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Group II introns are both catalytic RNAs and mobile genetic elements that insert 

site-specifically into intronless alleles, a process termed retrohoming. Retrohoming 

occurs by a mechanism in which the excised intron RNA inserts directly into one strand 

of the DNA, while the intron-encoded protein (IEP) cleaves the opposite strand and uses 

it to prime reverse transcription of the inserted intron RNA. Both the IEP and intron RNA 

base pairing contribute to DNA target site recognition and re-scripting the intron RNA 

allows homing into new sites. My objective was to investigate interactions between the 

IEP and DNA, with emphasis on identifying critical protein regions, amino acid residues, 

and mechanisms of recognition and cleavage of the target DNA. 

 First, by using an E.coli genetic system, I selected variants of the Lactococcus 

lactis Ll.LtrB intron that insert into heterologous chromosomal DNA target sites in L. 
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lactis and the higher plant Arabidoposis thaliana. Introns targeted to L. lactis 

chromosomal genes were used to develop commercially important, food-grade methods 

for the genetic manipulation of lactobacteria. I also showed that RmInt1, a Sinorhizobium 

meliloti group II intron whose IEP lacks the conserved DNA endonuclease domain, has 

reverse transcriptase and reverse splicing activities, but is unable to carry out bottom-

strand cleavage, implying a different mechanism for priming reverse transcription.  

Further experiments with the Ll.LtrB intron demonstrated that binding of its IEP 

to a high affinity binding site in intron domain IV positions the protein to initiate cDNA 

synthesis in the 3’ exon, as occurs during target DNA-primed reverse transcription. 

Biochemical and genetic methods identified functionally important regions of the DNA-

binding domain, showed that the DNA endonuclease domain contains a single 

catalytically essential Mg2+ coordinated at an H-N-H active site, and suggested that the 

DNA endonuclease domain might function as a positive effector of the reverse 

transcriptase domain. Finally, genetic assays were used to identify mutations in a 

predicted α-helical region of the DNA-binding domain that lead to altered DNA target 

specificity. The latter findings lead to a model for protein/DNA target site interactions 

and can be applied to improve the efficiency of group II intron-based vectors in gene 

targeting. 
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Chapter 1: Introduction 

1.1 Basic features of group II introns  

Group II introns, found in bacteria and eukaryotic organelles, are both catalytic 

RNAs ("ribozymes") and mobile genetic elements (Michel & Ferat, 1995; Lambowitz et 

al., 1999; Belfort et al., 2002). Although the primary sequences of group II introns are 

divergent, all group II introns share a distinctive and highly conserved secondary 

structure, which consists of a central wheel with six radiating double-helical domains, 

referred to as domains I-VI (Figure 1.1; Michel et al, 1982; Michel & Ferat, 1995). 

Domain VI contains the branch-point residue, which is required for intron lariat 

formation during splicing; domain V is believed to be a vital part of the catalytic core for 

splicing; domain IV often contains an ORF for an intron-encoded protein, along with its 

primary high affinity binding site; domain I is also part of the catalytic core, and contains 

two important sequence elements, exon binding site 1 (EBS1) and exon binding site 2 

(EBS2), that can recognize and base pair with 5’-exon sequences (termed IBS1 & IBS2, 

for “intron binding sequence”) for RNA splicing (Michel & Ferat, 1995, Wank et al., 

1999). Additional nucleotide(s) in domain I, known as δ or EBS3, for group IIA or IIB 

introns, respectively, recognize and base pair to specific 3’-exon sequences (δ’ or IBS3, 

respectively). Furthermore, numerous other tertiary interactions between sites within and 

between intron secondary structure domains are necessary for efficient intron splicing. 

These include a number of identified interactions between terminal or internal loops and 

helices such as the interaction between the internal loop of domain I with the of GNRA 

tetraloop of domain V (ζ-ζ’ in Figure 1.1) (Costa & Michel, 1995; Michel & Ferat, 1995). 
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The splicing of group II introns, like that of nuclear pre-mRNA spliceosomal 

introns, occurs via two sequential transesterfications that result in the formation of an 

intron lariat and ligated exons (Figure 1.2; Michel et al., 1989). In the first reaction, the 2’ 

hydroxyl group of the branch-point A residue located in domain VI, attacks the 5’-splice 

site to form a lariat intermediate, such that the 5’ end of the intron is linked to the branch 

site via a 2’, 5’-phosphodiester bond. In the second step, the 3’ hydroxyl group of the 5’ 

exon attacks the 3’-splice site, resulting in ligated exons and free intron lariat (Michel & 

Ferat, 1995). In addition to this unique self-splicing activity, group II introns can also 

perform the reverse of this reaction by inserting into ligated RNA exons, and can even 

cleave single-stranded DNA through a partial reverse splicing mechanism, resulting in 

intron lariat covalently linked to the 3’ DNA exon (Mörl & Schmelzer, 1990; Mörl et al., 

1992). Similarly, mobile group II introns, associated with the intron-encoded protein, can 

reverse splice into double-stranded DNA substrates, a phenomenon that plays an 

important role in intron mobility (Zimmerly et al., 1995a; Lambowitz et al., 1999; Belfort 

et al., 2002).  

1.2 Mobility of group II introns occurs via a target DNA-primed reverse 

transcription (TPRT) mechanism 

In addition to being catalytic RNAs, some group II introns are also mobile genetic 

elements. Approximately one-fourth of currently known group II introns encode a multi-

functional reverse transcriptase (RT) which acts together with the intron RNA to promote 

intron mobility (Lambowitz et al., 1999; Belfort et al., 2002). Thus far, the best 

characterized mobile group II introns are the yeast mitochondrial DNA (mtDNA) aI1 and 
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aI2 introns and the Lactococcus lactis Ll.LtrB intron. Although present in L. lactis, 

Ll.LtrB is similar structurally to the aI1 and aI2 introns, and belongs in the 

“mitochondrial” lineage of group II introns (Mills et al., 1996; Zimmerly et al., 2001). 

Mobile group II introns are capable of inserting themselves site-specifically into the 

vacant exon junction in an intronless allele, a process termed retrohoming, and at lower 

frequency into ectopic sites that resemble the normal homing site, a process termed 

retrotransposition. Retrohoming in bacteria and organelles can occur at frequencies 

approaching 100%, and features of the mechanism make it possible to control the target 

specificity of intron insertion (Eskes et al., 1997; Cousuneau et al., 1998; Lambowitz et 

al., 1999). These characteristics have led to the development of mobile group II introns 

into highly efficient, controllable gene targeting vectors (“targetrons”) (Guo et al., 2000; 

Karberg et al., 2001; Frazier et al., 2003; Zhong et al., 2003). 

The major steps in group II intron mobility have been well characterized for the 

yeast mt introns aI1 and aI2, and the related L. lactis Ll.LtrB intron (Zimmerly et al., 

1995a,b; Yang et al., 1996; Eskes et al., 1997; Matsuura et al., 1997; Cousineau et al., 

1998; Eskes et al, 2000). First, the intron-encoded protein (IEP), which is typically 

encoded within intron domain IV, associates with its respective group II intron to 

facilitate proper RNA folding into a catalytically active structure that is capable of RNA 

splicing (maturase activity) (Michel & Ferat, 1995; Zimmerly et al., 1995a; 1995b; Yang 

et al., 1996; Matsuura et al., 1997). The IEP then remains associated with the excised 

intron in a ribonucleoprotein (RNP) particle that promotes mobility. After recognition of 

the DNA target site, the intron RNA utilizes its ribozyme activity to reverse splice into 
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the top (sense) strand of DNA, while the IEP uses its C-terminal DNA endonuclease 

domain to cleave the bottom (anti-sense) strand, between 3’ exon positions +9 and +10 in 

the case of the L. lactis Ll.LtrB intron. Bottom-strand cleavage occurs after a lag and 

requires additional interactions between the IEP and the 3' exon, which presumably 

position the C-terminal DNA endonuclease domain for cleavage. After bottom-strand 

cleavage, the IEP must reposition itself such that the RT domain can use the 3' end of the 

cleaved strand as a primer for target DNA-primed reverse transcription (TPRT) of the 

inserted intron RNA. (Figure 1.3; Zimmerly et al., 1995a; Zimmerly et al., 1995b; Yang 

et al., 1996; Matsuura et al., 1997; Eskes et al., 1997; Cousineau et al., 1998, Eskes et al., 

2000). The resulting intron cDNA is then integrated into the recipient DNA by host DNA 

recombination or repair mechanisms (Eskes et al., 1997; Cousineau et al., 1998; Eskes et 

al., 2000). 

Recent studies have shown that variations of this mechanism are also used for the 

retrotransposition of group II introns to ectopic sites and for the retrohoming of a 

bacterial group II intron that lacks the conserved endonuclease domain (Yang et al., 

1998; Martinez-Abarca & Toro, 2000; Dickson et al., 2001; Ichiyanagi et al., 2002; 

Muñoz-Adelantado et al., 2003). In these cases, the intron RNA reverse splices into a 

double-stranded or transiently single-stranded DNA target site and is reverse transcribed 

by using a DNA primer generated by an alternate mechanism. One alternate mechanism 

that had been demonstrated is the use of the nascent strand generated during DNA 

replication as a primer for reverse transcription (Zhong & Lambowitz, 2003). Other 

possible alternative mechanisms include priming by random DNA nicks in the anti-sense 
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strand (Muñoz-Adelantado et al., 2003); protein priming, similar to the hepatitis B virus 

RT (Wang & Seeger, 1992); de novo initiation as found for the Mauriceville retroplasmid 

RT (Wang & Lambowitz, 1993); a heterologous DNA or RNA primer (Kennell et al., 

1994; Zimmerly et al., 1999; Morozova et al., 2002); or an RNA 2’-OH, as for bacterial 

retron RNAs (Shimamoto et al., 1993). 

1.3 DNA target site recognition 

 The group II intron RNPs recognize relatively large DNA target sites, extending 

from 20 to 25 bps upstream of the intron-insertion site in the 5’ exon to 10 bps 

downstream of the insertion site in the 3’ exon, with both the IEP and base pairing of the 

intron RNA contributing to DNA target site recognition (Yang et al., 1998; Guo et al., 

1997; Matsuura et al., 1997; Mohr et al., 2000, Guo et al., 2000; Singh & Lambowitz, 

2001). Target DNA recognition models based on experiments with the L. lactis Ll.LtrB 

intron suggest that its IEP, known as the LtrA protein, first recognizes a small number of 

bases in the distal 5’-exon region of the DNA target site, 16 to 23 bp upstream of the 

intron insertion site, primarily via major groove contacts, and is bolstered by extensive 

phosphate backbone contacts along one face of the DNA helix in this region. (Singh & 

Lambowitz, 2001; Zhong & Lambowitz, 2003). These interactions trigger local DNA 

unwinding, enabling the intron RNA to base pair to the adjacent 14- to 16-nt region of the 

DNA target site (the EBS-IBS and δ-δ' interactions), enabling specific recognition and 

reverse splicing into the top strand. Additional protein-base interactions occur in the 3’ 

exon, particularly at position +5 for LtrA, followed by endonucleolytic cleavage of the 

opposite DNA strand between positions +9 and +10 (Michel & Lang, 1985; Mohr et al., 
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2000; Guo et al., 2000; Singh & Lambowitz, 2001). 

Previous experiments using both genetic and biochemical methods identified 

several highly conserved nucleotides required for efficient homing of the Ll.LtrB intron 

into its minimal DNA target site. The most important of these bases are T–23, G–21, A–

20 and T+5 (Figure 1.4) (Guo et al., 2000; Mohr et al., 2000). Significantly, these bases 

are positioned outside of the EBS-IBS base-pairing region. Furthermore, these nucleotide 

positions, along with adjacent backbone phosphates, were also identified by DNA- 

footprinting and modification-interference analyses to be protected by LtrA and required 

for reverse splicing (Singh & Lambowitz, 2001). Thus, these bases are the most likely 

candidates for specific protein interactions, due to their conservation, protein protection, 

and modification-interference effects. 

1.4 Group II intron-encoded proteins (IEPs) 

Group II intron-encoded RTs are related both structurally and functionally to 

those encoded by non-long terminal repeat (non-LTR) retrotransposons. The latter, 

however, are associated with two other types of DNA endonuclease domains used to 

generate the primer for related TPRT mechanisms in which a nicked DNA is used to 

reverse transcribe the element’s RNA – an AP endonuclease domain for LINE elements, 

and a domain related to type II or IIs restriction enzymes for R2 elements (Martin et al., 

1995; Feng et al., 1996; Yang et al., 1999; Eickbush & Malik, 2002). This situation 

suggests a scenario in which the RT domains of different retroelements became 

associated with different types of DNA endonuclease domains, enabling similar 

integration mechanisms (Belfort et al., 2002; Zimmerly et al., 1995a; Eickbush & Malik, 
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2002; Martinez-Abarca et al., 2000). 

The LtrA protein encoded by the Ll.LtrB intron is 599 amino acids in length and 

consists of four distinct domains or regions with different activities (Fig. 1.5). In the yeast 

and L. lactis Ll.LtrB introns, these domains are: the N-terminal reverse transcriptase (RT) 

domain, which contain seven conserved sequence blocks found in retroviral and other 

RTs, preceded by an upstream Z-region, characteristic of the RTs of non-long terminal 

repeat (non-LTR) retroelements; domain X which is associated with RNA splicing 

(maturase) activity; and the C-terminal DNA-binding and DNA endonuclease domains 

(reviewed in Lambowitz et al., 1999; Belfort et al., 2002). The DNA endonuclease 

domain closely resembles that of other group II IEPs and contains sequence motifs 

characteristic of H-N-H DNA endonucleases interspersed with two pairs of highly 

conserved cysteine residues that may function to stabilize the higher-order structure of 

the domain (San Filippo & Lambowitz, 2002). 

Deletion of the conserved DNA endonuclease domain encoded by the yeast aI2 

intron eliminates bottom-strand cleavage, but the protein retains maturase activity and the 

ability to promote reverse splicing of the intron RNA into double-stranded DNA 

(dsDNA) target sites (Zimmerly et al., 1995a; Matsuura et al., 1997). Longer protein 

truncations that remove both the conserved DNA endonuclease domain and the variable 

DNA-binding region abolish both stable DNA binding and the ability to reverse splice 

into double-stranded DNA (dsDNA) target sites, yet the protein retains maturase activity, 

as well as a small amount of reverse splicing activity (approximately 10% wild type) into 

single-stranded DNA (ssDNA) target sites (Zimmerly et al., 1995a; Guo et al., 1997; 
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Singh & Lambowitz, 2001). In addition, mutations at critically recognized positions in 

the 5’-exon region of the DNA target site inhibit splicing of the Ll.LtrB intron into 

double-stranded, but not with corresponding single-stranded DNA target sites (Zhong & 

Lambowitz, 2003). A working model is that the DNA-binding domain interacts with 

specific bases and particular phosphates of DNA backbone in the distal 5’-exon region of 

DNA target sites, to promote recognition and efficient reverse splicing into DNA target 

sites (Guo et al., 1997; Singh & Lambowitz, 2001; Zhong & Lambowitz, 2003). 

However, it remains possible that other regions of the IEP also contribute to DNA 

binding. 

1.4 Overview of dissertation research 

The major aim of my dissertation research was to further investigate the 

interactions between a group II intron-encoded protein (IEP) and its DNA target site, with 

emphasis on identifying critical protein regions, amino acid residues, and mechanisms. 

This dissertation is written in six chapters. Following this introduction, I 

demonstrate the practical applications of group II introns for targeted gene disruption and 

insertion of new genetic material into a variety of gene targets, by selecting group II 

introns that insert into specific Arabidopsis thaliana and L. lactis genes. The lactococcal 

introns were used in a collaboration with Dr. David Mills and Courtney Frazier at the 

University of California at Davis, to demonstrate the use of group II introns as a potential 

food-grade mechanism for delivery of industrial important traits into the genomes of 

lactococci (Frazier et al., 2003). Chapter 3 describes the biochemical properties of 

RmInt1, the group II intron from Sinorhizobium meliloti, whose IEP lacks a recognizable 
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DNA endonuclease domain. As part of a collaboration with Dr. Nicolas Toro and 

coworkers (Consejo Superior de Investigaciones Científicas, Granada, Spain), I 

demonstrated that this IEP is unable to cleave the bottom strand of DNA target sites, and 

requires an alternate means of obtaining a primer for target DNA-primed reverse 

transcription (TPRT) (Muñoz-Adelantado et al., 2003). In Chapter 4, I show that LtrA, 

the intron-encoded protein from the L. lactis Ll.LtrB group II intron, binds to unspliced 

precursor RNA in position to initiate reverse transcription downstream of the intron in the 

3’ exon near position E2+10, the same site that is cleaved by the endonuclease domain of 

LtrA for TPRT. The position of the protein to initiate reverse transcription in the 3’ exon 

is dependent on its binding to domain IV within the intron, but not on specific 3’-exon 

sequences. These findings explain how mobile group II introns could have arisen by 

insertion of an independent genetic element into a preexisting group II intron (Wank et 

al., 1999). Chapter 5 analyzes the important features of LtrA’s DNA-binding and 

endonuclease domains using a variety of biochemical and genetic assays. I discovered 

two functionally important subregions of LtrA’s DNA-biding domain, including a 

previously unidentified, yet highly conserved, predicted α-helix. My results also suggest 

that the DNA endonuclease domain contains a single catalytically essential Mg2+ ion 

coordinated at the H-N-H active site and may function as a positive effector of RT 

activity (San Filippo & Lambowitz, 2002). Finally, in Chapter 6, I use an E. coli genetic 

assay to screen libraries of LtrA DNA-binding domain mutations for variants that have 

increased mobility frequency with mutant DNA target sites. My results lead to a model 

for DNA target site recognition in which specific bases in the distal 5’-exon region of the 
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DNA target site are recognized in the major groove by specific amino acid residues in the 

predicted α-helical region of the DNA-binding domain. 
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Figure 1.1 

 

 

Figure 1.1. Predicted secondary structure of the Ll.LtrB intron and flanking exons. The 
six domains are labeled I-VI. Domain IV contains the ORF encoding the LtrA protein. 
Dashed lines indicate tertiary interactions which are annotated with Greek letters. The 
full-length 5’ and 3’ exons are 214 nt and 98 nt, respectively. This figure was modified 
from Mills et al., 1996 & Wank et al., 1999. 
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Figure 1.2 

 

Figure 1.2.  Diagram of group II intron RNA splicing reaction. Splicing occurs by a 

mechanism similar to nuclear pre-mRNA spliceosomal introns, which is based on two 

coordinated transesterfications resulting in the formation of an intron lariat (Figure 1.2; 

Michel et al., 1989). In the first reaction, the 2’ hydroxyl group of the branch point A 

residue (located in domain VI), attacks the 5’-splice site to form a lariat intermediate, 

with the 5’ end of the intron linked to the branch site via a 2’, 5’-phosphodiester bond. In 

the second step, the 3’ hydroxyl group of the 5’ exon attacks the 3’-splice site, resulting 

in ligated exons and free intron lariat (Michel & Ferat, 1995). 
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Figure 1.3 

 

 
Figure 1.3. Diagram of the TPRT mechanism. This figure shows the model of target 
DNA-primed reverse transcription (TPRT) that is the pathway used for the retrohoming 
of group II introns. First, the intron-encoded protein (IEP), which possesses both reverse 
transcriptase (RT) and DNA endonuclease activities, associates with its respective group 
II intron to promote proper intron RNA folding and subsequent intron splicing that results 
in the formation of a catalytically active ribonucleoprotein particle (RNP) that mediates 
intron mobility. After DNA binding, the intron RNA utilizes its ribozyme activity to 
reverse splice into the top (sense) strand of the DNA target site, while the IEP then uses 
its C-terminal DNA endonuclease domain to cleave the bottom (anti-sense) strand. The 
IEP must then reposition itself such that the RT domain can use the 3' end of the cleaved 
strand as a primer for reverse transcription of the inserted intron RNA. (Michel & Ferat, 
1995; Zimmerly et al., 1995a; Zimmerly et al., 1995b; Yang et al., 1996; Matsuura et al., 
1997; Eskes et al., 1997; Cousineau et al., 1998, Eskes et al., 2000). Host DNA enzymes 
presumably degrade the RNA template and replace it with a DNA strand, yielding a 
doubled-stranded DNA copy of the group II intron (Cousineau et al., 1998).  
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Figure 1.4 

 

 

 

Figure 1.4. Model of DNA target site recognition by the Ll.LtrB intron RNP. LtrA, the 

intron-encoded protein, forms an active ribonucleoprotein (RNP) complex with its 

respective intron RNA, and then recognizes a small segment of DNA in the distal 5’-exon 

(E1) region, 16 to 23 bp upstream of the intron insertion site, primarily via specific base 

contacts in the major groove (Singh & Lambowitz, 2001). These interactions, bolstered 

by phosphate-backbone interactions along one face of the DNA helix, trigger local DNA 

unwinding, enabling the intron RNA to base pair with the adjacent 14- to 16-nt region of 

the DNA target site (the EBS-IBS and δ-δ' interactions), thereby enabling specific 

recognition and reverse splicing into the top strand. Additional protein-base interactions 

occur in the 3’ exon (E2), particularly at position T+5, followed by endonucleolytic 

cleavage of the opposite DNA strand between positions +9 and +10, (Michel & Lang, 

1985; Mohr et al., 2000; Guo et al., 2000; Singh & Lambowitz, 2001). “IS” stands for 

intron “insertion site” and DNA base positions are numbered relative to this position. 
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Figure 1.5 

 

 

 

Figure 1.5. Schematic of LtrA, the Ll.LtrB group II intron-encoded protein. LtrA is 

encoded by an ORF located within domain IV of the Ll.LtrB intron which is depicted 

between flanking 5’ and 3’ exons (not to drawn to scale) (Mills et al., 1996; Matsuura et 

al., 1997). The RT domain contains conserved sequence motifs I-VII, along with an 

upstream region Z characteristic of the RTs of non-LTR retroelements (Michel & Lang, 

1985; Mohr & Lambowitz, 1993; Lambowitz et al., 1999; Belfort et al., 2002). Domain X 

is a putative RNA-binding domain, which is required for RNA splicing (maturase) 

activity, and is followed by the DNA-binding (D) and DNA endonuclease (En) domains 

(Mohr & Lambowitz, 1993; Mills et al., 1996; reviewed in Lambowitz et al., 1999; 

Belfort et al., 2002). 
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CHAPTER 2: Selection of group II introns that insert into bacterial and plant 

target sites 

 Mobile group II introns are catalytic RNAs that can insert directly into double 

stranded DNA target sites and are then reverse transcribed into DNA by an associated 

intron-encoded protein (IEP) (Michel & Ferat, 1995; Lambowitz et al., 1999). This 

multifunctional IEP has reverse transcriptase (RT), RNA splicing (“maturase”), and DNA 

endonuclease activities (Zimmerly et al., 1995a, 1995b; Matsuura et al., 1997; 

Lambowitz et al., 1999). For intron mobility to occur, the IEP associates with its 

respective intron to form a ribonucleoprotein (RNP) complex which uses both its RNA 

and protein components to recognize particular sequences in the DNA target site (Guo et 

al., 1997; Yang et al, 1998; Guo et al., 2000; Mohr et al., 2000; Singh & Lambowitz, 

2001). 

For the Lactococcus lactis Ll.LtrB intron, the DNA target site extends from 

position -26, from the intron-insertion site in the 5’ exon, to position +9 in the 3’ exon 

(Mohr et al., 2000). The essential core of this interaction lies within a 15-nt region of the 

DNA target site (-12 to +3) that is recognized primarily by base pairing with defined 

regions of the intron RNA. Within the DNA target site, the Intron Binding Sites are 

termed IBS2, IBS1 and δ’, and are complementary to Exon Binding Sites termed EBS2, 

EBS1 and δ within the intron RNA (Figure 2.1) (Michel & Ferat, 1995; Lambowitz et al., 

1999). The IEP recognizes additional segments of the DNA target site which flank the 

IBS2, IBS2 and δ’ regions (Singh & Lambowitz, 2001; Chapter 6). 
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Because most of the DNA target site is recognized by base pairing, the intron-

insertion site can be controlled simply by modifying the EBS2/EBS1/δ intron sequences 

(Eskes et al., 1997; Guo et al., 1997, 2000; Mohr et al., 2000; Karberg et al., 2001). 

Previously, the Lambowitz lab developed an E. coli genetic system that enabled one to 

screen for successful insertions of the L. lactis Ll.LtrB intron into a specified gene target 

(Guo et al., 2000). This system relies on the movement of a modified Ll.LtrB intron, 

which contains the phage T7 promoter, into a defined target site located upstream of a 

promoterless tetR gene in a separate plasmid. Successful intron insertions into the DNA 

target site results in activation of the tetR gene (Figure 2.2; Guo et al., 2000; Karberg et 

al., 2001). 

Using this selection based approach, with a combinatorial library of intron donor 

plasmids with randomized target recognition sequences (i.e. EBS2, EBS1 and δ), one can 

select group II introns that insert into virtually any gene (Guo et al., 2000; Karberg et al., 

2001). In this chapter, I demonstrate the effectiveness of this E. coli genetic system by 

selecting randomized introns for a variety of DNA targets within bacterial (Lactococcus 

lactis) and plant (Arabidopsis thaliana) genes. Data generated from target site selections 

are helpful in defining targeting rules, and can be useful in facilitating the development of 

computer  programs for designing efficiently targeted group II introns (Perutka et al., in 

prep). 

2.1 Intron targeting of Lactococcus lactis genes 

 The lactic acid bacteria (LAB) are a broad group of gram-positive bacteria that 

possess similar metabolic, morphological, and physiological characteristics (Wood and 
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Holzapfel, 1995). The LAB have commercial importance due to their significant roles in 

fermentation, bioprocessing, agriculture, food and medicine (Konings et al., 1999, 2000). 

However, few tools exist for chromosomal manipulation and there is growing public 

concern over the use of genetically engineered strains for food cultures, consequently 

driving the need for “self-cloning” methods where genetic manipulation is achieved using 

DNA solely from food-grade organisms of the same genus (Mills, 2001). Given that the 

Ll.LtrB group II intron is originally from Lactococcus lactis, a bacterium employed in 

dairy fermentations, it was logical to examine Ll.LtrB as a potential food-grade means for 

targeted insertion and regulation of lactococcal genes. 

 The first L. lactis gene that I attempted to target with the Ll.LtrB intron was the 

mleS gene, which encodes malate decarboxylase, an enzyme that converts malate into 

lactate and CO2, resulting in deacidification in fruit and vegetable fermentations (i.e. 

wine making) (Kunkee, 1991; Denarolles et al., 1994). Using the E. coli-based selection 

system with a combinatorial library of Ll.LtrB intron donor plasmids having randomized 

IBS, EBS, and δ sequences (Guo et al., 2000; Karberg et al., 2001), I selected three 

Ll.LtrB introns targeted to the mleS gene of L. lactis IL1403 (Ansanay et al., 1993). 

These intron variants are denoted M1107s, M1083s, and M1596s, indicating that they 

insert into the sense (s) or anti-sense (a) DNA strand at positions +1107, +1083, or +1596 

from their respective initiation codons (Figure 2.3). 

 I then performed assays with the selected plasmids to determine insertion 

frequencies into their target sites in E. coli. These intron donor plasmids are pACD2 

(Ll.LtrB∆ORF+ORF) variants, which consist of the intron-encoded protein, LtrA, 
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expressed in cis from a position downstream of the 3’ exon (Figure 2.2). In E. coli, the 

M1107s, M1083s, and M1596s introns, without alterations to optimize base pairing, 

invaded a plasmid-borne mleS gene at frequencies of 17, 47 and 43%, respectively. 

 In the lab of Dr. David A. Mills (Department of Viticulture and Enology, 

University of California at Davis), Courtney Frazier recloned the introns M1107s and 

M1083s into the E. coli-L. lactis shuttle vector pMSP3535 (Bryan et al., 2000), under the 

control of a nisin-inducible promoter, and transformed them into L. lactis IL1403. Oddly, 

expression of these plasmids in L. lactis did not confer any detectable homing events 

(<1% invasion), even though these introns homed rather efficiently in the E. coli plasmid 

assay (Frazier et al., 2003). In attempts to improve the efficacy of these introns, I created 

“optimized” versions, in which base-pairing mismatches were corrected between the 

introns’ EBS sequences and IBS sequences in the DNA target site (tIBS), as well as the 

IBS sequences in the donor plasmid (dIBS) for efficient RNA splicing (Figure 2.3). 

These optimized donor plasmids, M1107s-opt and M1083s-opt, invaded 100% of 

colonies in L. lactis (Frazier et al., 2003) and yet had negligible increases in homing 

frequencies in E. coli. This apparent necessity of using optimized introns in L. lactis 

could reflect that RNA splicing limits homing efficiency in that organism, or that base 

pairing requirements for RNA splicing are more stringent in L. lactis than in E. coli. 

 The M1083s-opt intron was also used in further studies to show that the Ll.LtrB 

intron can be used to deliver genetic information into the lactococcal chromosome 

without selection. The 1.4-kB abiD gene, which encodes resistance to common 

lactococcal bacteriophages, and the 2-kB tetM gene, which encodes tetracycline 
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resistance, were each independently cloned into domain IV of the M1083s-opt intron 

(McLandsborough et al., 1995; Frazier et al., 2003). Both of these modified introns 

homed into the MleS gene with somewhat lower homing frequencies, suggesting that the 

size and content of heterologous DNA delivered within domain IV of the intron can 

impact homing frequencies. The delivered tetM gene was subsequently re-targeted by 

another intron (see below). Furthermore, MleS activity could be partially restored by 

expressing LtrA, the intron-encoded protein, in trans (Frazier et al., 2003). This 

restoration of intron splicing shows that targeted group II introns can be regulated for the 

conditional expression of genes. 

 Additional L. lactis gene targets that I tested include: sk1 (L. lactis sk1 phage 

early DNA polymerase) (Chandry et al., 1997), LlaI (restriction and modification system 

for phage resistance) (O’Sullivan et al., 1995; Djordjevic & Klaenhammer, 1996) and 

tetM (tetracycline resistance) (Wu et al., 1999). Selection with the sk1 target produced 

several introns, all with mobility frequencies ≤1% in the E. coli genetic assay, even after 

“optimization” of EBS/IBS base pairing interactions in the precursor RNA (Figure 2.4). I 

cloned and tested several introns targeted to LlaI that were designed by Dr. Georg Mohr, 

based on early target site predictive rules (Guo et al., 2000; Mohr et al., 2000). The most 

successful intron was LlaI1719a, which had a mobility frequency in E. coli of 8% (Figure 

2.4). Early attempts at a predictive computer program (Perutka et al, 2003) produced 

T942a, an intron targeted to the tetM antibiotic resistance marker (Figure 2.4). This intron 

was “optimized” then cloned into pMSP3535; it inserted into the tetM target site in 100% 

of induced L. lactis IL1403 colonies that were tested (Frazier et al., 2003). 
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2.2 Intron targeting of plant (Arabidopsis thaliana) genes 

 Using the E. coli-based selection system with a combinatorial library of Ll.LtrB 

intron donor plasmids as in the preceding section, I selected introns targeted to four 

different plant genes targets from Arabidopsis thaliana. These targets included: pp7, a 

serine-threonine phosphatase involved in blue-light cytochrome signaling (Kutuzov et al., 

1998); gfp, a plant-optimized green fluorescent protein (Haseloff et al., 1997); uidA, also 

known as GUS, which encodes β-glucuronidase, a gene fusion marker commonly used in 

plants (Jefferson et al., 1987); and gi, the gigantean gene, which is involved in the 

regulation of flowering time and exhibits a paraquat-herbicide resistant phenotype when 

knocked out (Kurepa et al., 1999). In addition, I constructed and assayed in E. coli an 

intron that was designed by computer program (Perutka et al., 2003) for ch42, a gene 

involved in the cell fate of whorls and petals, the mutation of which can cause pale petal 

formation (Furner, 1996). As inferred from the description of these genes, introns that 

successfully insert and inactivate these genes targets should result in obvious phenotypes. 

     As shown in Figure 2.5, introns with significant homing activity in E. coli were 

obtained for GFP528a, GFP560a, CH42ex3_1667a, PP7_134a, PP7_771a, GUS1457a, 

and GUS951s, with mobility frequencies of 100, 18, 77, 39, 33, 20, and 14%, 

respectively. At the time this dissertation was written, I was still awaiting the results of 

collaborative efforts to test these optimized introns on chromosomal genes in 

Arabidopsis. Drs. Simon Møller & Nam-Hai Chua (Rockefeller University, NY) are 
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testing pp7 and gfp introns, and Dr. Alexander Sorokin (Sainsbury Laboratory, Norwich 

Research Park, UK) is testing the uidA (GUS) and ch42 introns. 

2.3 Discussion 

 The work done in this chapter demonstrated that group II introns can be selected 

or designed to insert into a variety of gene targets. Significantly, through collaboration 

with Dr. David Mills, these introns were shown to generate specific chromosomal 

insertions within lactococci (Frazier et al., 2003), bacteria employed in the production of 

numerous fermented dairy products (Wood & Holzapfel, 1995). Homing frequencies 

were extremely high and integrants were readily identified by PCR screening, eliminating 

the need for antibiotic marker selection. Directed homing in Lactococcus was extremely 

specific (Southern blot analysis confirmed that intron invasion occurred only in single 

sites within L. lactis IL1403) and inserted introns were extremely stable (integrants 

remained stable after 80 generations) (Frazier et al., 2003). 

It was surprising to find that the unoptimized M1107s and M1083s introns 

isolated by the E. coli-based selection could home efficiently in E. coli, but not in L. 

lactis. Although these introns have several mismatches between their EBS sequences and 

IBS sequences in both the donor plasmid and DNA target site, it was observed previously 

that retargeted introns could function in E. coli and remain highly specific despite 

mismatches at some positions (Guo et al., 2000; Karberg et al., 2001). It is possible that 

expression from the T7lac promoter in the E. coli system is significantly higher than the 

cognate expression from the nisin-inducible promoter in lactococci, such that splicing and 
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homing can occur despite mismatches. Alternatively, conditions in L. lactis may require 

more stringent base pairing for intron function. 

It is also noteworthy that many selected introns displayed rather low homing 

frequencies in E. coli, even when all EBS and δ residues were optimized for DNA target 

site base pairings, and when IBS sequences were correspondingly corrected for optimal 

forward splicing of the intron. This finding demonstrates that there are additional factors, 

aside from Watson-Crick base pairings of EBS-IBS and δ-δ’ nucleotides, that are 

necessary for efficient intron insertion into DNA target sites. Indeed, there are several 

important target site residues outside of these base pairing regions that are thought to 

contribute to RNP recognition via protein interactions (i.e. T-23, G-21, A-20, and T+5) 

(Guo et al., 2000; Mohr et al., 2000; Singh & Lambowitz, 2001). Requirements for these 

conserved residues will be the focus of further research in this dissertation (see Chapter 

6). Furthermore, the identification of efficient target sites has created a database which 

has been utilized to forge a computer program that can predict efficient DNA target sites 

(and consequently, customized mobile introns) within a given gene of interest (Perutka et 

al., 2003).   

The collaboration with Ms. Courtney Frazier and Dr. David Mills further 

demonstrated the remarkable applications of group II introns to deliver genetic 

information into the lactococci chromosome. The M1083s-optimized intron was further 

modified by cloning either the tetM (tetracycline resistance) or abiD (bacteriophage 

resistance) (McLandsborough et al., 1995) genes into domain IV. Although these introns 

had a somewhat lower range of homing frequencies, they nevertheless gave functional 
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site-specific insertions (Frazier et al., 2003). In addition, intron that insert in the sense 

orientation could be used to obtain conditional disruptions. The expression of LtrA (the 

intron-encoded protein from the Ll.LtrB intron) in trans was able to partially restore mleS 

gene function from a M1083s-opt treated strain presumably by enhancing protein-assisted 

splicing of the inserted intron (Frazier et al., 2003). These experiments demonstrate the 

unique applications of group II introns for genetic manipulation in food grade LAB. 

2.4 Summary 

 In this chapter, I used a previously developed E. coli genetic system (Guo et al., 

2000) to select introns capable of inserting into a variety of DNA targets from the 

bacterium Lactococcus lactis and the higher plant Arabidopsis thaliana. Data generated 

from these experiments is useful in discovering highly efficient mobile introns, which 

enhances knowledge of intron/DNA target site requirements, and contributes to the 

practical applications of group II introns for genetic manipulation in a variety of host 

organisms. 

2.5 Materials and Methods 
 
2.5.1 E. coli genetic assay 

 The selection system used to obtain retargeted introns is based on a two-plasmid 

E. coli genetic assay developed previously (Guo et al., 2000; Karberg et al., 2001). The 

intron is located downstream of a T7lac promoter on a chloroamphenicol-resistant 

(CamR) donor plasmid named pACD2 (previously denoted pACD-∆ORF+ORF). This 

intron construct also has a phage T7 promoter cloned near its 3’ end. The library was 

created from this plasmid by randomizing intron IBS and EBS sequences (Guo et al., 
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2000). A second, ampicillin-resistant (AmpR) plasmid contains the target gene of interest 

cloned upstream of a promoterless tetracycline resistance gene (tetR). The two plasmids 

are cotransformed into E. coli strain HMS174(DE3), which contains an isopropyl-β-D-

thiogalactopyranoside (IPTG)-inducible T7 RNA polymerase (Guo et al., 2000). The 

introns that are able to home into the target site on the recipient plasmid activate 

expression of the downstream tetR gene. Thus, colonies containing retargeted introns are 

selected by growing on medium supplemented with ampicillin (Amp) and tetracycline 

(Tet). 

2.5.2 Nucleic acid manipulation and cloning 

Retargeted introns selected from the library were optimized by modifying the EBS2, 

EBS1, and δ sequences to base pair with their respective target sites at positions -12 to -8, 

-6 to -1, and +1 to +3, respectively, as well as the IBS sequences in the 5’ exon of the 

donor plasmid, to ensure efficient forward splicing of the intron, using previously 

described procedures (Guo et al., 2000; Karberg et al., 2001). The modifications were 

introduced via PCR. The first PCR reaction used primers which overlapped the EBS1 and 

EBS2 sites, with desired modifications, to generate a 106-bp product that was gel-

purified and used as primer for the second round of PCR with the appropriate upstream 

IBS primer. This second PCR produced a 350-bp product that was gel purified, digested 

with BsrGI and HindIII, and cloned into pACD2. 
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Figure 2.1 

 

 

Figure 2.1. Schematic of the Ll.LtrB group II intron showing base-pairing interactions 

EBS2-IBS2, EBS1-IBS1 and δ-δ’ between the intron and flanking exons. 
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Figure 2.2 

 

 

 

Figure 2.2. Ll.LtrB group II intron E. coli genetic system. The donor plasmid pACD2 is 

a CamR pACYC184 derivative containing the Ll.LtrB intron with flanking exons. The 

ORF for the intron-encoded protein, LtrA, was removed from domain IV, and cloned 

downstream of the 3’ exon. A phage T7 promoter was inserted into domain IV. The 

intron and flanking exon sequences, E1 and E2, are cloned behind a T7lac promoter. E. 

coli rrnB T1 and T2 transcription terminators are located downstream of the LtrA ORF 

(Guo et al., 2000; Karberg et al., 2001). The recipient plasmid pBRR3-ltrB is a 

compatible pUC19 derivative AmpR plasmid with the appropriate target sequence (ligated 

exons E1 and E2 or the gene of interest) cloned upstream of a promoterless tetR gene. An 

E. coli rrnB T1 transcription terminator, which terminates both E. coli and T7 RNA 

polymerase, is located upstream of the target site; three rrnB T2 terminators, which 

terminate E. coli, but not T7 RNA polymerases, are inserted between the target site and 

the tetR gene. The phage T7 TΦ terminator is located downstream of the tetR gene to 

terminate the T7 RNA polymerase. Successful insertion of the intron containing the 

phage T7 into the target site activates expression of the tetR gene. For the wild-type 

Ll.LtrB intron and target site, mobility frequencies approach 100% (Guo et al., 2000; 

Karberg et al, 2001; San Filippo & Lambowitz, 2002; Frazier et al., 2003). 
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Figure 2.3 

 
Figure 2.3. Introns targeted to the Lactococcus lactis mleS gene. The Figure shows 
Ll.LtrB intron EBS and δ sequences, mleS target sequences, and base-pairing 
interactions. Nucleotide residues matching the WT ltrB sequence are shaded. Potential 
base pairs between the intron RNA and DNA target site are indicated by vertical lines. 
Mobility frequencies in E. coli are shown as percentages relative to the WT Ll.LtrB 
intron assayed in parallel. Unoptimized introns were obtained directly from genetic 
screens, whereas optimized introns were modified such that base-pairing mismatches 
were corrected between the introns’ EBS sequences and IBS sequences in the DNA target 
site, as well as the IBS sequences in the donor plasmid for efficient RNA splicing. 
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Figure 2.4 

 
Figure 2.4. Introns targeted to other Lactococcus lactis genes. The Figure shows Ll.LtrB 
EBS and δ sequences, respective target sequences, and base-pairing interactions. 
Nucleotide residues matching the WT ltrB sequence are shaded. Potential base pairs 
between the intron RNA and DNA target site are indicated by vertical lines. Mobility 
frequencies in E. coli are shown as percentages relative to the WT Ll.LtrB intron assayed 
in parallel. 
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Figure 2.5 

 
Figure 2.5. Introns targeted to various Arabidopsis thaliana genes. The Figure shows 
Ll.LtrB intron EBS and δ sequences, respective target sequences, and base-pairing 
interactions, which are indicated by vertical lines. Mobility frequencies in E. coli are 
shown as percentages relative to the WT Ll.LtrB intron assayed in parallel. 
 30



 
CHAPTER 3: Mobility of the Sinorhizobium meliloti group II intron RmInt1 occurs 

by reverse splicing, but requires an unknown reverse transcriptase priming 

mechanism 

 The Sinorhizobium meliloti RmInt1 group II intron, which encodes a protein with 

no recognizable DNA endonuclease domain, is nevertheless an efficient mobile element, 

with a homing frequency approaching 50% (Martínez-Abarca et al., 1998; 2000; 

Jiménez-Zurdo et al., 2003). The absence of a DNA endonuclease domain is relatively 

common among bacterial group II IEPs identified to date (Martinez-Abarca & Toro, 

2000; Zimmerly et al., 2001; Dai & Zimmerly, 2002) and is also characteristic of a 

recently reported archaeal group II intron (Galagan et al., 2002; Toro, 2003). It has been 

suggested that the DNA endonuclease domain may have been acquired later in evolution 

by a primordial bacterial group II intron lacking this domain (Martínez-Abarca & Toro, 

2000; Zimmerly et al, 2001; Belfort et al., 2002). Furthermore, RmInt1 belongs to 

subclass IIB of group II introns, whereas the L. lactis Ll.ltrB intron and the yeast mtDNA 

aI1 and aI2 introns belong to subclass IIA (Michel et al., 1989; Martínez-Abarca & Toro, 

2000; Zimmerly et al., 2001; Jiménez-Zurdo et al., 2003; Toro, 2003). Although the latter 

three introns are well characterized, features of the retrohoming mechanism may differ 

for other group II introns, particularly those lacking a DNA endonuclease domain.  

  For the yeast aI1 and aI2 introns and the L. lactis Ll.ltrB intron, the C-terminal 

region of the IEP consists of an upstream variable region that contributes to DNA-

binding, followed by a conserved DNA endonuclease domain (Figure 3.1) (Zimmerly et 

al., 1995b; Guo et al., 1997; Singh & Lambowitz, 2001). Sequence alignments show that 
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the RmInt1 IEP lacks the DNA endonuclease domain (Martínez-Abarca & Toro, 2000; 

Zimmerly et al., 2001), but some alignments suggest that the RmInt1 IEP may have a C-

terminal extension beyond domain X of 20 amino acid residues (San Filippo & 

Lambowitz, 2002; see Chapter 5, Figure 5.2). Previous experiments performed by the 

Toro lab demonstrated that the RmInt1 intron was correctly spliced in both Escherichia 

coli and S. meliloti, and that this process requires the IEP (Martínez-Abarca et al., 1998; 

2000). 

 The aim of the work in this chapter was to gain insight into the RmInt1 mobility 

mechanism. My results, in collaboration with the laboratory of Dr. Nicolas Toro (Grupo 

de Ecología Genética, Estación Experimental del Zaidín, Consejo Superior de 

Investigaciones Científicas, Granada, Spain) show that RmInt1 IEP has RT activity and 

that RmInt1 RNP particles catalyze the reverse splicing of the intron into both single-

stranded and double-stranded DNA substrates. However, the RmInt1 RNP particles are 

unable to carry out site-specific antisense-strand cleavage due to the lack of a DNA 

endonuclease domain. These results suggest that the RmInt1 mobility mechanism is 

similar to that of the yeast mtDNA and L. lactis Ll.ltrB introns in involving reverse 

splicing into DNA target sites, but differs in requiring an alternate means of generating or 

accessing a primer for reverse transcription of the inserted intron RNA. This study 

constitute the first biochemical analysis of the mobility reactions of a group II intron 

encoding a protein lacking a DNA endonuclease domain 
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3.1 The RmInt1 IEP has RT activity with poly(rA)/oligo(dT)18  

 I began to characterize RmInt1 RT activity by studying RNP particles isolated 

from S. meliloti strain RMO17 harboring the wild-type intron construct pKG2.5. When 

assayed with the exogenous substrate poly(rA)/oligo(dT)18, the RNP particles had high 

RT activity, which was dependent on the oligo(dT)18 primer, whereas no significant 

activity was detected with RNP particles from S. meliloti cells lacking the intron-

containing plasmid (Table 3.1). In contrast to findings for the yeast aI2 intron (Zimmerly 

et al., 1999), but as reported for the L. lactis Ll.ltrB intron (Matsuura et al., 1997), the RT 

activity of the RmInt1 RNP particle preparations was not increased in the presence of 

RNase A (data not shown), suggesting that the RmInt1 IEP does not require degradation 

of the endogenous RNA template to switch to an exogenous substrate. As expected, the 

RT activity of RmInt1 was abolished by truncating the IEP in the RT domain (pKG2.5X) 

or by mutation of the conserved YADD motif in the RT domain (pKG2.5-YAHH). 

However, other protein or intron RNA mutations that inhibited splicing also led to 

strongly decreased RT activity in RNP particles, including the 29 amino acid C-terminal 

truncation (pKG2.5-∆C29) and the mutation in the AGC-GUU pairing of intron domain 

V (pKG2.5D5-CGA). Furthermore, RNP particles from cells that produced the RmInt1 

IEP in the absence of the intron RNA (pKG-IEP) also lacked RT activity (Table 3.1). 

These findings demonstrate that the RmInt1 IEP has RT activity and suggest that either 

its recovery in RNP particle preparations is dependent on the functional binding of the 

IEP to the intron RNA or that spliced intron RNA is required to stabilize the RT activity. 
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3.2 Sense-strand cleavage by the RmInt1 intron with double-stranded DNA 

substrates 

To assess the DNA endonuclease activity of the RmInt1 intron, RNP preparations 

from S. meliloti RMO17, expressing the wild-type intron pKG2.5, were incubated with 

three labeled double-stranded DNA substrates of 100 bp, 148 bp and 196 bp containing 

the sequence between positions –50 to +50, -50 to +98 and –50 to +146, respectively, 

from the intron-insertion site (Figure 3.2(e)). The double-stranded DNA substrates were 

generated by PCR with 5´-end labeled sense-strand primers. After the incubation, the 

products were analyzed by electrophoresis in a denaturing 6% polyacrylamide gel to 

detect the 5´ fragment of the sense strand. 

 The RNPs from cells expressing pKG2.5 cleaved the sense-strand of the three 

double-stranded DNA substrates at the intron-insertion site, whereas no such cleavage 

was detected with RNP particles from cells expressing an RmInt1 intron with an IEP 

truncated in the RT domain (pKG2.5X) or in control lanes without RNPs (Figure 3.2(a)). 

The efficiency of cleavage appears lower with longer double-stranded DNA substrates, 

suggesting that the RmInt1 RNPs may have some difficulty carrying out DNA 

unwinding, and this difference was observed in three independent experiments (Figure 

3.2(a) and data not shown). Double-stranded DNA substrates were also generated by 

PCR with 5´-end labeled primers to label separately each of the two strands. Even though 

the RNP preparations from S. meliloti RMO17 and GR4, and S. medicae RMS16, all 

expressing pKG2.5, cleaved the sense strand of a 5´-end labeled double-stranded DNA 
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substrate of 100 bp (positions -50 to +50 from the intron-insertion site), none of them 

detectably cleaved the antisense strand (Figure 3.2(b) and (c)). 

 Evidence that cleavage of the sense strand occurs by reverse splicing of the intron 

RNA is demonstrated by the experiment shown in Figure 3.2(d). In this experiment, 

precise sense-strand cleavage at the intron-insertion site was also observed with an 

internally labeled double-stranded DNA substrate of 148 bp (positions -50 to +98), either 

with the wild-type pKG2.5 or RT mutant pKG2.5-YAHH RNPs (Figure 3.2(d)). Here, an 

additional labeled band seen near the top of the gel corresponds to the product resulting 

from partial reverse splicing (attachment of intron lariat RNA to the labeled 3' exon). As 

expected, this product is sensitive to RNase A digestion, which degrades the attached 

intron lariat RNA, although the expected 98-nt product corresponding to the 3´ exon 

DNA fragment could not be distinguished after RNase digestion, as it is masked by a 

similarly sized band in the DNA substrate preparation. With 5'-labeled DNA substrates, 

only a very light band corresponding to fully reverse splice product (linear intron RNA 

inserted between the two DNA exons) is seen at a similar position near the top of the gels 

(data not shown). Thus, as for the yeast mtDNA and L. lactis Ll.ltrB introns, the partial 

reverse spliced product predominates in in vitro reactions in the absence of dNTPs 

(Matsuura et al., 1997). Considered together, these results show that the RmInt1 RNP 

particles can recognize and promote reverse splicing into double-stranded DNA target 

sites, but lack site-specific antisense-strand cleavage activity, as expected from the 

absence of a C-terminal DNA endonuclease domain in the RmInt1 IEP. 
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3.3 Single-stranded DNA cleavage by the RmInt1 intron 

 I also assessed the activity of RmInt1 RNP particles with single-stranded DNA 

substrates by incubating RNP particle preparations from cells expressing pKG2.5 with a 

5´-end labeled 60-mer extending from position -30 to +30 from the intron-insertion site. 

With wild-type pKG2.5 RNP particles, the expected 30-nt product, corresponding to the 

5´-exon fragment was detected in polyacrylamide gels, whereas the mutant pKG2.5X 

RNP particles did not detectably cleave the DNA substrate (Figure 3.3). The pKG2.5 

RmInt1 RNP particles also efficiently cleaved an internally labeled 196-nt single-

stranded DNA substrate (Figure 3.3, lanes 3 and 4). Similar results were also obtained 

with single-stranded DNA substrates of 100 bp and 148 bp (data not shown). Additional 

experiments performed by the Toro lab using both 5’- and 3’- end labeled DNA 

substrates with wild-type and mutants RmInt1 RNPs, revealed reverse spliced products 

that were sensitive to RNase A treatment, indicating that cleavage of ssDNA by RmInt1 

occurs predominantly by partial reverse splicing. These experiments show that RmInt1 

RNP particles cleave both single-stranded and double-stranded DNA, and this cleavage 

occurs mainly by partial reverse splicing of the intron RNA. 

3.4 Discussion 

 In this work, done in collaborated with the laboratory of Dr. Nicolas Toro, I 

characterized the biochemical activities of the S. meliloti group II intron RmInt1, which is 

efficiently mobile despite encoding a protein lacking a conserved DNA endonuclease 

domain. My results show that the RmInt1 IEP has RT activity and that RNP particles 

containing the IEP and the excised intron RNA cleave single-stranded and double-
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stranded DNA at the intron-insertion site by a reverse splicing reaction. Further, the RNP 

particles are unable to site-specifically cleave the opposite strand of the DNA target site, 

reflecting the absence of the DNA endonuclease domain in the IEP. These results suggest 

that RmInt1 mobility occurs by reverse splicing into DNA target sites, but with some 

alternative mechanism used to obtain the primer for target DNA-primed reverse 

transcription of the inserted intron RNA. 

 Experiments performed in the Toro lab showed that both the intron RNA and the 

IEP are required for RmInt1 splicing and mobility (Muñoz-Adelentado et al, 2003). As 

first found for the yeast aI2 intron, the mutation YAHH at the RT active site of the 

RmInt1 IEP completely abolishes RT activity, but the mutant IEP can still bind to the 

intron RNA to promote RNA splicing and forms RNP particles that can reverse splice 

into the sense-strand of the DNA target site (Zimmerly et al., 1995a; 1995b; Moran et al, 

1995; Muñoz-Adelentado et al, 2003). In yeast, these mutant RNP particles can promote 

~40% residual mobility by an RT-independent double-strand break repair recombination 

pathway (Eskes et al., 1997; 2000). By contrast, in L. lactis and S. meliloti, mutations in 

the RT domain completely abolish mobility, presumably reflecting the lack of host 

enzymatic machinery to promote mobility by double-strand break repair (Cousineau et 

al., 1998; Muñoz-Adelantado et al., 2003). 

Experiments revealed that RmInt1-derived RNP particles possess RT activity with 

the exogenous substrate poly(rA)/oligo(dT)18. Further, the RT can use a 60-mer DNA 

template/primer for DNA synthesis (Muñoz-Adelantado et al., 2003). These findings 

indicate that the IEP in RNP particles can readily use exogenous templates and has both 
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RT and DNA polymerase activity. Additional assays (performed by myself and Estefanía 

Muñoz-Adelantado in the Lambowitz laboratory) of endogenous RT activity with 20-mer 

DNA primers annealed to different 3'-exon and intron positions, suggest that some 

fraction of the RmInt1 RT may be bound to the precursor RNA in a way that enables it to 

initiate at a range of distances downstream from the intron in the 3' exon (Muñoz-

Adelantado et al., 2003). For RmInt1, a primer complementary to a sequence in intron 

domain IV (intron position 1598-1617) displayed the highest RT activity, followed by 

progressively weaker RT activity for primers located at positions +53 and +31 of the 3’ 

exon. This range appears to be wider than that for the yeast aI2 and lactococcal introns, 

which showed a maximum RT activity after annealing of primers ending at positions +9 

to +12 and +6 to +14, respectively (Zimmerly et al., 1999; Wank et al., 1999; Chapter 

4.1).  

 DNA endonuclease assays show that the RmInt1 intron RNA in RNP particles can 

cleave double- and single-stranded DNA target sites at the intron-insertion site primarily 

by a partial reverse splicing reaction in which intron lariat is covalently linked to the 3' 

exon. However, the intron RNPs may have decreased efficiency with long double-

stranded DNA substrates and are unable to site-specifically cleave the antisense strand as 

expected from the lack of DNA endonuclease domain. 

 For the yeast mtDNA and lactococcal introns, the interaction of the IEP with the 

DNA target leads to local DNA unwinding, enabling the intron RNA to base pair and 

reverse splice into the resulting single-stranded region (Guo et al., 1997; Singh & 

Lambowitz, 2001). As RmInt1 RNP particles cleave double-stranded DNA substrates, 
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they appear capable of recognizing the specific target site of the intron in double-stranded 

DNA. As in the case of the yeast and lactococcal introns, this may involve initial 

recognition of specific nucleotide residues by the IEP, followed by base pairing of the 

intron RNA, which requires DNA unwinding. The S. meliloti RmInt1 IEP has only a 

short (20 aa) C-terminal extension after domain X, which is conserved among other 

phylogenetically related group II introns, but does not appear to be related to the DNA-

binding region present in yeast mitochondria and lactococcal intron IEPs (San Filippo & 

Lambowitz, 2002; Chapter 5.1). This difference in DNA-binding domains may account 

for the more limited DNA target site recognition by the RmInt1 IEP (Jiménez-Zurdo et 

al, 2003), and could also potentially increase the difficulty of unwinding double-stranded 

DNA. In addition, the RmInt1 RNPs require an alternate means of generating the primer 

for reverse transcription. Several possible mobility mechanisms taking into account these 

considerations are diagrammed in Figure 3.4.  

 One possibility is that the initial target is in double-stranded DNA and that the 

RmInt1 RNP particle by itself, or in conjunction with the intron RNA or the help of host 

factors, such as DNA helicases, promotes local DNA unwinding. A second possibility is 

that the RmInt1 intron reverse splices preferentially into a transiently single-stranded 

DNA target site at a replication fork or during transcription. Finally, the target site may 

have an unusual DNA structure with partially single-stranded character, either inherently 

or because of bound proteins. The streptococcal group II intron GBSi1 and other bacterial 

class C introns (Granlund et al., 2001), which also lack the conserved DNA endonuclease 

domain, appear to insert downstream of putative transcription terminators, consisting of 
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an inverted repeat followed by a poly(T) tract, which may have inherent single-stranded 

character. The RmInt1 target site has a run of four T-residues at the beginning of IBS2, a 

region that may be critical to nucleate DNA unwinding, and the distal 5'-exon positions –

19 to –14 can potentially base pair with the IBS1 positions –2 to –7 to form a short 

inverted repeat. These features may facilitate local DNA unwinding by RmInt1 RNPs, 

compensating for more limited protein contacts with the DNA target site. 

 After reverse splicing of the intron, cDNA synthesis may be initiated by using a 

primer generated by bottom-strand cleavage by an unknown host DNA endonuclease or 

by a non-specific cleavage activity of the IEP. Alternatively, priming could occur by 

using the 3´ end of a nascent leading or lagging strand during DNA replication. In the 

case of the L. lactis Ll.ltrB intron, double-stranded DNA cleavage by the intron RNP 

leads to rapid degradation of target-containing plasmids by host nucleases (Cousineau et 

al., 1998). Such degradation in RmInt1 homing assays carried out either in S. meliloti or 

in heterologous hosts has not been observed (Martínez-Abarca and Toro, unpublished 

results), a point favoring the second type of mechanism. Finally, it is noteworthy that, 

like the L. lactis Ll.ltrB intron, the RmInt1 RNP particles carry out mainly partial reverse 

splicing in vitro in the absence of dNTPs, while the template for cDNA synthesis in vivo 

is likely to be the fully reverse spliced intron RNA (Matsuura et al., 1997; Cousineau et 

al., 1998). In both cases, the use of fully reverse spliced intron RNA for synthesis of a 

full-length cDNA is consistent with the absence of coconversion in the flanking exons 

and the RecA-independence of the homing process (Cousineau et al., 1998; Martínez-

Abarca & Toro, 2000). 
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 The mobility mechanism proposed for RmInt1 resembles in some respects that for 

group II intron retrotransposition to ectopic sites. The latter appears to involve reverse 

splicing into double-stranded or transiently single-stranded DNA target sites that 

resemble the normal homing site, with an alternate means of generating the primer for 

reverse transcription, either non-specific nicking of the opposite strand or the use of 

nascent leading or lagging strand generated during DNA replication (Yang et al., 1998; 

Dickson et al., 2001; Ichiyanagi et al., 2002). However, ectopic transposition occurs at 

very low frequency, while RmInt1 homing occurs at high frequency (Jiménez-Zurdo et 

al., 2003). Thus, RmInt1 may have specific adaptations of this mechanism that make it 

more efficient in vivo. Overall these results indicate that the homing mechanism of 

RmInt1 is similar to that of the yeast and lactococcal introns in that the intron RNA 

reverse splices directly in a DNA target site and is then reverse transcribed by the IEP, 

but differs in that RmInt1 must use an alternate mechanism to generate or access the 

primer for TPRT of the inserted intron RNA. The mobility mechanism used by RmInt1 

may also be used by other group II introns that lack a conserved DNA endonuclease 

domain. 

3.5 Summary 
 

The mobile group II introns characterized to date encode ribonucleoprotein 

complexes that promote mobility by a major retrohoming mechanism in which the intron 

RNA reverse splices directly into the sense strand of a double-stranded DNA target site, 

while the intron-encoded reverse transcriptase/maturase cleaves the antisense strand and 

uses it as primer for reverse transcription of the inserted intron RNA. Here, in 
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collaboration with the laboratory of Dr. Nicolas Toro, I demonstrated that the 

Sinorhizobium meliloti group II intron RmInt1, which encodes a protein lacking a DNA 

endonuclease domain, similarly uses both the intron RNA and an intron-encoded protein 

with reverse transcriptase and maturase activities for mobility. However, while RmInt1 

reverse splices into both single-stranded and double-stranded DNA target sites, it is 

unable to carry out site-specific antisense-strand cleavage due to the lack of DNA 

endonuclease domain. These results suggest that RmInt1 mobility involves reverse 

splicing into double- or single-stranded DNA target sites, but due to the lack of DNA 

endonuclease function, it requires an alternate means of obtaining a primer for target 

DNA-primed reverse transcription. These experiments were the first biochemical analysis 

of the mobility reactions of a group II intron encoding a protein lacking a DNA 

endonuclease domain. 

3.6 Materials and Methods 
 
3.6.1 Bacterial strains and growth conditions 

  Sinorhizobium meliloti (RMO17, GR4) and Sinorhizobium medicae (RMS16) 

strains were grown at 28° C on TY medium (Robertson et al., 1981). Antibiotic were 

added when required at the following concentrations: kanamycin, 200 µg/ml; 

tetracycline, 10 µg/ml. 

3.6.2 Preparation of RNP particles 
  
  RNP particles were isolated from bacterial strains essentially as described 

(Matsuura et al., 1997). A single colony from a plate of each bacterial strain was 

inoculated in 3 ml of TY and incubated in a shaker at 28ºC for 2 days until stationary 
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phase was reached. 1 ml of the culture was then added to 200 ml of TY medium in a 500 

ml flask and incubated at 28°C in a shaker until the culture reached exponential phase 

(OD600 0.6-0.9). Bacterial cells were harvested by centrifugation in a Sorvall GSA rotor 

(4,000 x g for 5 min at 4°C). The pellet was resuspended in 20 ml 0.1% (w/v) ice-cold 

Sarcosyl in TE (10 mM Tris-HCl, 1 mM EDTA pH 8.0) and centrifuged in a Sorvall 

SS34 rotor (3,000 x g for 5 min at 4ºC). The resulting pellet was washed with 20 ml of 

sterile water and then with 20 ml of ice-cold 150 mM NaCl. The cell pellet was 

resuspended in 4 ml of ice-cold buffer A (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM 

DTT, 10% glycerol), with lysozyme (Boehringer-Manheim) added to a final 

concentration of 2 mg/ml. The cells were then lysed by freezing and thawing three times 

at -70°C and 28°C, respectively. To this viscous solution, 4 volumes of HKCTD buffer 

(500 mM KCl, 50 mM CaCl2, 25 mM Tris-HCl pH 7.5, 5 mM DTT) were added, and the 

cells were sonicated at a power setting of 5 (Branson, SONIFIER 250) for 5 bursts. The 

suspension was centrifuged in a Sorvall SS34 rotor (12,000 x g for 15 min at 4ºC) to 

pellet the cell debris, and the supernatant was layered over a 5 ml 1.85 M sucrose 

cushion/HKCTD and ultracentrifuged in a Beckman Ti50 rotor (50,000 rpm for 17 h at 

4°C). The pellet containing the RNPs was washed three times with 1 ml of ice-cold 

distilled water and then dissolved in 100-150 µl of ice-cold 10 mM Tris-HCl pH 8.0, 1 

mM DTT. The solution was transferred to a microfuge tube and spun at 20,000 x g for 5 

min at 4ºC to remove insoluble debris. The RNPs were stored frozen at -70°C. The yield 

of RNP particles was 5-25 OD260 units per 100 ml of culture. The RmInt1 IEP is not 
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detected by SDS-PAGE and hence appears to be present in very low amount in the RNP 

preparations, which contain mostly ribosomes.  

3.6.3 RT assays 

  For exogenous RT activity, RNP particles were added (0.040 OD260 units) to 10 

µl of reaction medium containing 10 mM KCl, 25 mM MgCl2, 50 mM Tris-HCl pH 7.5, 5 

mM DTT, 1 µg of poly(rA)/oligo(dT)18 or poly(rA) and 10 µCi of [α-32P]dTTP (3000 

Ci/mmol; Amersham) and incubated for 20 min at 37ºC. Then, 8 µl of reaction products 

were spotted onto DEAE paper and counted Cerenkov radioactivity (Moran et al., 1995).  

  Endogenous reverse transcription reactions were performed in 10 µl of reaction 

medium containing 10 mM KCl, 25 mM MgCl2, 50 mM Tris-HCl pH 7.5, 5 mM DTT, 

200 µM each of dATP, dTTP and dGTP and 10 µCi of [α-32P]dCTP (3000 Ci/mmol; 

Amersham), 20 pmoles of DNA oligonucleotide primer complementary to the sense 

endogenous RNA. The reactions were initiated by the addition of 0.040 OD260 of RNPs 

and incubated for 20 min at 37ºC (Matsuura et al., 1997).  

3.6.4 Preparation of DNA substrates for DNA endonuclease and reverse splicing 

assays 

  End labeled double-stranded DNA substrates for DNA endonuclease assays were 

prepared by PCR, using 5’-end-labeled primers to label separately the sense and antisense 

strands. 40 pmoles of oligonucleotide were labeled with phage T4 polynucleotide kinase 

(New England Biolabs) and 200 µCi of [γ-32P] ATP (3000 Ci/mmol; Amersham) in a 

reaction volume of 50 µl. For most experiments, primers were labeled with 100 µCi of [γ-
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32P]ATP (3000 Ci/mmol; Amersham) in a total volume of 40 µl. Oligonucleotides were 

purified by phenol/chloroform/isoamyl alcohol (phenol-CIA) extraction (25:24:1, by vol) 

and chromatography on G-25 Sephadex columns and were ethanol precipitated or used 

directly. For PCR, 10 ng of template were added to a mixture containing 640 bp of target 

site for RmInt1 (pGEM-t 0.6), 40 pmoles of unlabeled primer, 0.8 µl of 25 mM dNTPs 

and 0.2 U of Vent polymerase (New England Biolabs) to a final volume of 50 µl. The 

amplification conditions were as follows: initial denaturation at 94ºC for 2 min; 25 cycles 

at 94ºC for 30 sec, 60ºC (67ºC for primers -31/+31) for 30 sec and 72ºC for 30 sec, 

followed by final extension at 72ºC for 10 min. 

  Additional double-stranded DNA substrates for DNA endonuclease assays were 

internally labeled with 50 µCi of [α-32P]dTTP or [α-32P]dCTP (3000 Ci/mmol; 

Amersham) in 50 µl PCR reactions containing 10 ng of template, 50 pmoles of each 

primer, 200 µM each of dATP and dGTP, with 200 µM dCTP and 30 µM dTTP (if [α-

32P]dTTP was used) or 200 µM dTTP and 30 µM dCTP (if [α-32P]dCTP was used) and 

0.2 U of Vent polymerase (New England Biolabs).  

  The 60-mer DNA oligonucleotide for endonuclease assays was 5’-end labeled as 

indicated above. The single-stranded DNA of 196 nt was generated by asymmetric PCR 

with internal labeling, using as a template the product from a standard 50 µl PCR purified 

by electrophoresis in a 2% agarose gel. PCR was carried out in a final volume of 50 µl, 

containing 200 µM each dATP, dGTP, dTTP and 30 µM dCTP, 50 µCi of [α-32P]dCTP, 

100 pmoles of sense primer, and 0.2 U of Vent polymerase. The annealing temperature 

 45



was 57ºC. All the above substrates were further purified by electrophoresis in a 

nondenaturing 6% polyacrylamide gel.  

3.6.5 DNA endonuclease and reverse splicing assays 

 DNA endonuclease activity was assayed by incubating RNP particles 

(0.080-0.200 OD260 units) in 10 µl of reaction medium containing 10 mM KCl, 25 mM 

MgCl2, 50 mM Tris-HCl pH 7.5, 5 mM DTT and 150,000-370,000 cpm of the DNA 

substrate. Reactions were carried out for 20 min at 37ºC. Products were extracted with 

phenol-CIA in the presence of 0.3 M sodium acetate pH 5.2, 8 mM EDTA and linear 

acrylamide carrier (Bio-Rad, Hercules, CA) at a final concentration 0.2%. They were 

precipitated with ethanol and analyzed by electrophoresis in a denaturing 6% 

polyacrylamide gel (Matsuura et al., 1997). Molecular size markers or DNA sequence 

ladders generated from pGEM-t 0.6 (containing the 640 bp fragment encompassing the 

intron-insertion site of ISRm2011-2) with the corresponding 5’-end labeled primer were 

used. The gels were dried and autoradiographed with a Molecular Dynamics 

PhosphorImager. In Figure 3.2(d) (lane 6), the reaction products were treated with 1 µg 

of RNase A for 30 min at 37ºC. 
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Figure 3.1 

 

 

 

Figure 3.1. RmInt1 intron and mutant derivatives. A scaled schematic representation of 
the LtrA protein encoded by the L. lactis Ll.ltrB intron is also shown. The ORF is within 
intron domain IV. Protein domains are: reverse transcriptase, RT; maturase, X; variable 
DNA-binding region, D; and conserved DNA endonuclease domain, En. The putative C-
terminal extension of 20 amino acid residues beyond domain X in the RmInt1 IEP 
(intron-encoded protein) is indicated with an asterisk. Numbers in parentheses indicate 
the nucleotide position of the stop codon from the intron 5´ end. 
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Figure 3.2 
 

 
Figure 3.2. DNA reverse splicing and endonuclease assays with double-stranded DNA 
substrates. (a) Endonuclease assays with 5’-sense-strand labeled substrates of 100 bp 
(lanes 1 to 3), 148 bp (lanes 4 to 6) and 196 bp (lane 7 to 9), position -50 to +50, -50 to 
+98 and –50 to +146, from the intron insertion site, respectively. RNP particles from S. 
meliloti RMO17 expressing wild-type intron pKG2.5, or the mutant pKG2.5X were 
incubated with the labeled DNA substrates, and the products were analyzed by 
electrophoresis in a denaturing 6% polyacrylamide gel. Control lanes without RNPs are 
shown in lanes 3, 6 and 9. (b, c) Endonuclease assays with 100 bp (position -50 to +50 
from the intron insertion site) 5’-sense- and 5’-anti-sense-strand labeled substrates, 
respectively. RNP particles from the indicated strains were incubated with the labeled 
DNA substrates, and the products were analyzed by electrophoresis as indicated above, 
alongside sequencing ladders obtained from pGEM-t 0.6 with the same 5’-end labeled 
primer used to generate the substrate. (Lanes 1, 2 and 4) RNP particles from S. medicae 
RMS16, S. meliloti RMO17 and S. meliloti GR4, expressing pKG2.5, respectively; (lanes 
3 and 5) RNP particles from intronless wild-type strain RMO17 and GR4, respectively; 
(lanes 6) boiled RNPs from RMS16 containing pGK2.5; (lanes 7) DNA substrate 
incubated in the absence of RNP particles. (d) Endonuclease assay with internally labeled 
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148 bp (position –50 to +98 from the intron insertion site) DNA substrate. (Lane 1) RNP 
particles from RMO17 cells expressing pKG2.5; (lane 2) RNP particle from intronless 
wild-type strain RMO17; (lane 3 and 4) RNP particles from RMO17 cells expressing 
pKG2.5X and pKG2.5-YAHH, respectively; (lane 5) boiled RNP particles from RMO17 
cells containing pGK2.5. The reaction products shown in lane 1 were incubated with 
RNase A (lane 6). Bands below the major DNA substrate band reflect heterogeneity in 
the PCR products. An enlargement of the top of the gel corresponding to lanes 1 to 6 is 
shown as well as a diagram of the product resulting from partial reverse splicing. (e) 
Sequence of the RmInt1 target site showing the location of the sense-strand cleavage 
(vertical arrow). The 5´ exon (E1), 3´ exon (E2), and the intron-binding sequences IBS1, 
IBS2 and IBS3 are indicated. 
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Figure 3.3 

 
 
 
 
 
Figure 3.3. DNA endonuclease assays with single-stranded DNA substrates. RNP 
particles from RMO17 expressing pKG2.5 and pKG2.5X were incubated with single-
stranded substrates of two different lengths: lanes 1 and 2, with a 60-mer oligonucleotide 
(-30 to +30 from the intron insertion site, 5’-end labeled), and lanes 3 and 4 with a 196 nt 
single-stranded DNA (-50 to +146, internally labeled), giving 5´-exon cleavage products 
of different sizes. Products were analyzed by electrophoresis in a denaturing 6% 
polyacrylamide gel. The gel for the 196-nt substrate is shown in two parts for comparison 
with the shorter substrate. 
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Figure 3.4 
 
 

 
 

Figure 3.4. Possible mobility mechanisms of RmInt1. The DNA target site may be 
double-stranded (right side) or transiently single stranded due to DNA replication or 
transcription, or to a distorted DNA structure (left side). The doubled-stranded DNA 
target may be actively unwound directly by the RmInt1 RNP or with the help of a host 
enzyme (e.g., a DNA helicase) (right side). In either case, the IBS2, IBS1 and IBS3 
elements are recognized by base pairing with the intron RNA, with the IEP presumably 
contributing to DNA target site recognition by interacting with nucleotide positions -15 
and +4 (Jiménez-Zurdo et al., 2003). After the DNA target is single stranded, the 
ribozyme cleaves at the intron-insertion site by a reverse splicing reaction, and the IEP 
uses its RT activity to reverse transcribe the reverse spliced intron RNA. The primer for 
reverse transcription may be Okazaki fragments of the lagging strand or the leading 
strand during DNA replication, or random nicks generated in the antisense strand by host 
nucleases or non-specific cleavage by the IEP. Although RmInt1, like the Ll.ltrB intron, 
inserts mainly by partial reverse splicing in in vitro assays in the absence of dNTPs 
mobility in vivo likely occurs via complete reverse splicing followed by synthesis of a 
full-length intron cDNA, which is integrated by a RecA-independent DNA repair 
mechanism without coconversion of flanking exon sequences (Cousineau et al., 1998; 
Eskes et al., 2000). 
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CHAPTER 4: Requirements for initiation of reverse transcription by LtrA, the 

intron-encoded protein from the Lactococcus lactis Ll.LtrB group II intron 

 Mobile group II introns can insert site-specifically at the identical site in 

intronless alleles (“retrohoming”), and can also transpose at low frequency to ectopic 

sites that resemble the normal homing site (“retrotransposition”) (Lambowitz et al., 

1999). The intron-encoded protein (IEP) that mediates these processes also functions in 

splicing the intron in which it is encoded (Kennell et al., 1993). The IEP promotes 

splicing by facilitating the formation of the catalytically active structure of the intron 

RNA (Figure 4.1; Matsuura et al, 1997; Saldanha et al., 1999). After splicing, the IEP 

remain bound to the excised intron lariat RNA to form an active DNA endonuclease that 

mediates intron mobility by target DNA-primed reverse transcription (TPRT) (Zimmerly 

et al., 1995a, 1995b; Yang et al., 1996). 

 Studies in the Lambowitz lab using the yeast mtDNA group II introns aI1 and aI2, 

and the Lactococcus lactis Ll.LtrB intron have elucidated the basic steps of the TPRT 

process (Zimmerly et al., 1995a, 1995b; Yang et al., 1996). After recognition of the DNA 

by active ribonucleoprotein (RNP) complex, the excised intron RNA uses its ribozyme 

activity to reverse splice into the top (sense) strand of the recipient DNA. Partial reverse 

splicing results in attachment of the intron lariat to the 3’ exon, whereas complete reverse 

splicing results in the insertion of the linear intron RNA between the two DNA exons. 

After reverse splicing, the IEP cleaves the bottom (antisense) strand at position +9 or +10 

of the 3’ exon, depending on the endonuclease, and then uses the 3’ end of the cleaved 

antisense strand as a primer for reverse transcription of the intron RNA. In the major 
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mobility pathway for these introns, the reverse spliced intron RNA is used as template for 

reverse transcription (Zimmerly et al., 1995a, 1995b, 1999; Eskes et al., 1997; Cousineau 

et al., 1998). The cDNA copy of the intron is presumably integrated into the recipient 

DNA by host cell recombination in yeast or repair mechanisms in bacteria (Zimmerly et 

al., 1995a, 1995b). 

 LtrA, the intron-encoded protein from the L. lactis Ll.LtrB group II intron, by 

itself promotes splicing of the Ll.LtrB intron at near physiological Mg2+ concentrations in 

vitro, and RNP particles containing only the LtrA protein and excised Ll.LtrB intron 

RNA can carry out the reverse splicing and TPRT reactions (Saldanha et al., 1999). 

Binding of LtrA protein to Ll.LtrB unspliced precursor RNA occurs in a rapid 

bimolecular reaction, which is followed by a slower unimolecular step, presumably an 

RNA conformational change, which is required for splicing to occur. Like the yeast aI1 

and aI2 introns, LtrA is an intron-specific splicing factor, and does not bind to or splice 

noncognate group II introns (Saldanha et al., 1999). 

 Interaction of the IEP with intron RNA is critical for both RNA splicing and 

intron mobility via the TPRT pathway. Understanding the nature of this interaction may 

also provide insight into the evolutionary origins of the IEP. Experiments performed in 

the Lambowitz lab concurrently with those in this chapter, revealed that LtrA, the IEP 

from the L. lactis Ll.LtrB group II intron, has a high affinity binding site in domain IV of 

the intron RNA, the same region that encodes the LtrA ORF (Figure 4.2). This binding is 

enhanced by other elements, particularly domain I and the EBS/IBS interactions. Protein 

dependent splicing (“maturase”) activity is also dependent on domain IV for efficiency, 
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whereas self-splicing activity is not (Wank et al., 1999). 

 The objective of this chapter was to elucidate additional functions of domain IV, 

which can be used to provide insight into the nature of the maturase-dependent splicing 

reaction, the TPRT mechanism, and the evolutionary origin of mobile group II introns. 

By performing reverse transcription reactions with a variety of RNA templates, I found 

that the RT activity of LtrA, like its RNA-binding and maturase activities, is dependent 

on the presence of a properly oriented domain IV. Furthermore, initiation of reverse 

transcription in the 3’ exon is not dependent on any particular 3’ exon or DNA primer 

sequences, but instead relies on domain IV for properly positioning LtrA. 

4.1 LtrA bound to unspliced precursor RNA is positioned to initiate reverse 

transcription downstream of the intron 

 Studies with the yeast mt aI2 intron indicated that group II intron reverse 

transcriptases (RTs) bound to unspliced precursor RNAs are positioned to initiate reverse 

transcription just downstream of the intron in the 3’ exon (Kennell et al., 1993; Zimmerly 

et al., 1999). After reverse splicing, this positioning might facilitate use of the 3’ exon 

primer generated by cleavage of the recipient DNA. To determine whether the binding of 

LtrA protein to Ll.LtrB RNA positions it to initiate in the 3’ exon, I tested the ability of 

purified LtrA protein bound to unspliced precursor RNA to initiate cDNA synthesis using 

a DNA primer, E2+10, whose 3’ end corresponds to the 3’ end of the cleaved antisense 

strand normally used as a primer for target primed reverse transcription (TPRT). In these 

experiments, LtrA protein (20 nM) was prebound to excess Ll.LtrB RNA (40 nM) in 

reaction medium containing 450 mM NaCl and 5 mM Mg2+. In this reaction, at 30° C, the 
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Kd for the complex is 0.25 pM or less, and the protein does not dissociate rapidly from 

the RNA (t½ > 3.8 hr) (Wank et al., 1999). After binding, reverse transcription was 

initiated by the addition of the DNA oligonucleotide and dNTPS. 

Figure 4.3(a) shows that LtrA bound to the Ll.LtrB RNA does in fact initiate 

cDNA synthesis using the E2+10 DNA primer, whereas no RT activity was detected with 

the protein by itself, or in the absence of either the DNA primer or the Ll.LtrB RNA 

template. Similar results were obtained for the splicing defective Ll.LtrB-G2399A RNA. 

Unless otherwise stated, these reactions were performed at relatively high salt 

concentrations (450 mM NaCl) because LtrA binds nucleic acid substrates non-

specifically at lower salt conditions. The LtrA protein does not utilize the artificial 

substrate poly(rA)/oligo(dT)18 at the high salt concentrations used in these assays, but 

does utilize this substrate at lower salt concentrations (100 mM NaCl). When tested under 

these conditions, LtrA prebound to Ll.LtrB RNA could not use the poly(rA)/oligo(dT)18 

substrate, but could use this substrate when released from the Ll.LtrB RNA by RNase A 

digestion (Figure 4.3(b)). Similar results were obtained with the splicing-defective 

G2399A RNA (data not shown). These findings suggest that the bound Ll.LtrB RNA 

blocks the RT active site. 

Figure 4.3(c) compares RT activity with a series of 20-mer DNA primers that are 

complementary to different to different regions of the intron (INT) or 3’ exon (E2). 

Significantly, primers with 3’ ends at positions E2+6 and E2+14 showed high RT levels 

comparable to the E2+10 primer, whereas primers whose 3’ ends fall outside of this 

range showed progressively less activity. All of the primers tested were used efficiently 
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by the Moloney murine leukemia virus (M-MLV) RT, indicating that primers were 

annealed to the RNA template and accessible to an unbound RT. In addition, I confirmed 

by RNase H digestion that all of these primers annealed efficiently in the high salt 

reaction medium used for LtrA RT reactions (Figure 4.5(a)). 

4.2 Initiation of reverse transcription in the 3’ exon is dependent on domain IV and 

is enhanced by other domains 

 Experiments performed in our lab that analyzed binding of LtrA protein to various 

deletion constructs of Ll.LtrB RNA suggested that the intron has a high affinity binding 

site for LtrA protein in domain IV, the same region that encodes the LtrA ORF (Wank et 

al., 1999). To complement these studies, I carried out a series of experiments to 

determine whether binding to domain IV of the Ll.LtrB intron RNA plays a role in 

positioning the LtrA protein for primer-dependent initiation of cDNA synthesis in the 3’ 

exon (Figure 4.4). In these experiments, the RT assays were carried out with intron 

constructs lacking domain IV, or containing domain IV with different combinations of 

other intron domains. To accurately compare cDNA synthesis for different sized RNAs, 

the RT reactions were carried out with ddCTP substituted for dCTP to limit reverse 

transcription to synthesis of the same 46-nt cDNA product for all constructs. To eliminate 

concern that the small size of the cDNA might affect binding to the DEAE filters, the 

levels of cDNA products were also confirmed by gel assays (Figure 4.5(b)). 

 To test which RNA segments are minimally required to position the RT for 

primer-dependent initiation, I started with an RNA that contains only domains V and VI 

plus E2 (DV-VIE2). This RNA gave little, if any, activity. However, addition of domain 
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IV to this RNA restored 25-50% of the activity of the full-length Ll.LtrB RNA, indicating 

that domain IV is sufficient to position the RT for primer-dependent initiation in E2 in 

the absence of additional upstream regions. Progressive addition of domains II and III 

moderately increased RT activity, while the addition of domain I led to maximal activity, 

consistent with previous RNA-binding data (Wank et al., 1999). 

 Starting with the wild-type Ll.LtrB RNA, the internal deletion of domain IV 

(∆IV) strongly inhibited the primer-dependent RT activity (10% of wild-type full length 

Ll.LtrB RNA) and the activity could not be restored by adding domain IV in trans (∆IV 

+ DIV). The deletion of domain IV had the same effect as in protein-dependent splicing 

(Wank et al., 1999). Similarly, deletion of the initial DIV-stem (∆DIV-stem) of domain 

IV essentially abolished primer-dependent RT activity (<1% activity). Since this 

construct still binds LtrA strongly, I conclude that the bound RT is no longer positioned 

correctly to initiate reverse transcription in the 3’ exon. The deletion of the sub-domain 

DIVB (∆DIVb) had minimal effect on the RT reaction, while the deletion of DIVa 

(∆DIVa), which contains the primary binding site for LtrA, reduced RT activity to 

approximately 10% of wild-type Ll.LtrB RNA, the same effect as deleting the entire 

domain IV (cf., ∆DIV and ∆DIVa). Since LtrA does not bind tightly to the ∆DIV or 

∆DIVa RNAs, the residual RT activity with these constructs likely reflects weak 

interactions with other regions of the intron, such as domain I, as suggested for the 

residual protein-dependent splicing activity with these constructs (Wank et al., 1999). 

Although the residual RT activity could also reflect that unbound RT can use an annealed 

primer in the same way as added M-MLV RT, this explanation is less likely since some 
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constructs (e.g., DV-DVIE2) show no detectable RT activity with the same annealed 

primer. 

4.3 Reverse transcription activity of LtrA is not dependent on specific 3’ exon 

template or DNA primer sequences 

 Finally, to test whether the initiation of reverse transcription using a primer base 

paired to the 3’ exon is dependent on specific 3’-exon sequences, I substituted the 3’ exon 

(Y3’E) and primer specific (HG1) ordinarily used by the yeast aI2 intron (Figure 4.4(b); 

see Zimmerly et al., 1999). This construct (DI-DIVY3’E) showed significant primer-

dependent activity (67% that of DI-DVIE2), which was abolished by deletion of domain 

IV (∆DIVY3’E). These findings indicate that positioning of the RT is not dependent on 

specific 3’-exon or primer sequences. Starting with the DI-VIE2 construct, deletion of 

domain V (∆DV) had relatively little effect on the RT activity, whereas deletion of 

domain VI (∆DVI) by itself or together with domain V (∆DV-VI, DI-IVE2) substantially 

decreased RT activity. These findings suggest that in addition to domain IV, domain VI 

and/or the distance to the 3’ end of the intron plays a role in positioning the RT for 

initiation in the 3’ exon. 

4.4 Discussion 

 Other studies in the Lambowitz lab, performed concurrently with these 

experiments, demonstrated that LtrA has a primary high-affinity binding site in domain 

IV of the Ll.LtrB intron RNA, the same domain that encodes the LtrA protein. The LtrA 

protein binds specifically to domain IV in the absence of other regions of the intron, but 

does not bind strongly to the intron in the absence of domain IV. Further, domain IV is 
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not required for self-splicing, but is required for protein-dependent splicing (Wank et al., 

1999). My experiments demonstrated that LtrA is unable to initiate reverse transcription 

efficiently with introns lacking domain IV. Subsequent studies with the yeast aI2 intron 

indicate that domain IV is likewise required for binding of the intron-encoded protein 

(IEP) to reconstitute DNA endonuclease activity (Huang et al., 2003), suggesting that 

binding to domain IV will be a general characteristic of group II IEPs. The binding 

specificity of maturases may be dictated by the unique sequence or structural features of 

domain IV in different group II introns. 

 Significantly, the binding of LtrA to domain IV helps position the protein for 

primer-dependent initiation of reverse transcription immediately downstream of the 

intron in the 3’ exon. The IEP efficiently utilizes only those primers in a fixed window 

around the E2+10 position, which corresponds to the normal initiation site for TPRT; 

E2+10 also being the particular site of endonuclease cleavage by LtrA. This positioning 

does not require specific interactions of the RT with the primer or 3’ exon, and may be 

determined in part by distance from domain IV. The positioning of the RT active site to 

initiate in the 3’ exon presumably facilitates the use of the normal 3’-exon primer during 

TPRT. 

4.4.1 Structure of the high affinity binding site in domain IV 

 Within domain IV, the primary LtrA-binding site was localized to stem-loops 

DIV-stem DIVa (see Figure 4.2). The DIVa portion is likely a major contact site for 

LtrA. Deletion of DIVa by itself eliminates tight binding of LtrA to the intron (Wank et 

al., 1999) and severely reduces RT activity, whereas deletion of just DIVb (∆DIVb) has 
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essentially wild-type levels of RT activity (Figure 4.4 (a)). Since DIVa contains the AUG 

initiation codon and putative Shine-Delgarno sequence, the binding of LtrA to this region 

could potentially autoregulate translation. The initial DIV-stem may contain addition 

contact sites for LtrA and/or may be required for the optimal structure of the binding site 

in DIVa. Interestingly, intron constructs that lack the DIV-stem, but still retain DIVa 

(∆DIV), have no detectable RT activity (Figure 4.4 (a)), but still bind LtrA tightly (Wank 

et al., 1999). These findings suggest that DIV-stem is required to position the bound 

protein correctly for RT activity. 

4.4.2 Evolutionary considerations 

 Mobile group II introns may have evolved form a preexisting autocatalytic intron 

that acquired an RT ORF, perhaps from another retroelement (Kennell et al., 1993) or 

from a preexisting retrotransposons that acquired ribozyme activity enabling it to 

function as self-splicing intron (Curio & Belfort, 1996). All group II introns encoded 

proteins are structurally related, suggesting a common evolutionary origin. Further, the 

main body of the ORF is always located in domain IV, although in some group II introns, 

the ORF appears to have been secondarily extended so as to be in frame with the 

upstream exon (Lambowitz et al., 1999). 

 The finding that domain IV contains a primary high affinity binding site for the 

RT is consistent with the hypothesis that the RT coding region was derived from an 

independent mobile genetic element that inserted into a preexisting group II intron (Wank 

et al., 1999). Significantly, binding of the RT to its own coding region in domain IV 

positions it to initiate reverse transcription downstream of the intron in unspliced 
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precursor RNA in a non-sequence specific manner. This explains how insertion of an RT 

within the intron could enable synthesis of a cDNA copy of the full-length intron and 

flanking exons as a potential mobility intermediate. Certain mutants of the yeast aI2 

intron have shown the ability to initiate reverse transcription in the 3’ exon in the absence 

of the normal primer in certain circumstances (Zimmerly et al., 1999). For the primordial 

element, this cDNA may have integrated into intronless alleles by homologous 

recombination with exon sequences in genomic DNA. From these beginnings, 

mechanisms for genomic integration may have continued to evolve, ultimately leading to 

rather complex TPRT mechanism currently used by the yeast mt and L. lactis group II 

introns. 

 Because domain IV is not required for intron self-splicing, it has been largely 

overlooked and is usually depicted as a short stem with a long loop. In fact, most group II 

introns that encode proteins typically have complex domain IV structures, which can be 

drawn as a bifurcating stem analogous to that in the Ll.LtrB intron, whereas many non-

protein encoding group II introns (such as yeast bI1 intron) have only a simple stem-loop 

structure for domain IV (Figure 4.6 (b)). It is possible that primordial group II introns 

contained a minimal domain IV, which was an insertion site for a retroelement. In such a 

case, the conserved domain IV secondary structure recognized by the RT would be a 

remnant of the original retroelement. 

 Possible candidates for the invading retrolement include the non-LTR 

retrotransposons, retroplasmids, and bacterial retrons, all which encode related RTs. 

Indeed, there is some similarity between the RT-binding site in domain IV of group II 
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introns and that of bacterial retron RNAs. In both elements, the binding site is formed by 

local secondary structures at the 5’ end of the element’s RNA in conjunction with a stem 

formed by base pairings between the 5’ and 3’ ends (Shimamoto et al., 1993). This 

similarity could reflect that mobile group II introns originated by the insertion of a retron 

into an autocatalytic intron, or that retrons were derived from degenerate group II introns. 

4.5 Summary 

 Here, I showed that LtrA, the intron-encoded protein from the L. lactis Ll.LtrB 

group II intron, binds to unspliced precursor RNA and is in position to initiate reverse 

transcription downstream of the intron. Notably, for high salt conditions, LtrA will 

preferentially associate with Ll.LtrB RNA and will initiate RT robustly in the 3’ exon 

near position E2+10, the same site that is cleaved by the endonuclease domain of LtrA to 

generate the primer for TPRT. Efficient initiation of reverse transcription in the 3’ exon is 

dependent on the presence of domain IV, mainly due to the presence of DIVa, but is 

enhanced by other domains. Furthermore, positioning of the RT is not dependent on 

specific 3’-exon sequences. These data correlate well with experiments on the 

requirements for RNA binding and protein dependent splicing by LtrA (Wank et al., 

1999). These findings are consistent with the hypothesis that the RT coding region was 

derived from an independent genetic element that was inserted into a preexisting group II 

intron. 
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4.6 Materials and Methods 

4.6.1 Oligonucleotides 

The following oligonucleotides were used (Sigma-Genosys Biotechnologies Inc., 

St. Louis, MO): 

T7-5’D1   5’ GGGAATTCTAATACGACTCACTATAGGGGTGCGCCCAGATAGGGT 

T7-5’D2   5’ GGGAATTCTAATACGACTCACTATAGGGTACCCTAAACAAGAATG 

T7-5’D3   5’ GGGAATTCTAATACGACTCACTATAGGGGTACTCGTAGTAGTCTG 

T7-5’D4   5’ GGGAATTCTAATACGACTCACTATAGGGTTATTGTTTACTAAAATT 

T7-5’D5   5’ GGGAATTCTAATACGACTCACTATAGGGAGCCGTATACTCCGAGA 

Hind3’E2-95 5’ GGGAAGCTTTGCCGCTTTTTGTTTTCT 

Sma3’D4  5’ GGGTTATTGTTCGTTCGTAAAAAT  

E2+1         5’ GTAGAATTAAAAATGATATG 

E2+6         5’ GATTCGTAGAATTAAAAATG 

E2+10       5’ TAAAGATTCGTAGAATTAAA 

3’Exon      5’ CGGAATTCCCAGTATAAAGATTCGTAGAATTAAA 

E2+1040   5’ AGTCAAATTGTTTGCCAGTATAAAGATTCGTAGAATTAAA 

E2+14       5’ AGTATAAAGATTCGTAGAAT 

E2+20       5’ TTTGCCAGTATAAAGATTCG 

E2+30       5’ AGTCAAATTGTTTGCCAGTA 

E2+40       5’ ATGACTTTCCAGTCAAATTG 

E2+50       5’ CTCTTTAGGAATGACTTTCC 

INT-20      5’ GTGAAGTAGGGAGGTACCGC 
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4.6.2 RNA Substrates 

pT7GM∆ORF, the plasmid used to synthesize Ll.LtrB RNA, contains a 902 nt 

∆ORF derivative of the L. lactis LtrB intron cloned behind the phage T7 promoter in 

pBSKS+ (Stratagene, La Jolla, CA) (Saldanha et al., 1999). After linearization with 

BamHI, and transcription with T7 RNA polymerase, the resulting Ll.LtrB RNA contains 

a 214-nt 5’ exon, the 902-nt intron, and a 98-nt 3’ exon; the 5’ exon consists of ltrB 

sequence to E1-181, preceded by polylinker. Modified forms of the intron were created 

directly by PCR using cloned Pfu polymerase (Stratagene, La Jolla, CA) and the 

appropriate primers, with the 5’ primer containing a phage T7 promoter; some of these 

RNAs have two or three extra 5’G residues to facilitate transcription by T7 RNA 

polymerase, and/or one to three extra 3’ C residues introduced with the primer. All PCR 

products were gel purified from 1-2% agarose gels. RNA substrates were obtained by in 

vitro transcription in a 400 µl reaction volume using T7 RNA polymerase, followed by 

phenol-CIA extraction and ethanol precipitation (Caprara et al., 1996). All RNAs were 

diluted in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 (TE). 

4.6.3 RT Assays 

For the standard RT assays, activity with the exogenous substrate 

poly(rA)/oligo(dT)18 was assayed in 10 µl of reaction medium consisting of 500 nM 

protein, 50 mM Tris-HCl, pH 8.5, 10 mM KCl, 2 mM MgCl2, 5mM DTT,  1 µg 

poly(rA)/oligo(dT)18, 1 µg RNase A (Sigma), and 10 µCi [α-32P]dTTP (3,000 Ci/mmol; 

Dupont-New England Nuclear), as described (Matsuura et al., 1997).  The substrate was 

prepared by mixing 9 volumes of 1 µg/µl poly(rA) (Sigma) with 1 volume of  1 µg/µl 
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oligo(dT) 18, boiling for 2 minutes, and cooling on ice (Zimmerly et al., 1999).  RT assays 

with natural substrate were performed in 10 µl of reaction medium containing 1 µg RNA 

substrate, 20 pmol 3’-exon primer, 500 mM protein, 50 mM Tris-HCl, pH 7.5, 450 mM 

NaCl, 5 mM MgCl2 , 5 mM DTT, 200 µM each of dATP, dCTP, dGTP, and 10 µCi [α-

32P]dTTP. The 3’-exon primer was chosen because it has been shown to stimulate 

endogenous RT activity due to its proximity to the DNA endonuclease cleavage site at 

position +10 (Matsuura et al., 1997). 

Unless stated otherwise, standard RT reactions were initiated by addition of 

protein, and time courses were initiated with dNTPs and DNA oligonucleotide. Initiation 

was followed by incubation at 30o C for 10 minutes. Reactions were stopped by the 

addition of an equal volume of 24 mM EDTA. After incubation, the reaction was spotted 

onto DE81 paper (Whatman), air-dried, then washed four times (five minutes each wash) 

with 150 ml of 2X SSC (300 mM NaCl, 30 mM sodium citrate). Filters were dried and 

incorporation of 32P-dTTP was measured by Cerenkov counting in a Beckman LS6500 

scintillation counter (Matsuura et al., 1997). 
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Figure 4.1 

 

 

 
 
 
Figure 4.1. Predicted secondary structure of the Ll.LtrB intron and flanking exons. 
Dashed lines indicate tertiary interactions annotated with Greek letters and brackets 
demarcate internal deletions, as described in the text. In Ll.LtrB RNA, the 5’ and 3’ 
exons are 214 nt and 98 nt, respectively. 
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Figure 4.2 
 
 
 

 
 
 
 

 
Figure 4.2. Predicted secondary structure of Ll.LtrB intron domain IV. Initiation and 
termination codons of the LtrA ORF are boxed. RBS, putative Shine-Delgarno sequence. 
Deletions are demarcated by brackets, with the construct name circled, as described in the 
text. 
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Figure 4.3 
 

 
 

Figure 4.3. LtrA bound to Ll.LtrB intron RNA is positioned to initiate cDNA synthesis 
in the 3’ exon. (A) Reverse transcription reactions with Ll.LtrB or Ll.LtrB-G2399A 
RNA. LtrA protein (20 nM) was prebound to the template RNA (40 nM) in NMT for 30 
min at room temperature. Reverse transcription was initiated by the addition of dNTPs 
plus DNA oligonucleotide where indicated, and incorporation of [32P]dTTP into high 
molecular weight material was measured by binding to DEAE paper. (B) Reverse 
transcription was with LtrA by itself or with LtrA prebound to Ll.LtrB RNA as above, in 
the presence or absence of 1 µg poly(rA)/oligo(dT)18(rA/dT) and 1 µg RNase A. 
Reactions were in NMT containing 100 mM NaCl instead of 450 mM NaCl. (c) Reverse 
transcription was carried out with LtrA bound to Ll.LtrB-2399A RNA in the presence of 
different 20-mer DNA primers. Solid bars indicate [32P]dTTP incorporated in 30 min. In 
controls (open bars), the same primer-template combinations were tested with M-MLV 
RT (80 U; GIBCO-BRL, Grand Island, NY) in M-MLV reaction medium (75 mM KCl, 2 
mM MgCl2, 50 mM Tris-HCl [pH 8.3]). Data are the mean ± SD from at least three 
determinations. 
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Figure 4.4 
 
 
 

 
 
 
 
 
Figure 4.4. Initiation of reverse transcription in the 3’ exon is dependent on domain IV 
and is enhanced by other domains. (A) Reverse transcription reactions with RNAs 
containing different combinations of intron domains. Reactions were carried out as in 
Figure 4.3(A), except that the nucleotide mix contained 5 µM ddCTP instead of dCTP to 
limit cDNA synthesis to the same 46 nt cDNA for all constructs, and the time was 
reduced to 30 minutes to remain in the linear range. (B) Reverse transcription reactions 
were carried out for 60 min with RNAs containing different 3’ exons or deletions of 
domains V and VI. Starting with the DI-VIE2 construct, ∆DV deletes intron positions 
2398-2429, and ∆DVI deleted 2434-2489 (see Figures 5.1 & 5.2). DI-IVE2 has the 3’ 
exon appended directly to domain IV (A2394). For this set of RNA templates, corrections 
due to different base compositions would be <10%. Y3’E, yeast aI2 3’exon. Data are the 
mean ± SD from at least three determinations for each construct. 
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Figure 4.5 
 

 
 

Figure 4.5. Controls for RT assays showing primer binding and cDNA synthesis. (A) 
Verification that different DNA oligo nucleotides bind to Ll.LtrB RNA. LtrA was bound 
to Ll.LtrB-2399A RNA that was internally labeled with [32P]UTP then mixed with 
different 20-mer DNA primers, as described in Figure 4.3(c). Reaction mixtures were 
incubated in the absence or presence of RNase H (4 U; Promega, Madison, WI) at 37° C 
for 20 min, followed by phenol extraction and analysis on a denaturing 4% 
polyacrylamide gel. (B) Time course for synthesis of uniformly short cDNAs synthesized 
by LtrA in the presence of ddCTP. Reactions were carried out as in Figure 4.4, but with 
the nucleotide mix containing 5 µM ddCTP in lieu of dCTP to limit cDNA synthesis to 
the same majority 46 nt cDNA product for all constructs. Aliquots were removed at the 
indicated time-points, treated with phenol to remove LtrA protein, and analyzed on a 
denaturing 8% polyacrylamide gel. 
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Figure 4.6 
 

 
 

Figure 4.6. Model for binding of LtrA to the intron RNA and comparison of domain IV 
secondary structures in a protein-encoding and non-protein-encoding group II intron. (A) 
Model for LtrA binding. The protein binds first to its primary binding site in domain IV, 
and this binding is enhanced by other regions, particularly domain I and the EBS/IBS 
interactions. This binding helps position the protein to initiate reverse transcription with a 
primer at position E2+10, as typically occurs during TPRT. (B) Predicted secondary 
structures of domain IV in a protein-encoding (yeast aI1) and a non-protein-encoding 
(yeast bI1) group II intron. The aI1 domain IV can be folded into a secondary structure 
analogous to that of Ll.LtrB domain IV. 
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CHAPTER 5: Characterization of the C-terminal DNA-binding/DNA Endonuclease 

region of LtrA, the protein encoded by the Lactococcus lactis Ll.LtrB intron 

The group II intron-encoded RTs that mediate retrohoming and retrotransposition 

are multifunctional and contain several conserved domains associated with different 

activities. In the yeast mtDNA and L. lactis Ll.LtrB introns, these are an RT domain, with 

an N-terminal region Z characteristic of the RTs of non-LTR-retroelements, domain X 

associated with RNA splicing or maturase activity, and a C-terminal DNA-binding/DNA 

endonuclease region (Figure 5.1) (Michel & Lang, 1985; Mohr et al., 1993; Lambowitz et 

al., 1999; Belfort et al., 2002). The latter region includes a conserved DNA endonuclease 

domain with amino acid sequence motifs characteristic of the H-N-H family of DNA 

endonucleases, interspersed with two pairs of cysteine residues that nominally fit the 

consensus CX2-4CXNCX2-4C for a major class of zinc fingers (Klug & Schwabe; 

Gorbalenya, 1994; Shub et al., 1994). Because of the conserved cysteine residues, the 

DNA endonuclease domain had previously been referred to as the zinc domain. 

The C-terminal DNA-binding/DNA endonuclease region of group II IEPs is 

relatively unexplored. Sequence comparisons and functional analyses show that this 

region consists of a relatively unconserved segment downstream of domain X that 

contributes to DNA binding, followed by the C-terminal DNA endonuclease domain, 

which contains the conserved H-N-H and cysteine motifs (Zimmerly et al., 1995b; Guo et 

al., 1997; Singh & Lambowitz, 2001). Deletion of the conserved DNA endonuclease 

domain abolishes bottom-strand cleavage, but the truncated protein retains RNA splicing 

activity and the ability to support reverse splicing of the intron RNA into double-stranded 

 73



DNA target sites (Zimmerly et al., 1995b; Matsuura et al., 1997). A further truncation 

that deletes the upstream variable region abolishes stable DNA binding and reverse 

splicing into double-stranded DNA target sites, but the protein again retains RNA 

splicing activity, as well as a small amount of reverse splicing activity with single-

stranded DNA target sites (~10% wild type) (Zimmerly et al., 1995b; Guo et al., 1997; 

Singh & Lambowitz, 2001). The putative DNA-binding region is thought to interact with 

the distal 5'-exon region of the DNA target site to promote unwinding of double-stranded 

DNA substrates and also makes a major contribution to the binding of single-stranded 

DNA (Guo et al., 1997). It remains possible that other regions of the IEP also contribute 

to DNA binding. 

Here, I analyzed the C-terminal DNA-binding region and DNA endonuclease 

domain of the LtrA protein encoded by the L. lactis Ll.LtrB intron. I identified conserved 

features of both that are required for efficient mobility. My results suggest that the DNA 

endonuclease domain contains a single catalytically essential Mg2+ ion coordinated at the 

H-N-H active site and may function as a positive effector of RT activity. 

5.1 Multiple sequence alignments 

Figure 5.2 shows multiple sequence alignments of the C-terminal region of the 

LtrA protein (i.e., the region downstream of domain X) with other group II IEPs and 

related H-N-H DNA endonucleases. The latter include a subset of group I intron homing 

endonucleases, proteins belonging to the EndoVII-McrA superfamily, and bacterial 

colicins and pyocins (Dalgaard et al.; Aravind et al., 2000). Based on phylogenetic 

analysis, the group II IEPs have been classified into mitochondrial, chloroplast, and 
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bacterial lineages, with the diverse bacterial lineage being divided into a four subclasses 

(A to D) (Zimmerly et al., 2001). Although of bacterial origin, the LtrA protein is closely 

related to the fungal mtDNA group II IEPs and falls within the mitochondrial lineage 

(Mills et al., 1996; Zimmerly et al., 2001). Consequently, the primary alignment was 

made for LtrA with six representative proteins of that lineage. The group II IEPs 

belonging to other lineages and related proteins were then aligned with the proteins of the 

mitochondrial lineage. Amino acid residues with > 75% identity in the seven proteins of 

the mitochondrial lineage are shaded black, while those with > 50% similarity are shaded 

gray. The predicted secondary structure of the LtrA protein is shown above the 

alignments. 

First, the alignments illustrate the upstream variable and downstream conserved 

regions characteristic of the C-termini of group II IEPs. Without structural data, the 

boundaries of different domains cannot be known with certainty. Assuming that domain 

X ends after the last conserved amino acid residue, LtrA's variable DNA-binding region 

extends from amino acid position 487 to 542, while the conserved endonuclease domain 

begins with the first conserved cysteine pair at position 543 and extends essentially to the 

end of the protein. Aligned as shown, the DNA-binding regions of the group II IEPs 

contain no invariant or highly conserved amino acid residues, but do show conservation 

of similar amino acid residues at a number of positions, including an upstream cluster of 

basic amino acid residues and a downstream cluster that lies within a predicted α-helix 

(amino acid residues 523-538). This predicted α-helical region was found in 17/18 of the 

aligned group II IEPs (the exception was the Podospora anserina mt group II IEP), and it 
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is the site of an extensively studied yeast aI2 mutant, P714T (boxed in Figure 5.2), which 

is deficient in DNA endonuclease activity, but has elevated RT activity with endogenous 

mt RNA templates (Kennell et al., 1993; Zimmerly et al., 1999; Morozova et al., 2002). 

The predicted α-helical region in LtrA and the other group II IEPs is preceded by a 

relatively long region for which secondary structure could not be predicted using the PSI 

or PHD protein folding programs (Rost, 1996; Jones, 1999). A BLAST search with the 

variable region of LtrA (amino acid residues 491-542) found no matches in the GenBank 

release 123.0 data base, including other group II IEPs (Altschul et al., 1997). 

The DNA endonuclease domain of LtrA contains 27 of 57 amino acid residues 

that are identical or similar to the other proteins of the mitochondrial lineage, including 

several conserved histidine residues and the two pairs of conserved cysteine residues 

(denoted CX2C/1 and CX2C/2). This domain aligns well with the H-N-H domains of 

group I IEPs, EndoVII-McrA proteins, and bacterial colicin and pyocins. As noted 

previously, the conserved cysteine pairs are present in the EndoVII-McrA proteins, but 

absent in group I intron homing endonucleases and colicins (Gorbalenya, 1994; Shub et 

al., 1994; Dalgaard et al., 1997; Aravind et al., 2000).  

The predicted secondary structure of the H-N-H region of the LtrA protein 

consists of a β-strand, which contains the first histidine of the H-N-H motif, followed by 

a short α-helix, an extended loop with a second α-helix, followed by a C-terminal α-helix, 

which contains both the distal conserved cysteine pair and the second histidine of the H-

N-H motif. The conserved asparagine of the H-N-H motif is replaced in LtrA by a 

functionally equivalent glutamine, which is found in the predicted loop region 
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downstream of the second α-helix. The same predicted β/α secondary structure for the 

conserved H-N-H active-site residues was found for all group II IEPs in the alignment 

and matches the experimentally determined structure for the corresponding regions of 

colicin E7 and E9 DNA endonucleases, as well as phage T4 endonuclease VII (see 

below). 

The group II IEPs of the chloroplast lineage and bacterial class B are similar to 

those of the mitochondrial lineage in that domain X is followed by a variable region, 

which includes a conserved cluster of basic amino acid and predicted α-helical region, 

and in most cases an H-N-H domain. Interestingly, however, while the H-N-H motif is 

conserved in these proteins, the conserved cysteine motifs have diverged, with the 

aligned chloroplast-lineage proteins retaining only three conserved cysteines, and the 

bacterial class B proteins retaining only one conserved cysteine. The proteins shown for 

bacterial classes A and C lack the H-N-H domain, but still retain C-terminal extensions, 

which again include an upstream cluster of basic residues and a downstream predicted α-

helix. Finally, the bacterial class D proteins, the Sinorhizobium meliloti RmInt1 and E. 

coli IntB IEPs, lack the H-N-H domain, but still retain a short (20 aa) C-terminal 

extension after domain X. This C-terminal extension is conserved between the two class 

D proteins, but does not appear to be related to that in LtrA. The evolutionary 

significance of these findings is discussed below (see Discussion). 

5.2 Detailed comparison of LtrA with colicin E9 and phage T4 endonuclease VII 

Next, I compared the DNA endonuclease domain of LtrA with those of related 

proteins for which detailed structural and mechanistic information was available. Figures 
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5.3(a) and (b) show the X-ray crystal structures of colicin E9 DNase and phage T4 

endonuclease VII, a Holliday junction resolvase that is a member of the EndoVII-McrA 

superfamily (Kleanthous et al., 1999; Raaijmakers et al., 1999). The structures of these 

enzymes, as well as that of colicin E7 DNase, show a very similar metal ion-dependent 

nuclease fold consisting of a central core of twisted β-strands with a C-terminal α-helix 

(Ko et al., 1999). In the colicin X-ray crystal structures, the endonuclease active site 

contains a divalent metal ion, Zn2+ in colicin E7 and Ni+2 in colicin E9, coordinated by 

two histidine residues, which are part of the H-N-H motif (H550 and H575 in colicin E9), 

with a third histidine involved in Zn2+ coordination in colicin E7, but less so in Ni2+ 

coordination in colicin E9 (colicin E9 H579) (Ko et al., 1999; Pommer et al., 1999; 

Pommer et al., 2001; Walker et al., 2002). Recent studies of colicin E9 DNAs show that 

Mg2+, which is required for double-stranded DNA cleavage, is the physiologically 

relevant divalent cation bound at the active site (Walker et al., 2002). Additional 

conserved residues in colicin E9 DNase, which are required for Mg2+-dependent cleavage 

activity are R453, R544, E548, and H551 (Ko et al., 1999; Pommer et al., 1999; Pommer 

et al., 2001; Walker et al., 2002). The conserved asparagine of the H-N-H motif (N566) is 

in a loop region, where it helps stabilize the higher-order structure of the domain 

(Kleanthous et al., 1999). The endonuclease VII structure shows similarly positioned 

positively charged residues in the N-terminal β-strand and C-terminal α-helix involved in 

coordinating the active-site divalent metal ion, which is Ca2+ in the crystallized form of 

the enzyme (Raaijmakers et al., 1999). The two pairs of conserved cysteines, which are 

missing in the colicin DNases, are interspersed with the active-site residues and 
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coordinate a single Zn2+ atom, which may be required to stabilize the metal-dependent 

nuclease fold (Aravind et al., 2000; Raaijmakers et al., 1999; Giraud-Panis et al., 1995). 

Notably, the colicin E7 and E9 DNases and endonuclease VII all have an upstream α-

helix positioned similarly to the predicted α-helix in the variable DNA-binding region of 

the group II IEPs. 

Comparison of LtrA's H-N-H domain with colicin E9 DNase shows that 

homology begins after the first conserved cysteine pair at LtrA position 543, with high 

conservation of amino acid residues identified as being important for catalytic activity. 

These include the three histidines residues potentially involved in metal ion coordination 

(H558, H591, and H596 in LtrA), as well as the catalytically important amino acid 

residues E556 and H559. The LtrA protein, however, appears to lack an arginine residue 

corresponding to R544 in colicin E9, which is postulated to play a catalytic role in some 

scenarios (Pommer et al., 2001; Walker et al., 2002).

The predicted secondary structure of the regions of LtrA containing the conserved 

histidines matches the N-terminal β-sheet and C-terminal α-helix found in colicin E7 and 

E9 DNases, and the glutamine that aligns with the conserved asparagine in the H-N-H 

motif is likewise found in a loop in the intervening region. This intervening region, which 

does not contain catalytically important residues, is expanded in LtrA, and its predicted 

secondary structure differs from that in the colicin DNases. 

Compared to the colicins, LtrA shows less sequence similarity to endonuclease 

VII, where many of the conserved amino acids are replaced by functionally similar amino 

acids. However, the conserved cysteine residues in LtrA are positioned similarly to those 
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in endonuclease VII, with the first pair just downstream of the predicted N-terminal α-

helix and the second pair at the beginning of the predicted C-terminal α-helix. These 

findings strongly suggest that the DNA endonuclease domain of group II IEPs was 

derived from a protein of the EndoVII-McrA superfamily, with the conserved cysteine 

pairs in group II IEPs having a similar three-dimensional fold to that in endonuclease VII. 

The sequence alignments of Figure 5.2 show that other members of the EndoVII-McrA 

family have greater sequence similarity to the group II IEPs than does endonuclease VII. 

5.3 Metal ion analysis 

 The comparisons above establish a framework for further analysis of the LtrA 

protein. First, to detect metal ions at the endonuclease active site, the wild-type LtrA 

protein and several mutant derivatives were analyzed by inductively coupled plasma 

(ICP) atomic emission spectroscopy (Dipietro et al., 1988). For these experiments, the 

LtrA protein, which had been dialyzed against buffer containing 0.1 mM EDTA, was 

further purified by chromatography on a HiTrap SP ion-exchange column to remove any 

loosely bound metal ions and residual dithiothreitol (DTT; see Materials and Methods). I 

verified that this additional step did not significantly decrease bottom-strand cleavage 

activity of the LtrA protein after reconstitution into RNP particles, although the protein 

did appear to show significantly decreased stability after prolonged incubation (> 20 min; 

not shown).  

As summarized in Table 5.1, the wild-type LtrA protein preparation contains an 

approximately 1:1 molar ratio of Mg2+ and 0.2 mole/mole Zn2+. By contrast, the ∆ConEn 

mutant, which has a C-terminal truncation that deletes the conserved endonuclease 
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domain (see Figure 5.1), contains greatly decreased amounts of Mg2+ (0.2 mole/mole), 

along with low, possibly further reduced amounts of Zn2+ (0.1 mole/mole). These 

findings indicate that the Mg2+ detected in the assay is tightly associated with the DNA 

endonuclease domain. Additional Mg2+ ions expected to be present at the RT active site 

are presumably bound less tightly and lost during purification. The LtrA protein 

preparations prior to the additional ion-exchange chromatography contained only slightly 

higher amounts of Zn2+ (0.3 ± 0.1 mole/mole). 

To test the role of the H-N-H motif in metal ion coordination, I constructed the 

mutant H591A, which has alanine substituted for a conserved histidine putatively 

involved in metal coordination, based on the comparison to colicin E9 DNase (see Figure 

5.3; Kleanthous et al., 1999). This mutation decreased the bound Mg2+ to near 

background levels, and it may also slightly decrease the amount of Zn2+. By contrast, the 

mutation CX2C/1→A, which has alanines substituted for both cysteine residues of the 

first conserved cysteine pair, did not significantly affect the amount of bound Mg2+ and 

also retained the same low amount of Zn2+. This finding indicates that the cysteine motif 

does not itself bind Mg2+, nor is it essential to maintain the structure of the Mg2+-binding 

fold. Neither the wild-type LtrA protein nor any of the mutants analyzed contained 

detectable Mn2+ or Ni2+ (not shown). Considered together, our results indicate that Mg2+ 

is the predominant metal ion coordinated at the H-N-H active site. The results are 

consistent with the possibility that LtrA contains substoichiometric amounts of Zn2+, but 

do not distinguish whether it is bound specifically or non-specifically. 
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5.4 Effect of exogenous Zn2+ on DNA endonuclease activity 

To further investigate the Zn2+ requirement of the H-N-H domain, I carried out 

DNA endonuclease assays at different Mg2+ concentrations (5, 10, 20 and 40 mM) in the 

presence of increasing concentrations of Zn2+ (Figure 5.4). In the absence of Zn2+, both 

the bottom-strand cleavage and reverse splicing/top-strand cleavage reactions were 

optimal at 20 mM MgCl2. Addition of increasing concentrations of ZnCl2 progressively 

inhibited both reactions, with the K1/2 = 6.8 µM for bottom-strand cleavage and K1/2 = 

7.0-9.5 µM for reverse splicing/top-strand cleavage at all Mg2+ concentrations tested. The 

finding that the K1/2 for bottom-strand cleavage is independent of Mg2+ concentration 

indicates that exogenous Zn2+ does not competitively inhibit the reaction by displacing 

Mg2+ from the active site, and instead inhibits DNA endonuclease activity by binding to a 

second site. Similar Zn2+ inhibition was also found for LtrA protein that had been further 

purified by ion exchange chromatography (data not shown). Control experiments showed 

that 100 µM Zn2+ does not affect LtrA-promoted RNA splicing of the Ll.LtrB intron, 

indicating that the Zn2+ inhibition of DNA endonuclease activity is not due to inhibition 

of the ribozyme activity of the intron RNA or impaired RNA-protein interaction (not 

shown). Although the Zn2+ inhibition could be mediated by coordination with the 

conserved cysteine pairs, low amounts of Zn2+ also inhibit colicin E9 DNase, which does 

not contain conserved cysteine pairs (Pommer et al., 1999). In this case, the Zn2+ appears 

to act by causing changes in protein structure, which destabilize the DNA endonuclease 

domain. I conclude that Zn2+ is not required for DNA endonuclease activity. 
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5.5 Unigenic evolution analysis 

To systematically identify essential and non-essential features of LtrA’s C-

terminal DNA-binding/DNA endonuclease region, I used a method termed unigenic 

evolution (Deminoff et al., 1995; Friedman & Cech, 1999). In this method, a genetic 

screen is used to identify functional variants in a library of mutant proteins generated by 

mutagenic PCR. The ratio of missense to silent mutations is then analyzed statistically to 

identify conserved (hypomutagenic) and variable (hypermutagenic) regions. For analysis 

of LtrA’s C-terminal region, I used a genetic assay for intron homing in which a modified 

Ll.LtrB intron containing a phage T7 promoter near its 3’ end inserts into a target site 

upstream of a promoterless tetR gene, thereby activating the expression of that gene 

(Figure 5.5(a); Guo et al., 2000; Karberg et al., 2001). The intron-donor plasmid, 

pACD2X, contains a ∆ORF-derivative of the Ll.LtrB intron with the inserted T7 

promoter and flanking exons, cloned downstream of an isopropyl-1-thio-β-D-

galactopyranoside (IPTG)-inducible T7lac promoter in a CamR-derivative of pACYC184. 

The LtrA protein is expressed from the same plasmid from a position downstream of the 

3’ exon, so that mutations in the IEP do not affect the structure of the intron RNA. The 

recipient plasmid, pBRR3-ltrB, contains the minimal Ll.ltrB target site (ligated E1-E2 

sequence from position -30 to +15 from the intron- insertion site) cloned upstream of a 

promoterless tetR gene in an AmpR pBR322-based vector. With the wild-type Ll.LtrB 

intron, the mobility frequency, defined as the ratio of AmpR/TetR colonies to AmpR 

colonies, was 78 ± 11%. 

For unigenic evolution, donor plasmids libraries encoding mutant proteins were 
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created by successive rounds of error-prone PCR of the 321 bp corresponding to the C-

terminus of the LtrA ORF (amino acid positions 493-599). Two libraries that gave 

satisfactory mobility frequencies (34% and 23%) were used for the analysis (see 

Materials and Methods). These libraries were electroporated into an E. coli strain 

containing the recipient plasmid, and cells were plated on medium containing ampicillin 

and tetracycline to select colonies in which the Ll.LtrB intron had inserted into the target 

site. Mobility events were confirmed by PCR of the 5'-junction sequence, using primers 

specific to the intron and the target plasmid. Individual donor plasmids were then re-

isolated from the TetR colonies, sequenced to identify the mutations, and assayed 

quantitatively to determine their mobility frequency. Donor plasmids having mobility 

frequencies ≥ 64%, within 1.5 standard deviations of the wild-type frequency, were 

classified as highly active. The results are summarized in Figure 5.5(b) and (c). 

 From several experiments, I isolated 99 independent clones encoding active LtrA 

protein variants. These contained a total of 365 nucleotide changes, resulting in 164 silent 

and 201 missense mutations. The frequency of observed missense mutations relative to 

that expected based on mutation frequency and codon degeneracy in a nine-codon sliding 

window was plotted according to the equation M = (fobserved missense/fexpected missense) –1. 

When plotted this way, negative values indicate hypomutability, with a maximum value 

of –1 indicating no missense mutations. 

The plot, shown in Figure 5.5(c), identified four regions (labeled I-IV) that appear 

hypomutable (mutability < –0.5). Two of these hypomutable regions (I and II) are in the 

LtrA’s “variable” DNA-binding region, centered exactly on the conserved basic and 
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predicted α-helical segments identified in the sequence alignments (Figure 5.2), and the 

other two (III and IV) are in the conserved H-N-H domain. Notably, the predicted α-

helical segment (II) in the "variable" DNA-binding region is the most conserved segment 

in the entire analysis. These findings demonstrate that the conserved segments of the 

DNA-binding region and DNA endonuclease domain identified in the multiple sequence 

alignments are required for efficient intron mobility. 

In the DNA-binding region, 17 of 50 amino acid residues were totally conserved 

in all active variants and an additional six amino acid residues were replaced only by 

similar amino acids. Significantly, the invariant amino acid residues include K496, G498, 

R501, R502, and Y503 in the conserved cluster of basic amino acids, and A523, P524, 

G528, A530, R531, E535, R537, L538, A540 in the predicted α-helical region (Figure 

5.5(b)). Further, the entire predicted α-helical structure was retained in thirteen of 

fourteen variants that had mutations in this region, and the remaining variant (N536I) has 

only a small local perturbation affecting the last three amino acid residues (N536-L538). 

Although it is possible that invariance at some positions may reflect that the number of 

mutants analyzed was not saturating, the overall degree of conservation in the DNA-

binding region in the unigenic evolution analysis was much greater than in the sequence 

alignments, where all of the invariant amino acid residues were replaced by similar or 

dissimilar amino acids in other group II IEPs (cf., Figure 5.2). This situation may reflect 

that the DNA-binding regions of group II IEPs have diverged to recognize different DNA 

target sequences, but are more constrained when tested against a specific target sequence. 

Conserved regions III and IV in the DNA endonuclease domain contain the H-N-
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H and cysteine motifs, while the less conserved region between III and IV corresponds to 

the intervening region separating elements of the H-N-H active site. Within the DNA 

endonuclease domain, 32 of 57 amino acid residues were totally conserved in all active 

variants, and an additional four amino acid residues were replaced only by similar amino 

acids (Figure 5.5(b)). The invariant amino acid residues include E556, H558, H559, 

H591, H596, which correspond to amino acids found to be catalytically essential in H-N-

H DNA endonucleases (see above); the two pairs of conserved cysteine residues (C543, 

C546, C587, C590); and M576, R581, and K582, which were found to be highly 

conserved in other group II IEPs in the sequence alignments (see Figure 5.2). 

5.6 Biochemical analysis 

To investigate the function of different segments of LtrA's C-terminal region, I 

constructed mutants with alanines substituted for key conserved residues amino acid 

residues identified in the unigenic evolution analysis. The purified proteins were assayed 

for RT activity and reconstituted into RNP particles with in vitro-synthesized lariat RNA 

to assay reverse splicing and DNA endonuclease activity. The purified LtrA protein binds 

DNA non-specifically unless associated with the intron RNA in RNP particles (Singh & 

Lambowitz, 2001). Representative reverse splicing/DNA endonuclease assays are shown 

in Figure 5.6, and the results are summarized in Table 5.2. 

For DNA endonuclease assays, the reconstituted RNP particles were incubated 

with a 129-bp 32P-labeled DNA substrate containing the Ll.LtrB intron-insertion site, and 

the products were analyzed in a denaturing 6% polyacrylamide gel. As shown in Figure 

5.6 (lanes 2, 7 and 14), wild-type RNP particles gave a series of product bands resulting 
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from the two steps of reverse splicing into the intron-insertion site and bottom-strand 

cleavage between  positions +9 and +10 of the 3' exon. With the 129-bp DNA substrate, 

reverse splicing/top-strand cleavage results in a 56-nt product corresponding to the 

cleaved 5' exon, as well as higher molecular weight products resulting from partial and 

complete reverse splicing, while bottom-strand cleavage after position E2+9 results in 

two closely spaced DNA fragments of 65 and 64-nts (see schematic at bottom). As noted 

previously, the first step of reverse splicing, the attachment of intron lariat RNA to the 3' 

exon, is the predominant product in vitro in the absence of dNTPs, and partially degraded 

reverse spliced products result from nicking of the intron RNA (Matsuura et al., 1997).

5.6.1 Analysis of mutations in the DNA-binding region 

In the DNA-binding region, I mutated two sets of amino acid residues that were 

conserved in both the sequence alignments and unigenic evolution analysis: R501, R502, 

and Y503 in the basic region, and Y529, R531, and T533 in the predicted α-helical region 

(Figure 5.6, lanes 1-10, and Table 5.2). The mutant RRY→A in which R501, R502, and 

Y503 were all changed to alanines substantially inhibited both reverse splicing and DNA 

endonuclease activity (13 ± 7% and 12 ± 5% wild-type activity, respectively). Of the 

three amino acid residues, the most specific effects on reverse splicing and bottom-strand 

cleavage activities was seen with the mutant R502A, which had 26 ± 8 and 32 ± 6% wild-

type reverse splicing and bottom-strand cleavage, respectively, while retaining 83% wild-

type RT activity. The other single mutants as well as the triple mutant RRY showed a 

greater reduction in RT activity (30-46% wild type; Table 5.2). These results are 

consistent with a reduction in DNA-binding activity more or less equally affecting both 
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reverse splicing and bottom-strand cleavage, with partial inhibition reflecting redundant 

interactions that contribute to DNA binding. 

In the predicted α-helical region, the mutant Y-R-T→A in which Y529, R531, 

and T533 are replaced by alanines showed reduced reverse splicing/top-strand cleavage 

activity (59 ± 5% wild-type) and no detectable bottom-strand cleavage activity. The 

single point mutation Y529A also inhibited reverse splicing/top strand cleavage activity 

(42 ± 11% wild type) and abolished bottom-strand cleavage. By contrast, the mutation 

R531A only moderately affected both top- and bottom-strand cleavage (74 ± 17% and 66 

± 28% wild type, respectively), and T533A had wild-type levels of both activities (not 

shown). Thus, Y529 appears to be the most critical of the three amino acid residues. The 

pattern of inhibition for the Y-R-T→A and Y529A mutations is consistent with 

disruption of interactions that contribute to both top- and bottom-strand cleavage. The 

stronger inhibition of bottom-strand cleavage could reflect more severe disruption of 3'-

exon interactions that are required specifically for bottom-strand cleavage or disruption 

of interactions with the 5' exon that then misposition the DNA endonuclease domain for 

bottom-strand cleavage. Like the yeast aI2 P714T mutant, which has a single amino acid 

change in the same region, the LtrA mutants Y-R-T→A, Y529A, and R531A have high 

RT activity assayed with poly(rA)/oligo(dT)18 (Table 5.2). In other assays using an in 

vitro transcript containing the Ll.LtrB intron and flanking exons, with an annealed 3' 

exon primer E2+10 mimicking that normally used during TPRT, the Y-R-T mutant had 

only ~50% wild-type RT activity, possibly reflecting mispositioning of the enzyme or 

DNA primer. This mutant did not however, mimic the primer promiscuity characteristic 
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of the yeast aI2 P714T mutant (data not shown; Zimmerly et al., 1999; Morozova et al., 

2002). 

5.6.2 Analysis of mutations in the DNA endonuclease domain 

In the DNA endonuclease domain, I constructed a series of mutants to identify 

elements of the H-N-H active site and assess the function of the conserved cysteine pairs 

(Figure 5.6, lanes 15-21, and Table 5.2). The previously analyzed ∆ConEn mutant, which 

lacks the DNA endonuclease domain, was included for comparison. The ∆ConEn RNP 

particles still carry out reverse splicing/top-strand cleavage, but show no detectable 

bottom-strand cleavage in agreement with previous results (Matsuura et al., 1997). The 

mutant E-HHV→A, which has alanine residues substituted for the E556, H558 (the first 

residue of the H-N-H motif), H559, and V560 showed no detectable bottom-strand 

cleavage, but retained substantial reverse splicing/top-strand cleavage activity (86 ± 5% 

wild-type). The mutant H591A, in the second histidine of the H-N-H motif, had ~2% 

wild-type bottom-strand cleavage activity, combined with high reverse splicing/top-

strand cleavage activity (90 ± 20%). This histidine is putatively involved in metal ion 

coordination, and I showed above that the H591A mutation strongly decreased the 

amount of tightly bound Mg2+ (see Table 5.1). Mutation of the neighboring conserved 

histidine residue H596A, also putatively involved in metal ion coordination, again 

substantially inhibited bottom-strand cleavage (24 ± 9% wild-type activity), while the 

mutations H593A and H598A had no effect on top- or bottom-strand cleavage (not 

shown). Neither H593 nor H598 are evolutionarily conserved, and in the unigenic 

evolution analysis truncated LtrA proteins lacking H598 were efficiently mobile (Figure 
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5.5). Mutations in the conserved cysteine pairs C543, C546 (CX2C/1→A) and C587, 

C590 (CX2C/2→A), completely abolished bottom-strand cleavage activity, while leaving 

some reverse splicing activity (19 ± 2% and 16 ± 5% wild-type activity), as found 

previously for the analogous yeast aI2 mutants (Zimmerly et al., 1995b). 

In contrast to the large effects of mutating conserved His and Cys residues, 

mutation of Q580, equivalent to "N" of the conserved H-N-H motif, had smaller effects 

on reverse splicing and bottom-strand cleavage in vitro (67 ± 28% and 70 ± 32% of wild-

type activity, respectively, in multiple experiments). The corresponding asparagine in the 

E9 DNA structure is not part of the endonuclease catalytic center, but plays a role in 

stabilizing the higher-order structure of the domain (Pommer et al., 2001; Walker et al., 

2002). In the unigenic evolution analysis, this glutamine residue was not invariant, but 

was replaced preferentially by a positively charged residue (arginine or histidine; Figure 

5.5(b)). The relatively small effect of alanine substitution at this position could reflect 

that other interactions are largely sufficient to stabilize the domain structure. Together, 

these results indicate that the conserved histidine residues are essential for catalytic 

activity, as in colicin E7 and E9 DNases, and that the conserved cysteine residues are also 

required, presumably to maintain the active protein structure. 

5.7 Mutations in the DNA endonuclease domain strongly inhibit RT activity 

Previous studies with yeast aI2 intron showed that deletion of the conserved 

endonuclease domain or mutations in the conserved H-N-H or cysteine motifs strongly 

inhibit RT activity, while leaving substantial RNA splicing and reverse splicing activity, 

suggesting a structural or functional connection between the DNA endonuclease and RT 
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activities (Zimmerly et al., 1999). Similarly, for the LtrA protein, deletion of the 

conserved DNA endonuclease domain or multiple mutations in the conserved histidine 

and cysteine residues inhibited RT activity to < 5% of the wild-type level (CX2C/1→A, 

E-HHV→, CX2C/2→A, and ∆ConEn; Table 5.2). The point mutations H591A and 

H596A, which more specifically affect the metal ion-binding fold, also moderately 

inhibited the RT activity (64% and 69%, wild type, respectively). All the conserved 

histidine and cysteine mutants still have reverse splicing/top strand cleavage activity, and 

other experiments showed that the ∆ConEn and E-HHV→A mutants retain wild-type 

splicing activity, suggesting that the overall conformation of the protein is not grossly 

altered (data not shown). Thus, the mutations in the conserved DNA endonuclease 

domain appear to affect the RT activity specifically. 

5.8 Effect of C-terminal mutations on DNA primer binding 

The DNA endonuclease domain is required to generate the primer for initiation of 

reverse transcription and must therefore be in contact with the 3'-exon region of the DNA 

substrate at some point during the mobility reactions. Thus, one possible explanation for 

the inhibition of RT activity was that the DNA endonuclease mutations prevent the 

binding of the DNA primer required for initiation of reverse transcription (Zimmerly et 

al., 1999). To test this hypothesis, I adapted a previously developed RT assay in which an 

Ll.LtrB RNA containing the intron and flanking exon sequences is annealed to a 20-mer 

DNA primer E2+10, whose 3’ end corresponds to that of the cleaved bottom strand 

normally used as the primer for TPRT (Matsuura et al., 1997; Wank et al., 1999). To 

assay primer binding, the primer was synthesized with a single BrdU at the position 
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corresponding to E3+13, enabling efficient UV-cross-linking to the LtrA protein. 

Figure 5.7(a) shows initial control assays in which LtrA was incubated with the 

Ll.LtrB:BrdU/E2+10 substrate in the presence of 32P-dTTP and dATP, enabling labeling 

of the primer by 3-nt extension before encountering the first C-residue in the Ll.LtrB 

RNA template. After UV-irradiation and RNase-digestion of the Ll.LtrB RNA template, 

LtrA protein containing cross-linked 32P-labeled primer was detected by SDS-PAGE, 

followed by autoradiography. The results showed that wild-type (WT) protein and those 

mutants that retain substantial RT activity (H591A and Y-R-T→A) incorporated 32P-

dTTP leading to labeling of the cross-linked E2+10 oligonucleotide, whereas mutants 

with alterations in the DNA endonuclease domain that inhibit RT activity (∆ConEn, 

CX2C/1→A, E-HHV→A) or a mutation in the conserved YADD motif in the RT domain 

(DD-) showed little or no labeling in the assay. Controls showed that cross-linking of the 

labeled oligonucleotide was not observed in the absence of the RNA template or UV 

irradiation (lanes 1-4). In addition, the cross-linked DNA oligonucleotide was insensitive 

to DNase treatment, which degraded unbound DNA primer (not shown), suggesting that 

the cross-linked primer is protected by the LtrA protein. 

To assay primer binding, the experiment was repeated now using a 5'-labeled 

BrdU/E2+10 primer in the absence of dNTPs. As shown in Figure 5.7(b), in addition to 

wild-type LtrA protein, nearly all of the mutant proteins were cross-linked to the 32P-

labeled BrdU/E2+10 primer, including those lacking RT activity. As above, the cross-

linking was not observed unless the labeled oligonucleotide was annealed to the Ll.LtrB 

RNA template, indicating that it is not due to non-specific interaction of the primer with 
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the LtrA protein. Further, the cross-linked primer was protected from DNase I digestion, 

consistent with results for HIV-1 RT, where 18-nt of primer DNA strand is protected 

from hydroxyl radical cleavage by binding at the RT active site (Metzger et al., 1993). 

The single mutant that failed to cross-link the labeled oligonucleotide, CX2C/1→A, has 

alterations in the first conserved cysteine pair that could either directly affect primer 

binding or result in an unfavorable conformational change in the protein. I note that the 

first conserved cysteine pair is retained in the ∆ConEn mutant, which is capable of primer 

binding in this assay. Together, these findings suggest that the inhibition of RT activity 

by DNA endonuclease domain mutations is not due to the inability to bind the primer, a 

function presumably carried out by the RT domain. It is possible that the DNA 

endonuclease domain mutations affect the positioning of the primer or inhibit the RT 

activity by affecting the structure of the RT domain. 

5.9 Discussion 

Here, I characterized the C-terminal DNA-binding/DNA endonuclease region of 

the L. lactis LtrA protein, the first detailed analysis of this region in any group II IEP. 

First, I identified two functionally important segments of the DNA-binding region, one 

containing a cluster of basic amino acids and the other containing a predicted α-helix. 

These features were found in related group II IEPs in multiple sequence alignments and 

their functional importance in LtrA was demonstrated by unigenic evolution analysis and 

by biochemical assays of mutants with alterations in key amino acid residues. The 

predicted α-helical region is also the site of a previously studied yeast aI2 mutation 

P714T, which inhibits both top- and bottom-strand cleavage (25% and 6% wild type, 
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respectively) (Zimmerly et al., 1995b). Notably, the constraints on the amino acid 

sequence in the DNA-binding region were much greater in the unigenic evolution 

analysis of LtrA than in naturally occurring group II IEPs, where all of the invariant 

amino acids are replaced by similar or dissimilar amino acids in some proteins. This 

situation may reflect that the DNA-binding region has diverged to recognize different 

target sequences in different group II IEPs, but is more constrained when tested against 

its own specific target sequence. 

I found that the DNA endonuclease domain of the LtrA protein contains a metal 

ion-dependent nuclease fold homologous to that of colicin E7 and E9 DNases and phage 

T4 endonuclease VII, a Holliday junction resolvase. The sequence alignments show that 

LtrA contains most of the amino acid residues found to be important for catalytic activity 

of colicin E9 DNase, and these are present in a predicted secondary structure context that 

matches the colicin E9 X-ray crystal structure. Further, the catalytically important amino 

acids are highly constrained in the unigenic evolution analysis, and mutations at key 

positions strongly inhibit bottom-strand cleavage, while leaving substantial reverse 

splicing/top-strand cleavage. 

ICP atomic emission spectroscopy showed that LtrA contains a single tightly 

bound Mg2+ ion, which is associated with the H-N-H endonuclease domain, as judged by 

its disappearance in the C-terminal truncation mutant ∆ConEn (Table 5.1). Further, the 

mutation H591A, which affects a histidine residue shown to function in metal ion 

coordination in the colicin E7 and E9 DNases, strongly decreased the amount of bound 

Mg2+ and specifically inhibited bottom-strand cleavage (Tables 5.1 and 5.2; Figure 5.6) 
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(Kleanthous et al., 1999; Ko et al., 1999; Pommer et al., 1999; Pommer et al., 2001; 

Walker et al., 2002). These findings indicate that Mg2+ is the predominant active-site 

metal ion and that it is coordinated similarly to the metal ions in the colicin DNases. 

The conserved cysteine pairs found in the DNA endonuclease domains of group II 

IEPs are not present in the colicin DNases, but are found in the related EndoVII-McrA 

proteins (Aravind et al., 2000). The X-ray crystal structure of phage T4 endonuclease VII 

shows that the two cysteine pairs are interspersed with active-site elements, but come 

together to coordinate a single Zn2+ (Raaijmakers et al., 1999). Further, mutations in the 

conserved cysteine pairs result in loss of bound Zn2+, which is correlated with loss of 

junction-resolving activity (Giraud-Panis et al., 1995). The conserved cysteine pairs in 

the LtrA protein align with those in endonuclease VII and are found in a predicted 

secondary structure context similar to that in the endonuclease VII crystal structure. 

Moreover, the conserved cysteine pairs were invariant in the unigenic evolution of active 

LtrA variants, and alanine-substitution mutations in either cysteine pair abolished 

bottom-strand cleavage, while leaving significant top-strand cleavage. Together, these 

results suggest that the conserved cysteine pairs in LtrA, like those in endonuclease VII, 

play a critical role in maintaining the structure of the DNA endonuclease domain. 

In contrast to endonuclease VII, I find that the purified LtrA protein preparations 

contain only substoichiometric amounts of Zn2+ (0.2 mole/mole), and the addition of 

exogenous Zn2+ inhibits both reverse splicing and bottom-strand cleavage activity. The 

Zn2+ inhibition is not competitive with respect to Mg2+, suggesting that Zn2+ does not 

readily exchange for Mg2+ at the active site and instead inhibits the DNA endonuclease 
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activity by binding specifically or nonspecifically to one or more secondary sites. 

Although it is possible that Zn2+ is lost during purification of the LtrA protein, I find no 

indication of selective inactivation of the DNA endonuclease activity compared to other 

activities of the protein. 

Surprisingly, in addition to inhibiting DNA endonuclease activity, deletion of the 

conserved endonuclease domain or mutations in its conserved histidine and cysteine 

motifs strongly inhibit RT activity. These mutations leave substantial reverse splicing/top 

strand cleavage and RNA splicing activity, suggesting that they do not result in gross 

structural alterations in the protein. Similar observations were made previously for the 

yeast aI2 protein (Zimmerly et al., 1995b; Zimmerly et al., 1999). UV-cross-linking 

experiments showed that the DNA endonuclease domain mutants remain capable of DNA 

primer binding, which is presumably a function of the RT domain. Thus, the inhibition of 

RT activity could reflect either that the primer is not positioned correctly or that 

mutations in the DNA endonuclease domain affect the structure of the RT domain. The 

latter situation would be analogous to that for HIV-1 RT, where the RT and associated 

RNase H activities are interdependent, with mutations in one domain frequently affecting 

the other activity, sometimes to a greater extent (Ding et al., 1997).  

Finally, with respect to evolution, my results suggest that the most likely 

progenitor of the group II IEP DNA endonuclease domain was a protein related to the 

EndoVII-McrA superfamily, which contains an H-N-H-like metal ion-binding fold with 

two pairs of conserved cysteine residues, as well as an upstream α-helix positioned 

similarly to the predicted α-helix in the DNA-binding region of group II IEPs 
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(Raaijmakers et al., 1999; Aravind et al., 2000). These features of the C-terminal region 

are conserved in group II IEPs of the mitochondrial lineage. By contrast, group II IEPs of 

the chloroplast lineage and bacterial class B typically contain the conserved H-N-H 

motif, but only subsets of the conserved cysteine residues, while bacterial classes A, C, 

and D completely lack the DNA endonuclease domain. Notably, group II IEPs of the 

bacterial classes A and C, which lack the DNA endonuclease domain, still have a C-

terminal extension downstream of domain X, which includes a cluster of basic amino 

acid residues and predicted α-helix, shown here to be functionally important features of 

the DNA-binding region of LtrA. This situation may reflect that the DNA-binding region 

and DNA endonuclease domain were acquired together from the same Endo VII-McrA-

type protein, followed by divergence or loss of the DNA endonuclease domain in 

different lineages, presumably because the DNA endonuclease activity is deleterious to 

the host (Mohr et al., 1993; Zimmerly et al., 2001). 

The bacterial class D proteins RmInt1 and EcIntB differ in having only a short (20 

aa) C-terminal extension, which appears unrelated to the C-terminal regions of other 

group II IEPs (see Figure 5.2). The short C-terminal extension in bacterial class D 

proteins could be a primordial or remnant DNA-binding region, an extension of domain 

X, or simply a non-functional extension. Notably, the RmInt1 IEP recognizes specific 

DNA target site sequences in both the 5' exon proximal to the IBS2 sequence and in the 3' 

exon, suggesting that it has some (albeit more limited) DNA-binding functions similar to 

those of LtrA (Jimenez-Zurdo et al., 2002). Bacterial subclass C introns, whose IEPs also 

lack the DNA endonuclease domain but may retain the C-terminal DNA-binding region, 
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appear to insert preferentially after rho-independent transcription terminators, implying a 

somewhat different mode of DNA target site recognition (Yeo et al, 1997; Granlund et 

al., 2001; Dai & Zimmerly, 2002). It will be of interest to determine whether the specific 

DNA-binding functions of these other group II IEPs are associated with the same or 

different regions of the protein as those in LtrA. 

5.10 Summary 

 Group II intron retrohoming occurs by a mechanism in which the intron RNA 

reverse splices directly into one strand of a double-stranded DNA target site, while the 

intron-encoded RT uses a C-terminal DNA endonuclease activity to cleave the opposite 

strand and then uses the cleaved 3’ end as a primer for reverse transcription of the 

inserted intron RNA. Here, I characterized the C-terminal DNA-binding/DNA 

endonuclease region of the LtrA protein encoded by the Lactococcus lactis Ll.LtrB 

intron. This C-terminal region consists of an upstream segment that contributes to DNA 

binding, followed by a DNA endonuclease domain that contains conserved sequence 

motifs characteristic of H-N-H DNA endonucleases, interspersed with two pairs of 

conserved cysteine residues. Atomic emission spectroscopy of wild-type and mutant LtrA 

proteins showed that the DNA endonuclease domain contains a single tightly bound Mg2+ 

ion at the H-N-H active site. Although the conserved cysteine pairs could potentially bind 

Zn2+, the purified LtrA protein is active despite the presence of only sub-stoichiometric 

amounts of Zn2+, and the addition of exogenous Zn2+ inhibits the DNA endonuclease 

activity. Multiple sequence alignments identified features of the DNA-binding region and 

DNA endonuclease domain that are conserved in LtrA and related group II intron 
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proteins, and their functional importance was demonstrated by unigenic evolution 

analysis and biochemical assays of mutant LtrA protein with alterations in key amino 

acid residues. Notably, deletion of the DNA endonuclease domain or mutations in its 

conserved sequence motifs strongly inhibit reverse transcriptase activity, as well as 

bottom-strand cleavage, while retaining other activities of the LtrA protein. A UV-cross-

linking assay showed that these DNA endonuclease domain mutations do not block DNA 

primer binding and thus likely inhibit reverse transcriptase activity either by affecting the 

positioning of the primer or the conformation of the reverse transcriptase domain. 

5.11 Material and Methods 

5.11.1 E. coli strains and growth conditions 

E. coli strains were BL21(DE3) for LtrA protein expression, HMS174(DE3) for 

group II intron mobility assays and unigenic evolution, and DH10B for library 

construction and cloning. Bacteria were grown in LB or SOB media, with antibiotics 

added at the following concentrations: ampicillin, 100 µg/ml; chloramphenicol, 25 µg/ml; 

tetracycline, 25 µg/ml. 

5.11.2 Recombinant plasmids and construction of LtrA protein mutants 

pIMP-1P contains the LtrA ORF cloned behind the tac promoter in pCYB2 (New 

England Biolabs, Beverly, MA), with the C-terminus of the ORF fused in-frame to a 

cassette consisting of the Saccharomyces cerevisiae VMA1 intein and the Bacillus 

circulans chitin-binding domain (Saldanha et al., 1999). 

pET11-LtrASE8, used in the construction of LtrA protein mutants, contains a 

modified LtrA ORF, with silent mutations that introduce useful restriction sites, cloned 
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downstream of the phage T7 promoter in pET-11a (New England Biolabs; H. Ma and 

A.M.L., unpublished). 

pGM∆ORF-T7 contains a 902-nt ∆ORF derivative of the Ll.LtrB intron and 

flanking exons cloned downstream of the phage T7 promoter in pBSSK– (Stratagene, La 

Jolla, CA). It was derived from pGM∆ORF by substituting the T7 for the T3 promoter 

(Saldanha et al., 1999). 

pLHS contains a 70-nt sequence corresponding to the ligated exon 1 and 2 

sequence of the ltrB gene from position -35 to +35 from the intron-insertion site cloned in 

pBKS+ (Matsuura et al., 1997). 

pACD2, the intron donor plasmid used in mobility assays, contains a 940-nt 

Ll.LtrB-∆ORF intron with a T7 promoter inserted in intron domain IV. The intron and 

flanking exons are cloned downstream of an IPTG-inducible T7lac promoter in a CamR 

pACYC184-derivative, with the LtrA protein expressed from a position downstream of 

the 3' exon (Guo et al., 2000; Karberg et al., 2001). pACD2X is a derivative of pACD2 

that contains a XhoI site inserted 8-bp downstream of the LtrA ORF termination codon to 

facilitate construction of mutant libraries. 

pBRR3-ltrB, the recipient plasmid used for genetic assays, contains the minimal 

Ll.LtrB target site (ligated E1-E2 sequence from positions -30 to +15 from the intron-

insertion site) cloned upstream of a promoterless tetR gene in an AmpR pBR322-

derivative (Guo et al., 2000; Karberg et al., 2001). 

LtrA mutants were constructed by a two-step PCR using Vent polymerase, with 
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desired modifications introduced via one of the primers (Sarkar & Sommer, 1990). The 

first PCR used pET11-LtrASE8 as template with a 5' primer (33-45 nts) containing the 

mutation, and 3' primer DD4 (5’-GTAGGGAGGTACCG CCTTGTTC), complementary 

to a vector sequence downstream of the LtrA ORF. The initial PCR product was gel-

purified and used as the 3' primer in a second PCR with 5' primer P8A (5’-

TGGGGGATCCCGTATGAGATAAAGC), which overlaps the BamHI site at the 

beginning of LtrA's C-terminal region. The resulting PCR product was gel-purified and 

digested with BamHI and XmaI, generating a 328-bp fragment, which was swapped for 

the corresponding fragment of pET11-LtrASE8. The modified C-terminal region was 

sequenced completely, using primer P7A (5’-TGAACTCCGCGGGATTTGTAATT 

ACTAC), which corresponds to a sequence 169-bp upstream of the BamHI site. The 

1799-bp NdeI/XmaI fragment containing the modified LtrA ORF was then swapped for 

the corresponding wild-type fragment of the expression construct pIMP-1P (see above). 

5.11.3 In vitro transcription 

 Ll.LtrB RNA was transcribed from BamHI-digested pGM∆ORF-T7, using a T7 

MEGAscript kit (Ambion, Austin, TX). It consists of a 207-nt 5' exon, the 902-nt ∆ORF 

Ll.LtrB intron, and a 95-nt 3' exon. 

5.11.4 Sequence alignments 

 Protein sequences were identified by a BLAST 2.1.2 search using the C-terminal 

region of the LtrA protein (amino acid positions 491-599) as the query (Altschul et al., 

1997). The sequences were aligned using the MacVector 6.5.1 ClustalW alignment 

program, followed by manual refinement. 
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5.11.5 Purification of the LtrA protein 

 Wild-type and mutant LtrA proteins expressed from pIMP-1P or its mutant 

derivatives were purified on a chitin affinity column using the intein-based IMPACT 

purification system (New England Biolabs; Saldanha et al., 1999). The purified proteins 

were dialyzed at 4°C in column buffer containing 0.5 M NaCl, 50 mM Tris-HCl, pH 8.0, 

and 50% glycerol, with 0.1 mM EDTA added to remove free or loosely bound cations. 

For atomic emission spectroscopy, the proteins were purified further at 4°C using a 

HiTrap SP ion-exchange column (Amersham Pharmacia Biotech, Piscataway, NJ) to 

remove residual cations and DTT. Protein concentrations were determined by Bradford 

assays (Bio-Rad, Hercules, CA) against an LtrA protein standard, whose concentration 

was determined by A205 and A280, using an extinction coefficient calculated from the 

amino acid sequence (Saldanha et al., 1999). The dialyzed proteins remained active for 

months at -70°C. 

5.11.6 ICP atomic emission spectroscopy 

 Proteins were analyzed by ICP atomic emission spectroscopy to determine the 

amount of bound cations (Dipietro et al., 1988; Huffman Laboratories, Inc., Golden, CO; 

http://www.huffmanlabs.com/). 

5.11.7 Intron mobility assays and unigenic evolution 

Intron mobility was assayed by using a genetic system in which a modified 

Ll.LtrB intron containing a phage T7 promoter inserted near its 3' end inserts into a target 

site upstream of a promoterless tetR gene, thereby activating the expression of that gene 

(Guo et al., 2000; Karberg et al., 2001). For mobility assays, the intron donor plasmid 
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pACD2X or donor plasmid libraries with random PCR-induced mutations in LtrA's C-

terminal region were electroporated into E. coli HMS174(DE3) harboring the recipient 

plasmid pBRR3-ltrB, which contains the Ll.LtrB insertion site cloned upstream of the 

promoterless tetR gene. Cells were grown overnight at 37°C in LB medium containing 

chloramphenicol and ampicillin, induced with 100 µM IPTG for 1 h at 37°C, and then 

plated on LB containing ampicillin and tetracycline to select TetR/AmpR colonies in 

which the intron had inserted into the target site (Guo et al., 2000). 

For unigenic evolution analysis, LtrA variants that support efficient intron 

mobility in the above assay were isolated from donor plasmid libraries containing random 

mutations introduced into LtrA's C-terminal region by mutagenic PCR (Cadwell & Joyce, 

1992). To construct the libraries, PCR was carried out in reaction medium containing 5 

units of Taq polymerase (Invitrogen, Carlsbad, CA), 7 mM MgCl2, 0.5 mM MnCl2, 0.2 

mM dGTP, 0.2 mM dATP, 1 mM dTTP, and 1 mM dCTP, with 20 fmoles of pACD2X 

template and 30 pmoles each of 5' primer ZnBamHS (5'-TGGAAGTGGTTCG 

TGGGGGATCC), which overlaps the BamHI site at the beginning of the C-terminal 

region, and 3' primer ZnXhoAS (5’-CGAGAACGGGTGCTCGAGATATCTCA), which 

overlaps the XhoI site at the end of the LtrA ORF. Reaction conditions were 25 cycles of 

94° for 1 min, 45° for 1 min, and extension at 72° for 2 min. The 372-bp PCR product 

was gel-purified, digested with BamHI and XhoI, and swapped for the corresponding 

fragment of intron donor plasmid pACD2X. The resulting library was then used as the 

template for the next round of mutagenic PCR, thereby creating libraries with increasing 

numbers of mutations. The two donor plasmid libraries used for the unigenic evolution 
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analysis had an average of 3.9 and 5.6 nucleotide substitutions, corresponding to 2.5 and 

3.2 amino acid substitutions per 321 nucleotide residues. Higher mutation frequencies 

resulted in intron donor plasmids libraries with very low homing frequencies (< 0.5%). 

After selection of TetR/AmpR colonies and confirmation of correct intron insertion 

by colony PCR across the 5'-junction, donor plasmids were reisolated by transforming 

mini-prepped DNA into HMS174(DE3) and plating onto LB medium plus 

chloramphenicol. The reisolated donor plasmids were sequenced using primer P7A (see 

above) and then retested in mobility assays to determine mobility frequencies for 

individual LtrA variants (Guo et al., 2000). LtrA variants identified as supporting > 64% 

wild-type mobility assayed in parallel were classified as highly active and were used to 

calculate mutability values according to the equation M = (fobserved missense/fexpected missense) –

1, where fobserved missense is the observed frequency of missense mutations, and fexpected 

missense is the expected frequency. The latter was calculated for each codon based on the 

probability of a single nucleotide change producing a silent or missense mutation, 

correcting for the transition/transversion ratio (56%/44%) for the variants selected from 

the library. The mutability values were calculated for a nine-codon sliding window and 

plotted against the amino acid position at the center of the window. Negative values 

indicate hypomutability, with a maximum value of –1 indicating no missense mutations, 

and positive values indicate hypermutability. 

5.11.8 Biochemical assays 

RT activity was assayed by polymerization of [α-32P]-dTTP (3,000 Ci/mmole; 

New England Nuclear, Boston MA) into high molecular material retained on DE81 
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paper, using either poly(rA)/oligo(dT)18 or in vitro-transcript Ll.LtrB RNA with an 

annealed DNA primer E2+10 (complementary to 3'-exon positions +10 to +29) in the 

presence of 200 µM of the other dNTPs (Wank et al., 1999). 

Reverse splicing and DNA endonuclease activities were assayed by incubating 

group II intron RNP particles with small 32P-labeled DNA substrates generated by PCR 

(Saldanha et al., 1999). The RNP particles were reconstituted by incubating 1.6 pmole of 

gel-purified Ll.LtrB lariat RNA, generated by self-splicing of Ll.LtrB RNA, with 1.4 

pmole of purified LtrA protein in 4 µl of 50 mM MgCl2 for 10 min at room temperature. 

The DNA substrates were gel-purified, 129-bp double-stranded DNAs containing the 

ligated exon junction of the ltrB gene, synthesized by PCR of pLHS using the primers SK 

(5'-CGCTCTAGAACTAGTGGATC) and KS (5'-TCGAGGTCGACGGTATC). 5’-

labeled substrates were generated by PCR with 5'-labeled top- or bottom-strand primer, 

and internally labeled DNA substrates were generated by PCR in the presence of [α-

32P]dTTP (Matsuura et al., 1997). For the assays, the 32P-labeled DNA substrate (1.5 nM; 

150,000 cpm) was incubated with reconstituted RNP particles (4 µl; 0.025 O.D.260 units) 

for 15-20 min at 37oC in 20 µl of reaction medium containing 10 mM KCl, 20 mM 

MgCl2, 50 mM Tris-HCl, pH 7.5, with the MgCl2 introduced with the reconstituted RNP 

particles (Saldanha et al., 1999). The reactions were terminated by extraction with 

phenol-chloroform-isoamyl alochol (25:24:1), and the products were ethanol precipitated 

and analyzed in a denaturing 6% polyacrylamide gel, which was dried and quantified 

using a PhosphorImager. 
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5.11.9 UV-cross-linking assay of DNA primer binding 

UV cross-linking assays were carried out with the RT substrate consisting of Ll.LtrB 

RNA plus annealed DNA primer E2+10 (see above), with BrdU substituted for the T-

residue at E2+13 (Wank et al., 1999). The substrate was generated by heating 150 nM 

primer with 150 nM Ll.LtrB RNA to 90°C for 2 min, then cooling to 37°C. In one set of 

assays, the DNA primer was 5’-labeled with [γ-32P]ATP (3,000 Ci/mmole; New England 

Nuclear) and T4 polynucleotide kinase (New England Biolabs), and in the second set, the 

primer was unlabeled, and the reaction mixture contained 10 µCi [α-32P]dTTP (3,000 

Ci/mmole; New England Nuclear) and 230 µM dATP to permit labeling by 3-nt primer 

extension before the encountering the first C-residue in the template. For the assays, the 

substrate was incubated with wild-type or mutant LtrA proteins (150 nM) in 72 µl of 

reaction medium (450 mM NaCl, 5 mM MgCl2, 40 mM Tris-HCl, pH 7.5, 100 µg/ml 

bovine serum albumin, 5 mM DTT) for ten minutes at room temperature and then cross-

linked by irradiation with a 240-nm UV lamp for 2 min. The samples were digested with 

RNase (4 µg RNase A + 5 units RNase T1; Roche, Indianapolis, IN) ± DNase I (7.5 

units; FPLC-purified; Amersham) for 2 h at 37o C, and analyzed in a 9% 

polyacrylamide/SDS gel, which was dried and scanned with a PhosphorImager to 

detected LtrA protein cross-linked to radioactive primer. 
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Figure 5.1 

 

 

 

 
 
 
 
Figure 5.1. Map of the LtrA protein encoded by the L. lactis Ll.LtrB group II intron. The 
RT domain contains conserved sequence motifs I-VII, along with an upstream region Z 
characteristic of the RTs of non-LTR retroelements (Michel & Lang, 1985; Mohr et al., 
1993; Lambowitz et al., 1999; Belfort et al., 2002). Domain X is a putative RNA binding 
domain, which is required for RNA splicing ("maturase") activity and is located in a 
position corresponding to the thumb and connecting domains of retroviral RTs (Mohr et 
al., 1993). Following domain X are the DNA-binding region (D) and DNA endonuclease 
domain (En) (Reviewed in Lambowitz et al., 1999; Belfort et al., 2002). Key amino acid 
residues are indicated below, as are the boundaries of the ∆ConEn and ∆D/ConEn 
mutants. 
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Figure 5.2 
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Figure 5.2. Multiple sequence alignments. The C-terminal region of LtrA was aligned 
with other group II IEPs and related domains of other proteins, including group I IEPs 
(GI); EndoVII-McrA proteins, and bacterial colicins and pyocins. The group II IEPs are 
classified into mitochondrial (ML), chloroplast (CL), and bacterial (BL) lineages, with 
the bacterial lineage divided into subclasses A, B, C, and D (Zimmerly et al., 2001). 
Proteins were aligned using MacVector  6.5.1 (Oxford Molecular Ltd., Madison, WI), 
followed by manual refinement. Amino acid residues conserved in the mitochondrial 
lineage of group II IEPs are highlighted: black, > 75% identity; gray, > 50% similarity. 
Similar amino acid residues are defined based on the BLOSUM 55.50 matrix as follows: 
(R, K>H); (H, Q, N); (D, E); (I, L, M, V); (S, T); (Y, F, W) (Henikoff & Henikoff, 1992). 
Asterisks indicate amino acid residues comprising the H-N-H motif. The predicted 
secondary structure of the LtrA protein based on the PHD folding prediction program is 
shown above the alignments, and a consensus sequence based on the alignment of 
mitochondrial lineage group II IEPs is shown below, with "+" and "-" indicating 
positively and negatively charged amino acid residues, respectively, and “h” indicating a 
hydrophobic residue (Rost, 1996). The site of the P714T mutation in the yeast aI2 protein 
is boxed. Accession numbers are: L. lactis LtrA (AAB06503), N. aromaticivorans MatRa 
(AAD03884), S. cerevisae aI1 (CAA24071), S. cerevisae aI2 (CAA24060), S. pombe mt 
cob (P05511), A. macrogynus mt cox1 (AAC49235), P. anserina mt COI ia 
(CAA38781), Calothrix sp. (CAA50529), S. obliquus pet D (P19593), E. coli O157:H7 
(BAA31792), E. gracilis psbC (QQEGC4), E. coli IntD (BAA22286), B. megaterium 
iepA (BAA82060), C. difficile ORF 14 (CAA67199), P. putida MatP1 (AAD16434), S. 
pneumoniae (AAC38715), S. meliloti RmInt1 (CAA72334), E. coli IntB (CAA54637), C. 
moewusii c psbA1 (P09753), Phage T4 nrd B2 (P32283), E. coli McrA (P24200), S. 
glaucum mt MutS (AAC16386), Anabaena sp. anaredoxin (Q44141), M. acetivorans 
(AAM06859), B. anthracis pX01-7 (AAD32311), M. tuberculosis (AAK46845), phage 
T4 Endo VII (AAD42477), E. coli colicin E7 DNase (Q47112), E. coli colicin E8 DNase 
(P09882), E. coli colicin E9 DNase (P09883), K. pneumoniae B (AAD39262), P. 
aeruginosa pyocin S1 (BAA02203). 
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Figure 5.3 
 
 
 

 
 

 
 
 
Figure 5.3. Comparison of the LtrA protein's DNA endonuclease domain with the active-
site region of colicin E9 DNase and phage T4 endonuclease VII. (a) X-ray crystal 
structure of the colicin E9 DNase active site, showing the H-N-H fold with a bound Ni2+ 
ion and a phosphate corresponding to the scissile phosphate (Kleanthous et al., 1999). (b) 
X-ray crystal structure of endonuclease VII with bound Ca2+ and Zn2+ ions (Raaijmakers 
et al., 1999). Structures for (a) and (b) were downloaded from the Brookhaven Protein 
Data Bank (accession codes 1BXI and 1EN7, respectively) and redrawn using the 
program Ribbons v3.14 (Carson, 1991). (c) Sequence alignments. Conserved amino acids 
are highlighted as in Figure 5.2. The functions of specific amino acid residues in colicin 
E9 DNase are indicated above, and the consensus below shows critical active-site 
residues, with asterisks indicating residues of the H-N-H motif. (d) The experimentally 
determined secondary structures of colicin E9 DNase and endonuclease VII are compared 
with the predicted secondary structure of LtrA (Kleanthous et al., 1999; Raaijmakers et 
al., 1999). 
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Figure 5.4 
 
 
 

 

 

Figure 5.4. Effect of exogenous Zn2+ on DNA endonuclease activity. (a) Reverse 
splicing/top-strand cleavage and (b) bottom-strand cleavage activity were assayed by 
incubating RNP particles containing the wild-type LtrA protein and excised intron lariat 
RNA with 129-bp 32P-labeled DNA substrates containing the Ll.LtrB insertion site. The 
assays were carried out as described in Materials and Methods in DNA endonuclease 
reaction media containing 5, 10, 20, or 40 mM MgCl2 with increasing concentrations of 
ZnCl2, and the products were analyzed in a denaturing 6% polyacrylamide gel, which 
was dried and quantified with a PhosphorImager. The activity in the standard reaction 
medium containing 20 mM Mg2+, set equal to 100%, was 0.09 and 0.10 fmoles/min for 
top- and bottom-strand cleavage, respectively. 
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Figure 5.5 
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Figure 5.5. Unigenic evolution analysis of the C-terminal region of the LtrA protein. (a) 
Genetic assay. The CamR intron-donor plasmid pACD2X contains an Ll.LtrB-∆ORF 
intron (940-nt) with a phage T7 promoter near its 3' end, and the AmpR recipient plasmid 
pBRR3-ltrtB contains the Ll.LtrB target site (ligated E1-E2 sequence) 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 TetR/AmpR colonies (Guo et 
al., 2000; Karberg et al., 2001). (b) Amino acid substitutions in functional LtrA protein 
variants. The wild-type LtrA amino acid sequence is shown with amino acid residues 
conserved in the sequence alignment of group II IEPs shaded as in Figure 5.2. Shown 
below are amino acid substitutions in highly active LtrA variants (≥ 64% wild-type 
homing frequency). Multiple occurrences of the same amino acid substitution in different 
clones are indicated by the number of appearances. * indicates a termination codon. (c) 
Mutability plot. The ratio of observed to expected missense mutations is plotted for a 
nine-codon sliding window according the formula M = (fobs missense/fexp missense) –1. 
Negative values indicate hypomutability, with a maximum value of –1 indicating no 
missense mutations, and positive values indicate hypermutability. The most conserved 
regions (mutabilities below -0.5) are denoted I-IV. Invariant amino acids in each 
conserved region that were analyzed by in vitro mutagenesis (Figure 5.6) are indicated 
below. The bottom shows the predicted secondary structure of the LtrA protein from 
Figure 5.2. 
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Figure 5.6 
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Figure 5.6. Effect of mutations in the C-terminal region of the LtrA protein on DNA 
endonuclease activity. DNA endonuclease activity was assayed by incubating 129-bp 32P-
labeled DNA substrates with RNP particles containing wild-type (WT) or the indicated 
mutant LtrA proteins, as described in Materials and Methods, and the products were 
analyzed in a denaturing 6% polyacrylamide gel, which was dried and quantified with a 
PhosphorImager. DNA, DNA substrate incubated without RNP particles; –LtrA, DNA 
substrate incubated with an equivalent amount of intron lariat RNA in the absence of 
LtrA protein; –RNA, DNA substrate incubated with LtrA protein in the absence of intron 
lariat RNA. Sizes were determined based on DNA sequencing ladders run in parallel 
lanes (not shown), and products are identified to the right based on previous 
characterization (Matsuura et al., 1997). The schematic at the bottom shows products 
expected for the 129-bp DNA substrate as the result of partial and complete reverse 
splicing of the intron RNA into the top strand, and cleavage of the bottom strand between 
positions +9 and +10 of the 3' exon. Solid lines indicate DNA, and dashed lines indicate 
intron RNA not drawn to scale. 

 115



Figure 5.7 
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Figure 5.7. UV-cross-linking assay of DNA primer binding by wild-type and mutant 
LtrA proteins. The RT substrates, shown schematically above each panel, consist of in 
vitro transcript Ll.LtrB, with a 902-nt Ll.LtrB-∆ORF intron and flanking exons, annealed 
to DNA primer BrdU/E2+10. The primer is complementary to 3'-exon positions E2+10 to 
+29, with BrdU incorporated in place of the T-residue at position +13. In (a), the Ll.LtrB 
RNA template annealed with unlabeled DNA primer was incubated with wild-type (WT) 
or the indicated mutant LtrA proteins plus 32P-dTTP and dATP, to permit labeling by 
incorporation of three dNTPs before encountering the first C-residue in the RNA 
template. The samples were then UV-cross-linked, incubated with RNase A + T1 to 
digest the Ll.LtrB RNA, and analyzed in a 9% polyacrylamide/SDS gel, which was dried 
and autoradiographed. In (b), the Ll.LtrB RNA template annealed with 5'-labeled primer 
was incubated with wild-type and mutant LtrA proteins (150 nM) in the absence of 
dNTPs. The samples were UV-cross-linked and processed as above. In each case, half of 
the sample was treated with DNase I prior to gel analysis. –RNA, LtrA protein and DNA 
primer incubated in the absence of Ll.LtrB RNA template; –UV, parallel sample without 
UV-cross-linking. Positions of molecular weight markers (BioRad Broad Range) are 
indicated to the left, and the position of the LtrA protein with cross-linked 32P-labeled 
DNA primer is indicated by the arrow to the right. 
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CHAPTER 6: Mutations in the DNA-binding domain of a group II intron-encoded 

protein change the DNA target site specificity for intron insertion 

In the previous Chapter, by using a combination of nucleotide sequence 

alignments, unigenic evolution analysis, and in vitro mutagenesis, I identified two 

functionally important subregions of LtrA’s DNA-biding domain. These are an upstream 

cluster of basic amino acid residues (Lys496–Arg502) and a downstream region 

(Ala523–Ala540) which is predicted to form an α–helix (Figure 6.1). I showed that 

mutations in these regions strongly inhibit both reverse splicing into dsDNA targets, as 

well as second-strand cleavage. Sequence alignments showed that all related group II 

IEPs contain a similarly positioned cluster of positively charged residues and predicted 

α–helix, although primary sequences were disparate (San Filippo & Lambowitz, 2002). 

In addition, crystal structures of other related H–N–H endonucleases, such as colicin E9 

DNase and phage T4 endonuclease VII (Kleanthous et al., 1999; Raaijmakers et al., 

1999), also reveal an α–helix of varying lengths at the same position as that predicted for 

group II IEPs. One or both of the functionally important regions of the DNA-binding 

domain could potentially engage in sequence specific interactions with the DNA target 

site (San Filippo & Lambowitz, 2002). 

Here, I used an E. coli genetic assay to screen libraries of LtrA DNA-binding 

domain mutations for variants that have increased mobility frequency with mutant DNA 

target sites (Guo et al., 2000; Karberg et al., 2001; San Filippo & Lambowitz, 2002). I 

identified two amino acid positions in the predicted α–helix region of the DNA-binding 

domain at which mutations switch DNA target site preference from T-23 to G-23, as well 
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as additional positions that result in non-specific increases in mobility frequency with 

mutant DNA target sites. My results lead to a model for DNA target site recognition in 

which specific amino acid residues in the predicted α-helical region of the DNA-binding 

domain interact in the major groove with specific bases in the distal 5’-exon region of the 

DNA target site. 

6.1 Effect of nucleotide substitutions at critical bases in DNA target site on intron 

mobility 

To determine the best starting point for genetic screens, I determined mobility 

frequencies for the wild-type Ll.LtrB intron with mutant DNA target sites in which all 

possible nucleotide substitutions were made independently at each of four positions 

previously shown to be most critical for DNA target site recognition: T–23, G–21, A–20, 

and T+5 (Mohr et al., 2000; Guo et al., 2001; Zhong & Lambowitz, 2003). Mobility 

frequencies were determined by using an E. coli two-plasmid assay in which a CamR 

donor plasmid expressing a modified Ll.LtrB intron with a phage T7 promoter near its 3’-

end inserts into a DNA target site cloned in an AmpR recipient plasmid upstream of a 

promoterless tetR gene, thereby activating that gene (Figure 6.2(a); Guo et al., 2000; 

Karberg et al., 2001). After selection of TetR + AmpR colonies, mobility events were 

confirmed by PCR of the 5’-junction sequence, using primers specific to the intron and 

target plasmid. Mobility frequencies are expressed as the ratio of AmpR+TetR colonies to 

AmpR colonies. 

The results summarized in Figure 6.2(b) show that single nucleotide substitutions 

at each position inhibited mobility by 40-80%, with the strongest inhibition found for 
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nucleotide substitutions at G-21 and T+5. Transversions at T–23 and G–21 had a greater 

effect than transitions, while the reverse was true at A–20. At T+5, the inhibition was 

about equal for both transitions and transversions. The lowest mobility frequencies for 

each position were found for T–23G (35 ± 6% wild type), G–21T (31 ± 5% wild-type), 

A–20G (47 ± 5% wild type), and T+5G (19 ± 4% wild type). Mutant DNA target sites 

containing these alterations were used in genetic screens for LtrA protein mutations that 

increase mobility frequency with mutant DNA target sites. 

6.2 Identification of critical amino acid residues for insertion into the wild-type 

DNA target site 

To identify critical residues in the DNA-binding region of LtrA, I used the same 

E. coli two-plasmid assay to isolate functional variants from donor plasmid libraries 

containing mutant LtrA proteins in which each of three ten amino acid sub-segments 

within the putative DNA-binding region were partially randomized by 30% “doping” of 

each nucleotide residue. The three doped sub-segments were the N–terminal cluster of 

positively charged amino acid residues (denoted P; amino acid residues 496-505), and 

two segments spanning the predicted α-helix (denoted H1 and H2; amino acid residues 

522-531 and 532-541, respectively). Based on 30% doping at each position, I expect 4.4-

6.6 amino acid substitution in each sub-segment, depending on the number of codons for 

each amino acid (Arkin & Youvan, 1992). Sequencing of 20 random clones from each 

library showed that the doping frequencies ranged from 20-23%, with an average of 3.9-

4.9 amino acid substitutions per ten amino acid segment. 
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First, I used each library to select variants that supported mobility into the wild-

type DNA target site. The mobility frequencies of the doped libraries with the wild-type 

target site, defined as the ratio of TetR + AmpR/AmpR colonies (see above), ranged from 

1.8-3.5% compared to 70-100% for the donor plasmid encoding the wild-type LtrA 

protein. For each library, 30-60 donor plasmids that gave TetR colonies were re-isolated 

and assayed quantitatively to determine their mobility frequency. Twenty donor plasmids 

from each library, which had mobility frequencies within one standard deviation of the 

wild-type frequency (85 ± 15%), were classified as active (+) and sequenced, with the 

results shown in Figure 6.3(a). 

The functional variants selected from the P, H1, and H2 libraries had average 

mutation frequencies of 16, 17, and 12%, resulting in an average of 5.0, 4.7 and 3.6 

amino acid substitutions, respectively. The pattern of conserved and variable amino acid 

residues in functional variants was in agreement with that observed previously using 

unigenic evolution analysis (San Filippo & Lambowitz, 2002), but with a higher number 

of amino acid substitutions, reflecting the higher mutation frequency in the doped 

libraries. In the cluster of basic amino acids, I previously found six amino acid residues 

that were invariant in the unigenic evolution analysis (San Filippo & Lambowitz, 2002). 

Among these six, the most strongly conserved in the doped library screen was Arg502, 

with just a single substitution, while Lys496, Gly498, Arg501, Tyr503, and, Ala505, 

were conserved but had greater numbers of substitutions, reflecting the higher library 

mutation frequency. Gln497 and Lys499, which were more variable in the unigenic 

evolution analysis, were also more variable using the doped libraries. In the predicted α-
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helical region, among the ten amino acid residues that were invariant in the unigenic 

evolution analysis, only Glu535, Arg537, and Leu538 were still invariant with the doped 

library, while Ala523, Pro524, Gly528, Ala530, Arg531, and Ala540 were conserved but 

with amino acid substitutions found in some functional variants.  

In all three doped regions, most of the amino acid substitutions selected in active 

variants were conservative and/or similar to substitutions observed previously in the 

unigenic evolution analysis: e.g., Val525Leu, Tyr529Phe, Thr533Ser, 

Asn536Asp/Ile/Thr/Lys. The greatest difference was for Asn532, which had just a single 

mutation in the unigenic analysis, but showed numerous substitutions in the functional 

variants from the doped library, again presumably reflecting the higher mutation 

frequency. 

The secondary structure prediction program Jnet, which reports 84% accuracy 

(Cuff & Barton, 1999), predicts that the wild-type LtrA protein has an α-helix spanning 

Val525-Ala540, compared to Ala523-Leu538 predicted previously by the PHD prediction 

program, which reports 72% accuracy (Rost, 1996; San Filippo & Lambowitz, 2002). 

The Jnet program predicted an α-helix in the same region for 80% of functional H1 

variants and 85% of functional H2 variants selected above. In 30% of the H1 variants, the 

predicted α-helix was slightly longer than that in the wild-type protein (Glu519-Ala540), 

while in 45% of the H2 variants, the predicted α-helix had a significantly higher 

confidence score than in the wild-type protein, possibly reflecting that the selections from 

the doped amino acid library favor somewhat longer and more stable α-helices. However, 

two of the variants for which an α-helix was not predicted had the expected helix-
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breaking amino acid proline substituted at different positions and nevertheless remained 

functional.  

Together, the above findings confirm that amino acid residues in both the 

positively charged cluster and the predicted α-helical region are highly constrained in 

functional LtrA variants and provide additional insight into permissible amino acid 

substitutions in these regions. 

6.3 Library screening for altered target specificity 

To identify LtrA variants that can function efficiently with mutant DNA target 

sites, the same three doped LtrA libraries were screened against mutant DNA target sites 

containing the G–21T and T–23G mutations, the distal 5’-exon mutations giving the 

lowest insertion frequencies with the wild-type LtrA protein (Figure 6.2). Again, after 

selection of TetR colonies, the donor plasmids were re–isolated and assayed quantitatively 

to determine their mobility frequencies. The following scale was used: “+” indicates 

donor plasmids within a ± range of 1 standard deviation from the wild type; “++” 

indicates plasmids with mobility frequencies greater than the wild type by 1–2 standard 

deviations; “+++" indicates plasmids greater than the wild type by over 2 standard 

deviations. Mutant donor plasmids with mobility frequencies greater than the wild-type 

donor were assayed in parallel against wild-type, G-21T, and T-23G target sites to 

determine whether the increased mobility frequency reflected preference for a specific 

target site (Table 6.1). 
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6.3.1 Mutants that show a specificity switch with the T-23G target site 

The clearest results were obtained for two variants, H2-41 and H2-42 with the T-

23G target site. These variants showed substantially increased mobility with that target 

site and decreased mobility with the wild-type and G-21T target sites, the pattern 

expected for a specificity switch (Table 6.1). Both variants had the mutation Leu534His, 

with H2-42 having the additional mutation Asn532Thr. The specificity switch was 

confirmed by the experiment in Figure 6.4(a), which showed that both variants have 

greater than wild-type mobility frequencies with the T-23G target site (55 and 50% for 

H2-41 and H2-42, respectively, compared to 35% for wild type), but lower than wild-

type frequencies with T-23A, T-23C, and G-21T target sites. Based on compilations of 

amino acid-DNA base interactions in X-ray crystal structures, the wild-type Leu residue 

could interact specifically with a thymidine base via hydrophobic interactions with the 5-

methyl group, whereas the substituted His residue usually recognizes guanosine by 

hydrogen bonding, consistent with the observed specificity switch (Suzuki, 1994; Suzuki 

et al., 1995; Garvie & Wolberger, 2001; Luscombe et al., 2001). These findings suggest 

that the amino acid residue at position 534 may be involved in a specific interaction with 

the nucleotide residue at position –23 of the DNA target site. 

6.3.2 A mutant that shows increased insertion frequency with the G-21T target site 

Only one variant, P-24 in the positively charged cluster, had an increased mobility 

frequency with the G-21T target site, but not the wild-type or T-23G target sites (Table 

6.1). This variant has a single amino acid change Gly498Arg. Figure 6.4(b) shows that 

the mobility frequency of P-24 was significantly greater than wild-type for target sites 
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having the mutations G-21T (53 and 31%, respectively) or G-21A (71 and 46%, 

respectively), but about the same as wild-type for the G-21C and T-23G target sites. The 

original amino acid Gly498 is not expected to interact directly with G and the substituted 

amino acid residue Arg498 is not expected to interact favorably with T, and is instead 

expected to interact either specifically with G, or non-specifically with phosphates 

(Suzuki, 1994; Suzuki et al., 1995; Garvie & Wolberger, 2001; Luscombe et al., 1999). 

Considered together, these findings suggest that the increased mobility frequency of 

variant P-24 with G-21T does not reflect direct interaction of the altered amino acid 

residue with the base at position –21. It could instead reflect altered phosphate-backbone 

interactions or a protein structural change that affects the amino acid residue(s) that 

interact directly with target site position –21. 

6.3.3 Mutants that show increased mobility frequency with both the G-21T and T-

23G target sites 

The remaining hyperactive mutants identified in the screen showed increased 

mobility frequencies with the G-21T and/or T-23G target sites, but without a concomitant 

decrease in the mobility frequency for the wild-type target site, expected for a specificity 

switch. The best mutant in this category was P-21, which had normal levels of homing 

for the wild-type target site (95%) together with substantially increased homing 

frequencies for the T-23G and G-21T target sites (75 and 52%, respectively). This mutant 

has two amino acid substitutions: Lys499Met and Gln500Arg. Notably, the Gln500Arg 

mutation was found in four other variants that have increased mobility frequencies with 

both target sites (P-22, P-41, P-42, and P-43), whereas the Lys499Met was not found in 

 127



any other hyperactive mutants. The Gln500Arg mutation in the positively charged cluster 

is a candidate for an amino acid change that affects DNA binding affinity via interactions 

with the phosphate backbone. 

Other mutations that appeared in variants with increased mobility frequencies for 

both G-21T and T-23G were Gln497Arg/Leu/Glu/Asp, Lys499His/Glu/Typ, and 

Ala505Thr/Pro (P-22, P-23, P-24, P-25, P-26, P-41, and P-43), Leu526Phe (H1-21 & H1-

22), Asn532Ser/Thr (H2-22, H2-23, H2-25 & H2-42), Asn536Lys (H2-22 & H2-25), and 

Ala540Arg (H2-21). The general increase in mobility frequencies in these variants could 

again reflect effects on phosphate-backbone interactions. 

6.3.4 Secondary structure prediction for H1 and H2 variants selected with mutant 

target sites 

Secondary structure prediction for the H1 and H2 variants selected with the G-

21T and T-23G target sites were very similar to those selected against the wild-type 

target site in their proclivity for retention of the predicted α-helix, with the notable 

exception of H1 variants selected with the G-21T target site, where the predicted α-helix 

was disrupted in 40% of total active variants: in 5%, the helix was broken in two 

segments, and 35% were predicted to form β-sheets in this domain in lieu of the α-helix. 

These findings raise the possibility that H1 variants selected against the G-21T target site 

may have larger secondary and tertiary structure changes that facilitate alternate 

recognition of the mutant target site. The two variants H2-41 and H2-42 which display an 

apparent specificity switch for T-23G, both have a break in the predicted helix, adjacent 
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to the mutated amino acid Leu534His, again suggesting local distortion around the 

mutation to facilitate alternate recognition of the mutant DNA target site. 

6.4 Screening of libraries with single randomized amino acid residues 

A second approach for isolating LtrA mutants with altered target specificity was 

based on previous deoxyuridine substitution experiments, which indicated that the 

recognition of T-23 and T+5 by the LtrA protein includes a substantial contribution from 

the 5-methyl group (Singh and Lambowitz, 2001). Based on compilations of X-ray 

crystallographic data, the thymine 5-methyl group, which extends into the major groove, 

is almost always recognized by van der Waal's or hydrophobic interactions, with alanine 

and threonine (Suzuki, 1994; Suzuki et al., 1995; Garvie & Wolberg, 2001; Luscombe et 

al., 2001). The previous unigenic evolution analysis identified six highly conserved 

alanines and threonines in the DNA-binding domain (Ala505, Thr517, Ala523, Ala530, 

Thr533, and Ala540) (San Filippo and Lambowitz, 2002). Five of these (Ala505, Ala523, 

Ala530, Thr533, and Ala540), which were present in the “doped regions” analyzed 

above, were also found to be conserved in that screen, albeit with a higher proportion of 

amino acid substitutions reflecting the higher mutation frequency in the doped libraries 

(Figure 6.5). 

To investigate the contribution of the six conserved Ala and Thr residues to the 

recognition of T-23 and T+5, I constructed six LtrA libraries with random nucleotide 

residues substituted for each of the alanine or threonine codons, and then selected 

variants that were mobile with the mutant target sites T-23G and T+5G. For each 

library/DNA target site combination, 33 randomly selected donor plasmids were re-
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isolated and sequenced to assess whether there was selection for specific amino acid 

substitutions with the mutant DNA target sites (Figure 6.5). Individual donor plasmids 

having specific amino acid substitutions were then assayed quantitatively to determine 

mobility frequencies with wild-type and mutant DNA target sites (Figure 6.6). 

6.4.1 Ala530 mutants  

The clearest results were obtained for the Ala530, which lies in the predicted α-

helical region. With the T-23G target site, the Ala530X library showed a significant 

selection for positively charged residues (25% Arg and 21% His) (Figure 6.5(c)), which 

was not observed when the same library was tested against the T+5G target site (Figure 

6.5(i)), or with other libraries tested against the T-23G target site (Figure 6.5(a), (b), (d)-

(f)). The selection for positively charged residues is consistent with specific recognition 

of T-23G, since Arg, His and Lys can form highly specific H-bond contacts with guanine 

(Suzuki, 1994; Suzuki et al., 1995; Garvie & Wolberg, 2001; Luscombe et al., 2001). 

To determine whether or not there was a specificity switch, isolated donor 

plasmids containing these mutant proteins were assayed in the genetic system with DNA 

target sites containing each possible base at T–23 (Figure 6.6(a)). The data show that the 

mutants Ala530Arg and Ala530His had decreased mobility with the wild–type target site, 

but almost two–fold higher mobility with the T–23G target site compared to the wild–

type protein (62 and 57% respectively, compared to 35% for wild type). Both the 

Ala530Arg and Ala530His mutants also showed a smaller increase over the wild–type 

protein for T–23A, and a distinct decrease relative to wild–type protein for T–23C. The 

mutant Ala530Gly, which was the next most abundant amino acid recovered in the 
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library (12%) and not expected to favorably contact G or A, had mobility frequencies 

similar to that of the wild-type protein with all three base substitutions at T-23. Together, 

these results are consistent with the specific recognition of T-23 by the amino acid at 

position 530. Notably, in the helical wheel projection, Ala530 is close to Leu534, which 

was identified in the doped library screen as similarly affecting recognition of T-23 

(Figure 6.9; see Discussion). 

6.4.2 Ala523 mutants 

The Ala523X library tested against the T-23G target site also showed selection for 

specific amino acids that were not observed when the same library was tested against the 

T+5 target site (Figure 6.5(b) and (h), respectively). In this case, however, the strongest 

selection was for Gly (60%), with weaker selection for Arg and Lys (7% each). Mobility 

assays showed that all three amino acid substitutions result in substantially higher than 

wild-type mobility frequencies for T-23G (55-71% for the variants, compared to 35% for 

wild type) and equal, or only slightly higher than wild-type mobility frequencies with T-

23A and T-23C. The effect of the Ala523Gly mutation in increasing mobility frequencies 

with T-23G is unexpected since Gly generally plays a structural role and is not expected 

to make specific contact with G residues. It is noteworthy that the helical wheel 

projection shows that A523 lies in exactly the same region as Arg530 and Leu534, which 

may be involved in specific recognition of T-23, and it is possible that the Ala523Gly 

mutation exerts an indirect effect via one of these neighboring amino acid residues. 
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6.4.3 Ala540 mutants 

The Ala540X library showed a significant bias for selection of positively charged 

residues (24% Lys & 15% Arg) with the T+5G target site (Figure 6.5(j), but not with the 

T-23G target site (Figure 6.5(d)). In addition, Ala540Arg showed substantially higher 

mobility frequencies with T+5G and T+5A than with T+5C (35, 41 and 14%, 

respectively, compared to 19, 24 and 24%, respectively, for wild-type LtrA) (Figure 6.6). 

These effects, however, may be non-specific. The Ala540X library tested against A-20T 

showed a similar selection for Arg (46%), and mobility assays showed that Ala540Arg 

also has substantially increased mobility frequencies with A-20G and A-20T (69 and 

76%, respectively, compared to 47 and 53%, respectively, for wild type). In addition, the 

variant H2-21 selected from the doped libraries contained the single Ala540Arg mutation 

and had elevated homing frequencies with both the G-21T and T-23G target sites (50 and 

67%, respectively). These non-specific increases in mobility frequency with different 

mutant DNA target sites could reflect that Ala540 mutations non–specifically affect 

DNA-protein interactions, perhaps by strengthening DNA phosphate backbone contacts. 

Given the highly positive charged milieu of Ala540 (Arg537, Lys539, Lys541), this 

scenario seems plausible. 

6.4.4 A505, Thr517 and Thr533 mutants 

The remaining libraries gave in-conclusive results. When tested against the T-23G 

and T+5G target sites, the libraries A505X and Thr533X did not show significant 

selection for amino acids that could interact with G (Figure 6.5(a), (f), (g), (l)), while the 

Thr517X library showed substantial bias for Arg and Lys with both target sites (27% 
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Arg, 15% Lys, and 28% Glu with T-23G; 38% Lys and 30% Arg with T+5G; Figure 

6.5(e) & (k), respectively). However, when tested individually, the mutants Thr517Arg 

and Thr517Lys were unremarkable; mobility frequencies were essentially within the 

wild-type range for both T-23G and T+5G DNA target sites, and also with target sites 

having other base substitutions at these positions. Despite being selected from the library, 

the Thr517Glu mutation resulted in lower than wild-type mobility frequencies for T-23G, 

T-23A, T+5G and T+5A target sites. Given the similar selections and relative homing 

frequencies of Thr517Arg/Lys/Glu with both T–23G and T+5G, I conclude that these 

effects are non-specific.  

6.4.5 Mutations at other positions 

I screened other amino acid residues near Ala523 and Ala530 for potential gains-

of-function with T–23G, G–21T, A–20G, and T+5G target sites, using similarly 

randomized amino acid libraries (Figures 6.7 and 6.8). These residues were chosen based 

on conservation in unigenic evolution analysis, as well as the potential to form specific 

contacts. For example, G–21 could interact specifically with Lys or Arg, whereas A–20 

could be recognized by Gln or Asn (Suzuki, 1994; Suzuki et al., 1995; Garvie & 

Wolberg, 2001; Luscombe et al., 2001). 

A number of the mutant libraries showed substantial selection for the wild-type 

amino acid regardless of the target site. These included: Tyr527, Gly528, Tyr529, 

Glu535, Arg537, Lys539 and Lys541. All of these positions were also conserved in the 

unigenic evolution analysis and in the doped library screen. These amino acid residues 

could be required for DNA binding or protein structure.  
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A number of other amino acid positions showed selection for a specific amino 

acid residue but only slight increases in activity when tested with mutant DNA target 

sites. With G-21T, both Asn532X and Asn536X displayed preferences for serine (22 and 

32%, respectively), and the mutations Asn532Ser and Asn536Ser increased mobility 

frequencies with that target site to 53 and 46%, respectively (150 and 130%, 

respectively). With A-20G, Asn536X showed a preference for Arg (26%), and this 

substitution increased the mobility frequency with A-20G to 59% (125% wild type). 

Asn532 and Asn536 mutations were also found in the doped library screen in a number 

of variants that show increased mobility with both the G-21T and T-23G target sites  

(H2-22, H2-23, and H2-25) (Table 6.1). Thus, mutations at these positions appear to 

nonspecifically increase mobility frequency. With T-23G, Gln522X showed preference 

for 25% Leu and 17% Lys, with mobility frequencies of 42 ± 11 and 55 ± 19%, 

respectively, only slightly higher than wild type. Val525X revealed >35% preference for 

Asn/Gln with T–23G, and 38% Arg or Lys with G-21T, but these substitution did not 

result in significantly increased mobility frequencies with the mutant target sites. 

6.5 Discussion 

Here, I isolated DNA-binding domain mutants of the L. lactis LtrA that result in 

increased insertion frequency with DNA target sites having changes at key positions 

recognized by the protein. First, I used an E. coli plasmid assay to test all possible base 

substitutions at four DNA target site positions (T-23, G-21, A-20, and T+5) shown 

previously to be recognized directly by LtrA (Singh & Lambowitz, 2001). I found the 

lowest mobility frequencies for the mutations T-23G, G-21T, A-20G, and T+5G (35, 31, 
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47, and 19%, respectively). Next, I constructed libraries of LtrA protein mutants with 

random amino acid changes in two regions of the DNA-binding domain found previously 

to be important for intron mobility: the upstream cluster of positively charged amino 

acids and the downstream predicted α-helical region (San Filippo & Lambowitz, 2002). 

These libraries were then screened against the wild-type target site to identify 

functionally important amino acid residues, and the same libraries, as well as additional 

libraries randomized at a single amino acid positions, were screened against mutant DNA 

target sites to identify specificity-switch and hypermobile mutations. 

In the initial screen, LtrA variants that are functional with the wild-type DNA 

target site were selected from doped libraries having random amino acid substitutions in 

the upstream basic region (positions 496-505) and the downstream predicted α-helix 

(positions 522-541). These regions are not strongly conserved between different group II 

IEPs, but were suggested to be important based on the previous unigenic evolution 

analysis (San Filippo and Lambowitz, 2002). Here, I found that despite the higher 

mutation frequency in the doped libraries, both regions showed strong selection for 

amino acids found previously to be invariant or strongly conserved in the unigenic 

evolution analysis, confirming their functional importance. The single exception was 

Asn532, which had only one mutation in the unigenic evolution, but displayed many 

mutations in the doped library screen, presumably reflecting the higher mutation 

frequency of those libraries. In addition, the higher mutation frequency in the doped 

libraries revealed additional amino acid changes consistent with activity. A secondary 

structure prediction programs predicts conservation of the predicted α-helix in 80% of 
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highly active mutants, with the α-helix having an N-terminal extension in 30% of total 

variants and higher confidence scores in 45% of variants. Together, these findings 

confirm that the positively charged cluster and predicted α-helical region in the DNA-

binding domain of the IEP are important for intron mobility, and they pinpoint key amino 

acid residues in these regions. 

 By screening the libraries against mutant DNA target sites, I identified two amino 

acid positions Ala530 and Leu534, at which specific amino acid substitutions 

(Ala530Arg/His and Leu534His) change the DNA target site preference from T-23 to G-

23. The Ala530Arg/His mutations were identified by screening libraries at which single 

conserved Ala or Thr in the DNA-binding region were randomized, while the Leu534His 

mutation was identified by screening a doped library. All three mutations result in 

significantly higher than wild-type insertion frequencies with the T-23G target sites, 

significantly lower than wild-type insertions frequencies with the wild-type target site, 

and lower than or similar to wild-type frequencies with other mutant target sites. The 

amino acid/base combinations in these mutants are consistent with specific interactions. 

Thus, the wild-type residues Leu and Ala are the primary amino acids responsible for 

recognition of the thymidine 5-methyl group, which generally occurs via hydrophobic 

interactions, while the substituted amino acids Arg and His are predicted to interact 

specifically with guanosine bases via hydrogen bonds (Suzuki, 1994; Suzuki et al., 1995; 

Garvie & Wolberg, 2001; Luscombe et al., 2001). In the screen of conserved Ala and Thr 

residues, I also identified a third position, Ala523, at which mutations 

(Ala523Gly/Arg/Lys) result in increased preference for the T-23G target site. However, 
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the effect of Gly at this position is not expected for a specific amino acid contact with G, 

and it is possible the mutations at this position affect the recognition of DNA position –

23 indirectly. 

Figure 6.9 shows that all three of the above amino acid residues, which have the 

most specific effects on recognition of position –23, lay upon the same surface of a 

projected α-helical wheel. Ala523 and Ala530 both lie on the same surface node of the α-

helix, whereas Leu534 is on the adjacent helical node. Although it is unlikely that all 

three of these residues make simultaneous contacts with T-23, the mutations may allow 

the formation of new specific contacts based on pre-existing or newly induced proximity. 

In fact, the predicted secondary structures for all of these gain-of-function mutant 

proteins (Ala523Gly, Ala530Arg/Lys, and Leu534His), suggest that the α-helix is locally 

disturbed around the mutated amino acid residue, presumably allowing the formation of 

new contacts with altered DNA target sites. 

Regional doping identified a single variant P-24 that has an increased mobility 

frequency with G-21T, but not with T-23G. This variant contains the single amino acid 

substitution Gly498Arg and also shows increased mobility frequency with G-21A, but 

not G-21C. The recognition pattern is not consistent with that predicted for direct 

interaction: the wild-type Gly residue is not predicted to recognize G, while the 

substituted Arg residue is not predicted to recognize T nor A (Suzuki, 1994; Suzuki et al., 

1995; Garvie & Wolberg, 2001, Luscombe et al., 2001). The redundant preference for T 

or A bases by Gly498Arg may reflect the nature of this interaction; minor groove 

recognition could occur by indiscriminate hydrogen pair bonding of the A:T or T:A base 
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pair (Luscombe & Thornton, 2002; Moravek et al., 2002), but this scenario is unlikely 

since DNA footprinting studies indicate that G-21 is recognized in the major groove 

(Singh & Lambowitz, 2001). Alternatively, the mutation of Gly498Arg may re-position 

this sub-domain, or increases the local charge within an already highly positively charged 

cluster, thereby increasing non-specific phosphate backbone contacts in this region. 

Indeed, over 2/3 of all protein-DNA contacts are attributed to phosphate-backbone 

interactions, and these amino acid residues are often the most conserved in DNA-binding 

domains (Luscombe et al., 2001). Furthermore, protein and DNA can accommodate base-

pair variations by altering their three-dimensional structures to maintain similar 

interactions (Luscombe et al., 2002). 

In addition to the above mutations, which increase insertion frequency with 

specific DNA target sites, I identified a number of other mutations in the DNA-binding 

region that non-specifically increased insertion frequency with different mutant DNA 

target sites. Indeed, such mutations were surprisingly common. The mutations that have 

this effect include Gln500Arg, which was identified in a number of variants in the doped 

library screen (Table 6.1; Figure 6.3), Ala540Arg, and Asn536Arg, which were identified 

in the single amino acid screens in the predicted α-helical region. All of these mutations 

place additional positively charged residues in a pre-existing basic region and could act 

by providing additional DNA phosphate backbone contacts. The mutationsAsn532Ser 

and Asn536Ser also appear to non-specifically increase insertion frequency with mutant 

DNA target sites. I cannot exclude that these general gain-of-function mutants have very 

non-specific modes of action; e.g., increasing RNA splicing, stability, or solubility of 
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LtrA protein, or enhancing RNA interactions. Ideally, I would like to directly assay the 

effect of the mutations on DNA binding affinity. However, such an assay does not 

currently exist, because the initial association of RNPs with the target DNA is dictated by 

non-specific binding, and because free LtrA proteins also binds non-specifically and is 

prone to irreversible denaturation in the absence of the intron RNA (Singh & Lambowitz, 

2001; Aizawa et al., 2003). 

The finding that amino acid residues that affect the specific recognition of 

position –23 are in a predicted α-helix is satisfying because a major groove binding α-

helix is the most common protein structural element used for specific base recognition 

(Church et al., 1977; Luscombe et al., 2002). Figure 6.10 shows models for insertion of 

LtrA’s predicted DNA binding domain α-helix (Ala523-Ala540) into the major groove of 

the Ll.LtrB DNA target site containing positions –23, -21, and –20. The model 

incorporates my genetic data and assumes B-form DNA. One side of this helix contains 

several important hydrophobic residues and can be positioned into the major groove, such 

that Ala530 and Leu534 are in proximity to contact T-23. With this one fixed point of 

contact, the α-helix can be drawn in either of two orientations leading to the models in 

Figures 6.10(a) and (b). 

In the first model (a), Tyr527, Asn532, Glu535, Asn536, Arg537 and Lys539 all 

appear poised to make numerous contacts with the phosphate backbone on both DNA 

strands between C-22 and C-18 (Figure 6.10(a)). Previous ethylation-interference 

analyses suggested that LtrA interacts with numerous DNA phosphates on either or both 

DNA strands from positions G-24 through G-21, and T-19 through G-15 (Singh & 
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Lambowitz, 2001). In agreement with these observed protections, Tyr527 is close to the 

phosphate group on the sense strand at -24, and Arg537 is in proximity with sense strand 

phosphates at -22 and -21. Similarly, Lys539 is poised to contact anti-sense strand 

phosphate groups at -19 and -18. This model also suggests that Arg531, Arg537 and 

Leu538 could make specific contacts with the G:C base-pair at position -21. Arg531 

could interact with G via hydrogen bonding, while Leu538 could interact with C via van 

der Waal contacts (Luscombe et al., 2001). This model places many polar residues, such 

as Tyr529 and Thr533, on the outer face of the α-helix, which does not contact the DNA 

at all. The observed conservation of these polar residues could reflect they are necessary 

for solubility, to maintain the structure of the α-helix, or for interactions with other 

regions of the protein. 

In the model of Figure 6.10(b), with the α-helix in the opposite orientation, many 

of the charged residues, such as Arg531, Asn536 and Lys539, face away from the DNA 

and do not make any noticeable contacts. The sole exception is Arg537, which appears to 

contact a sense strand phosphate near G-24. The polar residues Tyr527 and Tyr529 face 

the DNA surface, and by a slight altering of bond angles, Tyr529 could possibly 

intercalate the DNA between G-21 and A-20; Tyr527 could also intercalate the adjacent 

base-stack between C-22 and G-21. Alternatively, Tyr527 could contact sense strand 

phosphate groups at C-22 and G-21, whereas Tyr529 may interact with the anti-sense 

strand phosphate group at -19, compatible with the ethylation-interference data. 

However, due to the decrease in stable phosphate contacts, this scenario seems less 

plausible than the model in Figure 6.10(a). 
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The model in Figure 6.10(a) is similar to observed DNA-binding interactions in 

other proteins, such as the Aspergillus nidulans GATA transcription factor AREA and 

EcoRV endonuclease (both have solved structures), where an α-helix uses hydrophobic 

interactions to recognize thymine 5-methyl groups in the major groove, while using basic 

residues for numerous non-specific contacts along the sugar-phosphate backbone (Starich 

et al., 1998; Martin et al., 1999). In addition to the α-helix, my genetic data suggest that 

the upstream cluster of positively charged amino acids (Lys496-Arg502) may non-

specifically influence DNA binding through phosphate backbone contacts, since 

particular mutations at two positions (Gly498Arg and Gln500Arg) result in non-specific 

gains-of-function for mutant DNA target sites. Such additional phosphate contacts could 

involve positions -18 through -14 which are sites of potential protein contacts based on 

ethylation-interference experiments. 

The specificity switch and hypermobile mutants isolated here may have practical 

applications in gene targeting. The Lambowitz laboratory has previously shown that 

group II introns can be retargeted to insert into a wide variety of genes in various 

organisms, through re-scripting of the EBS1, EBS2 and δ sequences (Guo et al., 2000, 

Karberg et al., 2001, Frazier et al., 2003, Zhong et al., 2003; Perutka et al.; 2003). 

Although there is sufficient flexibility in the positions recognized by the IEP to identify 

multiple target sites in any gene, the range of target sites as well as the efficiency at some 

targets is clearly limited by these fixed protein interactions. By using LtrA variants with 

DNA-binding domain that change specific base recognition, it should be possible to both 
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increase the mobility frequencies of designed introns and expand the range of potential 

target sites. 

6.6 Summary 

 Here, I used an E. coli genetic assay to screen libraries of LtrA DNA-binding 

domain mutants for those that have increased mobility frequency with mutant DNA target 

sites. I identified two amino acid positions, Ala530 and Leu534, at which specific amino 

acid substitutions change the DNA target preference from T-23 to G-23. These amino 

acid residues lie close to each other in a predicted α-helix of the C-terminal DNA-binding 

domain, and the pattern of amino acid substitutions is consistent with direct interaction 

with the base at position –23. I also identified a number of other amino acid positions at 

which mutations nonspecifically increase insertion frequencies with mutant DNA target 

sites, possibly due to strengthening of DNA phosphate-backbone contacts. My results 

suggest a model for DNA target site recognition in which specific amino acid residues in 

the predicted α-helix in the DNA-binding domain interact in the major groove with 

specific bases in the distal 5’-exon region of the DNA target site. This model provides a 

framework for a critical set of interactions involved in DNA target site recognition. The 

information obtained can be applied to create customized RNPs with high homing 

frequencies for specific DNA target sites, further expanding the application of group II 

introns in gene targeting. 

6.7 Material and Methods 

6.7.1 E. coli strains and growth conditions 

E. coli BL21(DE3) was used for LtrA protein expression, HMS174(DE3) for 
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group II intron mobility assays and unigenic evolution, and DH10B for library 

construction and cloning. Bacteria were grown in LB or SOB media, with antibiotics 

added at the following concentrations: ampicillin, 100 µg/ml; chloramphenicol, 25 µg/ml; 

tetracycline, 25 µg/ml. 

6.7.2 Recombinant plasmids and mutant libraries 

pBRR3–ltrB, the recipient plasmid used for genetic 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 et al., 2000, Karberg et al, 2001). 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 similarly digested pBRR3–ltrB, 

which had been treated with calf intestinal alkaline phosphatase (CI–AP) (Invitrogen, 

Carlsbad, CA). 

pACD2, the intron donor plasmid used in mobility assays, contains a 940–nt 

Ll.LtrB–∆ORF intron with a T7 promoter inserted in intron domain IV (Guo et al., 2000; 

Karberg et al, 2001). The intron and flanking exons are cloned downstream of an IPTG–

inducible T7lac promoter in a CamR pACYC184–derivative, with the LtrA protein 

expressed from a position downstream of the 3' exon. pACD2X is a derivative of pACD2 

that contains an XhoI site inserted 8 bp downstream of the LtrA ORF termination codon 

to facilitate introduction of mutations (San Filippo & Lambowitz, 2002). 
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Libraries of intron donor plasmids in which different segments of the LtrA ORF 

were partially randomized ("doped") were constructed via PCR using pACD2X as a 

template with a different mutant DNA primer (58–74 nts) containing the doped region 

(70% wild–type nucleotide residue and 10% of each of the other three nucleotide 

residues) and a fixed primer, either P8A (5’–TGGGGGATCCCGTATGAGATAAAGC) 

for H1 and H2 libraries, or AAT2 (5’-AGGAAGTATTTTCATCAGACGTCCCACAT 

AATT) for the P library. The PCR products were digested with BamHI and AatII to 

generate 176–bp fragments that were gel-purified and swapped for the corresponding 

fragment of pACD2X, which had been similarly digested and then treated with CI–AP 

(Invitrogen, Carlsbad, CA). 

 Libraries encoding LtrA mutants randomized at single amino acid residues were 

constructed by two–step PCRs using Vent polymerase, with the randomized codons 

introduced via one of the primers (Sarkar & Sommer, 1990). The first PCR used 

pACD2X as template with a 5’-primer (27–36 nts) containing the randomized codon and 

the 3’ primer LtrAXho1 (5’–CGAGAACGGGTGCTCGAGATATCTCACTTGTGTTTA 

TGAATCACG). The resulting  PCR products (220–320 bp) were gel–purified and used 

as the 3'-primer in a second PCR with 5'-primer P7A (5’–TGAACTCCGCGGGATTTGT 

AATTACTAC), which corresponds to a sequence 169 bp upstream of the BamHI site. 

The final 526-bp PCR product was gel–purified and digested with BamHI and AatII, 

generating a 176-bp fragment, which was swapped for the corresponding fragment of 

pACD2X. The modified C–terminal region was sequenced completely, using primer P7A 

(see above) to insure that no adventitious mutations had been introduced via PCR. 
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6.7.3 Intron mobility assays 

Intron mobility was assayed by using a genetic system in which a modified 

Ll.LtrB intron containing a phage T7 promoter inserted near its 3' end inserts into a target 

site upstream of a promoterless tetR gene, thereby activating the expression of that gene 

(Guo et al., 2000; Karberg et al., 2001). The mobility assays used intron donor plasmid 

pACD2 encoding the Ll.LtrB intron with wild-type or mutant LtrA proteins, and the 

recipient plasmid pBRR3–ltrB, containing wild-type or mutant Ll.LtrB target sites, 

cloned upstream of the promoterless tetR gene. The donor plasmid was electroporated into 

E. coli HMS174(DE3) harboring the recipient plasmid, and cells were grown overnight at 

37°C in LB medium containing chloramphenicol and ampicillin. The cells were then 

incubated with 100 µM IPTG for 1 h at 37°C, washed with cold LB, diluted, and plated 

onto LB medium containing ampicillin without or with tetracycline to select TetR+AmpR 

colonies in which the intron had inserted into the target site (Guo et al., 2000). Mobility 

frequencies are defined as the ratio of TetR+AmpR/AmpR colonies. 

Mobility assays with “doped” and “single randomized amino acid” plasmid 

libraries were carried out as above, except that IPTG induction was omitted in order to 

increase the stringency of the selection for only the most efficient introns (Guo et al., 

2000). The diversity of the initial doped pools was ~ 2.6 x 105, 2.0 x 105, and 1.7 x 105 

for the P, H1, and H2 libraries, respectively. From these libraries, 1.5–2.5 x 108 

AmpR+CamR cotransformants were obtained of which, 0.004 to 0.55% gave TetR 

colonies, depending on the target site. Experiments for the single randomized amino acid 

libraries were conducted as with the doped libraries. The average diversity of these initial 
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pools was 9 x 103, yielding an average of ~ 3.5 x 107 AmpR+CamR cotransformants, of 

which 0.2 to 4% were TetR, depending on the target site. 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. Donor 

plasmids containing individual variants were re–isolated by transforming mini–prepped 

DNA into HMS174(DE3) and plating onto LB medium plus chloramphenicol. The re–

isolated donor plasmids were sequenced using primer P7A (see above), and then retested 

in mobility assays to determine mobility frequencies for individual LtrA variants. 
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Figure 6.1 

 

Figure 6.1. Diagrams of the LtrA protein encoded by the L. lactis Ll.LtrB group II intron 
and DNA target site interactions. (a) LtrA protein. The N–terminal RT domain contains 
seven conserved RT sequence motifs (I-VII) with an upstream region Z region 
characteristic of the RTs of non–LTR retroelements. Domain X is a putative RNA 
binding domain required for RNA splicing (maturase) activity. Following domain X are 
the DNA–binding (D) and DNA endonuclease (En) domains, with the latter containing 
conserved sequence motifs characteristic of H–N–H DNA endonucleases, interspersed 
with two pairs of conserved cysteine residues. The expanded region below shows the 
amino acid sequence of the DNA-binding domain, with the regions corresponding to the 
conserved cluster of basic amino acids and predicted α-helix indicated above, and amino 
acid substitutions found in functional LtrA variants in the previous unigenic evolution 
analysis shown below (San Filippo & Lambowitz, 2002). Multiple occurrences of the 
same amino acid residue substitution in different variants are indicated by the number of 
appearances. (b) Model of the DNA target site interactions (modified from Singh & 
Lambowitz, 2001). The DNA target site is shown as a conventional B-form helix in the 
space–filling model, but the actual DNA structure in the complex is unknown. According 
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to the model, the LtrA protein first recognizes a small number of specific bases in the 
distal 5'–exon region, including T–23, G–21, and A–20 (shown in bold) via major groove 
interactions (Singh & Lambowitz, 2001). These base interactions bolstered by phosphate 
backbone interactions along one face of the helix (top strand G–24 and G–21, bottom 
strand T–19 to G–15, and top strand A–14 and A–13) trigger local DNA unwinding, 
enabling the intron RNA sequences EBS2 (Exon Binding Sequence), EBS1 & δ (shown 
in light grey) to base–pair with complementary DNA sequences IBS2 (Intron Binding 
Site), IBS1 & δ’. These interactions extend from C–12 through T+3. Second-strand 
cleavage between positions +9 and +10 occurs after a lag and requires additional 
interactions of the IEP with the 3' exon, the most critical being recognition of T+5 (bold) 
(Guo et al., 1997; Guo et al., 2000; Mohr et al., 2000; Singh & Lambowitz, 2001). 
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Figure 6.2 

 
 
Figure 6.2.  Plasmid-based mobility assay and effect of mutations at critical DNA target 
site residues on intron mobility. (a) Plasmid-based mobility assay. The CamR intron 
donor plasmid pACD2X contains an Ll.LtrB–∆ORF intron (940 nt) with a phage T7 
promoter near its 3' end. The intron is cloned behind a T7lac promoter, with the LtrA 
protein expressed from a position just downstream of the 3' exon. The AmpR recipient 
plasmid pBRR3–ltrB contains the 45-bp Ll.LtrB target site (ligated E1–E2 sequence), 
located upstream of a promoterless tetR gene. Insertion of the intron containing the phage 
T7 promoter into the DNA target site activates the expression of the tetR gene, permitting 
growth on medium containing ampicillin and tetracycline (Guo et al., 2000). (b) Effect of 
DNA target site mutations at four positions critical for recognition by the IEP. Mobility 
frequencies for the wild-type Ll.LtrB intron with DNA target sites having the indicated 
mutations were determined by using the E. coli two-plasmid assay in panel (a). The wild-
type nucleotide residues at each position is shown in bold with mobility frequency 
depicted by a black bar, while mobility frequency with mutant DNA target sites are 
depicted by gray bars. Mobility frequencies are defined as the ratio of TetR+AmpR/AmpR 
colonies normalized to the frequency for the wild-type target site assayed in parallel (Guo 
et al., 2000) The values are the mean plus or minus the standard deviations for at least 
three independent assays in each case. 
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Figure 6.3 
 

 
Figure 6.3. Identification of critical amino acid residues within the DNA-binding region 
of LtrA. Mobility assays were carried out using the E. coli plasmid assay with donor 
plasmid libraries in which three 10-aa regions of LtrA protein were partially randomized 
(“doped”) with 70% wild-type nucleotide residues and 10% of each non-wild-type 
nucleotide residue. The partially randomized segments were the conserved cluster of 
positively charged amino acids (P; Lys496-Ala505) and two halves of the predicted α-
helix (H1; Gln522–Arg531) and (H2; Asn532–Lys541). After selection of TetR + AmpR 
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colonies, donor plasmids were re-isolated, sequenced, and assayed individually to 
determine mobility frequency. Highly active donor plasmids were sequenced. In each 
panel, the wild–type LtrA sequence is shown at the top with amino acid substitutions 
found in active variants found in the previous unigenic evolution analysis shown above 
(see Fig. 6.1(a); San Filippo & Lambowitz, 2002). Each panel shows amino acid 
sequences for twenty active variants selected with the (a) wild-type, (b) G-21T, and (c) T-
23G target sites. Wild-type and mutant amino acid residues are shown in upper and 
lowercase, respectively. Amino acid residues that were invariant or replaced only by 
functionally similar amino acids in ≥ 95% of the active variants are shown in white letters 
on black shading, and amino acid residues that have ≥75% identity or similarity are 
shaded grey. Similar amino acids residues were defined as S=T>(D,E,A,N,G), 
D=E>(Q,K), Q>(R,K), N>(D,H), R=K, L=I=V=M > F=Y=W, where = and > indicate 
frequent and less frequent substitutions in homologous proteins (Henikoff & Henikoff, 
1992). Mobility frequencies are classified according to the following scale: “+”, mobility 
frequency ± one standard deviation of that for donor plasmid with wild–type LtrA protein 
(wild–type target site, 70–100%; G–21T, 29–41%; T–23G, 26–36%); “++”, mobility 
frequency one to two standard deviations higher than wild-type LtrA (G–21T, 42–48%; 
T–23G, 37–42%); “+++”, mobility frequency more than two standard deviations higher 
than for wild-type LtrA (G–21T, ≥ 49%; T–23G, ≥ 43%). 
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Figure 6.4 
 
 

 
 
 
 
 
Figure 6.4. Mobility frequencies with LtrA variants isolated from “doped” donor plasmid 
libraries. Mobility frequencies for the wild-type and variant donor plasmid (a) H2-41 and 
H2-42 and (b) P-24 were determined with wild-type and the indicated mutant DNA target 
sites by using the E. coli two-plasmid assay shown in Figure 6.2(a). The values are the 
mean ± the standard deviation (error bars) for three independent assays relative to the 
wild-type intron with the wild-type target site assayed in parallel. 
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Figure 6.5 

 

Figure 6.5.  Selection of LtrA variants that support integration into mutant T-23G or 
T+5G DNA target sites from donor plasmid libraries in which conserved Ala or Thr 
residues in the DNA-binding domain were randomized. Introns that insert into mutant 
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target sites T-23G or T+5 were isolated using the E. coli two-plasmid assay shown in 
Figure 6.2(a). For each library/DNA target site combination, 33 donor plasmids that gave 
integrations were re-isolated and sequenced to determine if there was a bias for proteins 
containing specific amino acid substitutions. The pie charts show the amino acid 
distribution for the following library/DNA target site combinations: (a) Ala505X/T-23G, 
(b) Ala523X/T-23G, (c) Ala530X/T-23G, (d) Ala540X/T-23G, (e) Thr517X/T-23G, (f) 
Thr533X/T-23G, (g) Ala505X/T+5G, (h) Ala523X/T+5G, (i) Ala530X/T+5G, (j) 
Ala540X/T+5G, (k) Thr517X/T+5G, (l) Thr533X/T+5G. The wild-type amino acid at the 
selected position is indicated by (WT) in the pie chart. X indicates randomization. 
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Figure 6.6 
 
 
 

 
 
 
Figure 6.6. Mobility frequencies with individual LtrA variants isolated from single 
amino acid randomized libraries. Mobility frequencies for the wild-type and variant 
donor plasmid were determined with wild-type and the indicated mutant DNA target sites 
by using the E. coli two-plasmid assay as in Figure 6.2(a). The following combinations 
were tested: (a) Ala530Arg/His/Gly with T-23X, (b) Ala523Arg/Lys/Gly with T-23X, (c) 
Ala540Arg/Lys with T+5X, (d) Ala540Arg/Lys with A-20X, (e) Thr517Arg/Lys/Glu 
with T-23X, (f) Thr517Arg/Lys/Glu with T+5X, where X indicates all possible 
nucleotide residues. The values are the mean ± the standard deviation (error bars) for 
three independent assays relative to the wild-type intron with the wild-type target site 
assayed in parallel.  
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Figure 6.7 
 

 
 
Figure 6.7. Selection of LtrA variants that support integration into mutant T-23G or G-
21T DNA target sites from donor plasmid libraries in which conserved residues in the 
DNA-binding domain were randomized. Introns that insert into mutant target sites T-23G 
or G-21T were isolated using the E. coli two-plasmid assay shown in Figure 6.2. For each 
library/DNA target site combination, 33 donor plasmids that gave integrations were re-
isolated and sequenced to determine if there was a bias for proteins containing specific 
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amino acid substitutions. The pie charts show the amino acid distribution for the 
following library/DNA target site combinations: (a) Gln522X/T-23G, (b) Val525X/T-
23G, (c) Tyr527X/T-23G, (d) Tyr529X/T-23G, (e) Val525X/G-21T, (f) Tyr527X/G-21T, 
(g) Gly528X/G-21T, (h) Tyr529X/G-21T, (i) Asn532X/G-21T, (j) Thr533X/G-21T, (k) 
Glu535X/G-21T, (l) Asn536X/G-21T, (m) Arg537X/G-21T, (n) Lys539X/G-21T (o) 
Lys541X/G-21T. The wild-type amino acid at the selected position is indicated by (WT) 
in the pie chart. X indicates randomization. 
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Figure 6.8 
 

 
 

Figure 6.8. Selection of LtrA variants that support integration into mutant A-20G DNA 
target sites from donor plasmid libraries in which conserved residues in the DNA-binding 
domain were randomized. Introns that insert into mutant target sites A-20G were isolated 
using the E. coli two-plasmid assay shown in Figure 6.2. For each library/DNA target site 
combination, 33 donor plasmids that gave integrations were re-isolated and sequenced to 
determine if there was a bias for proteins containing specific amino acid substitutions. 
The pie charts show the amino acid distribution for the following library/DNA target site 
combinations: (a) Tyr527X/A-20G, (b) Tyr529X/A-20G, (c) Asn532X/A-20G, (d) 
Thr533X/A-20G, (e) Glu535X/A-20G, (f) Asn536X/A-20G, (g) Ala540X/A-20G. The 
wild-type amino acid at the selected position is indicated by (WT) in the pie chart. X 
indicates randomization. 
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Figure 6.9 
 
 

 
 

  
 

Figure 6.9. Helical wheel projection of the predicted α-helix. Model of the putative α-

helix in LtrA’s DNA-binding domain extending from residues A523-A540 and is color 

coded based on results from the genetic assays. Amino acids that are invariant or highly 

conserved in selections with the wild-type Ll.LtrB DNA target are colored red or pink, 

respectively. Amino acid residues suspected of interacting with position T-23 in the DNA 

target site are colored green. Circled amino acid residues are those at which mutations 

increase mobility frequencies with both the T-23G and G-21T target sites. 
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Figure 6.10 
 

 
 
 
Figure 6.10. Three-dimensional model of the LtrA DNA-binding domain α-helix 
interacting with a DNA target site. The wild-type Ll.LtrB target site is shown as a B-form 
duplex DNA from C-25 to T-16, and LtrA protein Ala523 to Ala540 is depicted as an α-
helix, with the N- and C-terminal ends indicated. The DNA sense strand is colored white 
and labeled from 5’- to 3’-end, and the antisense strand is colored grey. Important bases 
are colored as follows: T-23: green, G-21: light blue, A-20: red. The oxygen groups of 
important phosphate residues, identified by ethylation modification-interference studies, 
are colored dark or light pink, indicating strong or weak protection, respectively (Singh & 
Lambowitz, 2001). The protein α -helix is represented as a yellow ribbon, and the peptide 
backbone is also yellow. Other protein atoms are colored as follows: carbon, green; 
hydrogen, grey; nitrogen, dark blue; oxygen, red. The molecules were drawn with Insight 
II (MSI, San Diego, CA) and were docked by hand into the DNA major groove to permit 
putative hydrophobic interactions between Ala530, Leu534, and T-23. (a) and (b) show 
models for opposite orientations of the α -helix. 
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