˚C. Purification steps included (1) 0.4% polyethyleneimine precipitation of 

nucleic acids, (2) purification on chitin resin (NEB, Ipswitch, MA), and (3) cleavage of 

the intein and chitin-binding domain by on-column incubation with 30 mM dithiothreitol 

(DTT). Proteins were dialyzed to 50 mM Tris-HCl (pH 8), 500 mM NaCl, 0.1 mM 
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EDTA and 50% glycerol and frozen at -80˚C prior to reconstitution. Chromatography 

steps were carried out using gravity columns. 

For fluorescently labeled RNP preparation, Ll.LtrB intron RNA was transcribed 

in vitro and either self-spliced as previously described (Mastroianni 2008) or purified in 

linear form. Labeling of the RNA with FITC or Cy5 was carried out using the Label-IT 

Nucleic Acid Tracking kit according to manufacturer’s directions (Mirus Bio, Madison, 

WI). Fluorescently-labeled lariat RNA was then reconstituted with LtrA protein and 

purified as described (Mastroianni 2008). For samples used in fluorescent microscopy 

analysis, RNP preparations were spun at 15,000 x g at 4˚C in a Eppendorf 5415 R 

refrigerated tabletop microcentrifuge (Eppendorf, Hauppauge, NY), in order to minimize 

aggregated or incompletely resuspended RNPs. 

3.5.7 Target-primed reverse transcription assay 

To verify the activity of fluorescently labeled RNPs, TPRT reactions were carried 

out by incubating equal masses of unlabeled target plasmid with reconstituted RNP 

particles (usually 1 µg) in 20 µl of TPRT reaction buffer [10 mM KCl, 10 mM MgCl2, 

and 50 mM Tris-HCl (pH 7.5)]. Radioactive TPRT assays contained 0.2 mM each dATP, 

dGTP, and dCTP and 20 µCi of [α-32P] dTTP (3000 Ci/mmol; New England Nuclear, 

Boston, MA). Unlabeled TPRT assays contained 0.2 mM each dATP, dGTP, dCTP and 

dTTP. The reactions were initiated by addition of the RNP particles, and the mixtures 

were incubated for 30 min at 37°C. 

Radiolabeled TPRT reaction products were separated on a 1% TAE agarose gel, 

dried and autoradiographed using a storage phosphor screen and Typhoon 

phosphorimager (GE Life Sciences). 
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3.5.8 Fluorescent Microscopy 

For fixed and mounted FITC-RNA and Cy5-RNP samples, cells grown on poly-

L-lysine-coated coverslips (BD Falcon) were washed twice in room temperature PBS 

(Gibco), fixed in 10% paraformaldehyde (Sigma-Aldrich) for 10 min at room 

temperature, rinsed three times with room temperature PBS, and mounted to glass slides 

using ProLong Gold Antifade reagent containing 4’,6-diamidino-2-phenylindole (DAPI, 

Life Technologies) and sealed with clear nail polish. Slides were stored in the dark at 4˚C 

until imaged. 

For in vivo imaging of Cy5-RNPs, cells grown on poly-L-lysine-coated 

chambered CultureSlides (BD Falcon) were rinsed twice in pre-warmed PBS, and then 

incubated in DMEM without phenol red (Life Technologies) containing 5 µM Hoechst 

33342 stain (Sigma-Aldrich) for 10 min at 37˚C. Unbound Hoechst 33342 was washed 

away by two washes with pre-warmed DMEM without phenol red, with the cells allowed 

to remain in the final wash. Microscopy analysis was carried out immediately. 

Fluorescent microscopy images were obtained using a Zeiss Axiovert 200 M 

fluorescent microscope using a 40X oil objective (Carl Zeiss Microscopy, Thornwood, 

NY) and images were further processed using ImageJ (National Institutes of Health, 

Bethesda, MD) and Adobe Photoshop CS4. 
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Figure 3.1 Luciferase-based cytotoxicity assay for RNP expression in mammalian 
cells 

HEK-293 cells were transfected with plasmids expressing components of the Pol 
II/T7 hybrid expression system as indicated. After 48 h in culture, total luciferase activity 
was measured as an indicator of total cellular ATP content and cytotoxicity using the 
CellTiter-Glo direct lysis kit. The results indicate that expression of group II intron RNP 
components in mammalian cell lines such as HEK-293 does not result in high 
cytotoxicity. The only significant reduction in cell viability occurred with the Ll.LtrB 
intron was expressed in the absence of LtrA protein (”Ll.LtrB only”). Each bar represents 
the average of luciferase activity resulting from three independent transfections. 
 “WT RNP”: Expression of LtrA-SV, wild-type Ll.LtrB, T7 RNA polymerase. 
“HPRT RNP”: Expression of LtrA-SV, Ll.LtrB targeted to mouse hprt sequence, T7 
RNA polymerase. “Ll.LtrB only”: Expression of T7 RNA polymerase and wild-type 
Ll.LtrB only. “T7Pol only”: Expression of T7 RNA polymerase only. “Empty vector”: 
Transfection of pBluescript. “Transfection reagent only”: Exposure to Lipofectamine 
2000 only. “Mock”: Untreated cells. 
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Figure 3.2 Gene expression microarray analysis of group II intron RNP expression 
in HeLa cells 

 HeLa cells were transiently transfected with plasmids expressing group II intron 
RNP components via the Pol II/T7 hybrid expression system. Control cells were 
transfected with empty vector. After 96 h in culture, total cellular RNA was collected, 
cDNA synthesized and hybridized to Affymetrix Human Genome U133 Plus 2.0 array. 
After adjustment for a false-discovery rate (FDR) ≤ 0.05 and comparison to control 
samples, we identified 3,623 differentially expressed genes across the three sample 
groups (RNP, Ll.LtrB, LtrA). The heat map after clustering analysis displays 
differentially expressed genes that are shared or unique to each sample group. All 
expression data is reported as the log2 transformed fold change of triplicate samples 
compared to control cells. A complete data set is available in digital form from our lab. 
Heat map of microarray data was generated using NetWalker suite (Komurov 2012). 
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Figure 3.3 Functional analysis of gene expression microarray data indicates 
upregulation of viral RNA recognition elements 

 The 138 differentially regulated genes unique to Ll.LtrB expression and the 1,029 
differentially regulated genes shared between Ll.LtrB and RNP samples (see Figure 3.2) 
were analyzed in silico for biological significance. Subsequent statistical analysis and 
functional annotation using the DAVID bioinformatics resource identified a subset of 
upregulated genes implicated in antiviral response and foreign RNA recognition. 
 Gene symbols corresponding to the hybridization probe are indicated beneath the 
graph. Bars represent the fold change in log2 form.  “Ll.LtrB only”: Cells expressing 
wild-type Ll.LtrB and T7 RNA polymerase only. “Complete RNP”: Cells expressing 
LtrA-SV, wild-type Ll.LtrB and T7 RNA polymerase. 
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Figure 3.4 Cy5-labeled RNPs retain biochemical activity  

 Linear Ll.LtrB RNA was labeled with Cy5 and reconstituted into RNPs and 
TPRT activity was compared to unlabeled RNPs (1 µg RNP as determined by OD260). 
Autoradiograph analysis of the reaction products demonstrates that labeled RNPs retain 
biochemical activity in vitro, albeit at a reduced level. This indicates moderate 
interference of RNP activity as a result of fluorescent labeling of the intron RNA, but that 
RNA folding is minimally affected. 
 L: Ll.LtrB target site recipient plasmid, H: mouse hprt target site recipient 
plasmid. Target DNA-primed reverse transcription and non-specific reverse transcription 
products are indicated next to the gel. These radiographs were excerpted from a larger gel 
and are the result of TPRT assays done on the same day with identical LtrA protein. 
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Figure 3.5 Intracellular trafficking of fluorescently-labeled Ll.LtrB lariat RNA or 
RNPs 

 Fluorescent microscopy of HEK-293 cells electroporated with fluorescently 
labeled, self-spliced lariat intron RNA or RNPs reconstituted using fluorescently labeled 
lariat intron RNA. Group II intron RNA is sequestered to distinct cytoplasmic foci 
regardless of cellular mitotic state and independent of presence of a nuclear localization 
signal on the LtrA protein. 
 (A) Self-spliced Ll.LtrB intron RNA was labeled with FITC and electroporated to 
HEK-293 cells. Cells were plated to poly-L-lysine-coated coverslips in 12-well plates and 
cultured for 24 h. Cells were then washed in PBS, fixed in 4% paraformaldehyde, 
mounted utilizing reagent containing DAPI and imaged. These representative images 
demonstrate that Ll.LtrB intron RNA is sequestered to distinct cytoplasmic foci. (B) Self-
spliced Ll.LtrB intron RNA was labeled with Cy5, reconstituted into RNPs, and 
electroporated into HEK-293 cells. Cells were plated to poly-L-lysine cover slips, 
cultured, fixed and mounted as in (A). Microscopic analysis indicates that RNPs are also 
sequestered to cytoplasmic foci in a cell-cycle independent manner, regardless of 
inclusion of an NLS on the C-terminus of LtrA. “WT”: LtrA protein without C-terminal 
NLS. “NLS”: LtrA protein containing C-terminal SV40 NLS sequence. 

WT
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RNA
only
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Figure 3.6 Live cell intracellular trafficking of fluorescently-labeled Ll.LtrB lariat 
RNA or RNPs 

 As in Figure 3.3, HEK-293 cells were electroporated with fluorescently labeled 
RNPs reconstituted using fluorescently labeled lariat intron RNA. These representative 
images demonstrate that, independent of paraformaldehyde fixation and mounting 
reagents, group II intron RNA is still sequestered to distinct cytoplasmic foci independent 
of the presence of a nuclear localization signal on the LtrA protein. 
 Self-spliced Ll.LtrB intron RNA was labeled with Cy5, reconstituted with LtrA 
protein and electroporated to HEK-293 cells. Cells were plated to poly-L-lysine-coated 
multi-chamber culture slides and cultured for 24 h. Cells were then incubated in medium 
without phenol red containing cellular permeable DNA stain Hoechst 33342 and imaged. 
Regardless of inclusion of an NLS sequence, RNPs are sequestered to similar distinct 
cytoplasmic foci and completely absent from the nucleus. “WT”: LtrA protein without C-
terminal SV40 NLS. “NLS”: LtrA protein containing C-terminal SV40 NLS sequence. 
  

Hoechst 33342 Cy5 Composite
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Chapter 4: Characterization of Protein/DNA Contacts Involved in T-23 
Target Site Recognition by a Group II Intron IEP 

INTRODUCTION 

Group II intron RNPs utilize both base-pairing of the intron RNA and IEP-DNA 

interactions to recognize DNA target sites (Guo 1997). For the Ll.LtrB intron, the RNA 

base-pairing interactions span positions -12 to +3, and include the exon-binding sites 1 

and 2 (EBS 1 and 2) and δ (Mohr 2000). The group II intron IEP recognizes a small 

number of bases flanking the regions recognized by the intron RNA and residing in the 

distal 5’-exon and 3’-exon regions of the DNA target site (Lambowitz and Zimmerly 

2010). By using a combination of DNA footprinting, modification-interference and 

mutational analysis, our laboratory has previously identified key nucleotide residues 

recognized by LtrA, the IEP encoded by the Ll.LtrB intron. These IEP-DNA interactions 

include the recognition of T-23, G-21 and A-20 in the 5’ exon and T+5 in the 3’ exon 

(Singh 2001). The 5’-exon/IEP interactions are required for reverse splicing into double-

stranded DNA, but not for reverse splicing into single-stranded DNA (Zhong 2003). This 

indicates that the 5’-exon/IEP interactions mediate local DNA strand separation, allowing 

base-pairing between the intron RNA and the DNA target. The 3’-exon/IEP interactions, 

by contrast, are not required for reverse splicing into double- or single-stranded DNA, but 

are strictly required for subsequent bottom-strand cleavage (Mohr 2000, Zhong 2003). 

The nucleotide residues that are recognized by the IEP differ even between closely 

related group II introns, suggesting that target specificity, at least as far as the IEP-DNA 

interactions are concerned, may be readily changeable (Lambowitz and Zimmerly 2010). 

Thus far, little has been known about regions of the IEP that interact with the 

DNA target site. The requirement for the DNA-binding domain was inferred from studies 

using mutant IEPs with C-terminal truncations. Truncations that delete the En domain 
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have no effect on reverse splicing into either double- or single-stranded DNA, whereas 

truncations that delete both the D and En domains inhibit reverse splicing into double-

stranded, but not single-stranded DNA sites (Matsuura 1997, San Filippo 2002). These 

findings suggest that the DNA-binding domain might interact with the distal 5'-exon 

region of the DNA target site, whose recognition by the IEP is required for reverse 

splicing into double-stranded DNA (Guo 1997, Zhong 2003). Our laboratory previously 

analyzed LtrA’s DNA-binding and En domain by unigenic evolution, a high-throughput 

genetic method that involves isolating a collection of functional variants from a protein 

library containing random mutations and then analyzing the distribution of missense and 

silent mutations statistically to assess the degree of constraint on different region of the 

protein (San Filippo 2002). This unigenic evolution analysis of the C-terminus of LtrA 

identified two regions of the D domain that are mutationally constrained and can be 

identified among closely related group II intron RTs: an unstructured cluster of 

positively-charged amino acids and a downstream region that contains a predicted α–

helix (Figure 4.1).  

To further identify critical amino acid residues within the DNA-binding domain 

of the LtrA protein, a subsequent more saturating genetic selection was carried out 

focusing on the upstream positively charged cluster and the downstream predicted α-

helix. These genetic selections utilized an E. coli assay for Ll.LtrB intron retrohoming, 

which employs a CamR intron-donor plasmid pACD2X and an AmpR recipient plasmid 

pBRR-ltrB (Figure 4.2A). In this genetic analysis of the LtrA’s DNA-binding domain, 

donor plasmid libraries were constructed in which the basic cluster and downstream α-

helical segments of the DNA-binding domain were partially randomized (“doped”) at 

each position. A number of variants were isolated in this study that retained their ability 

to support intron retrohoming. All LtrA variants that supported intron mobility retained 
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the predicted α-helix in the D domain as determined by structural prediction using Jpred3 

(Cole 2008). In the predicted α-helical region, E535, R537, and L538 were invariant and 

most other amino acid residues were moderately or highly conserved. The most variable 

residues were Q522, P524, N532, T533, and N536 (≤ 75%). In the cluster of basic amino 

acids, three residues were strongly conserved (R502, F504, and A505), and five 

additional residues, including K496, were moderately conserved or replaced 

preferentially by similar amino acid residues (Figure 4.2B and San Filippo 2003). The 

selections confirm that these two regions are constrained in functional LtrA variants, and 

they identify critical amino acid residues and permissible amino acid substitutions in both 

regions. Using a combination of genetic and biochemical techniques, we have 

investigated whether these conserved regions mediate specific IEP-DNA interactions in 

the intron target site. 

4.1 CHARACTERIZATION OF THE T-23 CONTACT SITE 

Previous work done in our laboratory used site-specific DNA crosslinking, tryptic 

digestion and subsequent mass spectrometry to identify possible protein-DNA 

interactions between LtrA and the DNA target site (Whitt 2011). Using modified DNA 

substrates containing 4-S-dT at position T-23, LtrA was site-specifically crosslinked to 

the DNA target using UV activation. After subsequent mass spectrometry analysis, a 

peak corresponding to the peptide NTLENR was isolated as an adduct to 4-S-dT-23. This 

sequence, identified as amino acids 532-537 of LtrA, is found within the conserved 

predicted α-helix of the D domain (Whitt 2011). Preliminary results provided by tandem 

mass spectrometry carried out on this peptide fragment implicated T533 as the specific 

crosslinking site, but further mass spectrometry analysis is currently being carried out in 

collaboration with the Brodbelt laboratory at UT Austin in order to verify this 
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assignment. I carried out biochemical and genetic analysis of LtrA mutants in this region 

in order to assess whether this crosslinked peptide is the specific contact site used in T-23 

recognition. 

4.1.2 Biochemical analysis of LtrA mutants at the T-23 contact site 

I tested whether the crosslinked peptide contains the contact site for the T-23 base 

by mutational analysis of LtrA amino acids 532-537. Wild-type and mutant LtrA proteins 

with single alanine substitutions at N532, T533, L534, E535, N536, and R537 were 

expressed, purified, and reconstituted into RNPs using in vitro transcribed lariat Ll.LtrB 

RNA. These RNPs were assayed for reverse splicing and DNA endonuclease activity in 

vitro using internally-labeled DNA substrates. All of these mutant proteins had high RT 

activity, as assayed using the artificial substrate poly(rA)/oligo(dT)45 (67-107% wild-type 

activity), indicating that the alanine substitutions at these positions did not globally 

disrupt protein structure (Figure 4.3A).  

As seen in Figure 4.3B and Table 1, all mutant RNPs showed moderately 

decreased total reverse splicing activity (41-82% wild-type activity), with L534A and 

R537A having the lowest activity (43 and 41% wild-type activity, respectively). L534A, 

E535A, and E537A also showed substantially decreased bottom-strand cleavage activity 

(33-38% wild-type activity), as well as elevated ratios of full to partial reverse splicing 

activity. T533A displayed moderately decreased reverse splicing and bottom-strand 

cleavage (62% and 74%, respectively). These results for the T533A mutant, obtained in 

multiple repeats with different RNP preparations, differ from those found previously for 

an independently constructed version of this mutant, which was reported to have wild-

type levels of reverse splicing and bottom-strand cleavage activity (San Filippo 2002). 
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All alanine-substituted RNPs are predicted to retain the predicted α-helix according to 

Jpred3 structural prediction. 

I attempted to further refine the location of the specific protein/DNA interaction 

using analytical crosslinking. I constructed a 4-S-dT-23 crosslinking substrate where the 

5’-phosphate of the 4-S-dT-23 residue was radiolabeled, and used this approach to 

analyze the ability of each mutant protein to support crosslinking under reverse-splicing 

conditions. The results show that no alanine mutant completely eliminates crosslinking to 

the labeled substrate (Figure 4.4). As all mutants inhibited crosslinking to some degree, 

with none completely abolishing, the predicted α-helical region may allow for flexibility 

in DNA binding and recognition. The N536A mutant, which had the lowest analytical 

crosslinking efficiency, was the most active mutant in reverse splicing and bottom-strand 

cleavage assays. In order to investigate the contribution of the predicted α-helix to T-23 

recognition, I carried out genetic analysis of LtrA mutants in the contact region. 

4.1.3 Genetic analysis of LtrA mutants at the T-23 contact site 

To further refine the specific interaction between the identified peptide and T-23, 

I utilized intron mobility assays with recipient plasmids containing DNA target sites in 

either the leading (“LEAD”) and lagging strand (“LAG”) orientation. These are described 

in respect to the origin of replication and the orientation in which the nascent leading or 

lagging strand of the plasmid DNA can be used as a primer for reverse transcription of 

the intron RNA (Zhong 2003, Figure 4.5A). Mutants specifically deficient in bottom-

strand cleavage are expected to utilize nascent replication forks to preferentially mobilize 

into the LEAD target, while mutants specific to reverse splicing or earlier steps in the 

mobility reaction would be expected to exhibit comparable, albeit lower, mobility rates 

between LEAD and LAG targets. 
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The T533A and L534A mutants showed the strongest decreases in mobility 

efficiency in the LEAD orientation (28 and 22% wild type, respectively), with neither 

mutant showing a strong target site orientation bias (Figure 4.5B). The decreases in 

mobility efficiencies for these mutants are comparable to those for wild-type RNPs with 

DNA target sites containing the single nucleotide substitution T-23G (25-58%) consistent 

with a role in recognition of this target site position (Mohr 2000, Zhong 2003). The 

remaining mutants showed moderate decreases in mobility efficiency, consistent with the 

moderate decreases in reverse splicing activity seen in the biochemical assays, and 

E535A and R537A also show some leading strand bias, consistent with the inhibition of 

bottom-strand cleavage activity seen for these mutants in the biochemical assays. 

Expression levels of the mutant LtrA proteins are comparable to wild-type LtrA under the 

conditions used for the mobility assay (Figure 4.5B). Previous work done by Joe San 

Filippo and Jacob Whitt demonstrated that the mutation L534H in LtrA results in a 

specificity switch from T-23 to G-23. These combined crosslinking, mass spectrometry, 

biochemical and genetic data support that T533 and L534 in the predicted α-helical 

region likely both contribute to the recognition of T-23. 

4.2 DISCUSSION 

Here I used biochemical and genetic analysis to characterize the DNA-binding 

domain of a group II intron RT, the LtrA protein encoded by the Ll.LtrB intron, and its 

interactions with a key nucleotide residue in the DNA target site. Using data from 

previous genetic selections and site-specific crosslinking/mass spectrometry, our 

laboratory had previously identified functionally important regions of the LtrA DNA-

binding domain including the polybasic cluster and predicted α-helical region (San 

Filippo 2003, Hanson et al., in preparation). This work suggested that the basic cluster 
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contacts T+5 in the 3’ exon and the predicted α-helical region contacts T-23 in the distal 

5’-exon region of the DNA target site, but whether these contacts are the primary 

determinants of target site specificity remained unknown. Combined with previous 

genetic selections that identified a single amino acid residue substitution that changes 

DNA target site specificity of the LtrA protein from T-23 to G-23, my results provide 

evidence that the DNA-binding domain of a group II intron RT functions in DNA target 

site recognition. The predicted α-helical region is identified as containing a specific 

contact between LtrA and T-23 in the distal 5’ exon.  

Previous site-specific UV crosslinking and tandem mass spectrometry identified 

the residue T533 within the predicted α-helix in LtrA’s DNA-binding domain as 

contacting T-23. Earlier modeling (Whitt 2011) combined with my biochemical analysis 

here suggested that both T533 and the adjacent residue L534 contribute to recognition of 

T-23. In my genetic analysis, the mutants T533A and L534A inhibit intron mobility to 

the same degree as single-nucleotide changes in T-23 in the DNA target site (Zhong 

2003), and the contribution of L534 was confirmed by the finding that single amino acid 

change L534H switches DNA target specificity at the -23 position from T to G (Whitt 

2011). These combined data suggest that the recognition of T-23 may be a cooperative 

interaction between T533 and L534.  

My genetic and biochemical analysis also found that mutations in the α-helical 

region can differentially inhibit bottom-strand cleavage.  Previous studies with the yeast 

aI2 and Ll.LtrB introns showed that all mutations in the distal 5’-exon region of the DNA 

target site inhibit both reverse splicing and bottom-strand cleavage by a similar degree, 

presumably reflecting either that bottom-strand cleavage occurs after reverse splicing or 

that recognition of the distal 5’ exon is required to position the protein for bottom-strand 

cleavage (Guo 1997, Mohr 2000). Here, I found that mutants L534A, E535A and R537A 
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within the predicted α-helix have an increased ratio of full to partial reverse splicing in 

biochemical assays. a characteristic of LtrA mutants deficient in bottom-strand cleavage 

activity (Zhong 2003). In addition to their increased ratio of full to partial reverse 

splicing, L534A, E535A and R537A exhibited a reduced level of total reverse splicing 

activity overall. The E535A and R537A mutants also show a leading strand bias in intron 

mobility assays, consistent with possible differential inhibition of bottom-strand cleavage 

in vivo (Figure 4.5). We found previously that the triple alanine substitution for Y529, 

R531, and T533 (denoted YRT/AAA) or the single alanine substitution Y529A, just 

upstream of the predicted α-helix, showed reduced reverse splicing activity and complete 

inhibition of bottom-strand cleavage activity (San Filippo 2002). Rather than specifically 

affecting 3’-exon recognition or endonuclease activity, the differential inhibition of 

bottom-strand cleavage in YRT, Y529A and the mutants studied in this chapter could be 

an indirect effect on top-strand recognition and reverse splicing activity. For instance, if 

the mutation affecting T-23 recognition disrupts the structure or orientation of the En 

domain, it could inhibit bottom-strand cleavage without playing a direct role in T+5 

recognition. However, I cannot exclude the possibility that the α-helical region could be 

functioning in both 5’-exon and 3’-exon recognition. This possibility will be discussed 

further in Chapter 5. 

These results also demonstrate the feasibility of modifying this domain to change 

DNA target site specificity and/or biochemical activity. Although these results establish 

that the DNA-binding domain functions in DNA target site binding, they leave open the 

possibility that other regions of LtrA, including the RT, X, and En domains, may also 

contribute to DNA target site recognition. 
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4.4 METHODS 

4.4.1 E. coli strains and growth conditions.  

E. coli strains were HMS174(DE3) (Novagen, Gibbstown, NJ) used for genetic 

selections and mobility assays; BL21(DE3) used for expression of LtrA protein 

(Saldanha 1999), and DH5α used for preparation of plasmid DNA and cloning. Cultures 

were grown in LB medium (0.5% yeast extract, 1% peptone, 1% NaCl, at pH 7.5) with 

2% Difco agar added for solid media. Ampicillin, chloramphenicol, and tetracycline were 

added to final concentrations of 100 µg/ml, 50 µg/ml, and 25 µg/ml, respectively.  

4.4.2 Recombinant plasmids and LtrA mutant constructs.  

Plasmid pImp-1P, used for expression of the LtrA protein, contains the LtrA ORF 

cloned behind the tac promoter in the expression vector pCYB2 (New England BioLabs, 

Ipswich, MA), such that the C-terminus of the ORF is fused in-frame to the cassette 

containing the Saccharomyces cerevisiae VMA1 intein and the Bacillus circulans chitin-

binding domain. Derivatives of pImp-1P that express mutant LtrA with alanine 

substitutions were created by using a GeneArt Site-Directed Mutagenesis Kit (Life 

Technologies, Carlsbad, CA).  

pDR2C, used as a template for in vitro transcription of Ll.LtB-ΔORF RNA, was 

constructed by PCR mutagenesis of the Ll.LtB-ΔORF intron in pACD4C (Perutka 2004) 

to replace additional non-essential regions of DIV (DIV-b1/b3; intron positions 620-807) 

with an MluI site and then recloning the cassette for T7-promoter driven transcription of 

the Ll.LtB-ΔORF intron and flanking exons between the HindIII and BamHI sites of 

pUC18 (constructed by Manabu Matsuura). Transcription of BamHI-linearized pDR2C 

with phage T7 RNA polymerase yields a 970-nt precursor RNA containing a 750-nt 

Ll.LtrB-ΔORF intron flanked by a 5’ and 3’ exons of 67 and 153 nt, respectively. 
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pACD2X, the intron-donor plasmid used in mobility assays, is a derivative of the 

intron-donor plasmid pACD2 that contains an XhoI site inserted 8-bp downstream of the 

LtrA ORF termination codon to facilitate the introduction of LtrA mutations (San Filippo 

2002). It use an IPTG–inducible T7lac promoter to express a cassette consisting of an 

Ll.LtrB–ΔORF intron with short flanking exons and a T7 promoter sequence inserted in 

intron domain IV, followed by the wild-type LtrA ORF downstream of E2 (Guo 2000). 

The vector backbone is derived from pACYC184 and carries a camR marker. Derivatives 

of pADC2X expressing LtrA mutants were constructed using a GeneArt Site-Directed 

Mutagenesis Kit (Life Technologies). The library expressing mutants randomized at 

position 498 was constructed from a PCR product amplified using a randomized 

oligonucleotide (Integrated DNA Technologies), and subsequent cloning into the BamHI 

and XhoI sites of pACD2X. 

pBRR3-ltrB, the recipient plasmid used in intron mobility assays, contains a 

minimal Ll.LtrB target site (ligated ltrB gene E1–E2 sequence extending from positions –

30 to +15 from the intron–insertion site) cloned upstream of a promoterless tetR gene in 

an AmpR pBR322–derivative (Guo 2000). Recipient plasmids pBRR3A-ltrB(LAG) and 

pBRR3B-ltrB(LEAD) are derivatives of pBR322 that contain the Ll.LtrB target site/tetR 

gene cassette cloned in opposite orientations relative the direction of DNA replication 

(Zhong 2003).  

Recipient plasmids containing mutant target sites were constructed by 

synthesizing complementary DNA oligonucleotides that correspond to the modified DNA 

target sequence flanked by AatII and EcoRI sites. The annealed DNA oligonucleotides 

were digested with AatII plus EcoRI and cloned between the corresponding sites of 

pBRR3–ltrB. 
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pLHS, which was used to synthesize DNA substrates for DNA endonuclease and 

reverse splicing assays, contains a 70-nt sequence of ligated ltrB exons 1 and 2 from 35 

nts upstream to 35 nts downstream of the intron-insertion site cloned between the BamHI 

and EcoRI sites of pBSKS+ (Agilent Technologies, Santa Clara, CA).  

4.4.3 Genetic selections and intron mobility assays.  

Genetic selections and intron mobility assays were done by using E. coli plasmid 

assays in which Ll.LtrB RNPs are expressed from a donor plasmid and integrate into a 

target site on a recipient plasmid (Guo 2000). The intron donor plasmid was 

electroporated or chemically transformed into E. coli HMS174(DE3) harboring the 

recipient plasmid, and cells were grown overnight at 37°C. 100 µl of the overnight cell 

culture was transferred to 5 ml of fresh LB medium and grown at 37°C to an OD600 of 

~0.2. A portion of the latter culture containing ~2.5 x 107 cells based on O.D.600 was then 

transferred to 5 ml of pre-warmed LB medium with 100 µM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and incubated at 37°C for 1 h to induce donor plasmid 

transcription. The induced cultures were placed on ice for 15 min and then plated at 

different dilutions onto LB medium containing ampicillin without or with tetracycline. 

Mobility efficiencies were quantified as the ratio of TetR+AmpR/AmpR colonies. For all 

experiments, >95% of AmpR/TetR colonies corresponded to bona fide mobility events, as 

determined by colony PCR, using primers specific to both the target plasmid and intron 

sequences. 

The genetic selections with donor plasmid libraries in which regions of LtrA’s D-

domain were randomized were done without the IPTG induction step in order to increase 

the stringency of the selection for only the most efficient introns.  
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 Expression levels of the wild-type and mutant LtrA proteins under the conditions 

of the mobility assays were compared by immunoblotting, using a rabbit anti-LtrA 

antibody (Zhao 2005). After IPTG induction, a portion of the culture (~2.5 x 107 cells 

based on O.D.600) was pelleted by centrifugation, resuspended in 20 μl of 1X NuPAGE 

LDS sample buffer (Life Technologies), heated at 99°C for 5 min, and cleared by 

centrifugtion at >21,000 rpm in a minicentrifuge. 10 μl of each sample was analyzed in a 

4-12% polyacrylamide gradient gel (NuPAGE Bis-Tris Gel; Life Technologies). The 

protein was transferred to a PVDF membrane (Life Technologies), which was blocked in 

5% non-fat milk in 1X TBST (Tris-buffered saline + 0.1% Tween 20) overnight at 4°C, 

and washed three times in 1X TBST at room temperature for 15 min. The PVDF 

membrane was then incubated with the primary rabbit anti-LtrA antibody in 1X TBST 

(1:5,000 dilution) at room temperature for 1 h, washed three times in 1X TBST for 15 

min, incubated with the secondary horseradish peroxidase-conjugated goat anti-rabbit 

antibody in 1X TBST (1:10,000 dilution) at room temperature for 1 h, and washed three 

times in 1X TBST for 15 min. SuperSignal West Pico Chemiluminescent Substrate 

(ThermoScientific, Rockford, IL) was used for detection, according to the manufacturer's 

protocol. The resulting chemiluminescence was imaged on a FluorChem HD2 

(ProteinSimple, Santa Clara, CA). Equal protein loading was verified by staining the 

membrane with Colloidal Gold Total Protein Stain (Bio-Rad). 

4.4.4 Preparation of LtrA protein and Ll.LtrB RNPs 

Wild-type and mutant LtrA proteins were expressed from pImp-1P constructs in 

E. coli BL21(DE3) and purified by chitin-affinity chromatography, as described 

previously (Saldanha 1999). Cultures were grown in LB media at 37°C to O.D.600 = 0.6 

before inducing protein expression by adding IPTG to 1 μM and continuing incubation at 
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22°C for 18-24 h. The LtrA protein preparations were > 98% pure based on Coomassie-

blue staining of SDS-polyacrylamide gels. 

To obtain Ll.LtrB lariat RNA, a precursor RNA containing an Ll.LtrB-ΔORF 

intron and flanking exon sequences was transcribed from a BamHI-linearized pDR2C 

template (see above) using a phage T7 RNA polymerase MEGAscript kit (Ambion, 

Austin, TX). After terminating transcription by extraction with phenol-chloroform-

isoamyl alcohol (25:24:1; phenol-CIA, Ambion), salt and free nucleotides were removed 

by ethanol precipitation followed by a 70% ethanol wash. Ll.LtrB-ΔORF intron lariat 

was then generated by self-splicing in 1.25 M NH4Cl, 50 mM MgCl2, 50 mM Tris-HCl, 

pH 7.5 for 2 h at 42˚C as described (Saldanha 1999), except that the precursor RNA was 

renatured by heating to 50°C for 1 min and slowly cooling to 37°C prior to initiating self-

splicing by adding MgCl2. 

Ll.LtrB RNPs were reconstituted by mixing purified LtrA (40 nM) and the self-

spliced RNAs (20 nM) in 10-ml of pre-heated reconstitution medium containing 450 mM 

NaCl, 5 mM MgCl2, and 50 mM Tris-HCl (pH 7.5). The reconstitution reaction was 

incubated at 30°for 90 min, and the RNPs were pelleted by ultracentrifugation in a 

Beckman Ti50.2 rotor (Beckman-Coulter; 40,000 rpm for ≥ 12 hr at 4°C). The RNP 

pellet was resuspended in 10 mM MgCl2, 10 mM KCl, and 50 mM Tris-HCl (pH 7.5), 

and stored at -80°C. 

4.4.5 Site-specific analytical UV crosslinking 

For analytical-scale crosslinking, the 4-S-dT-23 DNA substrate was generated by 

incorporation of a radiolabeled nucleotide analog so that crosslinked protein could be 

detected in gels by the transfer of the radiolabel to the protein. A single-stranded 

oligonucleotide, corresponding to top strand positions -23 to +15, with 4-S-dT (Glen 
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Research Corporation, Sterling, VA) at the -23 position was synthesized (Keck 

Biotechnology Resource Laboratory, Yale University, New Haven, CT) and 5’-end 

labeled with 32P-ATP (PerkinElmer, Waltham, MA), using T4 polynucleotide kinase 

(New England Biolabs). Equimolar concentrations (100 pmoles) of the labeled 

oligonucleotide and DNA target top strand oligonucleotide from positions -46 to -23 were 

annealed to a DNA target bottom-strand oligonucleotide from positions -46 to +15 

(Integrated DNA Technologies, Coralville, IA). The two top-strand oligonucleotides were 

then ligated with T4 DNA ligase (New England Biolabs). The substrate was purified in a 

2% agarose gel to remove single-stranded oligonucleotides and free nucleotides 

(PureLink Gel Extraction Kit; Life Technologies). 5 pmol of reconstituted RNPs were 

crosslinked with 50 pmol of the DNA substrate containing a radiolabeled photoactive 

nucleotide analogue in 50 µl reverse-splicing buffer (50 mM Tris HCl, pH 7.5, 10 mM 

MgCl2, 10 mM KCl). The reactions were digested with DNase I and RNase A (New 

England Biolabs) at 37˚C for 1 h. Samples were denatured by addition of 4X SDS 

loading buffer, heated to 95°C for 5 min and centrifuged at 15,000 rpm for 1 min in a 

benchtop centrifuge (Eppendorf 5414R) to pellet insoluble material. 10 µl of each sample 

was loaded onto a 7.5% Tris-HCl Mini-gel (Bio-Rad, Hercules, CA) and run at 25 mA 

for 1 h. The gel was soaked in 25% isopropanol-20% glycerol-10% acetic acid solution 

for 1 h, dried, and visualized by scanning with a PhosphorImager.  

4.4.6 Biochemical assays 

Reverse transcriptase assays were done by incubating purified wild-type or 

mutant LtrA proteins (100 nM) with poly(rA)/oligo(dT)42 (100 nM) in 50 μl of 20 mM 

Tris-HCl, pH 7.5, 75 mM KCl, 10 mM MgCl2, and 33 nM [α-32P]dTTP (3,000 Ci/mmol; 

Perkin Elmer) for 5 min at 30°C. The substrate was prepared by annealing 10 μM 
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poly(rA) (~350 nt; Sigma-Aldrich, St. Louis, MO) with 10 μM 42-nt oligo(dT) 

(oligo(dT)42; Integrated DNA Technologies) and warmed to 30°C for the assays. After the 

incubation, the reaction was stopped by adding 50-μl ice-cold 0.5 M EDTA and 

incubating on ice for 5 min. 5-μl portions of the reaction mixture were spotted onto DE81 

Whatman chromatography paper (Sigma-Aldrich), which was then air-dried and washed 

three times for 5 min in 1 X SSC (150 mM NaCl, 15 mM sodium citrate, pH 7.0). The 

paper was then dried and bound radioactivity was quantified by using a PhosphorImager. 

Reverse splicing/DNA endonuclease assays were done by incubating Ll.LtrB 

RNPs containing wild-type or mutant LtrA proteins with small (129-bp) 32P-labeled DNA 

substrates. The latter were generated by PCR of the pLHS plasmid using the primers KS 

(5′-TCGAGGTCGACGGTATC) and SK (5′-CGCTCTAGAACTAGTGGATC) in the 

presence of ~2 µM [α-32P]dTTP (3,000 Ci/mmol; Perkin Elmer, Waltham, MA) with 200 

µM each of dATP, dCTP, dGTP and 20 µM of unlabeled dTTP. Following PCR, the 

reactions were phenol-CIA extracted, and the 129-bp product was purified from a 1% 

agarose gel (Wizard SV Gel and PCR Cleanup System, Promega, Madison, WI). For the 

assays, Ll.LtrB RNPs (12.5 nM) were incubated with the internally 32P-labeled 129-bp 

DNA substrate (1.25 nM) for 5 min at 37°C in 20 μl of reaction medium containing 10 

mM KCl, 10 mM MgCl2, and 50 mM Tris-HCl, pH 7.5. After the incubations, the 

reactions were terminated by addition of 1/10 volume of 100 mM Tris-HCl pH 7.5, 0.25 

M EDTA, 5% SDS and 0.5 mg/ml proteinase K (New England Biolabs) and incubating 

for 30 min at 37°C.  The products were analyzed by electrophoresis in a denaturing 6% 

polyacrylamide gel, which was dried, and scanned with a PhosphorImager. After 

subtracting background determined from a parallel lane loaded with unreacted DNA 

substrate, activities were calculated as the ratio of counts from the product band relative 

to the total radioactivity in the lane. 
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Figure 4.1 Schematic of the Ll.LtrB intron RT, LtrA, and its DNA binding and 
Endonuclease domains 

 (A) The schematic shows the Ll.LtrB intron RT (LtrA protein) with domain 
boundaries demarcated above. The N-terminal RT domain contains seven conserved 
sequence blocks (RT1-RT7) that are found in the fingers and palm regions of retroviral 
and other RTs. The RT domains of LtrA and other group II intron RTs have an N-
terminal extension with an additional conserved sequence block (RT0) and insertions 
between the conserved sequence blocks (RT2a, 3a, 4a, and 7a) that are not present in 
retroviral RTs but are conserved to different extents in other group II intron and non-
LTR-retroelement RTs. Domain X corresponds to the thumb domain of retroviral RTs 
and is required for RNA splicing activity. The C-terminal DNA-binding (D) and DNA-
endonuclease (En) domains interact with DNA target sites during intron mobility.  
 (B) Amino acid sequence of the D and En domains with α-helices and β-sheets 
predicted by JPred3 (http://www.compbio.dundee.ac.uk/www-jpred/) indicated above the 
sequence. "+" below the sequence indicates a positively charged amino acid residue. The 
conserved H-N-H DNA endonuclease motifs (Endo) and cysteine residues (Cys) are 
labeled above the sequence.  
 The two peptides identified by UV-cross-linking as DNA target site contacts are 
highlighted in red. The peptide QGK (residues 497-499) contacts T+5 of the DNA target 
site and is located near the beginning of domain D within a cluster of positively charged 
amino acid residues. The peptide NTLENR (residues 532-537) contacts T-23 of the DNA 
target site and is located within a predicted α-helix near the end of domain D. 
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Figure 4.2 E. coli plasmid assay for Ll.LtrB intron mobility 

  (A) The intron donor plasmid pACD2X carries a CamR marker and uses a T7lac 
promoter to express a 940-nt Ll.LtrB-ΔORF intron, with flanking 5’ and 3’ exon 
sequences (E1 and E2, respectively) and a phage T7 promoter sequence inserted in intron 
domain DIV. The LtrA protein is expressed from a position downstream of E2. The 
recipient plasmid pBRR-ltrB carries an AmpR marker and contains the Ll.LtrB target site 
(ligated E1-E2 sequence of the ltrB gene) cloned upstream of a promoterless TetR gene. 
The insertion of the intron containing the T7 promoter into the target site activates the 
expression of the TetR gene, yielding AmpR + TetR colonies. T1, T2, and TΦ are E. coli 
rrnB T1, T2 and phage T7 transcription terminators, respectively. 
 (B) Identification of critical amino acid residues in the LtrA protein DNA-binding 
domain. Genetic selections for intron mobility were done with donor plasmid libraries in 
which one of three different 10-aa regions of the LtrA protein DNA-binding domain were 
partially randomized ("doped") with 70% of the wild-type nucleotide residue and 10% of 
each non-wild type nucleotide residue at each position. The doped regions were as 
follows: P; K496-A505, H1; Q522-R531 and H2; N532-K541. Donor plasmids from the 
selections were assayed individually for mobility efficiency. The wild-type LtrA 
sequence is shown at the top, and sequences of the 10-aa segment in active LtrA variants 
shown below. Amino acid residues conserved in ≥ 90% of the highly active variants: 
white letters on black shading, and amino acid residues that were conserved or replaced 
by similar amino acid residues in ≥ 80% of the highly active variants are shaded in gray. 
Similar amino acids were defined by using the BLOSUM80 matrix: A=S, D=E, F=Y, 
H=Q,Y, I=L,M,V, K=R,E,Q, L=I,V, M=L,I,V, N=D, Q=R,E,K, R=Q,K, S=A,T, T=S, 
V=I,L,M, W=Y, Y=F,W,V (from San Filippo 2003 and Hanson et al., in preparation). 
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Figure 4.3 Biochemical analysis of LtrA mutants with alanine substitutions in the 
peptide contacting T-23 

  (A) RT assays. The RT activity of wild-type and mutant LtrA proteins (100 nM) 
was assayed by using poly(rA)/oligo(dT)45 substrate and quantifying polymerization of 
[α-32P]dTTP, as described in Methods. The error bars indicate standard deviation for at 
least three experiments.  
 
 (B) Reverse splicing/DNA endonuclease assay. Ll.LtrB intron RNPs (12.5 nM) 
containing wild-type or mutant LtrA proteins were incubated with a 129-bp 32P-labeled 
DNA oligonucleotide substrate (1.25 nM) containing the Ll.LtrB intron insertion site for 
5 min at 37°, and the products were analyzed on a denaturing 6% polyacrylamide gel, 
which was dried, and scanned with a PhosphorImager. Expected products are indicated to 
the right of the gel and below. 
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Figure 4.4 Analytical crosslinking analysis of LtrA mutants with alanine 
substitutions in the peptide contacting T-23 

 Analytical UV-cross-linking. RNPs containing wild-type and mutant LtrA 
proteins were incubated with 32P-labeled 4-S-dT+5 DNA substrate under reverse splicing 
conditions and cross-linked with 365-nm UV-light (see Methods). After digestion with 
DNase I and RNase A, the protein containing cross-linked 32P-labeled DNA fragments 
was analyzed by electrophoresis in a 0.1% SDS/7.5% polyacrylamide gel, which was 
silver stained, dried and scanned with a PhosphorImager. The ratio of crosslinking 
efficiency (according to PhosphorImager counts) to protein band intensity (according to 
silver staining) for each RNP is indicated below the gel. -UV: No UV control containing 
WT RNP and radiolabeled substrate. 
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Figure 4.5 Genetic assays with mutants in the T-23 contact region 

 (A) Intron recipient plasmids pBRR3B-ltrB(LEAD) and pBRR3A-ltrB(LAG) 
(LAG) used in the mobility assays. The recipient plasmids contain the Ll.LtrB target 
site/TetR gene cassette (LtrB-TET) cloned in either orientation relative to the direction of 
plasmid replication. Wild-type group II Ll.LtrB RNPs reverse splice with equal 
efficiency regardless of target site orientation, whereas En-independent retrohoming by 
RNPs defective in bottom-strand cleavage show a bias for the LEAD-orientation (Zhong 
2003). 
 
 (B) Intron mobility assays with LtrA mutants in the T-23 contact peptide. 
Mobility assays were done with intron-donor plasmids expressing wild-type LtrA or the 
N532A, T533A, L534A, E535A, N536A, and R537A mutants and recipient plasmids 
pBRR3B-ltrB(LEAD) and pBRR3A-ltrB(LAG), as described in Figure 2 and Materials 
and Method. The bar graphs show mobility efficiencies relative to wild-type Ll.LtrB 
assayed in parallel with pBRR3B-ltrB(LEAD). The error bars indicate standard deviation 
for at least three experiments. Immunoblots below compare the expression levels of wild-
type and mutant LtrA proteins during the mobility assay.  
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Chapter 5: Identification of a protein-DNA contact site within the 
polybasic cluster of a group II intron DNA-binding domain and mutant 

proteins that enhance DNA integration activity 

INTRODUCTION 

As noted in Chapter 4, group II intron IEPs utilize protein-DNA interactions to 

recognize their DNA target sites in addition to base-pairing of the intron RNA. We have 

probed these interactions in detail for the IEP encoded by the Ll.LtrB intron, LtrA. The 

IEP interactions with the distal 5’-exon region are required for reverse splicing into target 

sites in double-stranded DNA but not for reverse splicing into target sites in single-

stranded DNA, for which the intron RNA base-pairing interactions suffice (Guo 1997, 

Zhong 2003). For Ll.LtrB, the IEP-DNA interactions with the 3’ exon are dispensable for 

reverse splicing activity, but recognition of T+5 by the IEP is crucial for endonuclease 

cleavage between positions +9 and +10 of the bottom strand and subsequent reverse 

transcription of the intron RNA (Mohr 2000, Singh 2001, Zhong 2003). 

Using information gathered from previous unigenic evolution, mutant library 

analysis, and site-specific crosslinking/mass spectrometry analysis (see Chapter 4), I 

sought to genetically and biochemically characterize a likely IEP/DNA contact between 

the DNA-binding domain of LtrA and T+5 in the 3’ exon of the DNA target site. Using 

data gathered from this analysis, a region surrounding the identified contact site of the 

IEP was then randomized and active variants were selected versus target sites containing 

the wild-type or mutant nucleotide residues at position +5. These selections led to 

identification of LtrA mutants with increased reverse splicing and bottom-strand cleavage 

activity that also contribute to increased retrohoming efficiency. 
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5.1 CHARACTERIZATION OF THE T+5 CONTACT SITE 

Building again upon previous work done in our laboratory, I sought to identify the 

IEP-DNA interaction responsible for the specific recognition of T+5 in the 3’ exon of the 

Ll.LtrB DNA target site. Similarly to T-23, site-specific DNA crosslinking, tryptic 

digestion and subsequent mass spectrometry analysis was previously carried out using 4-

S-dT+5 containing substrates. A mass peak corresponding to the crosslinked peptide 

QGK was identified, which corresponds to LtrA amino acids 497-499 in the positively-

charged cluster (Whitt 2011). Further analytical crosslinking carried out by Jacob Whitt 

suggested that G498 of K499 might be the T+5 contact site (Whitt 2011). 

5.1.1 Biochemical analysis of LtrA mutants at the T+5 contact site 

To confirm that the crosslinked peptide is a contact site for the T+5 base, I 

constructed LtrA mutants in which the three amino acid residues of the QGK sequence 

were changed individually or together to alanine. The wild-type and mutant LtrA proteins 

were then expressed, purified, and assayed for RT activity by using the artificial substrate 

poly(rA)/oligo(dT)42.  Figure 5.1A shows that the RT activity of all four mutant proteins 

was as high or higher than that of wild-type LtrA, indicating that these alanine 

substitutions did not globally disrupt protein folding. 

Next, the purified wild-type and mutant LtrA proteins were reconstituted into 

RNP particles with in vitro-synthesized Ll.LtrB intron lariat RNA. The wild-type and 

mutant RNPs were assayed for reverse splicing and DNA endonuclease activity (Figure 

5.1B and Table 1). The results showed that the G498A mutation inhibited bottom-strand 

cleavage relatively strongly (33% wild-type activity), while having less effect on full or 

partial reverse splicing (81% and 55% wild-type activity, respectively). By contrast, the 

remaining mutants showed moderate, roughly equal decreases in both full and partial 

reverse splicing (55-78% wild type) and bottom-strand cleavage (62-79% wild type). The 
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increased ratio of full- to partial-reverse splicing products that was observed for the 

G498A mutant (81 and 55% wild-type activity, respectively), but not for other mutants 

may be significant. Such an increase of full to partial reverse splicing products was 

observed previously for both the Ll.LtrB and yeast aI2 introns in reverse splicing/DNA 

endonuclease assays with DNA target sites lacking T+5, but not with other DNA target 

site mutations. This phenotype may be a signature for mutations that disrupt interactions 

of LtrA with the 3’-exon region of the target site (Guo 1997, Mohr 2000). The 

differential inhibition of bottom-strand cleavage and stimulation of full reverse splicing 

were also seen for G498A RNPs prepared by an alternate method involving PEI-

precipitation of endogenous nucleic acids prior to RNP reconstitution (Figure 5.1B). 

Finally, the triple mutation QGK/AAA, which has alanine substitutions for G498 and the 

two flanking residues, has higher bottom-strand cleavage activity than the single amino 

acid substitution G498A (71 compared to 33% wild-type activity, Figure 5.1B), 

suggesting that the triple mutation may partially restore the 3’ exon binding deficiency 

seen in the G498A mutant. 

The alanine mutants in the T+5 contact sequence were also assayed for their 

ability to promote retrohoming in the E. coli plasmid targeting assay versus the LEAD 

and LAG recipient plasmids (Whitt 2011). In those genetic assays, mutants Q497A, 

G498A, K499A, and QGK/AAA had only moderately decreased mobility efficiencies. 

This may be due to intron retrohoming being limited largely by initial DNA target site 

recognition and/or reverse splicing rather than bottom-strand cleavage. The Q497A, 

G498A, and QGK/AAA mutants showed only a slight leading strand bias, which could 

reflect differential inhibition of bottom-strand cleavage in vivo, but both the degree of 

inhibition and leading strand bias were less than seen for a previously analyzed mutant, 

YRT/AAA, which has more strongly decreased bottom-strand cleavage activity (Zhong 
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2003). This is in contrast to thee biochemical assays carried out in this section, which 

indicated a specific reduction in bottom-strand cleavage for the G498A mutant. 

5.1.2 Genetic selections for functional LtrA variants with amino acid replacements 
at G498 

Mutational analysis in the QGK region showed that the G498A mutation reduced 

bottom-strand cleavage activity in vitro. To further explore the role of the G498 residue 

in DNA target site recognition, I selected functional variants from mutant libraries in 

which the codon 498 was randomized against target sites containing each of the four 

possible nucleotide residues at position +5. This selection also served to investigate 

whether amino acid substitutions at this position could lead to a target site specificity 

switch analogous to those obtained for T-23G (Whitt 2011).  

Selections with LtrA libraries in which G498 was randomized were done in parallel 

for the wild-type and three mutant DNA target sites with different nucleotide residues at 

T+5 without IPTG induction, relying on basal donor-plasmid expression to increase the 

stringency of the selection. After three cycles of selection, 48 TetR + AmpR were 

randomly chosen for each DNA target site, and the mutagenized region of the LtrA 

protein was amplified by colony PCR and sequenced to identify amino acid substitutions 

at position 498. 

The results of the selection, summarized in Figure 5.2, show generally similar 

patterns of polar, basic, and non-polar amino acids at G498 in functional LtrA variants 

selected against all four DNA target sites. R, G, and T were preferred, with R being the 

most frequently selected residue with the T+5, G+5, and C+5 target sites, and the wild-

type G residue being the most frequently selected residue at A+5. Interestingly, 

isoleucine was relatively abundant in the selection against C+5, but was not found in the 



 90 

selections against other target sites. In general, the patterns of functional substitutions 

selected at G498 could reflect constraints on protein structure and/or interactions with the 

DNA target site. 

5.1.3 Genetic and biochemical assays using LtrA mutants at position 498 

The genetic selections in the previous section indicated that LtrA may be able to 

tolerate a wide range of amino acid substitutions at position 498. In order to test this 

hypothesis, I carried out quantitative mobility assays versus wild-type and mutant +5 

target recipient plasmids using LtrA variants with substitutions at position 498. Figure 5.3 

illustrates that all mutants tested show a clear preference in mobility for the wild-type 

T+5 site over mutant target sites. Importantly, all mutants exhibited near wild-type 

mobility efficiencies versus T+5 in these assays (24-36%) and at each mutant target site 

(3-7%). The G498R mutant exhibited a moderate reduction in mobility frequency in these 

genetic assays, but all other mutants were within 5% of wild-type when assayed versus 

the T+5 recipient. In genetic assays, there appears to be a broad tolerance for mutations at 

position G498 that do not adversely affect intron mobility rates in the two-plasmid assay. 

Next, I purified these mutant LtrA proteins and reconstituted in vitro-prepared 

RNP molecules to assay biochemical activity. Reverse splicing and bottom-strand 

cleavage assays with RNPs containing these mutant LtrA proteins demonstrate that all the 

mutants maintain detectable levels of bottom-strand cleavage activity (Figure 5.4). In 

particular, G498T and G498R exhibited robust bottom-strand cleavage efficiency (86% 

and 65% of wild-type, respectively). G498V exhibited the lowest bottom-strand cleavage 

activity, at 18% of wild-type. G498A exhibited a bottom strand cleavage efficiency of 

23% of wild-type, in agreement with previous assays (see Figure 5.1). All G498 mutants 

tested preferentially cleaved DNA substrates containing T+5 and all exhibited an increase 
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in the ratio of full to partial reverse splicing for A+5 and G+5 (Figure 5.4B), as expected 

for mutants deficient in 3’ exon recognition (Mohr 2000). Although no mutant tested 

efficiently cleaved substrates containing C+5, I failed to witness as significant an increase 

in the ratio of full to partial reverse splicing in these samples (Figure 5.4B). Whether this 

apparent A/G+5 specificity in the increased full reverse splicing phenotype is significant 

remains unknown. In experiments not shown, I also tested a mutant containing G498C, a 

substitution we hypothesized would completely disrupt the supposed major-groove-

mediated LtrA/T+5 interaction (Singh 2001, Luscombe 2001), via the two-plasmid 

mobility assay. This G498C mutant maintained mobility efficiencies near wild-type 

levels (82% of wild-type). 

Considered together, the results above provide evidence that G498 likely makes a 

contact near T+5 in the DNA target site and indicate that this contact contributes to 

bottom-strand cleavage. However, the inhibition of bottom-strand cleavage by the 

mutation G498A (33% wild-type activity) is less than that found in biochemical assays 

with DNA target sites containing single-nucleotide substitutions for T+5 (<5% of the 

level for the wild-type target site (Mohr 2000, Singh 2001, Figure 5.4B), suggesting 

either that the G498A mutation does not completely abolish the T+5 contact or that one 

or more additional LtrA residues contributes to the recognition of T+5. A previous 

finding that the mutation K499A in the adjoining residue strongly decreases crosslinking 

suggests that K499 may contribute to the T+5 contact, either directly or indirectly by 

affecting the orientation of G498A or interacting with the phosphodiester backbone in 

this region (Whitt 2011).  
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5.2 SELECTION OF LTRA VARIANTS THAT INCREASE DNA-INTEGRATION EFFICIENCY 

Because the selections at codon 498 found no evidence that amino acid 

substitutions at this position affect T+5 recognition, I expanded the selections using an 

LtrA library in which all three residues of the QGK peptide were randomized. As in the 

previous selection, a pACD2X library was constructed via PCR using an oligonucleotide 

randomized at positions 497-499 of the LtrA ORF. A sample of this library was 

sequenced and showed no nucleotide or amino acid bias. I selected this library against 

pBRR-ltrB plasmids containing the wild-type or mutant +5 nucleotide via the E. coli two-

plasmid assay with IPTG induction omitted as before for increased stringency. A set of 

96 AmpR+TetR colonies was picked and the QGK-containing region was amplified by 

colony PCR. I ensured that all AmpR+TetR colonies were the result of bona fide mobility 

events via colony PCR amplification of the intron/3’ exon junction.  

The sequencing results of this genetic selection are summarized in Figure 5.5 and 

Table 2, organized by position and target site. While wild-type LtrA contains a glycine at 

position 498, this selection instead showed a clear preference for glycine at position 497, 

independent of the amino acids present at positions 498 and 499. In the selection against 

the T+5G target site, the Q497G mutation was present in 75% of mutants selected. I 

observed higher sequence variation for positions 498 and 499, with a preference for 

basic, small polar and nonpolar amino acids. At position 498, arginine was the 

predominant amino acid selected at all of the mutant target sites and second only to the 

wild-type G498 at the wild-type target site. Overall, at position 498 the wild-type glycine 

was selected at rates between 7.4% (T+5A) and 20.7% (T+5), although it was not the 

most preferred amino acid at any mutant target site. Position 499 showed preferences for 

similar amino acid families, although individual amino acids were enriched at lower 
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rates. Arginine was highly enriched at positions 498 and 499 versus all target sites, 

present in 10%-30% of selected mutants at N+5 target sites. 

A complete list of the mutants isolated versus the four +5 target recipients is 

shown in Table 2. It was noted that the individual mutant combinations GRL and GRR 

were selected most frequently across all target sites. We were curious whether they 

exhibited any altered target specificity or increased activity. 

5.2.1 Genetic analysis of selected LtrA variants demonstrates increased DNA 
integration efficiency 

In addition to the selection with randomized libraries at positions 497-499 

described above, a prior selection had been carried out in our laboratory with doped 

libraries focusing on a larger sequence window in the polybasic cluster (San Filippo 

2003). In the earlier selection the Q500R mutation contributed to increased mobility 

efficiencies. This mutation was integrated into my experiments and I quantified the 

selected mutants’ mobility efficiencies via the two-plasmid assay as previously. I 

anticipated that no mutant would exhibit altered target specificity due to having been 

selected in all four target site selections. Additionally, the G498 single-position selection 

suggested that this amino acid contact may not, in fact, contribute substantially to 

nucleotide specificity. 

These predictions proved correct, as no mutant showed a preference for A, C or G 

at the +5 nucleotide of the target site 3’ exon (Figure 5.6). However, all mutants arising 

from our selection showed elevated mobility efficiencies at all recipient target sites 

assayed. The Q500R mutation (QGKR) led to the largest individual increase in activity, 

showing approximately a two-fold elevation over wild-type. When the Q500R mutation 

was introduced to our selected GRR and GRL mutants, we observed an additional 

increase in mobility. The GRLR mutant exhibited mobility efficiencies at least three-fold 
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higher than wild-type at all target sites. Immunoblots of cultures from the mobility assays 

showed similar expression levels between wild-type and mutant LtrA proteins (Figure 

5.6). 

5.2.2 Biochemical analysis of selected LtrA variants show increased bottom-strand 
cleavage activity 

I next reconstituted RNP molecules using purified mutant LtrA proteins for the 

QGKR, GRRR, and GRLR mutants. Reverse splicing and endonuclease cleavage activity 

were assayed as before using internally-labeled double-stranded DNA substrates, reaction 

products were resolved on a 6% denaturing polyacrylamide gel, exposed to a 

PhosphorImager screen and then quantified. Figure 5.7 shows the results of a 

representative assay. Partial and reverse splicing activity were elevated approximately 

two-fold for all mutant LtrA proteins tested, and bottom strand cleavage activity was 

increased by almost 3.5-fold over wild-type levels for the GRLR and GRRR mutants. 

This increased biochemical activity aligns with the increased retrohoming rates observed 

in the two-plasmid mobility assay (see Figure 5.6). 

5.3 DISCUSSION 

In this chapter, I used biochemical and genetic assays to characterize a potential 

protein-DNA contact between LtrA and the 3’-exon of the DNA target site and selected 

mutants with enhanced biochemical activity and intron insertion efficiency. Site-specific 

UV-crosslinking, mass spectrometry, and analytical crosslinking had identified the 

peptide QGK (positions 497-499) within the cluster of basic amino acid residues as 

contacting T+5, possibly through G498 or K499 (Whitt 2011, Hanson et al., in 

preparation). Previous work showed that T+5 in the 3’ exon of the DNA target site is the 

most critical nucleotide residue recognized by LtrA for bottom-strand cleavage, with little 
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or no further sequence requirements necessary for bottom-strand cleavage activity (Mohr 

2000). This cleavage activity occurs after reverse splicing of the intron and downstream 

of the intron insertion site, between positions +9 and +10 of the 3’ exon. KMnO4 

modification interference and deoxyuracil substitution data indicate that recognition of 

T+5 by LtrA is likely mediated through interactions with the C5 methyl group in the 

major groove (Singh 2001).  

The mutation G498A, in the residue identified by analytical crosslinking as 

contacting T+5, differentially inhibited bottom-strand cleavage in biochemical assays 

(Figure 5.1). I found that this mutation did not completely inhibit bottom-strand cleavage, 

however, retaining 33% of wild-type activity (San Filippo 2002). Additionally, previous 

work showed that another mutation in this region, R502A, inhibited reverse splicing and 

bottom-strand cleavage to a similar degree. The R502A mutant, which involves the most 

strongly conserved arginine residue in the basic cluster, retains high RT activity, but has 

only 26-32% reverse splicing and bottom-strand cleavage activity (San Filippo 2002). 

Genetic assays of the G498A mutant had previously shown a slight leading strand bias in 

mobility, a likely characteristic of mutants deficient in bottom-strand cleavage, but failed 

to exhibit a substantial reduction in overall mobility efficiency when compared to wild-

type (Whitt 2011). This might reflect that bottom-strand cleavage is not limiting in these 

in vivo assays. 

Previous genetic selections using doped LtrA libraries noted that G498 was only 

moderately conserved (San Filippo 2003). I carried out a saturating mutant selection at 

G498 in order to further detail the contribution of this contact to 3’-exon recognition. In 

this single-site selection, a wide variety of amino acid substitutions were able to support 

mobility and bottom-strand cleavage in a T+5-dependent manner (Figures 5.3 and 5.4). 

These findings could reflect either that the alanine and other substitutions do not 
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completely abolish the contact made between this amino acid position and T+5, or that 

additional residues from the basic amino acid cluster or other regions of LtrA contribute 

to the recognition of T+5.  

To assess the contribution of neighboring residues, a mutant library spanning 

positions 497-499 was then selected versus wild-type and mutant target sites. Although 

this selection failed to identify any mutants with altered target specificity, as previously 

seen for T-23G (Whitt 2011), several variants were isolated that displayed increased 

reverse splicing activity and mobility efficiencies versus all +5 target sites (Figures 5.6 

and 5.7). When a previously identified mutation, Q500R, was introduced, all mutants 

tested exhibited further increases in bottom-strand cleavage, reverse splicing activity and 

mobility efficiency. The structural simplicity of glycine at position 498 provides limited 

modes of interaction with T+5. It is possible that recognition of the C5 methyl group via 

major-groove interactions with T+5 is mediated via the α-carbon of G498 or a lack of 

side-chain interference from this small amino acid. However, the observed pattern of 

basic substitutions within this region of the DNA-binding domain, along with the 

apparent lack of +5 nucleotide recognition by the amino acid at position 498, make it 

likely that this region functions as a non-specific DNA binding domain that interacts with 

the DNA target site during the retrohoming reaction, specifically via the phosphate 

backbone (San Filippo 2003). 

Notably, when the surrounding amino acid sequence of the selected variants is 

taken into account, the GRRR mutant contains a nearly uninterrupted run of basic 

residues stretching from K496 to R502. It is likely that, while not directly involved in 

specific nucleotide recognition, the binding of the polybasic region to the DNA target site 

positions other domains of the LtrA protein to complete later steps of the mobility 

reaction, including bottom-strand cleavage and reverse transcription. I cannot rule out the 
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possibility that this region contributes to recognition of the +5 nucleotide in combination 

with interactions by another unidentified region of the LtrA. 

It has been found that LtrA is a monomer in solution but binds the intron RNA at 

a stoichiometry of 2:1, suggesting that it functions in splicing and retrohoming as a dimer 

(Saldanha 1999). Previous crosslinking experiments done by Jacob Whitt indicate that the 

DNA-binding domain of LtrA contacts both the distal 5’-exon and 3’-exon regions of the 

DNA target site separately. Although the DNA target site is bent by when RNPs bind 

both the 5’ and 3’ exons (Noah 2006), the crosslinked DNA target site nucleotides T-23 

and T+5 are separated by 28 bp, a distance that demands at least two possible scenarios 

for protein/DNA interaction: Either that the 5’ and 3’ exons are contacted sequentially by 

the DNA-binding domain of one LtrA monomer during different steps of retrohoming, or 

the 5’ and 3’ exons are contacted separately by different DNA-binding domains of two 

subunits of an LtrA protein dimer. 

My results provide additional perspective on the plasticity of DNA target site 

recognition by the group II intron IEPs. This plasticity was suggested by the finding that 

single-nucleotide changes at key DNA target site positions leave substantial intron 

mobility intact and by the lack of strong sequence conservation in the DNA-binding 

domains of group II intron RTs (Mohr 2000, Singh 2001, San Filippo 2002, Zhong 2003, 

Perutka 2004). In chapters 4 and 5, I report that single amino acid substitutions for 

residues contacting T-23 and T+5 result in only moderate decreases in intron mobility, 

that the contacting amino acid residues are readily replaced by other residues in genetic 

selections against the wild-type target site, and that interactions between the polybasic 

cluster and the phosphate backbone of the DNA target site can enhance retrohoming 

efficiency. This plasticity in DNA target site recognition by the group II intron RTs may 

have facilitated the dispersal and establishment of group II introns at different sites 
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during evolution and can potentially be exploited to increase the number of potential 

insertion sites for group II intron RNPs for applications in gene targeting. 

5.4 METHODS 

Except where noted below, methods used in this chapter are described in Chapter 4. 

5.4.1 Recombinant Plasmids 

pACD2X-1469S is a derivative of pACD2X used for mutant library construction 

containing a stuffer sequence that disrupts the LtrA ORF. The 490-bp BamHI-AatII 

fragment of pDR2c was cloned into the BamHI-AatII sites of pACD2X, resulting in 

disruption of the LtrA open reading frame after P492 and insertion of a premature stop 

codon. The resulting plasmid was used in mutant selections in order to minimize wild-

type contamination in sequence libraries. 

5.4.2 Construction of LtrA mutant libraries for genetic selections.  

pACD2X libraries of mutant LtrA proteins in which residues 498 or 497-499 were 

randomized were constructed by PCR of pACD2X using a forward primer that introduces 

the randomized sequence and utilizes an internal LtrA BamHI site (a 61-nt 

oligonucleotide synthesized with an equimolar mixture of all four nucleotide residues at 

the randomized positions; Integrated DNA Technologies, Coralville, IA) and a reverse 

primer that overlaps the AatII site in the LtrA ORF. After DpnI digestion to remove wild-

type template, the PCR products were digested with BamHI and AatII to yield a 176-bp 

fragment that was purified in a 1% agarose gel and ligated into Antarctic phosphatase-

treated pACD2X-1469S using T4 DNA ligase (NEB) overnight at 16˚C. The library 

ligations were transformed according to manufacturer protocol into E. coli MegaX 

DH10B (Life Technologies) in multiple parallel electroporations to maximize the number 

of transformants, and a dilution was plated to LB agar plates containing 50 µg/ml 
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chloramphenicol in order to estimate library diversity. The remaining transformants were 

then pooled and cultured overnight in 100 ml of LB medium containing 50 µg/ml 

chloramphenicol for large-scale purification of the library DNA. A subset of 48 plasmids 

from the non-selected libraries were sequenced and showed no apparent bias in 

nucleotide or amino-acid sequence. Additionally, capillary electrophoresis of sequencing 

reactions for the pooled libraries exhibited uniform peak heights at the randomized 

positions. The diversity of the initial randomized QGK pool was estimated to be 

saturating at ~1.3 x 106 nucleic acid variants. 
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Figure 5.1 Biochemical analysis of LtrA mutants with alanine substitutions in the 
peptide contacting T+5 (previous page) 

  (A) RT assays. Purified wild-type and mutant LtrA proteins (100 nM) were 
incubated with the artificial substrate poly(rA)/oligo(dT)42 (100 nM) and [α-32P]dTTP 
(33nM, 3000 Ci/mmol) for 5 min at 30°C, and polymerization of [α-32P]dTTP was 
assayed by spotting aliquots of the reaction onto DEAE paper and quantifying the bound 
radioactivity. The bar graphs with error bars show the mean activity (% wild-type) and 
standard deviation for at least three experiments.  
 
 (B) Reverse splicing/DNA endonuclease assay. Ll.LtrB RNPs (12.5 nM) 
containing wild-type or mutant LtrA proteins were incubated with a 129-bp 32P-labeled 
DNA oligonucleotide substrate containing the Ll.LtrB intron insertion site (1.25 nM) in 
reaction medium containing 40 mM Tris-HCl (pH 7.5), 10 mM KCl, 10 mM MgCl2 for 5 
min at 37˚C. The products were analyzed in a denaturing 6% polyacrylamide gel, which 
was dried and scanned with a PhosphorImager. The schematic at the lower left diagrams 
the products expected for the full and partial reverse-splicing and bottom-strand cleavage 
reactions, and bands corresponding to these products are identified to the right of the gel. 
IS, intron-insertion site; CS, bottom-strand cleavage site.  The far right lane shows assays 
of G498A RNPs prepared using LtrA purified by a modified procedure that includes PEI 
precipitation of endogenous nucleic acids. Table 1 shows the quantified reaction products 
for three separate experiments. 
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Figure 5.2 Selection of mutants at position 498 that support mobility into DNA 
target sites with different nucleotide residues at position +5 

 Selection for amino acid residues at LtrA position 498 that support Ll.LtrB 
retrohoming into wild-type and mutant DNA target sites. The selection was done  using a 
pACD2X donor plasmid library in which LtrA codon 498 was randomized and pBRR-
ltrB recipient plasmids that contain the wild-type target site with T+5 or mutant DNA 
target sites with A, C, or G substituted at position +5. After three rounds of selection in 
the absence of IPTG induction to increase stringency, 24 AmpR + TetR colonies were 
picked for each target site, and the region of LtrA encoding residue 498 was amplified by 
colony PCR and sequenced. The pie charts show the proportion of different amino acid 
residues found at this position in the selections for retrohoming into each DNA target 
site. Color scheme: acidic amino acids, red (not present); basic amino acids, blue; 
nonpolar amino acids, orange; polar amino acids, green. 
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Figure 5.3 Genetic analysis of LtrA mutants containing substitutions at position 498 

 A library of LtrA mutants randomized at position 498 was constructed in 
pACD2X and selected for their ability to support mobility versus wild-type (T+5) or 
mutant (A/C/G+5) target sites (see Figure 5.2). The most frequently isolated individual 
mutants were then assayed quantitatively for mobility efficiency compared to wild-type 
LtrA. The error bars indicate standard deviation for at least three independent 
experiments. 
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Figure 5.4 Biochemical analysis of LtrA mutants containing substitutions at position 
498 (previous page) 

 (A) Reverse splicing/DNA endonuclease assay. Ll.LtrB intron RNPs (12.5 nM) 
containing wild-type or mutant LtrA proteins were incubated with a 129-bp 32P-labeled 
DNA oligonucleotide substrate (1.25 nM) containing the Ll.LtrB intron insertion site for 
5 min at 37°, and the products were analyzed on a denaturing 6% polyacrylamide gel, 
which was dried, and scanned with a PhosphorImager. Expected products are indicated to 
the right of the gel. A portion of gel not containing reaction products was omitted. 
 
 (B) Total reverse splicing activity, ratio of full to partial reverse splicing and 
bottom-strand cleavage activity for LtrA mutants containing substitutions at position 498. 
Full and partial reverse splicing activity was calculated as the PhosphorImager counts of 
the reaction products labeled to the side of the gel, normalized to wild-type (after 
background subtraction). Ratio of full to reverse splicing was calculated by comparing 
the percent of total PhosphorImager signal for the full reverse splicing band to the 5’ top 
band. Bottom strand cleavage activity was quantified as the total PhosphorImager counts 
of 3’ and 5’ bottom cleavage products and normalized to wild-type (after background 
subtraction). This gel is from a representative experiment, which was repeated three times 
with similar results.  
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Figure 5.5 Selection of LtrA variants that support mobility into wild-type and 
mutant target sites based on randomization of amino acid positions 497-
499 (QGK) in the DNA-binding region (previous page)  

  
 Group II intron IEPs that support mobility into wild-type or mutant target sites 
were isolated using the E. coli two-plasmid mobility assay as described in Methods. 
Briefly, the donor plasmid pACD2X was randomized at IEP residues 497-499 using a 
randomized PCR oligonucleotide and cloned into pACD2X. This region corresponds to 
the previously identified DNA binding region/T+5 crosslinked peptide. This mutant 
pACD2X library was electroporated to HMS174(DE3) cells containing pBRR-ltrB 
recipient plasmids with either wild-type (T+5) or mutant (T+5A, T+5G, T+5C) DNA 
target sites. IPTG induction was omitted for added stringency in the retrohoming 
reaction. Bona fide mobility events were isolated via colony PCR of AmpR + TetR 
colonies. This PCR fragment, containing the mutant LtrA sequence at residues 497-499, 
was purified and sequenced. For each target site, at least 84 mobility events were isolated 
and sequenced. The wild-type residue, if present in selected variants, is indicated by 
(WT) in pie chart. Logo plots show frequency of amino acids at each position in variants 
that were isolated in N+5 target site pools.  
 Color scheme: Acidic amino acids, red; Basic amino acids, blue; Nonpolar amino 
acids, orange; Polar amino acids, green. 
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Figure 5.6 LtrA variants that show increased mobility efficiencies versus wild-type 
and mutant target sites 

  The most frequently selected mutants, GRL and GRR, were isolated and re-
cloned into the pACD2X donor plasmid. Previous work in our lab identified the Q500R 
mutation as possibly contributing to increased mobility efficiencies when compared to 
wild-type LtrA (San Filippo 2003), and it was rationally introduced into the selected 
variants as indicated. These indicated LtrA variants were quantified for retrohoming 
efficiency via the E. coli two-plasmid assay as described previously. The indicated 
mobility rates are the average of three separate experiments and error bars represent the 
standard deviation. Western blot analysis was carried out to ensure equivalent expression 
levels of mutant LtrA proteins. 
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Figure 5.7 Selected LtrA polybasic cluster mutants have increased biochemical 
activity versus wild-type target substrates in reverse splicing and 
endonuclease cleavage assay 

 In vitro prepared mutant and wild-type RNPs were incubated with internally [α-
32P]dTTP-labeled wild-type T+5 DNA target substrates as in figure 5.1. Quantified 
reaction products are shown in the graph relative to wild-type activity levels. All selected 
variants show increased reverse splicing and bottom-strand cleavage, with the Q500R 
mutation alone making the largest contribution to increased activity. This gel and 
resulting data are results of a single representative experiment, which was repeated three 
times with similar results.   
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Table 1. Biochemical activities of wild-type and mutant LtrA proteins 
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Table 2: LtrA variants isolated versus wild-type and mutant target sites 

 

GER 2 GRR 4 GRS 3 GRL 4

GGC 2 GRS 3 GGV 2 GRT 4

GHS 2 GSV 3 GIR 2 GRA 3

GRL 2 GVA 3 GRA 2 GRE 3

GRR 2 GQT 2 GRP 2 GSL 3

GVQ 2 GRL 2 GRR 2 GKR 2

GVR 2 GRN 2 GTL 2 GLL 2

AAC 1 GRP 2 GVG 2 GRQ 2

AGA 1 GRT 2 GVP 2 GRV 2

AIL 1 GTI 2 GVR 2 AGM 1

ARG 1 GTV 2 AGL 1 AST 1

ARI 1 GVR 2 ASE 1 AVH 1

ARV 1 RTT 2 AVW 1 DQC 1

CGH 1 AAL 1 CRL 1 DTV 1

EEP 1 AGP 1 DSV 1 DWP 1

EGT 1 AGR 1 EKR 1 GAW 1

ERQ 1 AQM 1 GAI 1 GDR 1

FNR 1 AQT 1 GAL 1 GEL 1

FQK 1 ARS 1 GAR 1 GFP 1

FTR 1 DQP 1 GCT 1 GGE 1

GAR 1 DVQ 1 GDL 1 GGR 1

GFL 1 DVS 1 GDS 1 GGT 1

GGQ 1 EVR 1 GED 1 GGV 1

GGS 1 FTA 1 GER 1 GHF 1

GGR 1 GAA 1 GGE 1 GHL 1

GGT 1 GAQ 1 GGG 1 GKE 1

GGW 1 GAR 1 GGI 1 GKT 1

GHQ 1 GED 1 GGP 1 GLM 1

GIK 1 GER 1 GGT 1 GLS 1

GKA 1 GEW 1 GGW 1 GMI 1

GKW 1 GGR 1 GHI 1 GNY 1

GKT 1 GGT 1 GHK 1 GQV 1

GLA 1 GHE 1 GHL 1 GRI 1

GLD 1 GIP 1 GHQ 1 GRP 1

GLE 1 GIQ 1 GHS 1 GRR 1

GLG 1 GIW 1 GIK 1 GRS 1

GLL 1 GKI 1 GIV 1 GSR 1

GLR 1 GKV 1 GKP 1 GSV 1

GLS 1 GLE 1 GLR 1 GTC 1

GMR 1 GLQ 1 GQA 1 GTF 1

GMV 1 GLT 1 GQE 1 GTL 1

GQC 1 GQF 1 GQK 1 GTM 1

GQI 1 GQI 1 GQL 1 GVA 1

GQP 1 GQR 1 GQR 1 GVM 1

GQV 1 GQS 1 GRC 1 GVP 1

GRA 1 GRE 1 GRI 1 GVQ 1

GRC 1 GRG 1 GRL 1 GVR 1

GRD 1 GRK 1 GRT 1 GVS 1

GRS 1 GRM 1 GSA 1 GYM 1

GRV 1 GRV 1 GSP 1 KLR 1

GSR 1 GRW 1 GST 1 NAF 1

GTE 1 GSE 1 GTV 1 NRK 1

GTL 1 GSK 1 GVA 1 NSI 1

GTM 1 GSP 1 GVK 1 NVS 1

GTS 1 GSR 1 GVL 1 PAA 1

GVA 1 GTA 1 GVM 1 PGY 1

GVN 1 GTC 1 GVN 1 RAT 1

HEM 1 GTD 1 GVV 1 RGA 1

KAA 1 GTK 1 HLK 1 RGR 1

LAE 1 GTP 1 HRG 1 RVQ 1

LAS 1 GTR 1 KRC 1 SAK 1

LGV 1 GVM 1 LGP 1 SCT 1

LRK 1 GVP 1 QGL 1 SGQ 1

NEA 1 HGD 1 RGG 1 SVY 1

NRA 1 IQP 1 RGS 1 TAT 1

NRV 1 KKS 1 RKV 1 TRA 1

QDY 1 KVT 1 SGR 1 TRC 1

QGK 1 NSV 1 SVF 1 TRH 1

RFY 1 PPP 1 SVL 1 TVS 1

RGH 1 RAP 1 TFR 1 VVG 1

RGR 1 RGA 1 TIR 1 WFS 1

RGV 1 RRG 1 TYA 1 WGG 1

RSV 1 RRL 1 VGL 1

RTS 1 SCH 1

SGD 1 SLK 1

SGT 1 TCQ 1

STG 1 TGK 1

SVH 1

TCM 1

TGS 1

VAR 1

VGS 1

VSG 1

WHS 1

YAV 1

C+5G+5T+5 A+5
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Table 2: LtrA variants isolated versus wild-type and mutant target sites (previous page) 
  
 The screen of the LtrA library randomized at positions 497-499 resulted in several 
variants that were supported mobility at the wild-type target site (T+5) as well as mutant 
target sites (T+5A, T+5G, T+5C). The table shows the amino acid sequence and 
frequency of mutants from each selection in Fig 5.5 against all +5 nucleotides. Mutants 
that were isolated versus all +5 targets are indicated in bold italics. 
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Epilogue 

My studies of mobile group II introns have furthered our understanding of how 

these mobile genetic elements are disseminated throughout genomes and characterized 

certain roadblocks to their utility in mammalian gene targeting. Characterization of DNA 

target site recognition by the group II intron IEP from Lactococcus lactis indicates that 

there is considerable plasticity in the protein/DNA interactions necessary for intron 

retrohoming.  This plasticity could have been exploited by group II introns as a means to 

promote their broad dissemination in host genomes and has important implications for 

eukaryotic evolution. Recent theories suggest that the dissemination of introns throughout 

ancestral genomes originated from a mobile intron in a symbiotic proto-organelle, and 

that this “invasion” could have contributed the selective pressure necessary for 

development of the eukaryotic nucleus as a means of sequestering genetic material away 

from introns and other intron-like retroelements. Further study of DNA target site 

recognition and protein sequence conservation in diverse group II intron IEPs should 

continue to shed light on this possible milestone in the prokaryotic-eukaryotic 

evolutionary transition, as well as expand the catalogue of potential insertion sites for 

uses in gene targeting.  

My work on group II introns as gene targeting vectors in mammalian cells has 

demonstrated that there may exist a specific host response impeding gene-targeting 

activity using either in vitro- or in vivo-prepared RNPs in mammalian cells. As of now, 

this specific response remains unknown, and the sequestration of RNPs away from the 

genome could be due to either passive or active processes in the cell. Further analysis of 

RNP fate within mammalian cells, combined with more sensitive gene expression 

studies, will shine further light on the deleterious host response and possible 
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immunostimulatory mechanisms. However, considering recent reports of the robust gene 

targeting efficiencies obtained using Cas9 and zinc-finger nuclease/TALEN-based 

technologies, with gene-targeting frequencies exceeding 20% in some cell types, in order 

to remain competitive or useful in eukaryotic cells, group II intron technology will have 

to demonstrate not only equivalent efficiency but also other advantages, such as higher 

target specificity. While group II introns remain a robust gene targeting technology in 

prokaryotic systems, it is unclear whether similar utility in mammalian systems will be 

ultimately realized. Our laboratory is employing directed evolution strategies to increase 

the catalytic activity of the intron under low-magnesium conditions similar to those in the 

mammalian nucleus. This exciting work should not only shed further light on group II 

intron biochemistry, but also stands as a necessary advance for any future use of group II 

introns in eukaryotic gene targeting. Going forward, group II introns should continue to 

provide ample avenues for investigations in RNA biochemistry, RNA- and DNA-protein 

interactions, host defense mechanisms, and genome evolution.  
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