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Abstract

The E. coli bacteriophage T4 has fifteen homing endonuclease gene insertions, 

five of which are predicted to be free-standing HNH homing endonucleases, named mobA 

to mobE. The focus of my studies is the mobE homing endonuclease gene found inserted 

between the conserved aerobic ribonucleotide reductase large (nrdA) and small subunits 

(nrdB). I showed that mobE is expressed during T4 infection, and a conserved Rho- 

independent transcriptional terminator regulates mobE expression. I demonstrated that 

mobE is a functional homing endonuclease gene that introduces a nick on the non-coding 

strand of the T2 nrdB gene. In T2xT4 mixed infections, mobE is inherited in -91.3% of 

the progeny and the inheritance was reduced to -72.8% in infections with T4 bearing a 

mobE internal deletion of the predicted HNH motif. Consequently, MobE activity also 

causes trans homing of the defunct I-TevIII homing endonuclease gene encoded within an 

intron interrupting the T2 nrdB gene.

Keywords: HNH homing endonuclease; strand-specific nicking; I-TevllE, mobE; phage 

T4; phage T2; T-even phage; trans homing pathway; post-transcriptional regulation; 

homing endonuclease evolution
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Introduction_____________________________________________________________

1.1 Mobile genetic elements

Mobile genetic elements are sequences of DNA that are capable of movement 

within an organism’s genome or between one organism’s genome to another (1). 

Typically, the mobile genetic element encodes the enzymes necessary for the mobility 

and the maintenance of the element within the host genome. The movement of mobile 

DNA significantly contributes to the genome dynamics of the host organisms and the 

horizontal transfer of genetic information. Mobile genetic elements occupy a large 

proportion of an organism’s genome; for example, -45% of the human genome is 

composed of these elements (2). The movement of these elements can cause various 

gene rearrangements and mutations in an organism’s genome, including gene conversion, 

duplication, deletion, and disruption events (1). The effect of the aforementioned 

mutations can have a deleterious effect on an organism’s viability, for example mobile 

genetic elements have been implicated in cell transformation in humans (1,3). Moreover, 

the study of these elements is essential to understand the function and role of the different 

sequences present in an organism’s genome.

Mobile genetic elements are predominantly considered selfish conferring no 

selective advantage to their hosts; the sole purpose of their encoded genes is the 

propagation and spread of themselves (4-6). Notable selfish genetic elements include 

retrotransposons such as the Alu sequence in eukaryotes, DNA transposons such as 

insertion sequence elements in prokaryotes, and homing endonuclease genes (HEGs) that 

are found in a range of organisms (7-9). Nonetheless, some mobile genetic elements 

have collected gene insertions that are beneficial to their host for example, antibiotic
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resistance genes, virulence genes, and iron uptake genes (10). One interesting exception 

to the trend of mobile genetic elements being selfish is the staphylococcal cassette 

chromosome (11). The cassette chromosome encodes the methicillin resistance gene, 

which is the primary cause of methicillin resistant Staphylococcus aureus. Collectively, 

the effects caused by the movement of mobile genetic elements whether neutral, 

deleterious or beneficial highlight the importance of their molecular biology and 

evolution.

1.2 Homing Endonucleases -  general properties

HEGs are selfish mobile genetic elements that are found in unicellular eukaryotes, 

bacteria, and bacteriophage (9,12). HEGs are often found encoded in an intron or intein 

that is inserted within a conserved gene, or as a free-standing ORE between two 

conserved genes (Figure 1). The HEG encodes a site-specific DNA endonuclease that 

catalyzes a sequence-specific break in the DNA of a genome lacking the HEG insertion. 

These breaks promote mobility of the HEG through the homing pathway, leading to 

dominant non-mendelian inheritance of the HEG and its flanking sequence (Discussed in 

section 1.5). The movement of HEGs causes DNA to be shuffled between related 

genomes, implicating them as a major source of genetic variability.

1.3 Homing endonuclease families and structure

Homing endonucleases are categorized into different families based on conserved 

amino acids in their catalytic motifs. The known families are, HNH, GIY-YIG, 

LAGLIDADG, His-Cys-Box, and the recently discovered PD-(D/E)-XK and VSR-like



Figure 1. Endonuclease mediated homing pathways. The three types of homing 

endonuclease insertions are shown. Intron encoded homing endonucleases are spliced 

out at the transcript level, which results in an intact host gene mRNA and HEG mRNA. 

Intein encoded homing endonucleases are spliced out at the protein level, which results in 

an intact host gene protein and the HEG protein. Finally, free-standing homing 

endonucleases are independent ORFs, thus they do not undergo any splicing reactions for 

their expression. Figure adapted from (22).



4

Intron Encoded

HEG

ORF

Intein Encoded 

HEG

Free-standing

ORF1 HEG ORF2

Transcription 

Exon 1 Intron Exon 2
I

Splicing ^

HEG ORF

Translation I
HEG ORF

TranscriptionI
N-extein Intein C-extein

Splicing 1
HEG

-*6

Transcription I
HEG

TranslationI
HEG

ORF



5

families (9,13,14). Typically, homing endonucleases have one of three general 

structures; homodimers and pseudosymmetric monomers, or an elongated structure 

consisting of distinct DNA binding and catalytic domain (9). Both of the aforementioned 

structures cause the homing endonuclease to have an extended target site of 14-36bp. 

However, the number of base-specific contacts made by homing endonucleases to their 

substrate are many fewer than are made by restriction enzymes, which have shorter target 

sites and more base-specific contacts to their substrates (9,15). The majority of these 

sequence-specific contacts are hydrogen bonds and nonpolar van der Waals interactions 

through the major groove of DNA (16). For example, the restriction enzyme EcoRI has a 

6bp target site with 28 base-specific contacts, whereas the homing endonuclease I-Hmul 

has a 24bp target site with 14 base-specific contacts (15,17). Furthermore, restriction 

enzymes, unlike homing endonucleases, tend to be intolerant of substitutions in their 

target sites (15). The length of the homing endonuclease target site and the number of 

base-specific contacts highlights an important feature of homing endonucleases that is 

discussed further in section 1.7(i).

1.4 HNH homing endonucleases

The focus of my thesis is the HNH homing endonuclease family, which are 

named after the conserved histidine (H) and asparagine (N) amino acids found in their 

active sites (9). Homing endonucleases containing the HNH motif are predominantly 

found in phage, however, they have also been found in the chloroplasts of green algae. 

The key feature of the HNH endonucleases family is the type of DNA strand breaks they 

catalyze. Unlike the other families that catalyze DSBs, the HNH family has been shown
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to catalyze strand-specific DNA nicks (9,18-20). The homing pathway initiated by a 

DNA nick is poorly understood, when compared to the abundance of information 

regarding the homing pathway initiated by a DSB (see section 1.5) (21,22). The HNH 

family of homing endonucleases are members of a larger group of enzymes containing 

the same motif (9). These enzymes include tranposases, restriction endonucleases, and 

the closely related bacterial colicins. Typically, the HNH motif is found within a protein 

containing multiple domains. For example, the Escherichia coli colicin E9 is a microbial 

toxin that kills bacteria through the introduction of non-specific DNA nicks in their 

genomes (23,24). The colicin E9 protein contains three domains, an N-terminal 

translocation domain, a central surface receptor binding domain, and a HNH motif- 

containing C-terminal catalytic domain. Homing endonucleases containing the HNH 

motif have a two-domain structure, an N-terminal catalytic domain and a C-terminal 

DNA-binding domain (9).

The active site structure of HNH endonucleases is a conserved |3pa-metal 

nuclease fold, which is responsible for the catalysis of strand-specific DNA breaks (9,17) 

(Figure 2). For nicking to occur, the nuclease fold requires a divalent metal ion to be co

coordinated by the HNH motif. The (3(3a-metal nuclease fold interacts non-specifically 

with the DNA phosphate backbone to nick the DNA substrate. To compensate for the 

lack of sequence specific contacts made by the |3(3a-metal nuclease fold, the catalytic 

domain of the homing endonuclease tends to contain additional secondary structure to 

provide more sequence specificity. This additional sequence specificity within the 

catalytic domain is presumed to prevent non-specific cleavage of the host genome.



Figure 2. The structure of the HNH homing endonuclease I-Hmul. The crystal 

structure is of I-Hmul with its DNA substrate is illustrated above from the PDB id: 1U3E 

(17). The |3|3a-metal nuclease fold is shown in red, the HNH motif residues are shown in 

blue, the metal ion is shown as a grey sphere, and the remainder of the catalytic domain 

is shown in cyan. Finally, the DNA binding domain is shown in green. Notably the 

whole enzyme has a very elongated structure that binds 25bp of DNA.



— —
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Notable HNH homing endonucleases include I-TevlII found in T-even phage, 1-HmuI and 

I-Hmull from closely related Bacillus subtil is bacteriophages SPOl and SP83,1-CreII 

from the chloroplast of Chlamydomonas reinhardtii, and F-Tfll, F-Tflll and F-TflIVfrom 

phage T5 (18,19,25-27). The divalent metal ion used for optimal cleavage varies for 

different homing endonucleases. For example, I-Hmul and I-Hmull nick optimally with 

Mg2+ or Mn2+, and 1-TevlII nicks optimally with Mg24 or Ni2' (17,25).

HNH homing endonucleases are generally thought to catalyze strand-specific 

DNA breaks in their target sites. However, there are few exceptions that have been 

shown to catalyze DSBs in its target sites (18,25,26). One example of a homing 

endonuclease that catalyzes DSBs is I-TevIIl, which dimerizes to nick both strands of its 

target site (25). Dimerization is one mechanism that HNH enzymes utilize to introduce 

DSBs that lead to the initiation of the homing pathway. Additionally, the homing 

endonucleases I-Crell and 1-CmoeI from the chloroplasts of C. reinhardtii and C. 

moewusii have been shown to catalyze DSBs in their target sites (26,28,29). However, 

the mechanism these HNH homing endonucleases use to catalyze DSBs is not 

understood.

1.5 Homing endonuclease gene mobility pathways

The key requirement for HEG mobility is the presence of the HEG containing 

(donor) and HEG lacking (recipient) genomes in the same cell or organelle (9,12,30). 

These genomes can be present in the same environment such as occurs when 

bacteriophage co-infect a bacterial cell, or upon the fusion of haploid yeast. An 

expressed homing endonuclease catalyzes strand-breaks in the recipient genome, which
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are subsequently repaired by the host recombination-dependent DNA repair pathway. If 

the donor genome is used as a template for repair the HEG will be copied into the 

recipient genome as a byproduct of the DNA repair pathway (Figure 3). Currently, the 

rigorously characterized homing pathway begins with the introduction of a DSB in the 

recipient genome at the homing endonuclease target site.

After the introduction of a DSB by the homing endonuclease in the recipient 

genome, DNA exonucleases degrade the DNA in both directions from the DSB (21,31- 

33). This exonucleolytic degradation continues in both directions until a suitable region 

of homology is located between the donor and recipient genomes. In the E. coli phage 

T4, the exonucleolytic degradation initiated by a homing endonuclease has been shown to 

extend as far as 2kb from the location of the DSB (31,32,34). The final result of this 

degradation are 3 ’ overhangs on each side of the degraded DNA, which are subsequently 

used for strand invasion of the donor genome (21). Finally, the donor genome is used as 

template to repair the degraded DNA with the host DSB repair machinery. The DSB 

repair causes duplication of the HEG into the recipient genome. As a consequence of the 

exonucleolytic degradation the repair pathway also causes gene conversion of genetic 

markers in the recipient genome flanking the HEG insertion site (21,31-36).

The homing pathway initiated by strand-specific breaks in the recipient genome 

has not been rigorously characterized. Previous work has shown that various nicking 

enzymes including I-Hmul and I-Hmull, are capable of homing and the initiation of gene 

conversion events in recipient phage genomes (18-20,27,37). The occurrence of gene 

conversion events suggest that homing events initiated by a DNA nick follow a similar 

pathway to the DSB initiated homing pathway (18-21,27,31-33,37-39). However, the



Figure 3. The homing pathway initiated by a DSB in the recipient genome. The

homing pathway begins with transcription and translation of the HEG, followed by 

cleavage of the recipient allele by the homing endonuclease. Next, the cleaved region 

flanking the DSB is degraded by exonucleases until a suitable region of homology is 

reached with the donor genome. The degradation leaves 3’ ends available for strand 

invasion of the donor genome, and the host DSB repair pathway is invoked. The DSB 

repair pathway causes duplication of the HEG and gene conversion of flanking genetic 

markers in the recipient genome. Figure adapted from (21).
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mechanism that causes a nick to initiate exonucleolytic degradation from the nicking site 

is not understood.

1.6 The regulation of homing endonucleases

To date, the regulation of homing endonuclease gene transcription and translation 

has been poorly studied. Gibb & Edgell presented the first rigorous characterization of 

the regulation governing HEG expression (40). They characterized the transcription and 

translation of mobE a putative free-standing HEG from the Aeromonas hydrophila phage. 

Strikingly, the mobE insertion within Aehl has split the nrdA gene into two parts nrdA-a 

and nrdA-b (41). This split nrdA is different than the mobE insertion in other phage, 

which is normally between the nrdA and nrdB genes (Figure 4) (40,41). Furthermore, 

the NrdA-a and NrdA-b polypeptides have been shown to interact and form a functional 

ribonucleotide reductase protein complex with NrdB (41).

Transcription during Aehl phage infection is controlled temporally by early and 

late promoters (42). Transcripts containing mobE were detected as early as five minutes 

post Aehl infection, these transcripts were derived from promoters upstream of nrdA-a 

(40). The presence of mobE-containing transcripts at early time points suggests that 

translation of the transcripts would also occur at early time points. Surprisingly, two 

separate mechanisms were identified that limited mobE expression to late time points.

The first is the presence of a stem-loop structure in mobE transcripts derived from 

promoters upstream of nrdA-a (40,43). The stem-loop structure sequesters the mobE 

RBS inhibiting translation. However, when transcripts are initiated from the mobE late 

promoter, the stem loop structure would be disrupted and the RBS would no longer be



Figure 4. Schematic of the aerobic ribonucleotide reductase operon in the phages 

Aehl and T4. (A) The schematic of Aehl and (B) the schematic of T4. The promoters 

are indicated with a (P) and the class is indicated by a (E) for early, (M) for middle, and 

(L) for late. Transcriptional terminators are shown as stem loop structures and RNaseE- 

like sites are indicated with arrows. The regulatory hairpin that that sequesters the Aehl 

mobE RBS is also shown. The key differences between the two operons are the 

regulatory elements, and that Aehl mobE has split nrdA into two parts. Adapted from 

(40).
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sequestered. These transcripts lacking the stem-loop structure would allow for efficient 

MobE translation at late time points. Additionally, the translation of three intron-encoded 

endonucleases, I-TevI, I-TevII, and I-TevIII, present in phage T4 are limited to late time 

points after infection (44). This translational regulation is accomplished through a stem- 

loop structure upstream of the endonuclease ORFs, which sequesters their RBS in a 

mechanism that is similar to Aehl MobE (40,43,44). Furthermore, an RNase E like 

processing site in the 5’ end of Aehl mobE was also identified (40). Cleavage of the 

mobE transcript by RNase E would prevent complete translation of the MobE protein.

Additional evidence for the down-regulation of HEG expression during phage T4 

infection has also been observed (45). The intron containing 1-TevI has a late promoter 

upstream of the I-TevI ORF and no other detectable regulatory elements. However, the 

Belfort lab observed that the I-TevI target site was similar to the late promoter containing 

operator site of I-TevI (45). Furthermore, I-TevI was shown to bind, but not cleave the 

operator site with gel-mobility shift assays, crystallography studies, and cleavage assays. 

This data suggests that I-TevI may function as a transcriptional autorepressor through the 

binding of its own operator site.

1.7 Evolutionary considerations regarding free-standing homing endonucleases

In this section and the remainder of my thesis I will focus on free-standing 

homing endonucleases and how they have evolved to minimize their impact on their host 

genomes (18,22,34,35,46-49). As mentioned previously, free-standing homing 

endonucleases are typically found between conserved genes in host genomes (50-52). 

There are a few common features a free-standing HEGs share with intron and intein
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encoded HEGs, such as the minimization of non-specific genome damage, and the 

previously mentioned down-regulation of their expression (9,30,40,43-45,51). There are 

some additional considerations with the insertion of a free-standing HEG compared to an 

intron or intein encoded HEG. The free-standing homing endonuclease typically replaces 

an intergenic region between two conserved genes that may contain essential regulatory 

elements for the proper expression of the operon harboring the HEG insertion (34,35). 

Without mechanisms to prevent the aforementioned effects the accumulation of HEG 

insertions may have an impact on host viability, and selective pressures for the host to 

lose the HEG insertion.

(i) Specificity versus Toxicity

As previously mentioned, homing endonucleases have extended target sites with 

relatively few base specific contacts when compared to restriction enzymes (9,30). The 

extended recognition site reduces the number of target site occurrences in the host and 

recipient genomes. Typically, homing endonucleases are thought to efficiently cut the 

recipient genome once, and most homing endonuclease aren’t expected to efficiently cut 

the host genome (9,53). The rare occurrence of the homing endonuclease target site will 

reduce spurious cleavage of the host genome. Without this target site specificity, the 

homing endonuclease could induce non-specific DNA breaks in the host’s genome, 

which would lead to a reduction of host viability. However, if the homing endonuclease 

is too specific the dissemination of the HEG to related genomes would be reduced. To 

increase their host range, homing endonucleases have longer target sites with fewer base- 

specific contacts. This reduction in specificity increases the number of genomes the 

homing endonuclease can introduce strand-specific breaks in. The requirement for the
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homing endonuclease to be both sequence specific and sequence tolerant highlights the 

two contrasting forces that drive homing endonuclease evolution.

(ii) Host resistance to homing endonucleases

Previous studies have shown that genomes harboring a HEG insertion are 

resistant to cleavage by the encoded homing endonuclease (9,30,34,35,38,54). Without 

this resistance the homing endonuclease would cleave the host genome reducing the host 

viability. Two different methods have been evolved by the HEG to prevent cleavage of 

the host genome. In the simplest case, the homing endonuclease cleavage is prevented 

through the disruption of the target site by the insertion of the intron or intein encoded 

HEG (9,30,38,54). The disruption of the target site can reduce cleavage or prevent 

binding of the target site by the homing endonuclease. However, in the case of a free

standing HEG, the target site is usually located within one of the conserved genes 

flanking the HEG insertion site (see section 1.5) (22).

Since the target site of the free-standing homing endonuclease and the HEG 

insertion site do not overlap, the insertion of the HEG won’t cause target site disruption 

(22,34,35). Instead of dismpting the target site through HEG insertion, the host bearing 

the HEG insertion has accumulated nucleotide substitutions in the target site. These 

target site substitutions reduce the cleavage efficiency of the homing endonuclease. The 

cleavage resistant target site replaces the target site in the recipient genome during the 

gene conversion events associated with the homing pathway. The advantage of this 

mechanism is that the target site can be in close proximity to the insertion site, or 

hundreds of base pairs away. Previous studies have shown that the phage T4 homing
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endonuclease SegG cleaves the recipient segG  phage T2 in the flanking gene gp32 

332bp downstream of the segG insertion site (34). Furthermore, phage T4 has 

accumulated nucleotide substitutions in the SegG target site relative to phage T2 that 

reduces SegG cleavage.

(iii) Target site location

The homing endonuclease target site tends to coincide with the DNA sequence of 

conserved amino acid residues in the gene targeted for cleavage (17,50). The first 

evidence for the target site overlapping conserved and functionally critical amino acid 

residues in the target gene was presented with I-TevI (50). I-TevI cleaves the thymidylate 

synthase (TS) gene within nucleotides encoding the conserved active site residues 

required for TS function. Following this observation with I-TevI, other homing 

endonuclease target sites were shown to overlap with nucleotides encoding conserved 

amino acids (9,34,35,51). For example, the target site for I-Hmul located in the DNA 

polymerase gene encodes the highly conserved amino acid residues PNAOOFP (17). A 

second interesting observation was made regarding the nucleotide substitutions that were 

tolerated within homing endonuclease target sites. These sequence tolerant positions tend 

to coincide with non-conserved amino acids or the wobble position of conserved amino 

acids in the target gene (50,51). The advantage of the target site being located in 

conserved portions of an organism’s genome is that the number of nucleotide 

substitutions tolerated in the target site will be reduced. This reduction in nucleotide 

substitutions in the target site increases the number of genomes the HEG can invade.
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(iv) Impact on the transcription of flanking genes

The insertion of a free-standing HEG typically replaces an intergenic region in the 

recipient genome (34,35,40). This intergenic region may contain regulatory elements 

essential for the proper expression of the operon targeted by the homing endonuclease for 

insertion. The regulatory elements replaced can include transcriptional terminators, 

ribosomal binding sites, and promoters. Without these regulatory elements, the flanking 

genes downstream of the HEG insertion may have altered expression affecting overall 

host fitness. To compensate for the missing lost regulatory elements, some HEG 

insertions have been shown to contain regulatory elements in their ORFs that are 

necessary for the proper expression of downstream genes. A notable example of a HEG 

containing regulatory elements within its ORE is segG from phage T4 (34). The insertion 

of segG in a related T-even phage T2 replaces two promoters that were present in the 

intergenic region between gp59 and gp32. However, segG contains two promoters in its 

ORF to replace the two from the intergenic region. Without these promoters proper 

expression of the essential phage protein gp32 would not occur, this would probably be a 

detriment to the overall fitness of the host.

1.8 The Escherichia coli phage T4

The Escherichia coli phage T4 has a 168,903bp genome with 278 protein-coding 

genes and 10 structural RNAs (55,56). An interesting feature of the T4 genome is the 

incorporation of 5-hydroxymethylcytosine instead of cytosine (56,57). The 5- 

hydroxymethylcytosine bases are further modified by glucosylation of the cytosine in the 

a  or |3 configuration. These DNA modifications inhibit the degradation of T4 genomic
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DNA by E. coli nucleases. Efficient T4 infection at 37°C takes approximately 25 

minutes from phage adsorption to lysis in logarithmically growing E. coli. From these 

infections 100-200 progeny phage are released into the environment from each 

productively infected E. coli cell.

The life cycle of the phage T4 begins with recognition and binding to the E. coli 

K-12 membrane receptor OmpC, or the lippolysaccharide of E. coli B (55,57,58). After 

receptor recognition, the phage protein gp5 creates a pore in the cell wall and the phage 

genome is injected into the cell. Once inside the cell the phage takes control of the host 

cellular machinery for phage production. The transcription of phage genes is temporally 

regulated by three classes of promoters; the so-called early, middle and late promoters 

(55-57) (Figure 5). Upon genome injection, early phage promoters that are similar to E. 

coli promoters compete with E. coli RNAP for binding. To skew the preference of 

RNAP for phage promoters, phage proteins catalyze different modifications to RNAP. 

The Alt protein is injected into the host with the phage genome, and Alt catalyzes ADP 

ribosylation of one of the two a-subunits of RNAP (59). After phage early transcription 

begins, the Ale protein inhibits the transcription of E. coli genes (57,60,61). The Ale 

protein binds to the E. coli genome acting as a site-specific termination factor preventing 

the transcription of E. coli genes. The 5-hydroxymethylcytosine bases in the T4 genome 

prevent Ale binding to the phage genome. Transcription of the middle mode promoters 

requires the translation of the early phage proteins AsiA and MotA (55-57).



Figure 5. The temporal regulation of transcription in phage T4. Phage T4 has three 

classes of promoters, the so-called early, middle and late promoters. The expression of 

these promoters is driven by E. coli RNAP, which is modified by phage-encoded 

proteins. T4 early promoters are recognized by E. coli RNAP, however, Alt ribosylates 

one of the a-subunits of RNAP to increase recognition of T4 early promoters. Next, the 

phage-encoded proteins AsiA and MotA bind to RNAP, which results in a change of 

RNAP specificity to T4 middle promoters. Finally, the host sigma factor is replaced by a 

phage-encoded sigma factor in conjunction with gp33 and gp45 to cause transcription of 

late promoters. The transcription of late phage promoters requires active replication of 

the phage genome. Figure adapted from (55,56).
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Middle transcription is initiated two minutes after phage infection by the 

interaction of MotA and AsiA with RNAP (55-57). AsiA binds to the E. coli RNAP a70 

factor, which inhibits RNAP binding to T4 early promoters. MotA interacts with a and 

acts as a class II activator by binding -30 sequence of the T4 middle promoter. This 

binding of MotA to the -30 sequence directs RNAP to T4 middle promoters.

Additionally, ModA and ModB may also contribute to the change in specificity from 

early to middle promoters by the ADP ribosylation of the other a-subunits of RNAP (55). 

Late promoters control the transcription of the T4 proteins required for phage assembly, 

DNA packaging, and late phase DNA replication. Efficient late gene transcription 

requires DNA replication and additional modifications to RNAP. Late transcripts can be 

detected as early as seven minutes post phage infection (55-57). The interesting feature 

of late promoters is the absence of a -35 region and the presence of a conserved -10 

sequence. During late transcription, middle promoters are out-competed by late 

promoters for RNAP binding. The phage-encoded sigma factor a55, gp33, and DNA 

replication is required for the initiation of transcription from late promoters.

1.9 Phage T4 as a model system for homing endonucleases

T-even phage genomes can have numerous HEG insertions, as evidenced by the 

phage T4 with 15 HEG insertions (Figure 6), constituting ~11% of the phage’s genomic 

content (55). Twelve of these HEGs are free-standing and the remaining three are intron- 

encoded. The naming convention for the HEGs is based on their type and their homology 

to other HEGs (62,63). The three intron encoded HEGs are I-TevI, I-TevII and I-TevIII, 

for intron encoded T-even genes. Both I-TevI and I-TevII are members of the GIY-YIG



Figure 6. HEG insertions in the phage T4 genome.

The location of each of the 15 HEG insertions within the T4 genome is indicated in red 

on the circular map of the T4 genome. The HEGs that have been shown to be functional 

are marked with a (*), the outermost ring represents the (+) strand of the T4 genome, and 

the inner ring represents the (-) strand. Image generated using (81).
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family, and I-TevIII is a defunct member of the HNH family due to an inactivating 

deletion in its catalytic domain (64,65). The free-standing HEG genes are the seg genes 

named for similarity to endonuclease encoded by group I introns and the mob genes for 

similarity to mobile endonucleases (62). There are seven seg genes, seg A to segG, all 

members of the GIY-YIG family, and there are five mob genes, mob A to mobE, all 

members of the HNH family (34-36,47,48,55,66). Most of the detailed information 

known about the homing pathway initiated by a DSB was elucidated through studies with 

I-TevI (12,65). However, I-TevII, segA -  C, and segE -  G have also been shown to be 

mobile and encode functional homing endonucleases (34-36,47,48,67). To date, none of 

the mob genes have been shown to encode functional homing endonucleases.

T4 has been used as a model system for studying HEGs for multiple reasons 

including the ease of genetic manipulation, the short T4 life cycle, and a large library of 

T4 conditional lethal mutants (55-57,68-70). The conditional lethal T4 strains have 

amber, ochre, or opal mutations in essential phage genes, which prevent the proper 

translation of the mutated gene’s mRNA. The mutations can be suppressed in specific E. 

coli strains expressing a tRNA that can decode the stop codon introduced in the mutation 

(71,72). For instance, E. coli supF encodes a tyrosine-suppressing tRNA. The mutated 

protein is expected to be restored to wild-type in the suppressor host which would restore 

phage viability. By utilizing the library of conditional lethal T4 mutants the enzymes 

required by the homing pathway could be elucidated (21).
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1.10 Marker exclusion in the progeny from mixed T2 x T4 infections

An interesting effect was observed in mixed infections with T2 and conditionally 

lethal T4 phage stains (73). Phage T2 is a related T-even phage with high nucleotide 

identity to T4 but T2 lacks HEG insertions (73,74). Due to this high nucleotide identity, 

ffee-recombination is expected to occur between the T2 and T4 genomes during mixed 

infections. Mendellian inheritance predicts the progeny from these mixed infections 

would inherit a T4 specific marker at a rate of ~50%. The conditionally lethal mutants 

were used as genetic markers to study the inheritance of T2 and T4 specific markers 

during mixed infections. Progeny phage inheriting the lethal mutation would not survive 

in the non-suppressing host, providing a method to quantify inheritance of the genetic 

marker. However, when Russell and Huskey performed the experiments in 1974, the 

inheritance rate was skewed towards T4 markers. The T4 markers were present at rates 

of 70-100% in the progeny phage from these T2 x T4 mixed infections. This 

phenomenon was termed marker exclusion, and the reason for the observed effect still 

isn’t fully understood. Interestingly, the regions with -100% T4 marker inheritance were 

later shown to coincide with the location of HEG insertions (75). The high levels of 

marker exclusion in regions with HEG insertions suggest that HEGs participate in the 

marker exclusion phenomenon.

1.11 The putative homing endonuclease gene mobE

The remainder of this work will focus on the putative homing endonuclease gene 

mobE found in T-even phage. Specifically, my work will concentrate on the
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characterization of the putative free-standing homing endonuclease gene mobE from 

phage T4. The mobE gene is found as an ORF inserted between the conserved aerobic 

ribonucleotide reductase large (nrdA) and small subunit (nrdB) genes (Figure 4B). The 

ribonucleotide reductase enzymes are an essential part of the DNA biosynthesis pathway, 

which is required for efficient phage infection (76). Without a functional NrdA/NrdB 

complex nucleotide biosynthesis during T4 infection is reduced to a level of ~25% 

relative to wild-type infections. This reduction in nucleotide biosynthesis reduced the 

number of phage released from each infected cell (77). The mobE insertion overlaps the 

coding region of nrdA and nrdB, which may decrease the potential for complete mobE 

excision.

The mob genes all contain a conserved N-terminal HNH domain, whereas the C- 

terminal domain, which is assumed to be the DNA binding domain, is specific to each 

protein (66). To date none of the mob genes in T4 have been shown to encode functional 

homing endonucleases. Previous experiments have shown that T4 specific markers in 

nrdB were inherited with -100% efficiency in the progeny from T2 x T4 mixed 

infections (49). Additionally, the inheritance of the defunct homing endonuclease /- 

TevIII, which is located 675nts downstream of the mobE insertion has also been shown to 

be inherited in -100% of the progeny from T2 x T4 mixed infections (78). However, 

whether or not the observed inheritance pattern is due to mobE activity or local marker 

exclusion effects has not been demonstrated.

Computational promoter predictions on the T4 genome have failed to detect any 

promoters upstream of the mobE ORF (55). These predictions suggest that mobE may be 

a promoterless ORF, but no experimental evidence has been presented to confirm this.



Moreover, no RBS was identified upstream of the mobE ORF suggesting that MobE 

translation depends on the translation of the upstream NrdA protein. Additionally, 

studies into the transcription of the nrd operon have suggested that a stem-loop structure 

in the 5’ end of mobE may function as a rho-independent transcriptional terminator 

(79,80). Finally, the mobE ORF has been shown to contain two middle promoters and a 

RBS upstream of the nrdB ORF, these elements may be necessary for the proper 

expression of the nrdB gene.

The first part of my hypothesis is that mobE encodes a functional HNH homing 

endonuclease that catalyzes strand-specific breaks in DNA. These strand-specific breaks 

should initiate the recombination mediated homing pathway leading to the mobility of 

mobE. The second part of my hypothesis is that mobE is a promoterless ORF, and that 

mobE expression is down-regulated during phage T4 infection. The objective of my 

studies is to demonstrate that mobE is a mobile genetic element that has successfully 

integrated into the phage T4 nrd operon. Finally, I expect that the mobE nucleotide 

sequence has evolved to maintain the transcriptional program of the nrd operon.
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Materials and Methods___________________________________________________

2.1 Bacterial and phage strains

Bacteria and phage are listed in Table 1. Escherichia coli DH5a was used for 

plasmid manipulations, while E. coli sup0 and supF were used for propagation of phage 

(34). E. coli strains were grown in LB medium supplemented with the appropriate 

antibiotics (100 pg/ml ampicillin or 50 pg/ml kanamycin).

2.2 Mutagenesis of phage T-even phage

Mutagenesis was performed by plasmid-to-phage recombination. Plasmids 

containing the desired mutations were generated by SOEing PCR reactions (81). Two 

gene specific segments were amplified and used as templates for a subsequent SOEing 

PCR reaction. Each construct was assembled such that ~500 bp of flanking sequence was 

included to enhance recombination. PCR reactions were performed with PWO 

polymerase (Roche) following the manufacturers protocol with 25 cycles and the 

templates and primers listed in Table 2. The SOEing products were phosphorylated using 

OptiKinase (USB Corporation) and ligated into dephosphorylated pCRZap using T4 

DNA ligase (New England Biolabs) following the manufacturers protocol. The ligation 

mixtures were transformed into DH5a, and plasmids sequenced to confirm the mutation. 

Plasmids for mutagenesis were transformed into an E. coli sup0 strain, grown to an OD6oo 

of 0.4 and infected with T4 at an multiplicity of infection of 4. The cells were incubated 

for 10 mins at 37°C then diluted 10'4 fold into pre-warmed LB medium and grown for an
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Table I Bacterial strains, phage strains and plasmids

Bacteria Genotype Reference
E. coli DH5a fhuA2 A(argF-lacZ)U169 phoA glnV44 080 

A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17
Invitrogen

E. coli B40
0sup

F, argil 40(am),strR (71)

E.coli B40 supF F, argil40(am),str^, supF (71)

Phage Genotype
T4D wild-type
T2L wild-type
T4K10 am38, am51, denA, denB (69)
T4 AmobE deletion of nucleoties 99-126 G. Wilson
T2 mobER T2 nrdB 1-141 replaced with T4 nrdB 1-141 G. Wilson

Plasmids
pCR2.1 TA cloning vector Invitrogen
pCRZap pCR2.1 with a cloned in StuI site (DE-369/DE-370) 

using EcoRI
G. Wilson
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Table II. Oligonucleotides used in this study.

Oligo Purpose 5-3' Sequence Strand Position 
Relative 
to id start 
codon

Phage

DE-30 mobE 3' end CGGG ATCC ACT C ATTT AG A - 5397 T4
for mutant 
sequencing

ATCCTTAAATTTAC

DE-193 RNA GCU GAU GGCGAU GAAU GA N/A
Adaptor 573' ACACU GCGUUU GCU GGCU
RACE (5’
phosphorylât
ed)

UUGAUGAAA

DE-194 3’ RACE TTT CAT C A AAGCC AGC A A N/A
adaptor
spécifie

ACGC

DE-195 3’ RACE CAAACGCAGTGTTCATTCA N/A
adaptor
spécifie

TCGCC

DE-196 5’ RACE GCTGATGGCGATGAATGA N/A
adaptor
spécifie

ACACTG

DE-197 5’ RACE AC ACT GCGTTT GCT GGCTT N/A
adaptor
spécifie

TGATG

DE-242 T2 nrdB CTCATGGACGAGTCACTAT + 3697 T2
southem
probe

C

DE-251 mobE CTTCT GTT A A ACGC AG ACC - 5078 T4
spécifie
probe

TG

DE-256 mobEA33-62 
segment 1

G A A AAAT GCG A AT AT A AC 
AGATTTT ACCGGGC ATCT A 
GGGATTATATGATG

4912 T4

DE-257 mobEA33-62 CCGGTAAAATCTGTTATAT + 4883 T4
segment 2 TC

DE-259 T4 TCCCTAGATGCCCGGTAA + 4785 T4
mobEA33-62
détection

AATC

DE-345 T2 spécifie AAATGGGCCTTGCGGCCC - 4939 T2
southem
probe

AC

DE-352 RNase GT AAT ACG ACTC ACT AT A - 4856 T4
protection GGCCGTACTTCTGAACCTA
mobE TAAAATGCTCTCTAG
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terminator + 
T7 promoter

DE-353 RNase CGTACTTCTGAACGTTCTG + 4630 T4
protection
mobE
terminator

GT ACT GAT GATT AT

DE-363 nrdA CTTATCT CCGT GAT GG A AT + 2566 T4
northern
probe

GACAAC

DE-364 nrdA TTGATGCAGTGCCATTCCA - 2972 T4
northern
probe

ATAGTC

DE-365 RT-PCR A AC AGCT AG AG AGC ATTT + 4834 T4
mobE / 
mobE 
northern 
probe

TATAGCG

DE-366 nrdA 3’ TTCCAAAAGGAAAGGTTC + 4531 T4
RACE CAATGTC

DE-367 RT-PCR TCTT GTCGG AG A AATT GT A - 5239 T4
mobE 
terminator / 
mobE 
northern 
probe

CCATAC

DE-368 5’ RACE ATACTCTGCTCCTTGTTTA - 5305 T4
Outer mobE / 
mobE 
mutations 
segment 2 
reverse

GTTCTC

DE-369 To clone 
StuI site into 
EcoRI 
digested 
pCR2.1

AATTCCGGCAGGCCTCGG N/A

DE-370 To clone 
StuI site into 
EcoRI 
digested 
pCR2.1

AATTCCGAGGCCTGCCGG N/A

DE-387 3’ RACE G A A ACTCCT AA AGCCGAT + 4656 T4
nrdA / RT- 
PCR across 
mobE 
terminator

GATTGTG
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DE-388 mobE phage 
mutations/ 
pT2nrdBR 
segment 1 
forward

ATT ATT C AG AC ACTCGTT G 
GTCTCG

+ 4114 T4

DE-412 I-TevI
specific
probe
(intron)

G AGGCCT G AGT AT A AGGT 
G

+ 555 T4

DE-413 1-TevIIl
specific
probe
(intron)

TGCGCCTTTAAACGGTTAG + 6060 T4

DE-416 Sequencing 
progeny 
phage nrdA 
and T4 mobE 
phage 
mutations

TCGGTGTAGGTGTTACCAA
CTATGC

+ 3958 T4

DE-421 mobE 5' end 
for progeny 
phage 
sequencing

T G AGCT CGGG AAATT AGG 
TC

4740 T4

DE-422 mobE 3' end 
for progeny 
phage 
sequencing

CAGCAGAGTATCCACCTT
GC

+ 5296 T4

DE-423 I-TevIII 5' 
end for 
progeny 
phage 
sequencing

TTCCATAAAGGACTTTCCA
GC

6122 T4

DE-424 I-TevIII 3' 
end for 
progeny 
phage 
sequencing

GC AA A AC AAGGTT C AACG 
AC

+ 6496 T4

DE-465 T2 specific 
primer 
extension for 
nrdB 5’ end

AAGCTGAAGATTGTTCATC
C

+ 3655 T2

DE-467 PT2nrdBR 
segment 2

C AGGC AG AGGT A AAGAG A 
GC

4364 T2

DE-488 Progeny
nrdB
sequencing

CAT C AAC AT C ATT AT C AAT 
CTGTGC

“ 7121 / 
4881

T4/T
2
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DE-503

DE-506

DE-521

DE-522

pT2nrdBR 
segment 2

CG AGT C ACT ATCT ATT AAC + 
TAAGTGGAAAATTTATGA 
GT AC AGTTTTT A AT AC A A A 
TCCAG

3705 T2

pT2nrdBR 
segment 1

C ACTT AGTT A AT AG AT AGT - 
GACTCG

3729 T2

T2 nrdBR
phage
detection

ACT C ATT G AGCGGC AGAT + 
CAGTTTT

5505 T4

Primer CAGAGCCCTGAGGAAGCT - 5592/ T4/T
Extension 
+SacI site

TGTTAAATTGC 3937 2
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additional 3hr, treated with chloroform and incubated at room temperature overnight as 

previously described (34). The lysates were plated on sup0 cells, and screened for the 

mutation of interest by Southern blot analysis using plaque lifts. Hybridizing plaques 

were cored using a wide-ended pipette tip, which was used to infect sup0 cultures and the 

resultant phage were sequenced.

2.3 Construction of pT2nrdBR

To create the pT2nrdBR I used a SOEing PCR reaction described above, using 

two different phage strains as templates. For the first gene-specific segment I used T2 as 

template with the primers DE-388/DE-506. The second segment was generated using the 

primer pairs DE-503/DE-467, and one of the progeny phage from T2 x T4 mixed 

infections that had a recombination point near nucleotide 161 of the nrdB gene as 

template (Figure 13).

2.4 Isolation of phage DNA

Approximately 1 ml of a 1 x 1010 pfu/ml phage stock was precipitated as 

previously described (82), except that PEG6000 was used in place of PEG8000. Phage 

DNA was isolated using a Sigma gDNA kit (Sigma), following the gram-negative 

bacterial genomic DNA isolation protocol. Isolation of DNA from mixed phage 

infections was performed as above, expect that 1 ml of cells was collected prior to phage 

infection, and at 10, 20, and 30 mins post-infection. The culture was pelleted, flash 

frozen with ethanol and dry ice, and immediately stored at -80°C. Cell pellets were 

resuspended in 300 pi of lysis solution (100 mM NaCl, 50 mM tris-HCl pH 7.2, 1%



sodium dodecyl sulfate, 10 mM ethylenediaminetetraacetic acid, 5 mM CaCl2 and 0.3 

mg/ml proteinase K), and incubated at 65°C for 1 hour followed by three 

phenol:chloroform extractions. The aqueous layer was treated with lpl RNase A/Tl 

(Ambion) for 10 mins at room temperature, and DNA was precipitated with ethanol and 

resuspended in 100 pi lOmM TE pH 8.0.

2.5 Mixed phage infections and mobility assays

Mobility assays were performed using mixed phage infections. E. coli sup0 or 

supF strain was grown to an OD600 of 0.4 and infected with equal amounts of T2 and T4 

at a multiplicity of infection (multiplicity of infection.) of 4. The infections were 

incubated at 37°C for 10 minutes, and subsequently diluted 1:104 into pre-warmed LB 

medium and grown at 37°C for 4 hr. Chloroform was added to each culture, left 

overnight at room temperature, and then stored at 4°C. To screen for mobE and other 

endonucleases by oligonucleotide hybridization, progeny were plated on sup0 cells and 

transferred to positively charged nylon membranes (Millipore) by placing the membrane 

directly onto hershey-top agarose LB plates for 3-5 mins. The membrane was soaked in 

alkaline transfer buffer (1 M NaCl, 0.4 N NaOH) for 2 mins, and then neutralization 

buffer (1 M NaCl, 0.5 M Tris-HCl pH 7.2) for 5 mins. The membranes were air-dried, 

UV cross-linked using a stratalinker, and prehybridized in 0.5 M sodium phosphate pH 

7.2, 1 mM ethylenediaminetetraacetic acid pH 8.0, 7% sodium dodecyl sulfate, 1% 

bovine serum albumin for 2 hr at 68°C. Fresh prehybridization buffer was then added 

with the end-labeled oligonucleotide (lxlO6 cpm). Oligonucleotides were end labeled
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with [y32P] ATP (PerkinElmer) using Optikinase following the manufacturer’s directions 

(USB Corporation).

The unincorporated nucleotide was removed using QIAGEN nucleotide removal 

columns. The membranes were hybridized overnight at 50°C for mobE probes, 47°C for 

I-TevIII probes, and 50°C for I-TevI probes. The membranes were then washed at the 

hybridization temperature in phosphate-SDS wash I buffer (40 mM sodium phosphate, 1 

mM ethylenediaminetetraacetic acid, 5% sodium dodecyl-sulfate, 0.5% bovine serum 

albumin) for 5 mins, and then with phosphate-SDS wash II buffer (40 mM sodium 

phosphate, 1 mM ethylenediaminetetraacetic acid, 1% sodium dodecyl sulfate) for 5 

mins, and rinsed with 0.1 x saline-sodium citrate buffer. The membranes were dried 

briefly, and exposed to a phosphoimager screen (GE Healthcare).

2.6 Sequencing of progeny phage

Genomic DNA was isolated from plaques that were mobE?/I-Tevlir or mobE? //- 

Tevllf. The nrdA region was amplified using primers DE-416/DE-421, and the nrdB 

region was amplified using primers DE-422/DE-488. PCR products were directly 

sequenced using the same primers, and two additional primers (DE-423 and DE-424) 

were used to sequence the I-TevII? phage. The sequences were aligned using ClustalW 

(83) and a user-generated program created to display the nucleotide polymorphism graph 

shown in Figure 12.
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2.7 RNA extraction and purification

Approximately 8.2 x 107 cells/ml of E. coli sup0 strain was infected with T4 at an 

multiplicity of infection of 8. Samples (6ml) were immediately suspended in equal 

volumes of chilled KNAIater and stored on ice (Ambion). RNA was extracted using a 

QIAGEN RNeasy minikit following the manufacturers protocol. The RNA was eluted in 

80 pi of RNase-ffee water, and then treated with TURBO DNase (Ambion) following the 

manufacturers protocol (purchased in 2008 catalog #AM2239). The treated RNA was 

ethanol precipitated and resuspended in 50 pi RNase-ffee water and stored at -80°C. The 

RNA samples were quantified using a spectrophotometer and the concentration was 

normalized to 2 pg/pl.

2.8 RT-PCR

RT-PCR was performed using 8 pg of total RNA and 20 pmol of DE-367. The 

RNA and primer mixture was heat denatured and cooled on a mixture of ethanol and ice. 

Reaction mixtures were incubated at 42°C for 1 hour, and 75°C for 10 minutes with M- 

MuLV reverse transcriptase (New England Biolabs), with 0.5pl RNAsin (Promega),

1.25mM total dNTPs, and the manufacturers supplied buffer. The RT products were 

purified using PCR cleanup columns (QIAGEN). PCR amplification was performed 

using 5 pi of the RT product as template, with primer pairs specific for nrdA or mobE 

(DE-365/DE-367 and DE-387/DE-367), and Taq DNA polymerase (New England 

Biolabs). The PCR cycle conditions were 94°C for 30s, 53.3°C for 30s, and 72°C for 1 

min, with 30 cycles. The amplified products were resolved on 1% TAE-agarose gels.
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2.9 5’ RLM RACE

RNA-ligase mediated rapid amplification of 5’ cDNA ends was performed as 

described with minor modifications (40). The primers for reverse transcription were DE- 

415 for nrdA and DE-368 for mobE. The nrdA-specific nested primers were DE-415/DE- 

196 and DE-414/DE-197 with an annealing temperature of 56°C for 30 cycles. The 

mobE-specific nested primers were DE-368/DE-196 and DE-367/DE-197 with an 

annealing temperature of 53.3°C for 30 cycles

2.10 3’ RLM-RACE

3’ RACE was adapted from Gibb and Edgell (40). Primer DE-194 was used for 

reverse transcription and the first nested PCR amplification was performed with primers 

DE-366/DE-194. The second nested amplification used primers DE-387/DE-195 with 

annealing temperatures of 53.3°C for 30 cycles.

2.11 RNase protection assays

PCR products corresponding to a 226 bp region centered on the mobE 

transcriptional terminator were generated with DE-352 and DE-353. DE-352 included 13 

nt of non-homologous sequence and a T7 RNA polymerase promoter, while DE-352 

contained 13 nt of non-homologous sequence. The PCR product was gel purified and 

used as template for in vitro transcription with T7 RNA polymerase (New England 

Biolabs) and [a32P] UTP (PerkinElmer). The RNA probe was gel-purified, and RNase 

protection assays were performed following the manufacturers protocol with a 1/50
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dilution of RNAse A/Tl (Ambion). The digested products were electrophoresed on a 8% 

denaturing polyacrylamide gel, and exposed to a phosphoimager screen (GE Healthcare).

2.12 Northern blots

Northern hybridzations were performed as previous described with the following 

adaptations (40). An end-labeled 100 bp ladder was loaded on each gel, and membranes 

were UV crosslinked prior to hybridization. The moM-specific probe was generated by 

PCR with DE-365/DE-367 and the nrdA specific probe was generated using primers DE- 

363/DE-364. The PCR products were gel purified using a QIAGEN gel purification kit, 

and used as template for nick translation using the invitrogen nick translation kit 

supplemented with [a32P] dCTP (PerkinElmer). Each northern hybridization used 5 x 106 

cpm of the nick-translated probe for hybridization. The membranes were washed in 100 

ml of 0.1 x SSC, 0.2% sodium dodecyl sulfate for 10 mins at 46°C and three times in 100 

ml of 0.5 x SSC, 0.2% sodium dodecyl sulfate for 10 mins at 68°C. The membranes 

were then dried and exposed on a phosphoimager screen.

2.13 Primer extension assays

To map strand-specific nicks in phage DNA, l/20th of the gDNA isolated from 

mixed phage infections was used as template in 20-pl primer extension reactions. The 

reactions contained Taq polymerase and the manufacturers supplied buffer (New England 

Biolads), 1.25mM dNTPs, and 5 pmol of end-labeled oligonucleotide. The annealing 

temperatures used were 46.6°C for DE-465, and 60°C for DE-522. The reactions were 

cycled in a thermocycler with the following parameters: denaturation at 94°C for 30s,
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annealing for 30s at temperatures specific for each primer, and 30s extension at 72°C for 

30 (plasmid) or 40 (gDNA) cycles. For primer extension assays on plasmid templates, E. 

coli sup0 bearing pT2nrdB was grown to an ODeoo of 0.4, and infected with T4K10 at an 

multiplicity of infection, of 4. Samples (20 ml) samples were collected prior to infection, 

and at 5, 10, and 15 mins post-infection. Cells were pelleted at 5,000 x g for 5 minutes, 

flash frozen, and stored at -80°C. Pellets were thawed and plasmid DNA isolated using 

the Biobasic miniprep kit. To map the nicking site, a sequencing ladder was generated 

using a cycle sequencing kit (USB Corporation). The reactions contained 1.5 pmol end- 

labeled DE-465, pT2nrdB, and were cycled at 94°C for 30s, 46.6°C for 30s, and 72°C for 

30s for 51 cycles. The reactions were loaded on an 8% denaturing polyacrylamide gel.

2.14 Southern blots

Mixed infections were performed using the protocol described above, and 10 ml 

of cells was collected pre-infection, and 10 ml at 10, 20, and 30 minutes post-infection. 

The cells were mixed with 5ml of RNAlater and stored on ice. The genomic DNA was 

isolated using a Sigma GenElute bacterial genomic DNA kit following the manufacturers 

protocol. The GenElute columns were eluted in twice in 200 pi of elution buffer. The 

isolated genomic DNA was run on a 1% TAE-agarose gel to verify the quality and the 

concentration was quantified using a spectrophotometer. Overnight Asel (NEB) 

digestions were performed using 500 ng of genomic DNA at 37°C. The digestions were 

loaded on a 1% TAE-agarose gel, transferred to a positively charged nylon membrane 

(Millipore) using downward alkaline transfer, as outlined previously (84). The 

membranes were air-dried, UV cross-linked and stored at room temperature.



The probe used for southern hybridizations was a nick-translated PCR product 

representing T2 nrdB. The PCR reaction used primers DE-242 and DE-345 using Taq 

polymerase (NEB) with an annealing temperature of 47.6°C for 35 cycles. The PCR 

products were gel-purified (QIAGEN) and nick translated using the protocol described in 

the northern hybrization section. The probe was denatured at 95°C for 3 minutes and 

approximately 3xl07 CPM of the probe was used in each hybridization reaction. 

Hybridzation and washing was carried out using the same buffers and the hybridization 

temperature were 68°C for prehybridization and 42°C for hybridization. The membranes 

were washed once with phosphate-SDS wash I and twice with phosphate-SDS wash II, 

the membranes were rinsed with O.lx SSC and exposed to a phosphoimager screen (GE).

2.15 Sequence comparison of T-even phage

The nrdB nucleotide sequences of T-even were divided into two groups, phage 

containing mobE and phage without mobE. The region corresponding to the mobE- 

nicking site was aligned in both groups using ClustalW (83), and a sequence logo 

generated (85). The accession numbers or database sources for the sequences are as 

follows: T4 (NC 000866), T2 (AY262132.2 / phage.bioc.tulane.edu), T6 (AY262134.2), 

RB2 (DQ178120.1), RB3 (AY262130.2), RB14 (AY262126.2), RB15 (DQ178121.1), 

RB27 (AY262128.2), RB32 (DQ904452.1), RB51 (phage.bioc.tulane.edu), RB61 

(AY262131.2), RB69 (NC_004928.1), LZ7 (DQ178119.1), JS10 (NC_012741.1), and 

JS98 (NC_010105.1).
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Results

3.1 Computational analysis of the nrd operon in phages T4 and T2

A computational analysis of the nrd operon from the phages T2 and T4 was 

performed to identify potential regulatory elements and HEG insertions. T4 and T2 have 

similar gene nrd operon gene arrangements with high nucleotide identity (Figure 7). T4 

has two HEG insertions, mobE between nrdA and nrdB, and I-TevIII an intron encoded 

HEG inserted within nrdB. Both mobE and I-TevIII encode putative HNH family homing 

endonucleases, however, I-TevIII contains an inactivating deletion that abolishes 

cleavage activity (64). The first adenine nucleotide of the mobE start codon is shared 

with the final adenine of the nrdA stop codon. The mobE ORE also overlaps nrdB by two 

nucleotides. T2 in contrast, has no HEG insertions in the nrd operon. Finally, the GIY- 

YIG homing endonuclease I-TevI is ~3.1kb upstream from the start codon of mobE.

Both T2 and T4 have early, middle and late promoters upstream of nrdA and 

middle promoters upstream of nrdB. The T2 nrdB middle promoters are contained within 

an intergenic region between nrdA and nrdB. In T4 the mobE ORF contains two middle 

promoters in the 3’ end (79). Analysis of the sequence upstream of mobE yielded no 

discemable promoters or ribosomal binding sites. The lack of an upstream mobE 

promoter suggests that mobE expression is dependent on the promoters upstream of nrdA 

(80). The overlap of the nrdA and mobE ORFs and the lack of a ribosomal binding site 

upstream of mobE suggest that translation of mobE is coupled with nrdA translation. 

Translational coupling has been implicated in the translation of other T4 genes, for 

example gp62 is coupled to the expression of gp44 (86). The translation of the coupled 

gene gp62 was shown to be four-fold less than the translation of gp44.



Figure 7. Overview of the genomic organization of the T4 and T2 nrd operon. The

plot shown is a nucleotide identity comparison between T2 and T4 over a lOnt sliding 

window. Genes are indicated by arrows, dashed lines indicate self-splicing group I 

introns, and the solid lines indicate the T4 mobE insertion. Early (E), middle (M), and 

late (L) promoters are indicated by arrows with a (P) overtop.
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The translation of mobE may also be reduced due to the predicted translational coupling 

with nrdA.

Previous studies have suggested that a stem-loop structure within the mobE ORF 

may function as a Rho-independent transcriptional terminator (79,80). However, the 

study did not test if the terminator was functional. The stem-loop structure is located in 

the 5’ end of the mobE ORF, 27nts upstream of the mobE start codon. The predicted 

structure of the stem-loop is consistent with the structure of a Rho-independent 

transcriptional terminator, including a 9nts stem, a 4nts loop, and a poly(U) tract after the 

stem. However, the poly(U) tract is 3nts long, which is indicative of a poor 

transcriptional terminator (87).

3.2 Profiling mobE expression during T4 infection.

Currently, there is no evidence that mobE is expressed during phage infection. To 

assay if mobE was expressed during T4 infection, RT-PCR was performed on RNA 

isolated prior to infection and at nine time points post infection (one to twenty-five 

minutes). The primer used for reverse transcription (DE-367) was designed 

complementary to sequences downstream of the predicted mobE transcriptional 

terminator. The location of DE-367 allows for the detection of transcripts that have read 

through the predicted transcriptional terminator in the 5’ end of mobE. The first PCR 

reaction was performed using the primers DE-367/DE387, which are located downstream 

of the terminator (Figure 8A). Transcripts containing mobE were detected from three 

minutes post-infection to the last isolated time point of 25 minutes (Figure 8B). The 

second PCR reaction used primers spanning nrdA/mobE (DE-365/DE367) allowing for
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the detection of transcripts containing both nrdA and mobE. Transcripts containing 

nrdA/mobE were detected at the same time points as the first PCR reaction (Figure 8C). 

The presence of transcripts containing nrdA and mobE suggests that nrdA and mobE are 

present on a polycistronic mRNA.

To confirm that nrdA and mobE are present on a polycistronic mRNA, Northern 

blot hybridization was used with nick-translated mobE and nrdA specific probes (Figure 

8 D/E). One discrete hybridizing band was detected on both blots with an estimated size 

of 3kb, and a non-discrete set of bands with a size larger than 4kb were also detected.

The smaller 3kb fragment may be a processed mRNA product containing both nrdA and 

mobE. The slower migrating bands represent previously described polycistronic mRNA 

messages that span as far downstream from nrdA as frd  and as far upstream as denA 

(79,80).

To detect if there were any potential transcripts initiating upstream of the mobE 

ORF, I performed 5’ RLM-RACE on RNA pooled from early (3,5,7 minutes) and late 

(9,12,15 minutes) time points in separate reactions. I was unable to detect any 5’ ends 

upstream of mobE using 5’ RACE. The 5’ ends of transcripts initiating from promoters 

upstream of nrdA weren’t detected, which may be due to the lack of processivity of M- 

MuLV reverse transcriptase. The same adaptor ligated RNA pool was used to map the 5’ 

end of nrdA transcripts, where two clones were sequenced that mapped to the nrdA 

middle promoter (Data not shown). The detection of nrdA 5’ ends suggested that the 

lack of mobE 5’ ends was not a failure of the experimental protocol. Collectively, these 

experiments provide evidence that mobE lacks an upstream promoter, and that mobE is 

dependent on the upstream transcription for expression.



Figure 8. mobE and nrdA are co-transcribed. (A) Schematic of the phage T4 nrdA 

and mobE genes. Promoters and putative RNA stem-loop structures are indicated. The 

positions of primers used for RT-PCR reactions, or for the generation of Northern blot 

probes are indicated by arrows, and their expected lengths are indicated. (B/C) RT-PCR 

reactions with primers specific to mobE (B) or to the nrdA/mobE'¡unction (C). The RT- 

PCR reactions were loaded on 1% TAE-Agarose gels. gDNA, PCR with genomic DNA; 

RNA(-), RT-PCR without RNA; RT(-), RT-PCR without reverse transcriptase; 0 

minutes, uninfected; 1-25 minutes, post-T4 infection. (D/E) Northern blot analyses using 

probes specific to mobE (D) or to nrdA (E), the positions of the probes used for the 

Northern blots are indicated in the schematic.
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3.3 The expression of mobE is regulated by a transcriptional terminator

To assay whether the mobE transcriptional terminator was functional I utilized 3’ 

RLM-RACE to map the 3’ ends of transcripts in the nrdA/mobE region. Two RNA pools 

were created by mixing early and late time points (3, 5, 7 minutes post infection or 9, 12, 

15 minutes post infection). Multiple clones (five from early and six from late pools) 

were sequenced, and seven out of the eleven sequences mapped to the poly(U) tract 

downstream from the predicted transcriptional terminator (Figure 9B). The remaining 

sequences mapped to sites downstream of the transcriptional terminator. These sites were 

probably the result of read-through transcripts that were degraded during infection. The 

3 ’ RACE results show that there are 3 ’ ends consistent with a functional terminator in the 

5’ end of mobE.

To estimate the efficiency of the predicted terminator in the 5’ end of mobE I used 

RNase protection assays (RPA). Determining efficiency of termination will confirm that 

the terminator is indeed functional. Furthermore, read-through transcription appears to 

be the only way mobE can be expressed during phage infection. A 252 nt RNA probe 

was transcribed that contained 100 bp of sequence flanking both sides of the predicted 

terminator (Figure 9A). The probe also contained 13 nt of non-complementary sequence 

at each end as a control for RNAse activity. The non-complementary sequence allows us 

to distinguish full length probes from the read-through and termination products. The 

RPA assay was performed on RNA isolated pre-T4 infection, and at 9 time point’s post- 

T4 infection. The efficiency of termination was measured at ~30% until late time points, 

where the efficiency increased to 50% (Figure 9C). The increase in termination at late



Figure 9. Transcriptional termination in the 5’ end of mobE. (A) Schematic of the 

nrdA and mobE genes with the predicted Rho-independent terminator indicated as a stem- 

loop structure. The position of the probe and the predicted sizes of the RNase digestion 

products are indicated. (B) Sequences of the 3 ’-RACE clones from early or late RNA 

samples aligned with T4 genomic DNA sequence. Nucleotides highlighted in bold are 

part of the poly(U) tract following the terminator structure, or the mobE start codon 

(ATG). The terminator structure as predicted by Mfold is shown above the sequences 

(88). (C) RNase protection assay to determine the termination efficiency of termination. 

Shown is a representative experiment with the read-through and termination products 

indicated. The lanes are labeled as follows (M), 100-bp ladder; (+), probe only; (-), probe 

digested with RNase; 0 minutes, uninfected cells; 3-20, minutes post T4 infection.
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time points may be due to the accumulation of transcripts during infection. The RPA 

experiments demonstrate that the mobE terminator is functional but inefficient, which is 

consistent with the short poly(U) tract downstream of the steam-loop structure.

Finally, the presence of the terminator structure in other mobE containing T-even 

phage was verified using ClustalW and Mfold (83,88). Interestingly, the phages RJB15 

and LZ7 have accumulated nucleotide substitutions in the stem-loop structure relative to 

other mobE-containing phage (Figure 10). These polymorphisms shortened the stem and 

increased the loop length of the terminator structure, but the overall structure of the 

terminator was conserved. This data suggests that transcriptional terminator in mobE is 

an important regulatory mechanism for the nrd operon.

3.4 mobE encodes a functional and mobile endonuclease

To accumulate evidence that mobE encodes a functional homing endonuclease,

T2 x T4 mixed infections were performed (Figure 11 A). As previously mentioned, T2 

has no HEG insertions and numerous HEGs from T4 have been shown to mobilize into 

T2 during mixed infections (34,35,48,49,73,74). The progeny phage from the T2 x T4 

infections were screened for the presence of mobE using Southern blots of plaque lifts, 

and mobE specific probes, as described previously (Figure 11B) (34). The results from 

each phage cross were expressed as the ratio of the progeny phage containing mobE 

relative to the T4 input of each mixed infection (Table III and Table IV). If mobE is 

mobile the ratio will be much higher than the expected ratio of ~1.0 for Mendelian 

inheritance. In the T2 x T4 mixed infections, the mobE inheritance ratio was 2.1 +/- 0.1,



Figure 10. Conservation of the mobE transcriptional terminator in T-even phage.

Shown above are nucleotide sequence alignments and the amino acid sequences of the 5’ 

region of the mobE gene from various T-even phage. Nucleotide differences between T4 

mobE and the other phage are highlighted with black boxes. The predicted terminator 

sequence is indicated by a rectangle and the terminator structures as predicted by Mfold 

are shown above (88). The terminating nucleotides mapped to the T4 mobE sequence by 

3’-RACE are indicated with asterisks (*).
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Figure 11. T2 x T4 mixed infections. (A) Outline of the T2 x T4 mixed infection 

protocol. Equal amounts of T2 and T4, or T4AmobE33-62, phage were mixed, and 

subsequently used to infect E. coli sup0 cells at a multiplicity of infection of 4 for each 

phage for 10 minutes. The infected cells were diluted 1 x 104 fold into fresh LB media. 

The resultant phage were grid plated, transferred to a positively charged nylon 

membrane, and probed using plaque lifts. (B) Representative plaque lifts from T2 x T4 

and T2 x T4AmobE mixed infections. The probes used for hybridization are indicated to 

the left of the blots, and the probe used to calculate T4 input were mobE specific. The T4 

phage inputs are shown at the top followed by the progeny output for mobE and 1-TevIII

below.
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Table III. Phage-to-phage mixed infections

Phages Cross %T4 Input N %mobE %I-TevIII %I-TevI
T2xT4 1 47.2 211 86.7 84.8 91.4

2 48.1 216 97.7 97.7 96.3
3 38.9 216 89.4 91.2 95.3

T2xT44mobE33-62 1 49.1 216 71.7 N.D. N.D.
2 51.9 216 64.8 64.8 100
3 44.4 216 81.9 82.4 99.5

T2nrdBR x T4 1 56.4 216 90.7 N.D N.D
2 58.3 216 89.3 N.D N.D

N.D. No Data



Table IV. Normalized phage-to-phage mixed infections

Phages Cross mobE/impuf /-7ev////inputa 7-7ev//input!
T2xT4 1 1.8 1.8 1.9

2 2.0 2.0 2.0
3 2.3 2.3 2.4

2.1+/-0.1b 2.1+/-0.2b 2.1+/0.2b

T2xT4AmobE33-62 1 1.5 N.D. N.D.
2 1.2 1.2 1.9
3 1.8 1.9 2.2

1.6+/-0.2b 1.6° 2.1°

T2nrdBR x T4 1 1.6 N.D N.D
2 1.5 N.D N.D

1.6C

a The ratio of each endonuclease gene inherited in the 
progeny relative to the expected inheritance of each 
endonuclease gene. See Table III for raw data.

b The mean and standard for each set

c The mean for each set
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which has the characteristics of non-Mendelian inheritance (34-36,48). Furthermore, the 

inheritance ratio for two intron-encoded HEGs , I-TevI and I-TevIII, were also high with 

ratios of 2.1 +/- 0.2 and 2.1 +/- 0.2 , respectively. Notably, the inheritance ratio of mobE, 

I-TevIII, and I-TevI, were not significantly different from each other. The high 

inheritance ratios of mobE, I-TevIII, and I-TevI suggest that all three of these genes are 

mobile.

To demonstrate that the high inheritance ratio of mobE required the predicted 

mobE HNH motif, I created an in-frame mobE internal deletion mutant. The internal 

deletion consisted of an in-frame deletion of 29 amino acids (positions 33-62), which 

encompass part of the conserved HNH motif. The resultant phage, T4AmobE33-62 was 

used in mixed infections with T2, and the inheritance ratio of mobE in the progeny was 

reduced to 1.6 +/- 0.2, when compared to the wild-type mixed infections numbers (Table 

III and Table IV). The observed ratio of 1.6 +/- 0.2 in the progeny phage rather than 

expected ratio ~1.0 based on the T2 and T4 sequence similarity is consistent with the 

exclusion of T2 markers in the progeny from T2 x T4 mixed infections (73).

Furthermore, the observed ratio of 1.6 +/- 0.2 in the T4AmobE33-62 mixed infections 

was significantly different from the wild-type infections (p < 0.05 using a one-tailed T- 

test). This data shows that a partial deletion within the HNH motif reduced mobE 

mobility. Finally, the inheritance ratio 2.1 for I-TevI from the T2 x T4AmobE33-62 

infections was high, which is similar to the ratio of 2.1 +/- 0.2 from T2 x T4 mixed 

infections, which is expected because I-TevI encodes a functional homing endonuclease. 

This result is important because it shows that the reduction in mobE inheritance in the T2 

x T4AmobE33-62 infections was not due to another effect. Collectively, this data



63

demonstrates that mobE encodes a functional homing endonuclease that causes the high 

inheritance of mobE in mixed T2xT4 infections.

3.5 Inheritance of I-TevIII is dependent on mobE function

Previous, experimental evidence has suggested that mobE may be responsible for 

the high inheritance of I-TevIII, a defunct homing endonuclease gene encoded within an 

intron embedded in nrdB (78). The distance between I-TevIII and mobE insertions is 

only 675 bp, and previous studies with another homing endonuclease SegG have shown 

that the repair of DSBs introduced by SegG can result in 2 kb of gene conversion from 

the SegG cleavage site (31,32,34). This observation suggests that repair of strand-breaks 

introduced by MobE could result in inheritance of I-TevIII. To test this, progeny phage 

from mixed infection experiments with T2 x T4 and T2 x T4AmobE33-62 were screened 

for I-TevIII inheritance (Table III and Table IV). In wild-type mixed infections the /- 

TevIII inheritance ratio was 2.1 +/- 0.2, which is not significantly different than the mobE 

ratio of 2.1 +/- 0.1. However, in mixed infections with T4AmobE33-62 and T2, the /- 

TevIII inheritance ratio was reduced to 1.6, which is similar to the mobE ratio of 1.6+/-

0.2. Furthermore, the I-TevI inheritance ratio of 2.1 from the T2 x T4AmobE33-62 mixed 

infections was similar to the 2.1 +/- 0.2 inheritance ratio of I-TevI from the wild-type 

mixed infections. Since the I-TevI ratio remained high in the wild-type and T2 x 

74i\mobE33-62 mixed infections, and the ratios for mobE and I-TevIII were reduced, I 

suggest that the inheritance of mobE and I-TevIII is linked. This evidence suggests that 

an intact mobE-gene is required for the high I-TevIII inheritance in the progeny phage

from T2 x T4 mixed infections.
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3.6 Sequencing of T2xT4 progeny localizes the MobE target site to T2 nrdB

While screening the progeny of the T2xT4 mixed infections for I-TevIII and 

mobE inheritance, I observed that most of these phage inherited mobE and I-TevIII 

(mobE+I-Tevi i f  ). However, I also noticed that a few of these phage inherited mobE 

without I-TevIII {mobE+I-TevIIT). The presence of mobE+I-Tevlll phage from these 

mixed infections suggested that a MobE cleavage site, and a recombination point was 

occurring in the 650 nucleotides between mobE the I-TevIII insertion sites. To estimate 

the location of these recombination points I sequenced five mobE' 1-Tevllf phage and 

four mobE+I-TevIir phage (Figure 12). The recombination point was localized based on 

the presence of unique polymorphisms between T2 and T4 in the 3’ end of nrdA and the 

5’ end of nrdB. Three of the mobE+I-TevIir progeny had identical sequences with a 

recombination point between 134 and 189 nucleotides of nrdB. The other mobE+I-TevIir 

phage had two recombination points, one in the 3’ end of nrdA between 2,233 and 2,239 

nucleotides, and another in the 5’ end of nrdB, near nucleotides 504 and 515. Four of the 

mobE^l- Tevllt progeny contained T4 polymorphisms throughout the 3’ region of nrdA 

and the 5’ end of nrdB. Additionally, one of the mobE' I-Tevllf phage sequenced, 

contained T4 polymorphisms in nrdB until the end of the I-TevIII insertion. Gene 

conversion events initiated by homing endonucleases extend in both directions from the 

strand-breaks (21,31,33). Therefore, I expect that the MobE recognition site is between 

the two recombination points closest to the mobE insertion site, which localizes the 

MobE target site to the last 26 nucleotides of T2 nrdA, or the first 134 nucleotides of T2 

nrdB. However, there are more nucleotide polymorphisms in the first 134 nucleotides T2

nrdB than there are in the last 26 nucleotides of T2 nrdA. Previous studies have shown



Figure 12. Sequence analysis of progeny phage. Genomic DNA was isolated from the 

progeny phage of T2 x T4 mixed infections, and the 3’ end of nrdA and the 5’ end of 

nrdB was sequenced. All of the progeny phage inherited mobE (mobE+), and inherited /- 

TevIII (I-Tevllt) or didn’t inherit I-TevIII (.I-TevIIT'). The grey lines represent the 

positions of nucleotide polymorphisms between T2 and T4, and the black lines indicate 

which polymorphisms were contained in the sequenced progeny phage. The positions of 

the recombination points are indicated relative to the start codon of the gene they were 

contained in. The number of progeny phage sequenced for each map is indicated in

brackets.
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that homing endonucleases target sites in the host accumulate nucleotide substitutions 

relative to the recipient as a defense against homing endonuclease cleavage. From this, I 

hypothesize that the MobE target site is located in the first 134 nucleotides of T2 nrdB 

due to the number of polymorphisms relative to T4.

3.7 Creation of a MobE resistant T2 phage

The recombination point mapping in T2 x T4 mixed infections localized the 

MobE recognition site to the first 134 nucleotides of T2 nrdB. Previous studies with 

SegG demonstrated that the target site in T4 contained nucleotide polymorphisms relative 

to T2, which reduced the cleavage efficiency of SegG on the T4 sequence. Following 

from the idea of cleavage resistance, I decided to generate a T2 phage containing phage 

with T4 polymorphisms in the first 134 nucleotides of nrdB. The expectation is that the 

T2nrdBR phage will be resistant to mobE mobility. The inheritance ratio of mobE from 

mixed infections with T2nrdBR x T4 was 1.6 which is similar to the mobE inheritance 

ratio of 1.6 +/- 0.2 from the T2 x T4AmobE33-62 mixed infections (Table III and Table 

IV). This suggests that T2nrdBR is resistant to MobE catalyzed strand-breaks, and that 

the MobE recognition site is within the first 134 nucleotides of T2 nrdB.

3.8 Primer Extension Mapping of MobE-induced nicks in T2 nrdB

To confirm that the MobE recognition site is in the first 134 nucleotides of T2 

nrdB, I mapped MobE-dependent breaks in vivo during T2 x T4 mixed infections (Figure 

13A). Total DNA was isolated at various time points post mixed infection, and used in 

primer extension reactions. I used a primer specific to the 5’ end of the intergenic region



Figure 13. Mapping of MobE-dependent nicks in vivo using primer extension. (A)

Schematic of the 5’ end of T2 nrdB showing the positions of the primers used in the 

primer extension reactions, the Dral cleavage site, and the MobE nicking sites. The 

predicted lengths of the primer extension products are also indicated. The 134 nucleotide 

nrdB region replaced with T4 polymorphisms in T2nrdBK encompasses the beginning of 

nrdB to vertical bar marked with an asterisk (*). (B) Representative gel of the primer 

extension reactions on the non-coding strand of genomic DNA isolated at various time 

points (minutes) from mixed infections with T2 x T4, T2nrdBK x T4, and T2 x 

r\\tSmobE33-62. The sizes of a 100-bp DNA ladder are labeled on the left side of the gel. 

The (+) indicates the MobE nicking site present in wild-type but not the mutant phage 

infections. (-), no DNA added to the reactions; Dral, primer extension reactions on Dral- 

digested T2 genomic DNA. (C) Primer extension reactions on the coding strand, as 

labeled in panel (B). For this representative gel, the Dral primer extension reaction was 

diluted 3-fold prior to electrophoresis, and the T2nrdBKx T4 mixed infections were not

included.
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of T2 nrdB (DE-465) to detect nicks in the non-coding strand of nrdB, and a primer 

within the 5’ end of nrdB (DE-523) to detect nicks on the coding strand. T2 genomic 

DNA digested with Dral, which cleaves in the 5’ end of T2 nrdB was used as a positive 

control for the primer extension reactions. In DNA isolated from the T2 x T4 mixed 

infections, a nick was mapped on the non-coding strand of T2 nrdB, whereas no nicks 

were mapped to the coding strand of nrdB (Figure 13B/C). The nick was detected 10 

minutes post T4 x T2 mixed infection, which coincides with the detection of mobE 

transcripts during phage infection (Figure 8B). The lack of any nicking products on the 

coding strand was not due to failure of the primer extension reaction, because the positive 

Dral control generated products of the expected size. Moreover, the strand-specific nick 

in T2 nrdB was dependent on a functional MobE, since no nicks were detected in the T2 

x T4AmobE33-62 mixed infections. However, there was a nick in the non-coding strand 

at a different location, detected at ~150bp 10 minutes post T2 x T4AmobE mixed 

infections, but this band likely represented a spurious primer extension product. Finally, 

we could not detect any nicking products on genomic DNA isolated from T2nrdBR x T4 

mixed infections. This is consistent with the expectation that T2nrdBK will be resistant to 

MobE induced nicks, and with the reduced ratio of mobE inheritance (1.6) in the 

T2MobE x T4 infections compared to the wild-type infections (2.1 +/- 0.1). Nonetheless, 

the possibility that MobE nicks the T4 version of its target site cannot be ruled out.

To validate that MobE nicks the 5’ region of T2 nrdB, I cloned the T2 nrdA/nrdB 

intergenic region and the first 661 nucleotides of the T2 nrdB gene to create pT2nrdB. 

Also, to try and resolve if MobE nicks T2nrdBR, the plasmid pT2nrdBR was used in the 

experiments. The high copy number of pT2nrdB and pT2nrdBR (100-200 copies per cell)



Figure 14. Mapping of MobE-dependent nicks on plasmid substrates. Primer 

extension reactions on pT2nrdB and pT2nrdBR plasmid substrates isolated at various time 

points (minutes) post T4K10 infection. The primer used in this experiment is the same 

primer used to map in vivo nicks on T2 nrdB as shown in Figure 13 A. The MobE nicks 

are indicated by a left facing arrow. (B) High resolution mapping of the MobE nicks in 

pT2nrdB and pT2nrdBR primer extension reactions. The reactions were run alongside a 

cycle sequencing ladder generated with the same primer and pT2nrdB. The pT2nrdB 

coding sequence is indicated to the right of the gel and the nick sites are indicated by left 

facing arrows. (C) Alignment of the nrdB nucleotide and amino acid sequences from 

phage T2 and T4 in the MobE nicking-site region. Nucleotide differences are indicated 

in bold and asterisks (*), and the nicking sites in T2 and the single nick site in T4 are 

indicated with triangles. Note that the sequences shown represent the coding strand and 

that the nicks were mapped to the non-coding strand.
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may help detect rare nicking events on the plasmids by MobE. Both pT2nrdB and 

pT2nrdBR were transformed into E. coli sup0 and infected with T4K10, a T4 phage that 

cannot degrade host DNA in sup°. Plasmid DNA was isolated at various time points post 

T4K10 infection and used in primer extension reactions. Nicks on the non-coding strand 

were detected in both pT2nrdB and pT2nrdBR at all time points post-infection (Figure 

14A). Three prominent nicking sites on pT2nrdB and one on pT2nrdBR were mapped 

between nucleotides 122-126 of nrdB by electrophoresis of the primer extension 

reactions alongside a sequencing ladder generated from pT2nrdB with DE-465 (Figure 

14B/C). Finally, the nick site in pT2nrdB and T2 genomic DNA from T2 x T4 mixed 

infections was mapped to identical positions using gel electrophoresis (Data not shown). 

Additionally, it should be noted that the multiple nicking sites could have been due to the 

nucleotide addition activity of Taq DNA polymerase during the primer extension 

reactions (89).

3.9 Southern Blot mapping of double strand breaks in vivo

To elucidate whether the strand-specific nick generated by MobE is converted 

into a DSB Southern blots were performed on Asel digested genomic DNA isolated from 

mixed T2 x T4 and T2 x T4A.mobE33-62 infections. For hybridization, a 1243bp probe 

representing T2 nrdB gene was used, which also has high nucleotide identity to the T4 

nrdB gene. Due to the high identity to T4 nrdB the probe is expected to hybridize to T4 

DNA as well as T2. A schematic indicating the positions of the Asel sites and their 

respective sizes in T2 and T4 are indicated in figure 15A. Additionally, it should be 

noted that the 1827 bp T4 fragment will be 1741bp in T4AmobE33-62 infections. I
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expect the T2 2333 bp Asel fragment to be cut into a ~1014bp and ~1319bp fragment if 

there is a MobE induced DSB. After hybridization, I could not detect fragments 

corresponding to a MobE induced DSB (Figure 15B). However, the probe I created may 

not have been sensitive enough to detect DSBs in these mixed infections.



Figure 15. Asel Southern blot of phage mixed infection genomic DNA. (A)

Schematic of the nrd operon from phage T4 and T2, the location of Asel restriction 

fragments (vertical bar) and their respective sizes are indicated on the lines below the 

arrows. The T2 2333 bp fragment is further divided with the MobE nicking site (dashed 

line with a *) indicating the expected size of DSBs. The size and location of the T2 nrdB 

probe is indicated between the schematics with a dashed line. Finally, the fragments 

hybridized by the probe are indicated with symbols on the schematic and the blot. (B) 

Representative Southern blot of the Asel digested genomic DNA isolated from T2 x T4, 

and T2 x T4AmobE33-62. The lanes labeled T2, T4 and T4A represent lanes with Asel 

digested phage DNA. The sizes of the lkb-DNA ladder products are indicated to the left 

of the blot. The region where DSBs were expected to occur is shown underneath the blot 

with increased exposure.
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Discussion

The overall goal of my study was to investigate the regulation and mobility of the 

mobE gene present in phage T4. I showed that mobE has integrated successfully into the 

transcriptional program of the nrd operon. Additionally, I showed that mobE expression 

is regulated by an intrinsic transcriptional terminator during phage infection. In this 

work, I showed that mobE is a mobile endonuclease that catalyzes a strand-specific break 

in T2 nrdB. However, further work is required to conclusively demonstrate that MobE is 

an endonuclease that catalyses a strand-specific nick or DSB. Furthermore, I showed that 

the mobility of mobE and the non-mobile nrd intron that contains I-TevIII depended on 

an intact mobE ORE. My results will be discussed in the context of the current 

knowledge regarding the homing pathway and HNH endonucleases. I also present a 

model for the trans homing of a non-mobile intron by a free-standing homing 

endonuclease, and a model for the conversion of a strand-specific nick to a DSB by a 

collapsed DNA replication fork.

4.1 The mobE insertion has successfully integrated into the nrd operon

The insertion of a HEG tends to be within transcriptional units that contain 

conserved genes that are critical for host function (50-52). The insertion of a free

standing HEG could perturb the expression of the targeted transcriptional unit through a 

number of mechanisms. For instance, the insertion of a free-standing HEG could replace 

an intergenic region that contains promoters or terminators. In the case of the nrd 

operon in mobE-containing T-even phage, the insertion of mobE is between the 

functionally critical nrdA and nrdB genes (55). The loss of NrdA and NrdB function has
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been shown to reduce the DNA replication levels during phage infection, which 

ultimately leads to a reduction in the number of progeny phage released from each 

infected cell (76,77). Current evidence suggests that the mobE nucleotide sequence has 

evolved to ensure that the transcriptional program of the nrd operon is not perturbed by 

the mobE insertion. These adaptations include the presence of middle promoters in the 3’ 

end of the mobE ORF to drive nrdB expression (Figure 16A) (79). In comparison, 

moWi-lacking phage have an equivalent middle promoter within the 3’ end of nrdA, or 

within an integenic region, which is located upstream of the nrdB ORF (Figure 16B). 

Furthermore, the presence of middle promoters in the mobE ORF may select against the 

deletion of mobE, as a deletion of the middle promoters may reduce the expression of 

nrdB. In addition to the middle promoters the mobE ORF overlaps nrdA and nrdB, which 

may also select against the complete excision of the mobE ORF. The deletion of the 

mobE ORF would disrupt the nrdA and nrdB ORFs by the loss of the last nucleotide of 

the nrdA stop codon and the first two nucleotides of the nrdB start codon. Collectively, 

this data suggests that the mobE ORF has integrated successfully within the nrd operon 

and that the deletion of mobE would disrupt the expression of the NrdA/NrdB complex.

The middle promoters within the mobE ORF may also compensate for the Rho- 

independent transcriptional terminator in the 5’ end of the mobE ORF. Without the 

mobE middle promoters, the transcriptional terminator would reduce the nrdB transcript 

levels during phage infection, which could affect formation of the NrdA/NrdB complex. 

Interestingly, in phage lacking mobE, no transcriptional terminators were detected in the 

nrdA-nrdB intergenic region. In contrast, all of the known mo££-containing T-even 

phage possess a terminator in the 5’ end of the mobE ORF (Figure 10). The



Figure 16. Conservation of the promoters upstream of nrdB inT-even phage. The

nucleotide sequences upstream of nrdB from mobE+ (A) and mobE (B) T-even phage 

were aligned using clustalW . The middle promoter sequences were identified using the 

T4 middle promoter consensus sequences and previous experiments that identified the 

locations of the T4 nrdB promoters (55,79,80). A schematic showing the nrd operon for 

the mobE+ and mobE phage are shown above, and the amino acid sequence of MobE (A) 

or NrdA (B) is shown underneath the nucleotide alignment. The start codon of NrdB and 

the predicted RBS binding sites are also labeled. The -10 and -35 regions of the 

identified middle promoters are surrounded by boxes and the predicted nucleotide 

transcription would initiate from is indicated with a (+). Nucleotide polymorphisms in 

each alignment relative to the first sequence shown are highlighted (T4, T2, JS10).
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conservation of the mobE terminator suggests that the terminator is essential for the 

down-regulation of mobE expression.

In addition to the post-transcriptional down-regulation of mobE expression, there 

may also be down-regulation of MobE translation. The lack of a detectable mobE 

ribosomal binding site and the overlap of the mobE ORE with the nrdA gene suggests that 

nrdA and mobE are translationally coupled. Previous studies have shown that 

translational coupling of genes in T4 reduces the translation of the downstream gene (86). 

The stoichiometry of the NrdA to MobE translation is not known, nonetheless, I can 

speculate that the combination of the transcriptional terminator and translational coupling 

would reduce MobE expression. Collectively, the down-regulation of MobE expression 

suggests that over-expression of MobE may cause non-specific DNA damage to the 

host’s genome.

4.2 An intact mobE gene is required for mobE mobility

Previous characterizations of the HEGs present in the nrd operon of T-even phage 

have provided genetic evidence that mobE is a functional HEG. However, efforts to 

detect MobE endonuclease activity using in vitro synthesized protein and PCR-generated 

substrates have not been successful (34,49)(G.W.W and D.R.E, unpublished data). One 

possible explanation for the lack of MobE cleavage with in vitro translated protein is the 

lack of DNA modifications that are normally present in T-even phage (49). In this work I 

have taken an in vivo approach to map a strand-specific nick in the T2 nrdB genes from 

T2 x T4 mixed infections (Figure 13). Furthermore, I could not detect any nicks in T2 

nrdB when an in-frame deletion of the predicted HNH motif within mobE was used in the
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mapping assays. The requirement for an intact mobE ORF for nicking to occur in T2 

nrdB coincides with the inheritance of mobE in the progeny phage from T2 x T4, and T2 

x TAAmobE mixed infections (Table III, Table IV). Collectively, previous sequence 

analysis of MobE amino acid sequence, combined with the requirement for an intact 

MobE protein, suggests that MobE is a HNH endonuclease that promotes mobility by the 

catalysis of a strand-specific nick in T2 nrdB (49). However, the possibility that MobE 

catalyses a DSB break cannot be ruled out, since other HNH endonucleases such as I- 

TevIII from the T-even phage RB3 and F-TflV from phage T5 have been shown to 

catalyze DSBs (18,25).

4.3 MobE promotes the inheritance of I-TevIII

In addition to promoting the mobility of mobE in T2 x T4 mixed infections, an 

intact mobE gene is also required for the enhanced inheritance of the non-mobile nrdB 

intron and 1-TevIII (Table III, Table IV). The dependence of 1-TevIIImobility on an 

intact-mobE gene resolved a number of contradictory observations regarding the high 

frequency of I-TevIII inheritance, despite the I-TevIII encoded endonuclease being non

functional (64,67,78). Previous studies demonstrated that I-TevIII was non-functional 

using cloned fragments of the T4 nrdB intron in plasmid-to-phage homing assays (67). 

The lack of I-TevIII function was also supported by the observation that I-TevIII 

possessed an inactivating deletion compared to the functional I-TevIII protein found in 

the phage RB3 (64). Furthermore, contradictory evidence that I-TevIII and the nrdB 

intron are mobile in phage-to-phage crosses was demonstrated in data from this work and 

previous studies, despite the non-mobile nature of I-TevIII (78). The lack of I-TevIII
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inheritance observed in the plasmid-to-phage assays can be explained by the fact that the 

cloned T4 fragments used in the assays were missing the first 54 residues from the mobE 

ORF that contain the predicted HNH motif. However, in the phage-to-phage crosses the 

mobE gene is intact, and able to initiate the gene conversion events necessary for the high 

inheritance of the nrdB intron and I-TevIII.

Recently, Shub and colleagues presented a situation where a non-mobile intron 

and an adjacent free-standing HEG are interdependent on each other for homing (46,52). 

The free-standing homing endonuclease cleaves recipient HEG' genomes at the intron 

insertion site, which leads to the mobility of the intron and the HEG. The insertion of the 

non-mobile intron in the homing endonuclease recognition site prevents further cleavage 

of the host genome by the homing endonuclease. This collaboration between a non- 

mobile intron and a free-standing HEG has been termed collaborative homing, which is 

very similar to the mobilization of the nrdB intron by the adjacently encoded MobE 

endonuclease observed in this work. There are notable differences between the two 

pathways, one such difference is the position of the endonuclease cleavage site relative to 

the intron insertion site. The position of the cleavage site in the collaborative homing 

pathway encompasses the intron insertion site, whereas the cleavage site for MobE is 

within the nrdB coding region upstream of the nrdB intron insertion site. However, in 

both cases, cleavage or nicking by the endonuclease results in gene conversion that leads 

to the mobilization of the free-standing HEG and the non-mobile intron. Thus, these non- 

mobile introns can persist in the population without an intrinsic mechanism to promote 

their own mobility. This type of mobility is analogous to the to the mobilization of non- 

autonomous elements that lack the machinery required for their mobility, instead they are
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mobilized in trans by the machinery of a functional element (90-92). Furthermore, the 

trans mobility of the non-autonomous element is independent of the distance between the 

autonomous and non-autonomous elements. This distance independence is in contrast to 

the collaborative and trans homing pathways, which require the intron insertion site to be 

in close proximity to the free-standing endonucleases cleavage site (46,52).

For the intron to be mobilized the distance between the strand-break and the 

intron insertion site must be within the limits of the exonucleolytic degradation initiated 

from the break, otherwise recombination with the donor-genome will occur before the 

intron insertion site is reached (21,31-33). In the context of phage T4, the limit of the 

exonucleolytic degradation has been shown to be kb from the endonuclease cleavage site 

(21,31 -34). Furthermore, the rate of inheritance of the intron is assumed to be reduced as 

the distance between intron insertion site and the free-standing endonuclease’s 

recognition site increases. In the case of the collaborative homing pathway the intron and 

free-standing HEG are almost guaranteed to be mobilized together. The co-inheritance of 

the intron and free-standing HEG would occur due to the short 212bp distance between 

the free-standing HEG and the non-mobile intron in the model system studied. However, 

in the trans homing pathway with mobE and the nrdB intron, the distance between the 

intron insertion site and the MobE recogntion site is 553bp. This increased distance 

between the cleavage site and the intron insertion site causes the infrequent loss of the 

nrdB intron in mobE-containing progeny phage (Figure 17).

The occurrence of the gene arrangement consisting of a functional homing 

endonuclease in close proximity to a non-mobile intron is expected to occur by chance. 

However, the occurrence of such an arrangement in small, endonuclease- and intron- rich



Figure 17. irons homing versus collaborative homing. Drawn schematically is a 

comparison of the trans (left) and collaborative (right) homing pathways, which cause the 

mobilization of a non-mobile intron (46,52). Both pathways begin with the transcription 

and translation of a free-standing homing endonuclease. The homing endonucleases 

catalyze strand-break(s) in their target site located in the cognate HEG minus allele of the 

recipient genome. The key difference between the two pathways is the location of the 

break site, in the case of trans homing the break site is located between the free-standing 

HEG and the non-mobile intron, whereas in collaborative homing the break site overlaps 

the intron insertion site. The repair of the strand breaks causes the mobilization of the 

free-standing HEG and the non-mobile intron in the progeny, however, in the trans 

homing pathway the distance between the HEG and non-mobile intron could be large 

enough that the intron will be infrequently lost.
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genomes may be more common, due to the finding that homing endonucleases and 

introns tend to be found in close proximity to conserved sequences of functionally critical 

host genes (50-52). These conserved sequences tend to occur rather infrequently. For 

example, phage T4 has 288 predicted genes and only 62 of these genes are considered 

essential under laboratory conditions (55). The low frequency of prospective HEG, and 

intron insertion sites, increases the probability that a free-standing endonuclease and an 

intron (or intein) will be within the limits of gene conversion events. Furthermore, the 

functional endonuclease could be encoded as a free-standing ORF or encoded within an 

intron or intein, and the trans homing pathway would still apply. In bacterial and phage 

genomes, there have been many occurrences of mobile and non-mobile introns (or 

inteins) in the same gene (37,39,93-95). These observations suggest that the trans 

mobility of a defunct or non-mobile intron (or intein), by an adjacent HEG may be 

common in bacterial and phage genomes.

4.4 The location of moAE-dependent nicks map to conserved regions of nrdB

I mapped the MobE-dependant nicking sites to a region of T2 nrdB that encodes 

conserved amino acids essential for the function of the NrdA/NrdB complex (Figure 14 

and 18) (96,97). Specifically, the region contains a conserved tryptophan residue that is 

involved in the transfer of an electron radical from the iron/radical site of NrdB to the 

active site of NrdA. This radical transfer is essential for the reduction of ribonucleoside 

diphosphates to deoxynucleoside diphosphates. I identified three nicking sites in the T2 

nrdB gene, one in glutamic acid 41 (GAA), and two in lysine 42 (AAG) (Figure 14). 

Moreover, the nucleotide sequences encoding the glutamic acid and the lysine are the
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same in all of the mobE lacking phage analyzed in this work (Figure 18). The equivalent 

codons and their nucleotide sequences in mobE containing phage are more varied; they 

are glutamic acid (GAG), followed by a lysine (AAG or AAA) or an arginine (CGG, 

CGA). Structural studies of the HNH homing endonucleases I-Hmul and I-TevIII have 

revealed a bipartite structure consisting of a separate N-terminal catalytic domain and a 

C-terminal DNA binding domain joined by a linker region (17,25). Current evidence 

suggests that MobE may also have a bipartite structure with an N-terminal DNA-binding 

domain and a C-terminal HNH containing catalytic domain (49). Based on these 

observations, I suggest that the MobE recognition site in nrdB is bipartite. The MobE 

DNA-binding domain would bind the nucleotides encoding the conserved amino acids 

FFWRPEE, and the N-terminal catalytic domain would bind the polymorphic region 

upstream of the conserved amino acids (Figure 18).

I suspected that the polymorphic region in the moM’-containing phage contained 

nucleotides that were suboptimal for MobE catalyzed strand breaks. This notion follows 

from similar observations with other free-standing homing endonucleases such as SegG 

(22,34-36,48). From these observations, I expected that in mixed infections with T4 and 

a T2 strain containing the T4 polymorphisms in the first 161bp of nrdB (T2nrdBR) would 

be resistant to mobE mobility. As expected, the normalized inheritance ratio for mobE 

from T2nrdBR x T4 mixed infections was similar to the ratios from T2 x T4AmobE mixed 

infections. Furthermore, no detectable nicks were mapped in vivo on genomic DNA 

isolated from TlnrdBR mixed infections. However, I was able to map nicks in pT2nrdBR, 

which corresponded to the location of the MobE recognition site in T2 nrdB (Figure 13



Figure 18. Logos representation of the moAii;-dependent nicking sites in T-even 

phage. The logos of the nucleotides sequences flanking the mobE-dependent nicking 

sites in mobE+ and mobE phage. The amino acid sequence representing each codon and 

the nucleotide position in the nrdB gene is indicated below the logos. The mobE- 

dependent nick sites are shown by triangles. Note, the coding strand sequence is shown 

but the /woAF-dependent nicks were mapped to the non-coding strand.
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and 14). These observations suggest that MobE has reduced strand-break activity on the 

T4 version of the MobE recognition site compared to the T2 version, but I cannot 

conclude this until more experiments are carried out. The observation that MobE nicks 

the T4 version of its recognition site is not unique, other HNH homing endonucleases 

including I-Hmul, I-HmuII, F-Tfll and F-TflH, have been shown to nick the host version 

of their recognition site less efficiently than the HEG' version (17-19,27). However, the 

significance of the modest nicking of the HEG-containing by the encoded endonuclease 

genome is not known.

4.5 Stand-specific nicks and the homing pathway

Evidence presented in my thesis suggests that MobE may also be a strand-specific 

DNA endonuclease, which nicks the non-coding strand of T2 nrdB. However, I was 

unable to detect DSBs specific to T2 nrdB in genomic DNA isolated from T2 x T4 mixed 

infections using Southern blot analysis. Previous studies have shown that endonuclease 

catalyzed strand-specific nicks are sufficient to cause gene conversion and HEG mobility 

(17,19,27). This leads to a central and unresolved question regarding the mechanism 

used by a DNA nick to initiate the homing pathway. The presence of gene conversion 

events associated with mobE mobility are consistent with the idea that the endonuclease 

catalyzed DNA nick may be converted to a DSB (19). One possible mechanism that 

would cause the conversion of a DNA nick to a DSB may be the collapse of a DNA 

replication fork as it approaches the nicked DNA (19,98). The replication fork collapse 

would cause a DSB in the daughter strand that uses the nicked DNA as template for 

replication (Figure 19). However, no experimental evidence has been presented to show



Figure 19. Model for the conversion of a strand-specific nick to a DSB. The model 

for the conversion of a homing endonuclease catalyzed strand-specific nick to a DSB by 

collapsed DNA replication fork is illustrated. The template strands are shown in black 

and blue, the newly synthesized daughter strands are shown in red, and the direction of 

the approaching DNA replication fork is indicated. Additionally, the direction (5’ to 3’) 

of the DNA strands is indicated by an arrow. The endonuclease gene is transcribed and 

translated, and then the endonuclease nicks its target site in the HEG' genome. Next, a 

DNA replication fork approaches from either side of the strand-specific break, which 

leads to DNA replication fork collapse. The fork collapse leads to a DSB break in the 

daughter chromatid that uses the nicked template strand for replication.
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that a collapsed DNA replication fork is part of the homing pathway initiated by a DNA 

nick.

An observation by Landthaler et al. showed that the nicking site of intron encoded 

HNH endonucleases is typically 5’ to the HEG insertion site (37). The current reasoning 

for this observation is that the 3 ’ OH of the nicked DNA strand is positioned to prime 

DNA replication towards the insertion site. The mobE-dependent strand-specific nick I 

mapped on the non-coding strand of the T2 nrdB gene is consistent with this observation. 

However, I also showed that I-TevIII located 3’ to the nick site is inherited at a rate 

mirroring mobE in mixed infections, nonetheless, this observation does not rule out the 

possibility that the nick site location relative to the HEG insertion is significant.

4.6 Future directions and experiments

A next logical step regarding the regulation of mobE during phage infection 

would be to investigate mobE translation during phage infection. Current evidence 

suggests that mobE and nrdA are translationally coupled, but the stoichiometry of mobE 

translation compared to nrdA translation is not known. Since mobE and nrdA are present 

on polycistronic transcripts, western blots with antibodies specific to nrdA and mobE 

would provide evidence regarding the translation levels of mobE compared to the nrdA.

Furthermore, resolving the endonuclease activity of mobE is essential to 

demonstrate that mobE is functional endonucleases. The ideal situation would involve in 

vitro translation or expression and purification of MobE. Experimentation using MobE 

would determine if MobE catalyses single-strand nicks or DSBs.
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The distance requirements for the trans homing pathway could be characterized 

by measuring the rate of inheritance of a non-mobile intron versus the distance of the 

intron from a homing endonuclease cleavage site. Measuring the rate of inheritance 

versus the distance could provide further insight into the gene conversion events 

associated with the homing pathway.

Finally, investigations into the homing pathway initiated by a strand-specific nick 

could provide insight into an unresolved question. Experiments could be performed to 

determine if the strand-specific nick is converted to a DSB through a mechanism 

independent of the homing endonuclease. Additionally, the importance of the nick site

location versus the insertion site could be resolved.
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