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 I 

 
ABSTRACT 
 
 

Long Interspersed Elements (LINEs), also known as non-LTR retrotransposons, encode a 

multifunctional protein that reverse transcribes its mRNA into DNA at the site of insertion by 

target primed reverse transcription. The R2 Long Interspersed Elements (LINEs) specifically 

integrate in the 28S rRNA genes by a series of DNA binding, DNA cleavage, and DNA synthesis 

reactions. While the first half of the integration reaction, TPRT, is well understood, the second half 

of the integration reaction, second-strand DNA cleavage and second-strand DNA synthesis are 

much less well understood. A hitherto unknown and unexplored branched integration intermediate, 

an open ‘4-way’ DNA junction which is thoguht to arise by template jumping, was recognized by 

the element protein and cleaved in a Holliday junction resolvase-like reaction. Cleavage of the 

branched integration intermediate resulted in a natural primer-template pairing used for second-

strand DNA synthesis. In addition, the structure of the branched integration intermediate itself was 

explored by probing with DNase I footprint and was found to be highly structured. R2 protein 

binding to the junction was explored by a combination of DNA cleavage assays and DNA footprint 

studies. The protein appears to bind in a sequence specific manner to the downstream sequence of 

branched integration intermediates, but less so for the upstream sequence where structure appears 

to be more important. A new model for RLE LINE integration is presented. 
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INTRODUCTION 

Transposable elements (TEs) are selfish mobile genetic elements that replicate in host 

genomes and are thus inherited along with the host chromosomes. Transposable elements are 

widely distributed among all major taxonomic groups, including fungi, animal, plants, and 

protozoa and have a profound effect on structure and function of their host genome since the 

replication and abundancy of these elements often result in insertions, deletions, and 

recombination events. TEs can also serve as a source of novel genetic material resulting in new 

genes and regulatory sequences for the host 1 2 3. Retrotransposable elements, also called Class I 

TEs, transpose through an RNA intermediate. The RNA is reverse transcribed into DNA either 

before or during integration into the genome. As such, all autonomous retrotransposons encode a 

reverse transcriptase. The reverse transcriptase has been used to generate cladograms and to assist 

in the classification retrotransposable elements (Figure 1A). Elements that integrate after reverse 

transcription encode an integrase (e.g., LTR-retrotransposons and retroviruses) or a DNA 

recombinase (e.g., DIRS) 4 5. These elements have a “copy-out/paste-in” replication mechanism 

where the element is copied out of the genome by transcription and pasted back in the host genome 

as double stranded DNA 6. Elements that integrate during reverse transcription do so by target-

primed-reverse-transcription (TPRT) 7. Target-primed retrotransposons (also called non-LTR 

retrotransposons) encode a DNA endonuclease which functions as a DNA nickase, cleaving one 

DNA strand at a time at the site of insertion 7 8 9 10 4 5. The reverse transcriptase uses the free 3’-

OH generated by the DNA endonuclease to prime reverse transcription of the element RNA 7. 

Target-primed retrotransposons thus use a copy-out/copy-in mechanism of replication.  
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A major group of target-primed retrotransposons are the long-interspersed-elements 

(LINEs). LINEs encode either an apurinic-apyrimidinic DNA endonuclease (APE) or a restriction-

like DNA endonuclease (RLE) (Figure 1A, 1B). RLE LINEs are considered to be the more ancient 

of the two (APE vs RLE LINEs) 11 12. The RLE LINEs are generally about 3-4 kb in length with 

a single open reading frame (ORF) (Figure 1B). The single ORF encodes from one to three zinc 

finger (ZF) motifs, and sometimes a Myb motif, in the N-terminal region, a central reverse 

transcriptase (RT), a linker region with a IAP/gag-like zinc knuckle, and a PD(D/E)xK-family 

DNA-endonuclease with its restriction-endonuclease-like fold located after the linker 13 14 15 16 8. 

RLE LINEs are generally site-specific and target multicopy genes of the host (e.g, the ribosomal 

locus) 15 11. There are at least five main groups of RLE LINEs: R2, R4, CRE, NeSL, and HERO 11 

17 18 19 20 12. The R2 group is the most studied and include members that specifically insert into the 

28S (R2 or R8 site) or into the 18S (R8 site) rRNA genes 21 22. 

R2 group consists of four clades (R2-A, R2-B, R2-C, and R2-D) based on their RT 

sequences 23 21 24. R2 elements from each clade can have specific number of zinc-fingers, located 

in their N-terminal region along with a single myb domain 25 23 24. R2-A has three zinc-fingers 

(CCHH, CCHC, CCHH). R2-B has two zinc-fingers (CCHC, CCHH). R2-C has two zinc-fingers, 

both CCHH. R2-D has a single CCHH zinc-finger. The number of N-terminal zinc-finger motifs 

is shown to be consistent across the phylogeny of R2 and therefore, suggests that the common 

ancestor of R2 had three zinc-finger motifs at the N-terminal end 23. The R2-A clade is thought to 

represent the ancestral clade 21, 23 24. R2s are widely distributed in animal phyla including 

Arthropoda, Nematoda, Chordata, Echinodermata, Platyhelminthes, and Cnidaria 26 23 21 27 28.  

They have also been reported from hagfishes, cyclostomes, coelacanth, actinopterygian fish, 

reptiles, and birds 23 29 24 30. R2 families in Ctenophora, Mollusca, and Hemichordata has also been 
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recently discovered  23 30. R2 group elements have been being vertically transferred since prior to 

divergence of deuterostomes and protostomes 23. 

APE LINEs are about 7 kb in length and encode two ORFs (Figure 1B). The first open 

reading frame encodes an RNA binding protein that is quite diverse between different clades of 

APE LINEs. The second open reading frame of APE LINEs is analogous to the single ORF of 

RLE LINEs as the second ORF of APE LINEs encodes the DNA endonuclease (APE), the reverse 

transcriptase (RT), and the linker with its IAP/gag knuckle-like motif. APE LINEs are generally 

not site-specific during integration, although several clades of site-specific APE LINEs are well 

known, for example Tx1 clade and R1 clades are site-specific 11 31 2 3 32 11 33 34. There 20 plus 

clades of APE LINEs 35 12.  

The replication life cycle and integration mechanism of RLE LINEs and APE LINEs is 

functionally very similar. The replication of LINEs generally occurs during germline production 

12 36 37. An RNA transcript is generated from an element coded promoter or a promotor located 

upstream of the inserted element (Figure 1B, 1C). The transcript is exported to the cytoplasm and 

translated. The element encoded protein(s) bind to the transcript from which the protein was 

translated from, a process termed cis preference, to form an integration-competent 

ribonucleoprotein (RNP) complex. The RNP enters the nucleus. Integration at a new site occurs 

by TPRT where the element encoded endonuclease generates a nick at a chromosomal site and the 

reverse transcriptase uses the free 3’-OH to prime reverse transcription of the element RNA (i.e., 

TPRT). Completion of integration has remained largely undetermined but is thought to involve 

second strand DNA cleavage and second strand DNA synthesis events carried out by either 

element or host factors. This first chapter of my dissertation will briefly review what is known 

about the replication cycle of LINEs, with special focus on RLE LINEs and in particular, R2 
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elements. My data chapters, Chapters 2 and 3, will explore the second half of the integration 

reaction of LINEs, second-strand cleavage and second-strand synthesis, using purified components 

of the RLE LINE R2 from Bombyx mori (R2Bm). R2 and R2Bm has served as a major model 

system for the biochemistry RLE LINE integration. The mammalian L1 element has served as one 

of the major elements used to study APE LINE integration. In the remainder of this background 

chapter, I will focus on what is known about R2 transcription, translation, RNP formation, and 

integration. I will include brief parallels or tie-ins to APE LINEs, especially L1. 

 
Figure 1. (A) RT tree of life phylogram. The phylogram is adapted from data in 38. Gray triangles 
with black perimeters are reverse transcriptases from retrotransposon and viral elements. Gray 
tringles are host reverse transcriptase genes. Straight black lines are retrotransposons (or host 
systems) that are either known to, or assumed to, undergo integrate by TPRT. (B) RLE and APE 
LINE ORF structure as rectangles with major motifs indicated. Two representative RLE LINEs 
and two representative APE LINEs are shown so as to indicate that there is great diversity within 
these two groups.  Black ovals are IAP/gag-like zinc knuckle motifs. Arrows are promoters. 
Abbreviations: zinc finger (ZF), RNA binding domain (RB), restriction endonuclease-like (RLE), 
and apurinic-apyrimidinic endonuclease (APE), ribozyme (rbz) (C) Replication cycle and basic 
TPRT mechanism. 
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Transcription of R2 and processing of the element RNA 

 

 RLE LINEs (R2). Most RLE LINEs are site specific and target multi-copy gene sequences 

and the promotor of the host gene is used to generate a co-transcript. This use of a host promotor 

to generate a co-transcript has been shown most conclusively shown for the R2 element in 

Drosophila. R2 elements target the ribosomal locus. The R2 element in Drosophila, as in many 

other species, targets the 28S ribosomal DNA (Figure 2A). Normally the ribosomal promotor 

generates a long transcript that is processed into the individual ribosomal RNAs by host factors. 

Ribosomal units with an R2 element inserted into the 28S rDNA, are transcribed, generating a co-

transcript that includes the R2 element 39, 40 41.  

The R2 element encodes an HDV-like ribozyme located at the 5’ end of the element which 

processes the element away from the majority of the upstream ribosomal sequences (Figure 2A, 

2B) 39, 40 42, 43. In vitro studies using synthesized RNAs have shown that the HDV-like ribozyme 

in several Drosophila species, along with several non Drosophia species, are capable of rapid and 

efficient self-cleavage of 28S/R2 co-transcript. The HDV ribozyme found in Drosophila and other 

insect R2 elements are around 180 nt in length with a large J1/2 loop 39. Interestingly, and 

importantly, the P1 region often includes ribosomal derived RNA and the cleavage site of the 

ribozyme is within the ribosomal RNA 39, 40. The self-cleavage site in most R2 elements has been 

shown to be within the 28S rRNA gene from 9 to 36 nucleotides upstream of the R2 5’ junction or 

the insertion site 39. The cleavage site of R2 ribozyme from Bombyx mori, for instance, is located 

about 28 bp upstream of the R2 insertion site 40 39. The site of self-cleavage for the Drosophila 

simulans ribozyme, however, is precisely at the 28S/R2 5’ junction 39 15.  
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R2 elements with ribozymes that are predicted to cleave within the 28S sequences tend to 

generate 5' junctions with fewer small target deletions and/or nucleotide additions upon insertion 

than do elements whose ribozymes cleave at the 28S/R2 site 39. R2 elements with ribozymes that 

are predicted to cleave within the 28S sequences also sometimes generate 5' junctions that contain 

tandem duplications of upstream 28S sequences of a length consistent with the location of the 

predicted ribozyme cleavage site 39. For this reason, it has been hypothesized that the rRNA 

sequence  not cleaved off by the ribosome,  might play a crucial role in second-strand synthesis 39.  

Other RLE LINEs appear to encode HDV-like ribozymes (e.g., R4) and might be standard 

for site-specific elements that do not encode their own promotors 44 42. It is not known how the 3’ 

end of the R2 element is determined or processed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Transcription of ribosomal unit with an R2 insertion. (A) ribosomal rDNA unit with 
an R2 element insertion it. Primary transcript is initiated at the promotor for the ribosomal unit. 
The primary transcript is processed into the rRNAs and the R2 RNA. (B) R2 HDV-like ribozymes 
and their cleavage sites, modified from 39.  
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 APE LINEs. APE LINEs generally have internal pol II promoter that are used to transcribe 

the element RNA 45 46. The 5’ UTR of human L1 has been shown, or hypothesized, to contain 

binding sites for a number of transcription factors including Ying Yang-1 (YY1), Runx3, SRY-

related (SOX) proteins, and Sp1 47 45 48 49.  

Some APE LINEs appear to encode a HDV-like ribozyme including SART, R6Ag1/3, 

RTE, and L1Tc, Ingi elements 44 42 44. The ribozymes of L1Tc and Ingi also code for internal 

promotors 44, 50. 

 

Translation of R2 

 

RLE LINEs (R2). R2 elements lack 5’methyl guanosine cap as the transcript is derived 

from a pol I transcript and then further processed by the HDV-like ribozyme. R2, therefore, must 

initiate translation through a cap independent mechanism. Conservation of RNA structure 

dominates in much of the 5’ UTR of R2 because of the constraints of the HDV-like ribozyme. In 

the ORF, conservation of amino-acid sequences dominate over RNA structure. There is an area of 

overlap, where RNA structure and the start of the ORF appear to be linked 39, 40, 51, 52. The complex 

double pseudoknot structure of self-cleaving HDV ribozyme has been hypothesized to function as 

an internal-ribosome-entry-site (IRES) similar to the pseudoknot based IRESs found in viruses 

and a few cellular mRNAs 39, 40, 51, 52. Indeed, the HDV-like ribozymes of several Drosophila R2 

elements, when hooked up to a luciferase ORF, appeared to be able to act as an IRES in in vitro 

transcription/translation studies 42.  
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APE LINEs. APE LINE elements have two ORFs, each of which are required to be 

translated independently. APE LINEs are generally transcribed Pol II and the mRNA capped. ORF 

1 is translated in a cap-dependent manner. ORF 2 translation occurs by either re-initiation or by an 

IREs. In human L1, two in-frame stop codons at the end of ORF 1 are crucial for termination of 

ORF1 translation and re-initiation of ORF2 translation. Once the ribosome receives a stop signal, 

the ORF1 protein is released followed by followed by partial dissociation of the ribosome. The 

small subunit of ribosome remains associated to L1 RNA transcript and scans the remaining inter-

ORF region to reinitiate at the AUG of ORF2 53. Both ORFs are translated such that the resulting 

protein is not ORF1/ORF2 fusion protein 53 34. The mouse L1 uses an IRES to initiat translation 

of ORF2 53 54. In unconventional translation mechanism, ribosome scans the ORF 1 region and 

keeps translating the ORF1 protein until it gets to the stop codon at the “inter-ORF” region. Other 

elements such as SART1 element from silkworms exhibit translational coupling mechanism as in 

some prokaryotes and viruses, where the same ribosome translates both the ORF1 and ORF2 

proteins. Also, SART1 element does not require AUG start codon, and rather an overlapping 

UAAUG stop-start codons and downstream RNA secondary structure are shown to be very 

important for efficient translation of the ORF2 55. 

 

R2 RNP formation 

 

RLE LINEs (R2). The R2 protein from Bombyx mori (R2Bm) binds to a structured 

segment of element RNA located in the 5’ UTR termed the 5’ protein-binding-motif (PBM) 56. In 

R2Bm, and other related moths, the 5’ PBM is also the hypothesized location of the IRES 52. The 

moth 5’ UTR is abnormally long, compared to a canonical R2 5’ UTR (e.g., Drosophila). The 
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moth 5’ UTA consists of a HDV-like ribozyme and the 5’ PBM 40, 51, 52. Drosophila R2 elements 

the 5’ UTR is much shorter and consists of just the HDV-like ribozyme. The Drosophila HDV-

like ribozyme likely functions as the ribozyme, the IRES, and the 5’ PBM. It is possible that the 

moth lineage underwent a duplication and subfunctionalization of the 5’ UTR. 

The 3’ UTR of the R2 transcript also has a conserved secondary structure and binds R2 

protein, therefor the R2 3’ UTR functions as a PBM and has been called the 3’ PBM 7, 51, 57, 58. 

Protein bound to the 3’ PBM is necessary and sufficient for TPRT (i.e, the first half of the 

integration reaction) 7, 58. It is interesting to note that the R2 protein from Bombyx mori (R2Bm) is 

capable of  recognizing the 3’ UTR RNA from Drosophila melanogaster (R2Dm) as well as other 

distantly related R2 elements, despite having no sequence similarity to the R2Bm 3’ PBM 58 57. 

Binding of R2 protein and 3’ UTR of the given element, is therefore, suggested to be dependent 

on the secondary or tertiary structures RNA transcript 57.  The 3’ UTR RNA from R2Bm and 

R2Dm are both thought to have secondary structure that include three helical regions with the 

sequence AAC/UAUC in the loop generated by one of the helices in the structure and this 

conserved region of the transcript has been shown to be critical in binding of the R2 protein 59.  

For full integration, it is thought that the R2 RNP consists of two subunits of R2 protein, 

one bound to the 3’ PBM and one bound to the 5’ PBM of the transcript (Figure 3) 56.  

 

APE LINEs. APE LINEs (e.g., mammalian L1) encode two ORFs 33. The protein encoded 

by ORF1 has been implicated in element RNA binding 60. The 3’ UTR, especially the poly-A tail 

is required for RNP formation and integration 61. The protein encoded by ORF two is thought to 

bind to the poly-A tail 61. 
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The R2Bm integration reaction 

 

First strand cleavage and first strand synthesis (TPRT) 

Insertion mechanism of R2 protein is thought to involve two protein subunits (Figure 3) 56, 

62. In the presence of 3’ PBM RNA, the R2 protein subunit binds upstream of the insertion site. 

Footprint data has shown R2 protein to be bound between -40 to -20 bp upstream of the target 

DNA cleavage site 62 63. Most RLE LINE endonucleases are capable of binding to the target DNA 

at a distance from the actual cleavage site similar to type IIs restriction endonucleases 8. R2 is also 

thought to be capable of making contacts at regions of target DNA, away from actual cleavage 

site. However, R2 protein domains that happen to be important in DNA binding still remain 

unidentified. The upstream R2 protein subunit bound to target DNA nicks the first strand (i.e.  anti-

sense strand of the target DNA) and releases a 3’-hydroxyl which is then used by the reverse 

transcriptase as a primer to prime reverse transcription of the first-strand cDNA synthesis 62. R2 

protein utilizing 3’ PBM RNA as a template and a 3’-OH of the nicked target DNA as a primer to 

do first-strand synthesis is termed as TPRT. R2 protein is known to bind to target DNA upstream 

of the insertion site in the presence of any non-specific RNAs, however, only those protein subunits 

in the presence of 3’ PBM RNA is capable of TPRT 7. Most efficient TPRT occurs when the RNA 

template for reverse transcription has its 3’ end analogous and precise to the boundary of R2Bm 

element 64. The templates with polyadenylated at the 3’ end (about 8 nt) or with truncated 3’ end 

(about 3-6 nt) do not show much efficiency during integration reaction 58. 
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Figure 3. Integration reaction of 
R2Bm. (A) The R2 RNA and ORF 
structure. (B) R2Bm RNP bound to 
target 28S rDNA. The black parallel 
lines represent the segment of 28S 
rDNA containing the insertion site 
(black vertical line). An R2 protein 
subunit (gray horizontal hexagon) is 
bound upstream of the insertion site 
(vertical bar), and an R2 protein (gray 
vertical hexagon) subunit is bound 
downstream of the insertion site. The 
upstream subunit is associated with the 
3 ′ PBM RNA, and the downstream 
subunit is associated with the 5 ′ PBM 
RNA. The footprints of the two protein 
subunits on the linear target DNA are 
indicated. The upstream subunit 
footprints from −40 bp to −20 bp, but it 
grows to just over the insertion site 
(vertical line) after first-strand DNA 
cleavage. The downstream subunit 
footprints from just prior to the 
insertion site to +20 bp 65 56. (C) 
Diagram of the current integration 
reaction: (1) cleavage of the 28S rDNA 
antisense-strand by the upstream 
bound RNP, (2) TPRT by the upstream 
bound protein subunit, (3) second 
strand cleavage, presumably by the 
downstream subunit, and (4) second 
strand DNA synthesis by an unknown 
mechanism which may involve 
template jump and/or 
microhomologies. 
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Second strand cleavage and second strand synthesis 

Little is known about the second half of the integration reaction. In the presence of 5’ PBM 

RNA, the R2 protein subunit binds downstream of the insertion site. The endonuclease of 

downstream subunit makes a second-strand cleavage of the top strand (i.e. sense strand) which 

occurs 2 bp upstream relative to the first strand cleavage site. Second strand cleavage only occurs 

after the 5’ PBM RNA bound to downstream subunit is removed 56. The sequence space of the 

first and second strand cleavage differ. It is unclear how the RLE manages to recognize and cleave 

two different sites (i.e. first-strand cleavage and second-strand cleavage sites) on the target. In 

addition, it is unknown as to whether first-strand DNA cleavage is a prerequisite for the second-

strand DNA cleavage. The R2 endonuclease can cleave single-stranded DNA (ssDNA) adjacent 

to duplex DNA, perhaps this activity has something to do with second-strand DNA cleavage. 

Second-strand cleavage is thought to be “non-site specific” and therefore could possibly make a 

cleavage on a ssDNA-duplex DNA junction that are usually formed because of local denaturation 

after first-strand cleavage 66. After the second-strand cleavage, a 3’- hydroxyl is generated which 

is hypothesized to be used as a for second-strand synthesis, completing the integration reaction. 

The reverse transcriptase of downstream subunit is hypothesized to be involved in second-strand 

synthesis 62 56.  

 

R2 derived short-internally-deleted-elements (SIDEs) 

 

Several Drosophila species have non-autonomous sequences called SIDEs that encode the 

R2 self-cleaving ribozyme at their 5’ end to process themselves from 28S rRNA co-transcript and 

include sequences with identity to the 3’ UTR of R2 that play crucial role in their recognition and 
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initiation of reverse transcription by R2 machinery 67. R2 SIDEs and R2/R1 hybrid SIDEs, for 

example, hijack autonomous R2 retrotranspositon machinery and are facilitated by the high rates 

of recombination events and yield in a given rDNA locus enabling them to move and therefore, 

survive within the host genome 67 68 69 70 71.  

 

 

Integration mechanism of APE LINEs (L1) 

 

APE-bearing LINE-1 contains the endonuclease domain at N-terminal to the RT in ORF2. 

ORF2p encoded EN is shown to interact with DNA through the Bβ6-Bβ5 loop upon which the EN 

nicks the target DNA at a degenerate consensus sequence, 5’-TTTT/A-3’ or variants of this 

sequence 9 72. Following the RNP formation and entry to the nucleus, LINE-1 endonuclease 

cleaves the first/bottom-strand (i.e. antisense strand), releases a 3’ -hydroxyl which is then used 

by reverse transcriptase as a primer to prime reverse transcription of the element RNA, and thus 

complete first-strand cDNA synthesis 2. The first-strand synthesis generally starts within the 3’ 

end poly-A sequence of LINE-1 RNA 73. The 3’ poly-A sequence in LINE-1 is known to be crucial 

for efficient retrotransposition. While replacing the 3’-end poly A sequence of LINE-1 with non-

polyadenylated non-coding RNA does not affect translation, it does result in the RNA being unable 

to retrotranspose 74. In addition, retrotransposition of LINE-1 is directly affected by the length of 

poly-A sequence. Addition of about 20-26 poly-A tract downstream of the LINE-1 element, 

drastically increases the retrotransposition activity 74. Unexpectedly, poly-A sequence is known to 

be not as important for LINE-1 retrotransposition in cultured cells 61.     
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 Also, annealing of LINE-1 cDNA to the second/top-strand (i.e. sense strand) of the target 

DNA is hypothesized to specify the placement of second-strand DNA cleavage. Second-strand 

DNA cleavage then generates a 3’-hydroxyl needed for second strand cDNA synthesis 75. Usually, 

second/top-strand cleavage occurs at variable distances (i.e. within 15 to 16 bp) downstream of the 

first/bottom-strand cleavage site. When second/top-strand cleavages either upstream or 

downstream of the first/bottom-strand cleavage is compared to the cleavages occurring at the same 

site on both strands (i.e. double stranded nicks), only downstream cleavages are shown to result in 

target site duplications (TSDs) as observed in human genome reference sequence 76 75.  

Most retrotransposition events are known to initiate at LINE-1 EN consensus cleavage site, 

5’-TTTT/A-3’. However, although LINE-1s happen to be flanked by canonical TSDs, it is unclear 

as to whether there exists a strict consensus cleavage site for the second/top-strand cleavage. 

Nonetheless, analysis of inversion/deletion and inversion/duplication events in LINE-1s has 

shown a weak preference to the sequence 5’ –TYTN/R 77. Weak specificity for second/top-strand 

cleavage is known to occur when retrotransposition events are formed by “twin priming” 75.   

Moreover, LINE-1 EN has also been suggested to exhibit sequence preference for 

second/bottom-strand cleavage activity, but relaxed or no sequence specificity for first/top-strand 

cleavage 75. In addition to difference in the sequences for first/bottom and second/top strand DNA 

cleavages, the locations for either of the cleavages are also hypothesized to be at a distance from 

each other and therefore obscuring the second part of the integration reaction 75.  Finally, it has 

also been hypothesized that the LINE-1 may either encode a second nuclease activity that plays an 

important role in second/top-strand cleavage or the host factors themselves are being involved in 

the cleavage 73 75.  
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ABSTRACT 

Long Interspersed Elements (LINEs), also known as non-LTR retrotransposons, encode a 

multifunctional protein that reverse transcribes its mRNA into DNA at the site of insertion by 

target primed reverse transcription. The second half of the integration reaction remains very poorly 

understood. Second-strand DNA cleavage and second-strand DNA synthesis were investigated in 

vitro using purified components from a site-specific restriction-like endonuclease (RLE) bearing 

LINE. DNA structure was shown to be a critical component of second-strand DNA cleavage. A 

hitherto unknown and unexplored integration intermediate, an open ‘4-way’ DNA junction, was 

recognized by the element protein and cleaved in a Holliday junction resolvase-like reaction. 

Cleavage of the 4-way junction resulted in a natural primer-template pairing used for second-strand 

DNA synthesis. A new model for RLE LINE integration is presented. 

 

INTRODUCTION 

Long interspersed elements (LINEs) are an abundant and diverse group of autonomous 

transposable elements (TEs) that are found in eukaryotic genomes across the tree of life. LINEs 

also mobilize the nonautonomous short interspersed elements (SINEs) which appropriate the 

protein machinery of LINEs to replicate. The movements of LINEs and SINEs have been 

implicated in genome evolution, modulation of gene expression, genome rearrangements, DNA 

repair, cancer progression, and as a source of new genes (1,2). LINEs replicate by a process called 

target primed reverse transcription (TPRT), where the element RNA is reverse transcribed into 

DNA at the site of insertion using a nick in the target DNA to prime reverse transcription (3–5). 

LINEs encode protein(s) that are used to perform the critical steps of the insertion reaction. LINE 

proteins bind their own mRNA, recognize target DNA, perform first-strand target–DNA cleavage 
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and perform TPRT. The proteins are also hypothesized to perform second-strand target–DNA 

cleavage and second-strand element-DNA synthesis, although the evidence for these is sparse (3–

20). The earlybranching clades of LINEs encode a restriction-like endonuclease (RLE), while the 

later-branching LINEs encode an apurinic-apyrimidinic DNA endonuclease (APE) (2124). Both 

types of elements are thought to integrate through a functionally equivalent integration process 

(5,25–27). 

Second-strand DNA cleavage has remained unclear because the cleavage sites generally 

are not palindromic: the sequence around the second-strand cleavage site is often unrelated to the 

sequence around the first-strand cleavage site. In addition, blunt or staggered cleavages can occur. 

The staggered cleavages give rise to target site duplications or target site deletions depending on 

whether the staggered cut is 3 ′ overhanging or 5 ′ overhanging, respectively. Moreover, the 

staggered cleavages can be a few bases away (e.g. 2 bp in R2Bm) or quite distant (e.g. 126 bp in 

R9) (28,29). In APE LINEs, as in RLE LINEs, the cleavages are generally staggered such as to 

generate a modest 10–20 bp target site duplication upon insertion (26,30–32). The endonuclease 

from APE-bearing LINEs (APE LINEs) appears to have some specificity for the first DNA 

cleavage site, but much less so for the second DNA cleavage site on linear target DNA 

(23,30,31,33,34). The endonuclease from the RLEbearing LINEs (RLE LINEs) is similarly 

involved in target site recognition (11). In both cases, however, additional specifiers for cleavage 

have been hypothesized to account for the different specificity of the first and second-strand DNA 

cleavages including the endonuclease being tethered to the DNA by unidentified DNA binding 

domains in the protein. Another complicating factor is that the first cleavage event should occur 

in the presence of element RNA, while the second cleavage event, according to a priori reasoning, 
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should occur in the absence of element RNA, 

due to cDNA formation, however cleavage in 

the absence of RNA has been difficult to 

demonstrate in vitro (20). 

Figure 1. R2Bm structure and integration reaction. (A) 
R2Bm RNA (wavy line) and open reading frame 
(ORF) structure (gray box). The ORF encodes 
conserved domains of known and unknown functions: 
zinc finger (ZF), Myb (Myb), reverse transcriptase 
domain (RT), a cysteinehistidine rich motif (CCHC) 
and a PD-(D/E)XK type RLE. RNA structures present 
in the 5 ′ and 3 ′ untranslated regions that bind R2 
protein are marked as 5 ′ and 3 ′ PBMs, respectively. 
The small (25 nt) RNA segments from the 5 ′ end and 
3 ′ ends of the element RNA used in this study are 
indicated. (B) The R2 integration complex, as 
currently understood, is depicted bound to a segment 
of linear 28S rDNA (black parallel lines). An R2 
protein subunit (gray horizontal hexagon) is bound 
upstream of the insertion site (vertical bar), and an R2 
protein (gray vertical hexagon) subunit is bound 
downstream of the insertion site. The upstream subunit 
is associated with the 3 ′ PBM RNA, and the 
downstream subunit is associated with the 5 ′ PBM 
RNA. The footprints of the two protein subunits on the 
linear target DNA are indicated. The upstream subunit 
footprints from −40 bp to −20 bp, but it grows to just 
over the insertion site (vertical line) after first-strand 
DNA cleavage. The downstream subunit footprints 
from just prior to the insertion site to +20 bp (10,20). 
The overlapping portions of the target DNA, 28Su and 
28Sd, used in this study are indicated with brackets. 
(C) The Current Integration Model and the New 
Integration Model being proposed in this paper are 
compared. Straight lines are DNA (28S or R2). The 
wavy line is the R2 RNA. The four steps of the current 
model are: (1) DNA cleavage of the bottom/first-
strand of the target DNA; (2) TPRT; (3) DNA cleavage 
of the top/second strand of the target DNA; and (4) 
second-strand DNA synthesis. The fourth step has not 
been observed directly in vitro. The five steps of the 
new model are: (1) DNA cleavage of the bottom/first-
strand of the target DNA; (2) TPRT; (3) a template 
jump/recombination event that generates an open ‘4-
way’ DNA junction; (4) second-strand DNA cleavage; 
and (5) second-strand DNA synthesis. Abbreviations: 
up (target sequences upstream of the insertion site), 
dwn (target sequences downstream of the insertion 
site) and TPRT. 
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Second-strand DNA synthesis has remained unresolved since TPRT was first described 

over 20 years ago, and it has never been directly observed in vitro (4,15,25,35,36). Second-strand 

synthesis (SSS) is hypothesized to be primed off the free 3 ′ -OH generated by the second-strand 

cleavage event and synthesized by the element-encoded reverse transcriptase (RT). It is unknown 

how the proposed primer-template association is generated as the ends of the double-stranded 

cleaved target DNA drift away post cleavage in in vitro reactions (6,20). 

The R2 element from Bombyx mori, R2Bm, is one of a number of model systems that has 

been used to study the insertion reaction of LINEs (27). R2 elements are site specific, targeting the 

‘R2 site’ in the 28S rRNA gene (27). The R2 element encodes a single open reading frame with 

Nterminal zinc finger(s) (ZF) and Myb domains (Myb), a central reverse transcriptase (RT), an 

RLE and a C-terminal gag-knuckle-like CCHC motif (Figure 1A). The R2Bm protein has been 

expressed in Escherichia coli and purified for use in in vitro reactions. 

In vitro studies of the R2Bm protein and RNA have contributed to the current model of 

integration for R2Bm (Figure 1B and C) (20). Two subunits of R2 protein, one bound to the 3 ′ 

protein binding motif (PBM) of the R2 RNA and other to the 5 ′ PBM of the R2 RNA, are thought 

to be involved in the integration reaction. The 5 ′ and 3 ′ PBM RNAs dictate the roles of the two 

subunits and coordinate a series of DNA cleavage and polymerization steps, resulting in element 

integration by TPRT (Figure 1A). The protein subunit bound to the element’s 3 ′ PBM interacts 

with 28S rDNA sequences upstream of the R2 insertion site. The upstream subunit’s RLE cleaves 

the first (bottom/antisense) DNA strand. After first-strand target-DNA cleavage, the subunit’s RT 

performs TPRT using the 3 ′ -OH generated by the cleavage event to prime first-strand cDNA 

synthesis. The protein subunit bound to the 5 ′ PBM RNA interacts with 28S rDNA sequences 

downstream of the R2 insertion site by way of the ZF and Myb domains. The downstream subunit’s 
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RLE cleaves the second (top/sense) DNA strand, but only after the 5 ′ PBM RNA structure is 

destroyed by TPRT during cDNA formation, putting the protein in the minus RNA state. Second-

strand DNA cleavage, however, is not thought to occur until after the 5 ′ PBM RNA is pulled from 

the subunit, presumably by the process of TPRT, putting the protein in a ‘no RNA bound’ 

conformation. Confusingly, second-strand DNA cleavage does not readily occur in the absence of 

RNA in our in vitro reactions. Second-strand cleavage had, until this report, required a narrow 

range of R2 protein, 5 ′ PBM RNA and target DNA ratios to be observed in in vitro reactions (20). 

Additionally, second-strand cleavage had, until this report, disconnected the primer for SSS, the 3 

′ -OH generated by second-strand cleavage, from the cleavage event from the cDNA template, 

making initiation of second-strand DNA synthesis problematic (6,20). 

The DNA endonuclease plays a central role in the integration reaction of LINEs. The RLE 

found in the earlybranching LINEs is a variant of the PD-(D/E)XK superfamily of endonucleases 

(11,22). In a previous paper, we reported the similarity of the LINE RLE as having sequence and 

structural homology to archaeal Holliday junction resolvases (11,37). Our previous paper left open 

the question as to whether R2 protein could function on branched DNA molecules and what this 

potential activity tells us about the insertion reaction. Of particular interest is the TPRT product, a 

pseudo (i.e. open) ‘3-way’ junction, and a proposed open ‘4-way’ junction. The open 3- and 4-

way junctions are key substrates that differentiate two models of insertion (Figure 1C): (i) The 

Current Integration Model, and (ii) a New Integration Model being proposed herein. The two 

models differ in the timing and substrate of second-strand DNA cleavage. Cleavage of the TPRT 

product (Current Integration Model) produces a fully cleaved target DNA with no obvious primer-

template from which to prime secondstrand DNA synthesis; it is proposed that a template jump 

occurs post DNA cleavage in order to prime SSS. In the New Integration Model, the proposed 
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template jump/switch occurs prior to second-strand DNA cleavage and thus forms the 4-way-like 

junction. The open 4-way junction, upon DNA cleavage, resolves into a natural primer-template 

that could be used in second-strand DNA synthesis. 

 

MATERIALS AND METHODS 

Nucleic acid preparation and R2Bm protein purification 

Oligonucleotides (oligos) containing 28S R2 target DNA, non-target (nonspecific) DNA 

and R2 sequences were ordered from Sigma-Aldrich. The upstream (28Su) and downstream 

(28Sd) target DNA designations are relative to the R2Bm insertion dyad within the 28S rRNA 

gene. The DNA constructs were formed by annealing the component oligos: see Supplementary 

Figure S1 for a list of the oligos used in this study and their sequences. One of the component 

oligos had been 5 ′ end-labeled (32 P), prior to annealing to the other component oligos. Twenty 

pmol of the radiolabeled oligo was mixed with 66 pmol of each of the other oligos that make up 

the construct. The oligos were annealed in 1× TPRT buffer (10 mM Tris–HCl (pH 8.0), 5 mM 

MgCl 2 , 200 mM NaCl) for 2 min at 95 ◦ C, followed by 10 min at 65 ◦ C, 10 min at 37 ◦ C and 

at last 10 min at room temperature. The constructs were not further purified post annealing as the 

procedure of gel purification led to inadvertent formation of partial junctions and gave us less 

control over DNA concentration. Junctions that shared a common labeled oligo were equalized by 

radioactive DNA counts; otherwise, equal volumes annealed junctions were used in R2 reactions. 

R2Bm protein expression and purification were carried out for wild-type R2 protein, 

endonuclease mutant (KPD/A or K/ARNKY) and reverse transcriptase mutant (YAD/YD) as 

previously published (11,22). Briefly, E. coli BL21 cells containing the R2 expression plasmid 

were grown in LB broth and induced with IPTG. An empty expression vector was used to generate 
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the protein extract that served as the mock-protein (øprotein) negative control in the functional 

assays. The induced cells were pelleted by centrifugation, resuspended and gently lysed in a 

HEPES buffer containing lysozyme and triton X-100. The cellular DNA and debris were spun 

down, and the supernatant containing the R2Bm protein was purified over Talon resin (Clontech 

#635501). The R2Bm protein was eluted from the Talon resin column and stored in protein storage 

buffer containing 50 mM HEPES pH 7.5, 100 mM NaCl, 50% glycerol, 0.1% triton X-100, 0.1 

mg/ml bovine serum albumin (BSA) and 2 mM dithiothreitol (DTT) and stored at −20 ◦ C. R2 

protein was quantified by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) along with a BSA standard titration and stained by SYPRO Orange (Sigma #S5692) prior 

to addition of BSA to the R2 protein for storage. All quantitations were done using FIJI software 

analysis on digital photographs (38). 

 

DNA binding, DNA cleavage and DNA synthesis reactions 

R2Bm protein and target DNA binding, DNA cleavage and DNA synthesis reactions were 

performed largely as previously reported (11). Reactions were 13 l and contained 80 fmol of 

labeled substrate DNA, 10-fold excess cold competitor DNA (dIdC) by mass, and a dilution series 

of R2Bm protein, typically ≥ 420 - ≤ 0.40 fmol protein. Each DNA construct was tested for its 

ability to bind to purified R2Bm protein and to undergo DNA cleavage in the absence of RNA (i.e. 

in the absence of 5 ′ PBM RNA and 3 ′ PBM RNA). The reactions were analyzed by native 5% 

polyacrylamide gel electrophoresis (EMSA) to determine fraction bound and denaturing (8 M 

urea) 8% polyacrylamide gels to determine fraction cleaved. A+G ladders as well as ladders made 

from different sized DNA oligos were run alongside the reactions in the denaturing urea gels to 

aid in mapping cleavages. Oligos used to build the constructs were used to also make the end 
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labeled DNA oligo ladder and the A+G ladder. Only reactions in the linear range on a bound versus 

cleaved graph were used in determining cleavability, and then only from 20% bound to about 95% 

bound window as quantitation is problematic below and above that range. An SSS assay was 

performed by the addition of dNTPs to the DNA cleavage reactions. All gels were dried, exposed 

to a phosphorimager screen and scanned using a phosphorimager (Molecular dynamics STORM 

840). The resulting 16-bit TIFF images were linearly adjusted (levels command) so that the most 

intense bands were dark gray. Adjusted TIFF files were quantified using FIJI software (38). Gel 

images presented in the main figures were adjusted (levels command) to visualize the cleaved 

and/or synthesized products of interest. 

 

RESULTS 

First-strand cleavage and TPRT products are poor substrates for second-strand cleavage 

R2Bm inserts into a specific site in the 28S rDNA. In previous studies, it was determined 

that the protein subunit bound to target sequences downstream of the insertion site likely provides 

the endonuclease involved in second-strand (i.e. top-strand) DNA cleavage (6,10,20). Second-

strand cleavage, however, has always been difficult to achieve and study. Previously, second-

strand cleavage has required a narrow range of 5 ′ PBM RNA, R2 protein and DNA ratios. The 

prior data indicated that first-strand DNA cleavage is probably required before the second-strand 

can be cleaved, that the downstream subunit must be bound to the DNA (which required 5 ′ PBM 

RNA) and that the 5 ′ PBM RNA must then be dissociated from the downstream subunit for 

second-strand cleavage to occur (20). In vivo, with a full-length R2 RNA, the process of TPRT 

would be expected to pull the 5 ′ PBM RNA from the downstream subunit, putting the downstream 

subunit into the ‘no RNA bound’ state and thus initiating second-strand DNA cleavage. 
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Figure 2. First-strand DNA cleavage and TPRT products are not good substrates for second-strand DNA cleavage. 
Several bottom/first-strand nicked linear DNAs (i and iii) and TPRT analogs (ii and iv) were tested for cleavability by 
the R2Bm protein. The 120 bp nicked 28S DNA (i) is diagrammatically bent at a 90 ◦ angle with the downstream 
(dwn) oriented toward the top of the page (i.e. the North arm). The TPRT product (ii) is similarly drawn; the TPRT 
(i.e. the East arm) arm is 25 bp. The star indicates that the DNA strand was 5 ′ end-labeled to track DNA binding and 
cleavage. In constructs iii and iv, the thin lines represent non-specific sequences; the left West arm was 25 bp and only 
the 5 bp nearest the second-strand cleavage site remained 28S DNA. Below each of the construct cartoons are the 
native (EMSA) gels and corresponding denaturing gels used to analyze DNA binding (EMSA) and DNA cleavage 
(denaturing) of the given DNA construct by R2Bm protein. DNA binding and cleavage reactions were 13 l and 
contained 80 fmol of radiolabeled construct DNA and 420–0.4 fmol of R2Bm protein (gray triangle). All EMSA gels 
were quantified such that the bands above the full construct DNA in the mock purified protein (Ø) and no protein (0) 
control lanes were subtracted out of the bound signal in the experimental lanes. Solid vertical lines next to the EMSA 
gels represent areas of the gel where the bound DNA signal resides. The well, the smear and the gel migrating 
complexes were all counted as bound DNA. DNA bands located below unbound (free) DNA that increased with 
protein concentration were counted as bound DNA since these bands were released cleavage products. The released 
cleavage product co-migrated with partial junctions (dotted line) present in the control lanes. The control lane partial 
junction signal was subtracted from the experimental lane’s co-migrating bound signal. The remaining partial 
junctions (dotted line) were counted as unbound DNA in the experimental lanes. The main band in the mock purified 
(Ø; protein purified from an empty expression vector) and the no protein (0) lanes is the location of the unbound 
junction DNA (DNA). Next to the denaturing gels is the size of the uncleaved radiolabeled oligo. The size and 
migration of the band resulting from second-strand cleavage is indicated by brackets on the denaturing gel. The DNA 
binding and DNA cleavage results are plotted on three graphs: (i) fraction ( f ) cleaved as a function of protein 
concentration (fmol/reaction); (ii) fraction cleaved as a function of fraction bound for reactions where roughly 20–
95% of the DNA was bound; and (iii) a bar graph reporting the average percentage cleaved products per bound unit 
of DNA (fraction bound) for reactions in the linear part of the second graph. The diameter of the gray dot next to each 
construct cartoon reflects the relative cleavability of the construct normalized to construct v in the next figure. See 
Supplementary Figure S2 for a graph of fraction bound as a function of protein concentration and for endonuclease 
mutant R2 protein controls. 

 



 32 

In the first part of this study, the ability of the R2 protein to perform second-strand cleavage 

in the ‘no-RNA-bound’ state was investigated on products generated from the first two steps of 

the insertion reaction: first-strand DNA cleavage and TPRT (Figure 2). The product formed as a 

result of first-strand cleavage was made by annealing a 120 bp 28S derived target DNA containing 

73 nt of 28S sequence upstream of the R2 insertion site and 47 nt of sequence downstream of the 

insertion site to two oligonucleotides complementary to the upstream and downstream segments 

of the 120 mer, respectively (10,20). In the diagram of the cleaved linear DNA in Figure 2 

(construct i), the DNA has been bent 90 ◦ with the downstream 28S DNA ‘arm’ being oriented 

upward (‘North’) and the upstream 28S DNA arm remaining oriented to the left (‘West’). The 

TPRT product analog, construct ii, was similarly formed by annealing oligonucleotides. The TPRT 

analog included a 25 bp DNA/RNA heteroduplex arm derived from the 3 ′ end of the R2 element, 

positioned to the right (‘East’) in the diagram (3). The 120 nt ‘top’ (i.e. the sense) strand of the 

28S gene was 5 ′ end-labeled with 32 P to facilitate tracking of R2Bm protein induced DNA 

cleavage events (i.e. second-strand cleavage events). An electrophoretic mobility shift assay 

(EMSA) was used to measure the ability of the R2 protein to bind to each construct across a range 

of protein concentrations. Companion denaturing polyacrylamide gels were used to assay for 

second-strand DNA cleavage. The DNA binding and DNA cleavage data were quantified and are 

presented in several graphs: fraction cleaved as a function of protein concentration, fraction 

cleaved as a function of fraction bound, and a bar graph reporting the average percent cleaved per 

bound unit of DNA (derived from the linear portion of the fraction cleaved as a function of fraction 

bound graph). 

Neither the first-strand cleavage product (construct i) nor the TPRT analog (construct ii) 

were good substrates for second-strand cleavage (Figure 2). DNA cleavage only occurred at or 
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near protein excess, and even at these levels only a small percentage of the bound DNA was 

cleaved. This result is similar to the dynamics previously reported where it was not until the 

upstream protein binding site, located at −40 to −20 (see Figure 1B), was completely occupied did 

protein associate with the downstream DNA binding site resulting in cleavage of the sense strand 

of the 28S gene (6). And in the absence of RNA, as in the presence of 3 ′ RNA, the R2Bm binds 

to upstream DNA sequences (29). 

In an effort to promote efficient second-strand cleavage, the upstream 28S DNA sequences 

of constructs i and ii were removed, forming constructs iii and iv. The upstream (West) arm of the 

two new constructs consisted of 25 bp of mostly nonspecific DNA; only the 5 bp prior to the 

secondstrand cleavage site remained 28S sequence. The shortened first strand cleavage product 

(iii) failed to undergo secondstrand cleavage. The TPRT product (iv) cleaved better than constructs 

i–iii and construct iv did not have the need for an excess of protein like i and ii. That said, only 

about 5% of the protein-bound constructs underwent second-strand DNA cleavage. Construct iv 

was still a poor substrate for second-strand cleavage. 

 

Specific open ‘4-way’ junctions are cleaved by R2 protein 

In the second part of this study, open ‘4-way’ junctions that mimic the template switch 

hypothesized to occur at the close of TPRT were generated (see construct cartoons in Figure 3; see 

also New Integration Model, Figure 1C). A template switch is the association between the cDNA 

and the target DNA and the potential extension of the cDNA using the target DNA as a template. 

The 5 ′ end of the R2Bm mRNA is believed to contain rRNA sequence corresponding to the 

upstream target DNA (35,39–41). The reverse transcribed cDNA could then hybridize to the top 

strand of the target to form the 4-way junction. 
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Figure 3. Specific open ‘4-way’ junctions are good substrates for second-strand DNA cleavage. Various R2Bm/28S 
derived junctions related to the open 4-way junction drawn in step 3 of the New Integration Model (Figure 1) were 
tested for DNA cleavage. Symbols, conventions, reactions, gels, analysis and graphs are as in Figure 2. The North 
arms of the constructs contain 47 bp of 28S downstream DNA, which is the same amount of downstream 28S DNA 
normally used in our linear target DNA (10,20). In construct xiii the 47 bp North arm was replaced with a 35 bp arm 
of mostly non-specific DNA. The 5 bp nearest the cleavage site, however, remained 28S DNA. The West arm of 
constructs v–xii were identical to constructs iii and iv (Figure 2), being 25 bp in length and containing mostly 
nonspecific DNA. The West arms of constructs xiii–xvi were 73 bp of upstream DNA and corresponds to the amount 
of upstream DNA normally used in our linear target DNA (6,29). East and South arms of all constructs are 25 bp. See 
Supplementary Figure S3 for mapping of DNA cleavages. See Supplementary Figure S4 for endonuclease mutant 
protein controls and for a graph of fraction bound as a function of protein concentration. See Supplementary Figure 
S5 for denaturing gels of specific EMSA bands. 
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 The open 4-way junctions generated in Figure 3 fell into three broad categories designed 

to analyze the sequence and structure requirements for precise and efficient DNA cleavage: (a) 

construct v and its derivatives vi–xii which have a short mostly non-specific upstream (West) DNA 

arm, (b) construct xiv and its derivatives xv–xvi, which have the full upstream and downstream 

28S sequence (West and North arms) and (c) construct xiii, which has a medium length, mostly 

non-specific, downstream (North) DNA arm (see also the derivative construct xvii in Figure 4). 

The first and third groups of constructs limit the potential conformational space of the resulting 

protein–nucleic acid complexes due to the fact that known protein-binding-sequences are being 

removed. The second group of constructs retains the full upstream and downstream 28S sequences 

and the protein binding sites contained therein. All three groups of constructs retained 28S 

sequences proximal to the second strand DNA cleavage site (5 bp on either side, West and North 

arms). Multiple construct variations within each category were explored in order to more precisely 

define the DNA structure and sequence parameters required for second-strand cleavage. An R2 

protein titration series was run on each labeled construct depicted in Figure 3. The labeled strand 

is marked with an asterisk (*) in the construct cartoons. The reactions were analyzed on native 

(EMSA) and denaturing polyacrylamide gels as in Figure 2. The gels for each construct are shown 

below the corresponding construct cartoon. The data that led to the mapping of the R2 cleavages, 

as well an endonuclease deficient R2 protein control for each construct, are located in the 

supplementary material (Supplementary Figures S3 and 4, respectively). 

There are several parameters to consider in determining cleavability: (i) the amount of 

protein required to bind to the DNA, (ii) the amount of cleavage per protein-bound unit of DNA 

and (iii) the precision of the DNA cleavage. The second and third parameters were the most useful 

ones for comparing the cleavability between constructs. The first parameter was less informative 
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because protein binding sites were being strategically removed and because of inherent issues with 

DNA quantitation when making the constructs and inherent issues with pipetting small volumes 

and protein (stored in glycerol) accurately. 

Construct v was picked as a starting point in the analysis as construct v is the template-

jump version of construct iv. The template-jump portion of construct v is the R2 5 ′ end (South) 

arm covalently attached to, and base paired with, the West arm. The South arm consists of a 25 bp 

cDNA/RNA duplex originating from the 5 ′ end of the R2 element RNA that would have been 

generated by TPRT. Construct v is a substantially better substrate for second strand cleavage than 

construct iv. Construct v cleaved about 11% of the protein-bound substrate. Interestingly, construct 

vi, which consisted only of the intact duplexed North arm and single stranded West and East arms 

(no South arm) cleaved just as well as construct v. The cleavage, however, was less precise. Only 

cleavages within few bases of the canonical R2Bm cleavage site were counted as second-strand 

cleavage for all constructs. Aberrant cleavages are marked as such on the denaturing gels and were 

not counted. Construct vii was structurally identical to construct vi, except it retained the original 

East arm heteroduplex. Construct vii, like construct vi resulted in imprecise cleavage at the R2 site 

and additional aberrant cleavages upstream of the R2 site on the single stranded West arm. A gray 

circle next to each construct cartoon represents the relative cleavability of the construct when 

normalized to construct v. 

Both constructs viii and ix lack a duplexed North arm, resulting in aberrant cleavages at 

single stranded North arm and none at the R2 cleavage site. Because of the lack of cleavage at the 

R2 site, constructs viii and ix are noted in the figure as lacking detectable DNA cleavage. 

Constructs x–xii test the result of having single-stranded East and/or South arms. The best 

substrate in terms of precision of cleavage and cleavage per bound unit of DNA was construct xii. 
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Indeed construct xii was the best substrate out of the v-xii group of constructs, even better that 

construct v. The cleavage observed for constructs v and xii was primarily due to the R2 protein 

acting on the full construct and not on the present, but minor, partial junctions (dotted line on 

EMSAs); otherwise, constructs vi–ix, themselves being partial junctions of construct v, would 

have been cleaved better than they were. It is unfortunate that the (labeled) cleaved product in 

constructs v–vii and xii migrates at or very near a naturally occurring partial junction (solid line 

next to dotted line). 

Construct xiii switched the non-specific DNA from the West arm to the North arm. The 

North arm was made only 35 bp long and retained 5 bp of 28S DNA located near the second-strand 

cleavage site. Construct xiv returns both North and West arms to the 28S derived DNA sequence 

containing the full R2 integration site. Both constructs xiii and xiv struggled to be cleaved. 

Construct xii showed dynamics similar to constructs i and ii (Figure 2), indicating that the protein 

is binding to the West arm and not the North arm at the lower protein concentrations. For complex 

iv, this dynamic was less so. 

Constructs xv and xvi are direct analogs to the integration intermediate presented in step 3 

of the New Integration Model (Figure 1). The West arm of these two constructs contained a ‘gap 

and a flap’ as a result of the of the template jump displacing the original DNA strand. The 

recombined cDNA/target DNA duplex portion of the West arm was 27 bp so as to match the 

amount of target sequence retained in the R2Bm transcript after processing by the R2 ribozyme 

(35). The 27 bp template jump/recombination places the gap and flap well into the upstream 

binding site (DNase footprint) for the R2Bm protein (29,35). The bifurcation of the West arm is 

thought to impart flexibility to the arm. Construct xv was not very cleavable, presumably because 

it had a heteroduplexed East arm. Construct xvi, however, with its single-stranded East arm 
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cleaved well (15% cleavage per bound unit of DNA), second only to construct xii, which also 

happened to have a single stranded East arm. For example, a single stranded TPRT (East) arm 

would be expected to occur upon removal of the RNA from the cDNA/RNA heteroduplex by 

cellular RNase H activity. DNA cleavage decreased sooner on construct xvi than it did on either 

constructs v or xii in this data set (Figure 3). The early drop in cleavage for construct xvi is less 

pronounced in the data set presented in Figure 4 which was designed to test for SSS (see next 

section of the paper). The reverse transcriptase mutant (RT-) protein used in Figure 4 yields the 

same type of cleavage information as the wild-type protein (WT) used in Figure 3. Not only was 

the early drop in cleavage not as pronounced for construct xvi in Figure 4, but also the amount of 

cleavage per bound unit of DNA was nearly double for each of the constructs (v, xii, xvi) tested in 

Figure 4. The R2 protein used in Figure 4 was more active because it was fresher (1-day-old) than 

that used in Figures 2 and 3 which were age matched to 7 days old. DNA binding is long lived, 

but the amount of DNA cleavage per bound unit is age dependent. We also made a minor 

adjustment to the pH of our protein purification buffers. Datasets 2 and 3 were purified at pH 8, 

while the dataset in Figure 4 was returned to our traditional pH 7.5. The relative cleavage (gray 

dots) between constructs remained constant. Figure 4 also introduces a final construct. construct 

xvii. Construct xvii was similar to xvi with respect to the bifurcated West arm and single stranded 

East arm, but differs in that xvii had the non-specific North arm that construct xiii had. This 

construct surprisingly cleaved but was less precise; it cleaved the bases before and after (70–72) 

the cleavage site in addition to the canonical cleavage site at 71. Counting the cluster of cleavages 

as proper cleavage, the cleavability of construct xvii was significantly lower than that of construct 

xvi, but it otherwise had a similar fraction cleavage as a function of fraction bound profile to the 

other good substrates. 
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Figure 4. Second-strand DNA cleavage followed by second-strand DNA synthesis. Symbols, conventions, reactions, 
gels, analysis and graphs are as previous figures, except that dNTPs were added to the reactions. The reactions were 
carried out using wild-type R2 protein (WT), reverse transcriptase mutant protein (RT-) and endonuclease mutant 
protein (EN-). In addition, a broader protein titration range was used, 1680–0.1 fmol. The graphs include only 420–
0.4 fmol range of the RT- cleavage data. A new construct, xvii, was included in this dataset in addition to constructs 
v, xii, xvi. The amount of SSS was not quantified as the signal is too low for reliable numbers. See Supplementary 
Figure S4 for a graph of fraction bound as a function of protein concentration for RT-dataset. 
 

 

The relative ranking of the best substrates for secondstrand DNA cleavage, normalized to 

the cleavability of construct v, was xii > xvi > v ≥ vi > vii ≥ xvii. Substrates with a single-stranded 

East arm were more cleavable by the R2 protein than substrates with a duplexed east arm. The data 
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further indicated that the template-jump-derived West arm must be within a fairly narrow window 

of stability and that being too stable and rigid (xiii, xiv) seems to be inhibitory. Too low of a 

melting temperature leads to dissociation and concomitant loss of cleavage fidelity if the area 

remains single stranded (constructs vi,vii) or loss of cleavage if the structure returns to a TPRT-

like 3-way junction (constructs ii, iv). A duplexed South arm, as opposed to a single-stranded 

South arm is required (e.g. compare x–xii). The bifurcated West arm appears to reduce/inhibit 

protein binding to only the upstream-28S R2-binding-site, although additional experiments will be 

needed to confirm, and DNA cleavage appears to be strongly associated with the North arm (i.e. 

downstream 28S DNA sequences, e.g. construct vi).  

Protein–DNA complexes of constructs capable of being cleaved at the second-strand 

cleavage site by R2 protein form stable complexes that migrate within the EMSA gel, as opposed 

to being stuck in the well. Upon cleavage, the 4-way junction is resolved into two linear DNAs: 

one DNA containing the downstream (North) and R2 3 ′ (East) arms and one DNA containing the 

‘upstream’ (West) and R2 5′  (South) arms. The West plus South DNA appears to be largely 

released by the R2 protein after cleavage, at least in the case of constructs iv–xii (see the lower 

solid vertical line in the EMSAs; see also Supplementary Figure S5). Some cleaved products for 

construct xvi can be found in the upper shifted region in the EMSA gel (i.e. still bound by protein) 

(Supplementary Figure S5). It is the West plus South DNA cleavage product that is expected to be 

the primer-template for second-strand DNA synthesis; as such, we would not expect it to be 

released by R2 protein in vivo. The fate of the North plus East half of the junction was not tracked 

post DNA cleavage. 
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Second-strand cleavage leads to second-strand synthesis in the presence of dNTPs 

The third and final part of this study was to explore SSS. To test if second-strand cleavage 

could progress to SSS, dNTPs were added to the DNA cleavage reaction. In addition, the reactions 

were carried out using wild-type R2 protein (WT), reverse transcriptase mutant protein (RT-) and 

endonuclease mutant protein (EN-). The WT protein cleaves and synthesizes DNA. The RT-

protein cleaves but does not synthesize DNA. The data for the RT-protein is therefore analogous 

to the binding and cleavage reactions in Figure 3. The EN-protein does not cleave but still has an 

active reverse transcriptase. The mutation in the reverse transcriptase was YAD/YD and the 

endonuclease mutation was K/ARNKY (11,22). The EN-protein retained a low-level residual 

junction-cleavage-activity. 

The best cleaving constructs, v, xii and xvi, along with the new construct, xvii, were used 

in reactions containing dNTPs (Figure 4) to test for SSS. The reactions were analyzed by 

denaturing polyacrylamide gel electrophoresis. The labeled strand of constructs v and xii was 72 

nt uncleaved and 23 nt in length upon second-strand DNA cleavage. SSS, i.e. extension of the 

labeled strand post-DNA cleavage, would generate a 50 nt product when analyzed on a denaturing 

gel. The radiolabeled strand of construct xvi was 120 nt long uncleaved, 70 nt cleaved and 98 nt 

upon SSS. The labeled strand of construct xvii was 108 nt long uncleaved, 69–71 nt cleaved and 

98 nt upon SSS. A larger range of R2 protein concentrations was used than in the previous figures. 

Second-strand DNA synthesis was observed on the denaturing gels for constructs v and xii at the 

higher end of the protein titration series. When the R2 RT gets to the end of the template, it adds 

on several untemplated nucleotides (42). The signal above the full-length oligo on the denaturing 

gels is the result of the original full-length oligo being extended by the R2 protein. The R2 protein 

can take almost any 3 ′ end and extend it, given a template in cis or in trans (42,43). The reason 
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why full-length SSS was only prominent for constructs v and xii under conditions of protein excess 

was because the synthesis appears to be occurring primarily on the released primer template (lower 

vertical line on the EMSA) generated by second-strand cleavage and released from the 

protein/DNA complex. In vivo, it is not expected that the cleaved product would be released. 

Partial SSS products were also detected, particularly in the case of construct xii. Several 

strong stops exist above the second-strand cleavage signal. These strong stops appear to occur as 

a direct result of synthesis being primed off the 3 ′ -OH of the second-strand cleavage event; they 

are not present in either the RT- or the EN- datasets. The same stoppages were observed when 

construct xvi was used, indicating that priming of second strand synthesis also occurs on construct 

xvi. The strong stops may be the result of a structural constraint or required protein-DNA 

conformation change to switch from priming to elongation. The presence of the strong synthesis 

stops tracks strongly with the DNA cleavage profile. 

 

DISCUSSION 

A new model for R2Bm integration 

The deeper understanding of the second half of the insertion reaction for R2Bm derived 

from the above experiments has allowed for an improved R2Bm integration model to be put forth 

(Figure 1C). The first half of the integration reaction is identical to steps 1 and 2 in the old 

(‘current’) integration model. After TPRT, however, the new integration model proposes a 

template jump or recombination event from the 5 ′ end of the R2 RNA to the top-strand of the 28S 

rDNA, upstream of the R2 insertion site, forming a 4-way junction (Figure 1C, step 3). It is this 

step that, to date, has not been shown to occur in vitro and may require host factors to form. An 

association of the cDNA to the upstream target DNA is consistent; however, with previous data, 
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and the 4-way junction intermediate leads to a simple unified mechanism for 5 ′ junction formation 

and completion of integration. 

Indeed, the new integration model makes sense of earlier in vivo experiments in which the 

‘upstream’ ribosomal RNA sequence attached to the 5 ′ end of the R2Bm element RNA had been 

noted as a requirement for full-length element insertion (40,41). Studies have also determined that 

the R2 RNA is co-transcribed with ribosomal RNAs as part of the same large transcript (35,44). 

The R2 RNA is then processed from the bulk of the ribosomal RNA by a hepatitis delta virus 

(HDV)-like ribozyme found near the 5 ′ end of the R2 RNA (35,44). For a number of R2 elements, 

the processed R2 RNA retains some ribosomal RNA on the 5′  end, 27 nt of ribosomal RNA in the 

case of R2Bm (35). For elements that retain this much of the ribosomal RNA, the ‘template jump’ 

may be more of a strand invasion or recombination event than an actual template jump (40,41). 

For other R2 elements, however, the ribozyme leaves no ribosomal sequence on the processed R2 

RNA (e.g. Drosophila simulans R2), and a template jump, as diagrammed in Figure 1C step 3 (of 

the new integration model), is envisioned to occur (16,35,39,43). The RT of both APE LINEs and 

RLE LINEs has been shown to have the ability to jump from the end of one template to the 

beginning of another without any homology (43). Template jumps have long been hypothesized 

to be involved in 5 ′ junction formation for both types of elements (16,35,39,43). In addition to 

template jumping, the reverse transcriptase of LINEs is able to use both DNA and RNA as 

templates during DNA synthesis and to displace a duplexed strand while polymerizing (16) 

Recently, the R2 RLE’s reported similarity to Archaeal Holliday junction resolvases raised 

the question as to whether R2 binds and cleaves branched DNAs during integration (11,37). It 

turns out that the binding and cleavage of branched DNA is fundamental to the integration process 

itself. However, despite the formation and resolution of a ‘Holliday junction-like’ integration 
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intermediate, with nearly symmetrical DNA cleavages, the R2 protein is not a Holliday junction 

resolvase. In fact, the cleavages are separated in time and arise via an activity much closer to that 

of a monomeric, single-stranded, DNA-endonuclease activity. Second strand cleavage appears to 

be the result of the endonuclease, and/or the R2 protein, associating with a double-stranded region 

and cleaving a nearby singlestranded region. This activity is exemplified by the cleavage data for 

constructs vi and vii in Figure 3. The other constructs that cleaved well, presumably, have a single 

stranded attribute to the cleavage site. Indeed, the cleavage site migrated between constructs as if 

in response to small local changes to the single-strandedness in the cleavage region (Figures 2–4; 

Supplementary Figure S6). 

Similarly, there are good reasons to believe that firststrand cleavage and second-strand 

DNA cleavages are, at a fundamental level, identical with respect to how they arise since both 

instances are brought about by the same RLE. Indeed, DNase footprints of R2 protein bound to 

target linear DNA, prior to first-strand cleavage, show R2 protein induced DNase hypersensitive 

sites near the R2 cleavage/insertion site: local unwinding of a double helix would lead to DNase 

hypesensitive sites (6,29). Thus firststrand DNA cleavage may also be the result the endonuclease 

associating with a double stranded region and cutting a nearby single-stranded region. 

Further, it is not known which part of the R2 protein binds the 4-way DNA junction. It may 

or may not be the endonuclease (45). It remains to be investigated whether the jump/recombination 

event precludes protein binding to the upstream (−40 bp to −20 bp) binding site, as our results 

suggest. 

Cleavage of the 4-way junction generated a natural primer-template used for second-strand 

DNA synthesis. In our in vitro reactions, however, much of the primer-template is released after 

cleavage. As such, it remains an open question as to wether or not R2 provides this function in 
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vivo. It is encouraging, however, that construct xvi yielded SSS products in the form of constrained 

synthesis. It is possible that the priming occurred on cleaved substrates still bound by protein. 

One protein subunit or two? Is the integration reaction performed by one protein subunit or two? 

It is an open and unresolved question. The two subunit model presented in Figure 1B and C (current 

integration model), still fits all the data. That said, the one subunit model also fits most, if not all, 

of the data. The new data has the R2 protein recognizing a sequential set of complicated branched 

DNA structure(s). Each arm of the branched structure(s) appear to have their own sequence and 

local structure requirements that must be met for integration to occur. Our new data intellectually 

fits well with a one subunit ‘rock and roll’ model. In the rock and roll model, the R2 protein is 

bound to the 3 ′ PBM RNA and thus binds to the upstream 28S DNA (West arm) on the linear 

DNA. Binding of the upstream R2 protein subunit to the target DNA induces local unwinding at 

the R2 site. The endonuclease of the upstream bound R2 protein ‘rocks’ into place and cleaves the 

single-stranded R2 site. The reverse transcriptase of the upstream bound R2 protein is rocked into 

place and begins TPRT. The initial stages of TPRT removes the 3 ′ PBM RNA from the protein 

(due to heteroduplex formation). The 5 ′ PBM RNA associates with the R2 protein and the protein 

adopts the downstream binding conformation; the protein ‘rolls’ to the North arm while also 

making potential contacts with the TPRT (East) and West arms. TPRT finishes, removing the 5 ′ 

PBM RNA from the protein (due to heteroduplex formation). The R2 protein is now in the minus 

RNA state. The template jump occurs to form the open 4-way junction the R2 protein rolls to bind 

the 4-way junction as described in the ‘Results’ section. The endonuclease rocks into place and 

cleaves the open 4way junction. The reverse transcriptase is then rocked into place to perform 

second-strand DNA synthesis. More experiments are needed to determine which model, one or 

two subunit, is correct and to more fully understand the integration reaction. 
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Figure 5. Extrapolating the New Integration Model to 
RLE LINES that generate target site duplications. A 
target site is diagrammed with the firstand second-strand 
DNA cleavages staggered such that a target site 
duplication (tsd) would occur upon element insertion. 
The steps are as in R2 integration, except that the 
template jump displaces/melts the DNA between the two 
cleavages to generate the open 4-way junction and the 
tsd upon DNA synthesis. 
 

 

Extrapolating the R2 model to LINEs with 

different cleavage staggers 

The position of the second-strand DNA 

cleavage site relative to the first-strand 

cleavage site is variable across species, and 

even more so across the R2 clade. The stagger 

of the first and second DNA cleavage events in 

R2Bm is a small 5 ′ overhang of 2 bp that leads 

to 2 bp target site deletion upon insertion of the 

element. In Drosophila melanogaster the R2 

endonuclease produces blunt cleavages (39). 

Other R2 elements produce small 3 ′ overhangs 

(26). The 3 ′ prime overhanging staggered cuts 

produce target site duplications instead of 

deletions. The model presented in Figure 1 

works equally well for elements with any form of small staggers. The model easily can be adapted 

for elements that generate larger target site duplications. The R8 element in Hydra magnipapillata 
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generates a 9 bp target site duplication upon insertion (46). The R4 element generates a 13 bp 

target site duplication (46). The model for elements like R8 and R4 is presented in Figure 5. The 

difference between the model in Figure 1, where the cleavage stagger is small, and that proposed 

for R8 is that a local melting or displacement of the region between the cleavage sites is 

hypothesized to occur along with the template switch, generating the 4-way junction. 

APE LINEs also tend to produce a 3 ′ overhanging stagger in the range of 10–20 bp. It 

remains to be determined if APE LINEs use a 4-way junction structure to drive secondstrand DNA 

cleavage and synthesis. Bioinformatic analysis of 5 ′ junctions of full-length L1 and Alu elements 

is suggestive of template jumping to the upstream target sequence and that DNA repair might be 

an alternative path to 5 ′ junction formation for abortive insertion events (1,15,17,47,48). Twin 

priming in L1 might be a related, albeit aberrant, phenomenon to SSS (49). An association between 

the cDNA and the upstream target DNA has been hypothesized for some R1 elements (39). 

Ribosomal sequences are also important for element–RNA/target–DNA interactions during first-

strand synthesis for R1Bm as well as several other site-specific LINEs, but they do not appear to 

be as important for R2Bm (26,50,51). 
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Supplemental S1: Oligonucleotides used in the study. 
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Supplemental S2: Related to Figure 2. EMSA gels of R2Bm protein acting on constructs i-iv across a range of 
endonuclease mutant (EN-) R2Bm protein concentrations (420-6.5 fmol). A cartoon of each construct is presented. 
Under the construct cartoon is the native gel (EMSA) analysis and corresponding denaturing gel for each construct. 
The exposure of the gels in this figure was linearly adjusted such that the bands, if any, would readily be visible. A 
graph of average DNA bound (ƒ bound) as a function of protein concentration (fmol/reaction) is shown for constructs 
i-iv. 
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Supplemental S3: Related to Figure 3. Urea-denaturing 8% polyaclylamide gel showing mapping of second-strand 
DNA cleavages for constructs v-xvi. The in vitro reactions were carried out using wild type R2Bm protein (WT) for 
each construct listed at the top of the gel. A+G ladder as well as ladders made from different sized DNA oligos (as 
indicated on the figure) were run alongside the reactions to aid in mapping of second-strand DNA cleavage. The 
exposure of the gels in this figure was linearly adjusted such that bands resulting from DNA cleavage were readily 
visible. 
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Supplemental S4: Related to Figure 3. EMSA gels and urea-denaturing 8% polyacrylamide gels showing data for 
endonuclease mutant protein (EN-) acting on constructs v-xvi across a range protein concentration (420-6.5 fmol). 
Native gel (EMSA) analysis is presented. Under each native gel (EMSA) are the corresponding denaturing gel for 
each construct. Each lane on denaturing gel represents a specific protein concentration of the titration series on the 
corresponding EMSA gel, as indicated by straight lines. The exposure of the gels in this figure was linearly adjusted 
such that the bands, if any, would readily be visible. A graph of average DNA bound (ƒ bound) as a function of protein 
concentration (fmol/reaction) are shown for constructs v-xii. Also, a graph of average DNA bound (ƒ bound) as a 
function of protein concentration (fmol/reaction) are shown for constructs v-xviii (Related to Figure 4). 
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Supplemental S5: Related to Figure 3. Urea-denaturing 8% polyaclylamide gel showing mapping of cleaved and 
released products for constructs i, viii and xii. A cartoon of each construct is shown above each corresponding set [1-
4; described each next to denaturing gel]. The in vitro reactions were carried out using wild type R2Bm protein (WT) 
for each construct. A+G ladder as well as ladders made from different sized DNA oligos (as indicated on the figure) 
were run alongside the reactions to aid in mapping cleaved and released products. The exposure of the gels in this 
figure was linearly adjusted such that bands resulting from DNA cleavage and product released were readily visible. 
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Supplemental S6: Diagram of the second-strand cleavages on the 28S target. Colored triangles indicate second-strand 
cleavage for designated constructs. Nucleotide positions are numbered with respect to the central dyad. The canonical 
cleavage site are indicated by black arrows. Each construct shows a major cleavage indicated by a "larger" triangle 
and other cleavage indicated by "smaller" triangles. The cleavages for construct i were determined by looking at the 
denaturing gel in Figure 5 from 2004 Christensen and Eickbush paper (Christensen and Eickbush, 2004). 
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ABSTRACT 

The R2 Long Interspersed Elements (LINEs) specifically integrate in the 28S rRNA genes by a 

series of DNA binding, DNA cleavage, and DNA synthesis reactions. The first half of the 

integration reaction, TPRT, is well understood. The second half of the integration reaction, second-

strand DNA cleavage and second-strand DNA synthesis are much less well understood. Recently, 

a branched DNA integration intermediate was found that appears to finally allow biochemical 

dissection of the second half of the integration reaction. The branched integration intermediate, 

thought to arise by template jumping, is further explored using purified components in vitro. The 

structure of the junction itself was explored by probing with DNase I and was found to be highly 

structured. R2 protein binding to the junction was explored by a combination of DNA cleavage 

assays and DNA footprint studies. The protein appears to bind in a sequence specific manner to 

the north arm, but less so for the west arm where structure appears to be more important. 

 

 

INTRODUCTION 

 Eukaryotic genomes across the tree of life contain a diverse group of transposable elements 

(TEs) known as long interspresed nuclear elements (LINEs) or non-long terminal repeats (non-

LTRs). LINEs transpose via self-encoded protein machinery and are therefore considered to be 

autonomous in their mobility. Short interspresed nuclear elements (SINEs), on the other hand, are 

non-autnomous and utilize the protein machinery of LINEs to replicate. Mobility of both LINEs 

and SINEs have a profound effect on both the structure and function of their host genome since 

the replication and abundancy of these elements often result in insertions, deletions, and 

recombination events that are deleterious. TEs also act as a source of novel genetic material 
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resulting in new genes and regulatory sequences for the host 1 2 3. LINEs replicate by a process 

called Target Primed Reverse Transcription (TPRT) within a host genome. TPRT involves a 

rionucleoptoein complex (RNP) which binds to target DNA near the site of insertion, cleaves and 

releases a 3’-hydroxyl that is used as a primer to prime reverse transcription of an element RNA 

into DNA 4 5 6. LINEs encode multifunctional protein that binds to their own mRNA, perform 

first-strand cleavage and TPRT, and is also thought to involve in second-strand cleavage and 

second-strand synthesis. LINEs generally encode endonucleases that are either site-specific during 

integration as in the case of early branching R2 clade elements that encode restriction-like 

endonuclease (RLE) or non site-specific during integration like recently branched LINE-1elements 

that encode an apurinic-apyrimidinic family endonuclease (APE) 6 7 8 9. Both APE-bearing and 

RLE-bearing LINEs, share a common reverse transcriptase (RT) and contain a IAP/gag-like 

cysteine-histidine (CCHC) zinc knuckle motifs 10 11 12. In addition, both LINEs encode multi-

functional protein(s) with RNA binding, DNA binding, DNA cleavage, and reverse transcriptase 

activities and are hypothesized to have comparable integration process 6 9 10 13 14 15 16 17. 

 Target-site specificity, recognition and subsequent DNA cleavages appear to be similar in 

both APE-LINEs and RLE LINEs. Unlike blunt cleavages, staggered cleavages generally can 

occur anywhere from a few bases away (e.g. 2 bp in R2Bm) to quite afar (e.g. 126 bp in R9). 

Staggered cuts, in particular, give rise to either a target site duplication or a target site deletion 

depending on whether the cleavage is 3’ overhanging or 5’ overhanging, respectively. 18 19. LINEs 

often have their target cleavage sites for first-strand and second-strand at different sequences (i.e. 

non-palindromic) and therefore, determination of second-strand cleavage has remained 

ambiguous. While the endonuclease for both APE LINEs and RLE LINEs have shown some 

specificity for first-strand DNA cleavage site, there are other unknown aspects that could possibly 
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be crucial including unidentified DNA binding domains in the element encoded protein(s) and 

varied nucleic acids conformations that could be important for target site recognition and second-

strand DNA cleavage 20 21. Further, question remains as to whether first-strand DNA cleavage is a 

prerequisite for the second-strand DNA cleavage. R2 clade RLE is comparable to Archaeal 

Holliday junction resolvases. While RLE-bearing R2 has been shown to bind and cleave branched 

DNA intermediates during integration, R2 is not a Holliday junction resolvase 22 20. Rather, R2 

RLE is hypothesized to associate with a double-stranded region and cleave a nearby single-

stranded region. Cleavages of both the first-strand DNA and second-strand DNA are believed to 

be similar and by the same endonuclease 21. However, how this endonuclease of R2 protein 

manages to recognize and bind to the DNA target site remains unclear, specifically with the DNA 

integration intermediates. In addition, it is also not known how the endonuclease recognizes two 

different sites (i.e. first-strand cleavage and second-strand cleavage sites) on the same target DNA. 

RLE-LINE R2 elements from bombyx mori (R2Bm) specifically insert into the 28S rRNA 

genes of their host. R2s encode a single open reading frame (ORF) with N-terminal zinc finger(s) 

(ZF), a myb domain (Myb) and an RNA binding region (RB), a central RT domain, an RLE-type 

endonuclease, and a gag-knuckle-like CCHC motif at the C-terminal end (Figure 1) 13. The RLE 

is a variant of the PD-(D/E)XK superfamily of endonucleases and has recently been recognized to 

be comparable to the Archaeal Holliday junction resolvases in both sequence and structure 20. 

Holliday junction resolvases are endonucleases that cleave DNA integration intermediates 

symmetrically, during homologous recombination events, resulting in two resolved double 

stranded DNAs (dsDNAs) 23 24. The R2 element is also flanked by untranslated regions (UTR) on 

either side of the element and are termed as the 5’ and 3’ protein binding motifs (PBMs) both of 

which are implicated in R2 protein binding 13 14 15. The R2 RNA is co-transcribed with rRNA 
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which is then processed by a hepatitis delta virus (HDV)-like ribozyme found near the 5’ end of 

the R2 RNA 25 26.  

The R2 protein is a multifunctional protein that binds RNA structures located at the 5’ and 

3’ ends of its own RNA to form a ribonucleoprotein complex (RNP). In vitro reactions with two 

protein subunits model in R2 show partial integration reactions: one protein subunit is bound to 

the 3’ PBM of the R2 RNA and another bound to the 5’ PBM of the R2 RNA, each hypothesized 

to be involved in integration reaction. In the presence of 3’ PBM RNA, the R2 RNP binds to target 

DNA sequences upstream of the insertion site. The upstream subunit’s RLE cleaves the first 

(bottom/antisense) DNA strand, releases a free 3’ OH which is subsequently used as a primer by 

the upstream subunit’s RT to prime first-strand cDNA synthesis (TPRT).  In the presence of the 

5’ PBM RNA, the R2 protein binds DNA sequences downstream of the insertion site via ZF and 

Myb domains. The downstream subunit’s RLE cleaves the second (top/sense) DNA strand only 

after the 5’ PBM R2 RNA dissociates (i.e. no RNA state of the protein subunit) from the complex 

by the process of TPRT. Second-strand DNA cleavages, however, has been very difficult to show 

n in vitro reactions. In vitro assays are limited by a very narrow space of protein/RNA/DNA ratios. 

In addition, second-strand cleavage signals are usually very weak possibly due to either improper 

ratios of the reactants or absence of a suitable intermediate structure of target duplex DNA.  

Moreover, second-strand DNA synthesis is not observed with either of the isolated 5’ PBM RNA 

and 3’ PBM RNA 4 13 14 15.  
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Figure 1. R2Bm ORF structure and 
integration mechanism. (A) R2Bm RNA 
(wavy line) and open reading frame (ORF) 
structure (gray box). The ORF encodes 
conserved domains of known and unknown 
functions: zinc finger (ZF), Myb motif (Myb), 
reverse transcriptase domain (RT), a cysteine 
histidine rich motif (CCHC) and a PD-(D/E)XK 
type RLE. RNA structures present in the 5′ and 
3′ untranslated regions that bind R2 protein are 
marked as 5′ and 3′ PBMs, respectively 21. 
Hepatitis Delta Virus (HDV) is indicated as 
triangular structure. (B) The R2 integration 
complex, as currently understood, is depicted 
bound to a segment of linear 28S rDNA (black 
parallel lines). An R2 protein subunit (gray 
horizontal hexagon) is bound upstream of the 
insertion site (vertical bar), and an R2 protein 
(gray vertical hexagon) subunit is bound 
downstream of the insertion site. The upstream 
subunit is associated with the 3 ′ PBM RNA, 
and the downstream subunit is associated with 
the 5 ′ PBM RNA. The footprints of the two 
protein subunits on the linear target DNA are 
indicated. The upstream subunit footprints from 
−40 bp to −20 bp, but it grows to just over the 
insertion site (vertical line) after first-strand 
DNA cleavage. The downstream subunit 
footprints from just prior to the insertion site to 
+20 bp 14 15. (C) The R2 Integration Model. 
The straight lines are 28S DNA. The wavy line 
indicates the PBM R2 RNA. The four steps of 
the integration model are: (1) DNA cleavage of 
the bottom/first-strand of the target DNA; (2) 
TPRT; (3) a template jump/recombination 
event that generates an open ‘4-way’ DNA 
junction/DNA integration intermediate; (4) 
second-strand DNA cleavage; and (5) second-
strand DNA synthesis. Abbreviations: up 
(target sequences upstream of the insertion 
site), dwn (target sequences downstream of the 
insertion site) and TPRT 21.  
 

 

5´ 3´
R2Bm RNA and ORF structure

3´ PBM5´ PBM

5´end

ZF Myb     RB  RT CCHC  RLE 

a.

b.

c.

3´end

R2 Integration Model

2.

R2 3'

R2 5'

TPRT

3. template
jump

4. 2nd
cleavage

5. second-strand
synthesis

dwn
1st

2nd
up

1.

1st strand
cleavage

dw
n

up
2nd

28Su (73 bp | 5 bp)
28Sd (5 bp | 47 bp)

upstream (up) downstream 
(dwn)

5´ -40      -20        |     +20 5´
3´

3´

3´ PBM

5´ PBM

HDV



 64 

 In our previous paper, second-strand DNA cleavage and second-strand DNA synthesis in 

R2 were shown in vitro, where branched DNA integration intermediates mimicking in vivo DNA 

conformations and with association of the cDNA to the upstream target DNA (i.e. template 

switch/jump) were shown to be involved in full-length element insertion 21. Template 

switch/recombination event is hypothesized to hinder protein binding upstream (-40 bp to -20 bp) 

of the target site 21. Previous footprint data on linear DNA, based on two protein subunits model 

for element integration, have shown that R2 protein binds a large region of linear target DNA 

extending from 40 bp upstream to 10 bp downstream of the target site 18. It is not known, however, 

if the protein could still recognize and bind to these regions in the context of branched DNA 

integration intermediate structure(s). Further, high-resolution footprints of specific DNA 

sequences in the context of DNA junctions that are important for protein binding remain 

unidentified. Recognition of target DNA is thought to be entirely controlled by the R2 protein. In 

addition, R2 protein binds specifically to 3’ PBM R2 RNA and in vitro reactions have shown only 

this RNA as being crucial for TPRT reactions 27 28. Second-strand cleavage does not require PBM 

RNA nor does the RNA itself gets involved in target site recognition, as any RNA sequences can 

support cleavage. The target site sequence upstream of the actual cleavage site is recognized by 

R2 protein-RNA complex followed by cleavage and TPRT. In the presence of 5’ PBM RNA, R2 

protein is known to bind sequences downstream of the target site on linear DNA, by the Myb 

domain. This paper provides evidences via DNase footprints on protein binding to Myb region (i.e. 

downstream sequence) in the context of branched DNA integration intermediate structure. It is 

possible that the R2 protein recognizes the open branched DNA intermediates and binds sequences 

both upstream and downstream of the target cleavage site by a single protein subunit and thus, 

efficiently perform full integration reaction.  
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MATERIALS AND METHODS 

 

Nucleic acid preparation 

 Various oligonucleotides (oligos) containing specific target DNA (i.e. 28S R2 target DNA), 

non-specific DNA (i.e. non-target DNA) and R2 sequences were ordered from Sigma-Aldrich. R2 

integration intermediates and analogs of presumptive integration intermediates were specifically 

engineered such that the resultant nucleic-acid constructs would consist of a combination specific 

target DNA, non-target DNA, and R2 derived sequences. For component oligos: see 

Supplementary Figure S1 for a list of oligos and their detailed sequences. The upstream (28Su) 

and downstream (28Sd) target DNAs are designated relative to the R2 insertion dyad within the 

28S rRNA gene. To make each construct (i.e. DNA integration intermediate), twenty pmol of one 

of the component-oligos had been 5’ end-radiolabeled (32P), prior to annealing with 66 pmol of 

each of the remaining oligos together. Annealing reaction was carried out in a 1× TPRT buffer (10 

mM Tris–HCl (pH 8.0), 5 mM MgCl2, 200 mM NaCl) for 2 min at 95◦ C, followed by 10 min at 

65◦ C, 10 min at 37◦ C and finally, 10 min at room temperature. The constructs were not subjected 

to gel purification post annealing in order to avoid any formation of partial junctions and also to 

prevent variations in DNA concentration. For R2 reactions, the junctions were either equalized by 

radioactive DNA counts or equal volume of annealed junctions were used.  

 

R2Bm protein purification 

 His-tagged wild-type R2Bm protein was expressed in E. Coli (BL-21 cells) and affinity 

purified using Talon (Co++) resin as previously published 7. Briefly, BL-21 cells containing R2 

expression plasmid were grown overnight with antibiotic (kanamycin 50mg/mL) in LB broth and 
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then induced with IPTG. The induced cells were pelleted, resuspended, and gently lysed in a 

HEPES buffer containing lysozyme and triton x-100 followed by 20-hr spin to separate cellular 

nucleic acids and debris. The supernatant containing R2Bm protein was then purified over Talon 

resin (Clontech #635501) and finally eluted through Talon resin column. The eluted R2Bm protein 

was stored in protein storage buffer containing 50 mM HEPES pH 7.5, 100 mM NaCl, 50% 

glycerol, 0.1% triton X-100, 0.1 mg/ml bovine serum albumin (BSA) and 2 mM dithiothreitol 

(DTT) and stored at −20 ◦C. R2 protein sample and BSA standard titrations were run together on 

a sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by SYPRO 

Orange (Sigma #S5692) staining prior to addition of BSA for protein storage. R2 protein was 

quantified using FIJI software analysis on digital photographs 29.  

 

DNA binding and DNA cleavage reactions 

 R2Bm protein binding to target DNA and DNA cleavage reactions were carried out as 

previously reported 21. Each 13 ul reactions contained 80 fmol of radiolabeled DNA (i.e. DNA 

integration intermediates), and a dilution series of R2Bm protein, typically ≥ 420 - ≤ 0.40 fmol 

protein in TPRT buffer (10 mM Tris–HCl (pH 8.0), 5 mM MgCl2, 200 mM NaCl). Reactions were 

then incubated at 37◦ C for 30 mins, allowing reactions to undergo top-strand cleavage followed 

by chilling the reactions on ice prior to loading onto 5% native polyacrylamide gel. After gel run, 

gels were dried and exposed to PhosphorImager screen or X-day film (Kodak film). The 

phophorimager screen was scanned using a phosphorimage (Molecular dynamics STORM 840) 

and resulting 16-bit TIFF images were linearly adjusted (levels command) so that the most intense 

bands were dark gray. Quantitation of adjusted TIFF files were carried out using FIJI software 29. 

The ability of R2Bm protein to bind to and cleave the DNA construct was tested in the absence of 
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protein binding motif RNA (i.e. 5’ PBM RNA and 3’ PBM RNA). Binding assays were analyzed 

by native polyacrylamide gel electrophoresis (EMSA) and used for determining fraction bound. 

Companion denaturing (6 M urea) 6% polyacrylamide gels were used to determine fraction 

cleaved per bound unit of target DNA. A+G ladders were made using end-labeled DNA construct 

and were run alongside the reactions in the denaturing urea gels to aid in mapping cleavages. To 

determine cleavability for each construct, only reactions in the linear range on a bound versus 

cleaved graph were used and also only 20% to about 95% bound window was included as 

quantitation is problematic below and above that range.   

 

DNase I Footprints 

 Fivefold scaled-up binding reactions (i.e. five times the amount of DNA and R2Bm protein 

compared to standard 13 ul reaction) were carried out in 35 ul reactions. After the R2Bm protein 

was bound to the target DNA (i.e. DNA integration intermediates), one-unit of DNase I (Promega) 

was added, and the complex incubated for two minutes at room temperature. Each reaction was 

then stopped by placing on ice. Then DNase I-treated reactions were separated on 5% native 

polyacrylamide gel (EMSA gel) to separate the bound from the free DNA. Each band (complex) 

of interest on EMSA gel were excised, and eluted into a crush and soak buffer containing 0.3 M 

sodium acetate, 1.0 mM EDTA and 0.1 % SDS, ethanol-precipitated, re-dissolved in 95% 

formamide buffer, and finally separated on a denaturing (6 M urea) 6% polyacrylamide gel. Each 

loaded sample on denaturing was equalized by radioactive DNA counts. The denaturing gel was 

dried onto filter-paper and then exposed to a PhosphorImager screen.  
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RESULTS 

 

DNA sequence and DNA structure modulate second-strand DNA cleavage on integration 

analogs  

R2 protein recognizes and binds to specific target DNA sequences followed by R2 insertion 

into a specific site in 28S rDNA. Earlier experiments with linear DNA have determined that the 

protein subunit bound upstream of the insertion site, in the presence of 3’ PBM RNA, provides the 

endonuclease which cleaves the first-strand DNA and does the TPRT. Similarly, the protein 

subunit bound downstream of the insertion site possibly provides the endonuclease and is involved 

in the second-strand (i.e. top-strand) DNA cleavage 13 14 15. In linear target DNA, the association 

of 5’ PBM RNA is shown to be crucial for the protein subunit to bind to the downstream target 

DNA sequences. Interestingly, experiments have also shown that the second-strand DNA cleavage 

only ensues after the dissociation of the 5’ PBM RNA from the downstream protein subunit 15. R2 

protein has been shown to recognize, bind and cleave DNA integration intermediates 21. However, 

specific DNA sequences required by the R2 protein subunit(s), in the presence and absence of 

PBM RNAs is yet to be determined.   

 In the first part of this study, various DNA junction intermediates/substrates mimicking the 

products generated from the first-strand DNA cleavage and TPRT (See Figure 1c) were tested to 

determine the ability of the R2 protein to perform second-strand DNA cleavage. Each four-way 

branched DNA integration intermediate was prepared by annealing different oligos that were either 

derived from the specific 28S sequence or R2 sequences and/or consisted of “non-specific (i.e. 

non-target)” DNA sequences, either upstream or downstream from the insertion site. Also, 

branched integration intermediates have structures similar to that of the linear DNA (See Figure 
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1c (3)) where the downstream sequence is bent 90◦ and therefore the downstream “arm” is seen 

oriented upward “North” and the upstream 28S DNA arm is oriented to the left or “West” with 

heteroduplex (DNA/5’ PBM RNA) arm on the “South” and “East” arm remaining a single oligo. 

For each DNA integration intermediate in Figure 2, there is an equivalent analog with the inclusion 

of gap and a flap 27 bp upstream of the insertion site. The gap and a flap upstream of the insertion 

site on DNA integration intermediates are assumed to provide more flexibility to the DNA 

structure which could then possibly allow R2 protein to gain more access into crucial DNA 

sequences important for second-strand cleavage. 

 Construct i (*1) has 120 bp of 28S target sequence while its equivalent analog has gap and 

a flap as seen in construct ii (*1). The 120 bp target sequence included 73 nt of 28S sequence 

upstream of the R2 insertion site and 47 nt of sequence downstream of the insertion site. The 

complementary oligonucleotides for both upstream and downstream sequences were annealed 

together to form the full branched DNA integration intermediate structures.  

Construct iii (*1) and construct iv (*1) with gap and a flap and non-specific North arm (i.e. 

downstream sequence) consisted of 42 bp of mostly non-specific DNA sequences downstream and 

5 bp of 28S DNA sequence just prior to second-strand DNA cleavage site.  

Construct v (*1) and construct vi (*1) with gap and a flap and non-specific West arm (i.e. 

upstream sequence) consisted of 68 bp of mostly non-specific DNA sequences upstream of the 

insertion site; only the 5 bp prior to second-strand cleavage site remained 28S sequence.  

For each construct, the 120 nt “top” (i.e. the sense) strand of the 28S gene was 5’ end-

labeled with 32P to allow for tracking of R2 protein induced DNA cleavage events (i.e. second-

strand cleavage events). Electrophoretic mobility shift assay (EMSA) was utilized to measure the 

ability of R2 protein to bind to each construct across a range of protein concentrations. Companion 
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denaturing polyacrylamide gels were used to assay for second-strand DNA cleavage. Quantitation 

of bound vs cleaved DNA are presented in the graphs: fraction cleaved as a function of fraction 

bound, and a bar graph representing the average cleaved per bound unit of DNA.  

Neither the junction with full 120 bp 28S sequence (constructs i (*1) and construct ii (*1) 

with gap and a flap) nor the junction with non-specific downstream sequence (construct iii (*1) 

and construct iv (*1) with gap and a flap) were good substrates for second-strand cleavage (See 

graphs in Figure 2). While some instances of DNA cleavages were seen at or near protein excess 

for these constructs, none of them provided cleavages more than 20% of the bound unit of R2 

protein. Only the DNA integration intermediates (construct v (*1) and construct vi (*1) with gap 

and a flap) with 28S derived downstream sequence showed significant amount of second-strand 

cleavage. Both DNA integration intermediate structures, construct v (*1) and construct vi (*1) 

with gap and a flap showed at least 30% and in excess of 45% of second-strand cleavage, 

respectively.  

It is possible that the downstream sequence is important and/or the R2 protein is binding 

downstream of the insertion site, especially in the myb region at position +10 to +20. In order to 

determine specific sequences recognized and bound by the protein, DNase I footprint was utilized 

on best substrates for second-strand cleavage.  
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Figure 2. Second-strand DNA cleavage is affected by inherent structure of specific DNA integration 
intermediate. Various R2/28S derived junctions related to open DNA integration intermediate represented in step 3 
of The R2 Integration Model (Figure 1) were tested for second-strand DNA cleavage. Several DNA integration 
intermediates without gap and a flap (i (*1), iii (*1), v (*1)) and with gap and a flap (ii (*1), iv (*1), vi (*1)) are tested 
for cleavability by the R2 protein. Each pair of junctions contain full 120 bp 28S target sequence (i (*1), ii (*1)), 73 
nt of 28S sequence upstream of the R2 insertion site with non-specific downstream sequence (iii (*1), iv (*1)) and 47 
nt of 28S sequence downstream of the R2 insertion site with non-specific upstream sequence (v (*1), vii (*1)). Each 
construct is diagrammatically bent at a 90◦ angle with the downstream (dwn) oriented toward the top of the page (i.e. 
the North arm). The star, “*”, indicates the DNA oligo that was 5 ′ end-labeled to track DNA binding and cleavage. 
Each arm/DNA oligo of a construct is labeled with a number. Thick lines on each construct represent 28S DNA; in 
constructs iii, iv, v and vi, the thin lines represent non-specific sequences. The squiggly line on each construct is a 25 
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bp 5' PBM RNA derived sequence. Below each of the construct cartoons are the native (EMSA) gels and 
corresponding denaturing gels used to analyze DNA binding (EMSA) and DNA cleavage (denaturing) of the given 
DNA construct by R2 protein. Each DNA binding and cleavage assays were carried out in a 13 ul reaction and 
contained 80 fmol of 5' end-labeled construct DNA and 420–0.4 fmol of R2 protein (gray triangle). All EMSA gels 
were quantified where the bands above the full construct DNA in the mock purified protein (Ø; protein purified from 
an empty expression vector) control lane were subtracted out of the bound signal in the experimental lanes. On each 
EMSA gel, areas of the gel where the bound DNA signal resides are represented by solid vertical lines. Bound DNA 
signals include the well, the smear and the gel migrating complexes and are counted as bound DNA for quantitation. 
The unbound (free) DNA is indicated as "DNA" on EMSA gels. DNA bands located below the unbound DNA that is 
seen as increasing with protein concentration were also counted as bound DNA and are considered as "released 
cleavage products." In construct ii, iv and vi, the released cleavage products are seen comigrating with partial junctions 
(dotted lines) that is present in the control lanes. The control lane partial junction signal was subtracted from the 
experimental lane’s co-migrating bound signal. The remaining partial junctions (dotted line) were counted as unbound 
DNA in the experimental lanes. The main band in the mock purified (Ø) lane represents the unbound junction DNA 
(DNA). The un-cleaved radiolabeled oligo for each construct is indicated (120 bp) as well as the size and migration 
of the band resulting from second-strand cleavage by brackets on the denaturing gel. The DNA binding and DNA 
cleavage results are plotted on three graphs: (i) fraction cleaved as a function of fraction bound for reactions where 
roughly 20–95% of the DNA was bound; and (ii) a bar graph reporting the average percentage cleaved products per 
bound unit of DNA (fraction bound) for reactions in the linear part of the second graph. The diameter of the gray dot 
next to each construct cartoon reflects the relative cleavability. 
 

 

The branched integration intermediates show inherent structure in DNase footprint 

DNA footprint is affected by inherent structure of branched DNA intermediates, as 

previously reported 23. R2 protein sees the structure of branched integration intermediates, 

especially the template jump (West arm) structure and the single stranded East arm. The protein is 

also found to associate with the downstream sequence from the insertion site and that the upstream 

sequence is not as important for binding. With these findings, DNase I footprints were carried out 

for the “best” cleavers (i.e. for second-strand cleavage).  

DNase I footpritns were carried out with wild type (WT) R2 protein and endonuclease 

mutant (KPD mutant) in the presence and absence of PBM RNAs (i.e. 3’ PBM RNA (data not 

shown in this chapter) and 5’ PBM RNA). Even in the absence of protein, the branched 

intermediate structures have a lot of structure to it (i.e. no protein lanes in footprint data, See Figure 

3). In fact, these branched intermediates have specific DNA structures and binds the R2 protein 

over a large region of DNA. The DNA integration intermediates used in this study also seem to 
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have an inherent structure with visible footprint spanning “x” bases across to either side of the 

junction. In Figure 3, the junction with 120 bp 28S sequence plus the gap and a flap (construct ii 

(*1)) appears to have significant footprint regions upstream of the insertion site between -35 to -

18 as well as between -11 to +15 (See Ø + w/DNase I lane for construct ii (*1) in Figure 3). 

Similarly, the junction intermediate with mostly non-specific West arm (construct v (*1)) shows 

footprint between positions -11 to +15 (See Ø + w/DNase 

I lane for v (*1) in Figure 3). Since DNA integration 

intermediates footprint due to their inherent structure, often 

times, determining specific sequences through footprint 

data is difficult.  

 

 

 

 

Figure 3. Branched integration intermediates showing structure-
derived footprints. Branched DNA junction with full 28S sequence 
plus gap and a flap (construct ii (*1)) show structure-derived footprint 
spanning both upstream sequences between -35 to -18 and between 
positions -11 to +15. Branched DNA junction with mostly non-specific 
upstream sequence (construct v (*1)) show structure derived footprint 
between positions -11 to +15. The star, “*”, indicates the DNA oligo 
that was 5 ′ end-labeled to track for DNA binding and cleavage. Each 
arm/DNA oligo of a construct is labeled with a number.  Thick lines 
on each construct represent 28S DNA. Thin lines represent non-
specific sequences. The squiggly line on each construct is a 25 bp 5' 
PBM RNA derived sequence. Also, G + A ladder is used to determine 
the exact location on sequence that show footprint. Both upstream and 
downstream positions are indicated next to G+A ladder. The Ø + 
w/DNase I lane indicates reaction with no R2 protein but with DNase 
I treatment. Ø + No DNase I lane indicates reaction with no R2 protein 
and no DNase I treatment.   
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DNase I footprint in the absence of R2 PBM RNA  

 In Figure 4, all constructs v (*1), v *(2), and v (*3) contain 68 bp of mostly non-specific 

DNA sequences in the West arm upstream of the insertion site; only the 5 bp prior to second-strand 

cleavage site remained 28S sequence. Complementary oligonucleotides were annealed to form a 

DNA integration intermediate with only the East arm left as non-duplex. Similarly, in Figure 5, 

constructs ii (*1), ii (*2), ii (*3) and ii (*4) contain 120 bp of 28S sequence with gap and a flap—

73 nt of 28S sequence upstream of the R2 insertion site and 47 nt of 28S sequence downstream of 

the insertion site. Complementary oligonucleotides for both upstream and downstream segments, 

except the East arm of the DNA integration intermediate were annealed together to form the DNA 

integration intermediate structure. DNase I footprint reactions were carried out in the absence of 

PBM RNA for both panels. However, the footprint experiments in two panels differed in R2 

protein that was used: WT R2 protein in Figure 4 and KPD (endonuclease mutant) protein in Figure 

5.  

DNase I footprint analyses on DNA integration intermediates were carried out with R2 

protein (either WT or KPD mutant) titration series. Each panel had reactions where the R2 protein 

was bound to junction intermediates followed by DNase I treatment (See details on Materials and 

Methods). Reaction in lanes (Ø + w/DNase I) in both panels were void of R2 protein, nonetheless, 

structure derived footprints were clearly visible (See Figure 3). Also, the “well complexes” on 

denaturing gels showed some variant of footprints; however, any extrapolation from this data is 

difficult since most junction intermediates are bound in excess protein.  

In Figure 4, branched integration intermediates with non-specific upstream and specific 

sequence downstream of the insertion site show protein binding to the myb region at position +15 
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to +18 in construct v (*1) and at position +10 to +18 in construct v (*2). Both instances of footprint 

results indicate protein binding to downstream myb region.  

Interestingly, there are instances of high molecular weight stuffs located above full-length 

DNA seen on denaturing gels. We are unclear about the reason and mechanism as to how these 

high molecular weight stuff result in the presence of R2 protein. See discussion section for 

potential explanations. 

In Figure 5, branched integration intermediates with full 120 bp target sequence plus gap 

and a flap was used for DNase I footprints. Most footprints seen on construct ii (*1) were at 

positions -35 to +15 but the footprint itself was largely derived from inherent structure of the 

integration intermediate. Similarly, construct ii (*2) does seem to indicate binding at the myb 

region, but is not conclusive since the footprint signals were significantly small. Footprints on 

construct ii (*3) and construct ii (*4) were not informative enough.   

Any indications of protein binding to upstream sequences either in the construct ii or v are 

not conclusive because these branched intermediate structures exhibit large structure-derived 

footprints. However, construct ii (*1) show hypersensitive sites between -18 to -20 on the 

footprints (See Figure 5) which is suggestive of upstream binding.  
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Figure 4. DNase I footprint analysis of WT R2 protein on DNA integration intermediate with non-specific 
upstream sequence. DNA integration intermediates with mostly non-specific upstream sequence (constructs v (*1), 
v (*2) and v (*3)) were used in DNase I footprint analyses. m). The star, “*”, indicates the DNA oligo that was 5 ′ 
end-labeled to track DNA binding and cleavage. Each arm/DNA oligo of a construct is labeled with a number. Thick 
lines on each construct represent 28S DNA. Thin lines represent non-specific sequences. The squiggly line on each 
construct is a 25 bp 5' PBM RNA derived sequence. Also, G + A ladder is used to determine the exact location on 
sequence that show footprint. Both upstream and downstream positions are indicated next to G+A ladder. Below each 
of the construct cartoons are the corresponding footprint data generated on denaturing gel. The analyses were 
performed on WT R2 protein titration series with DNase I digestion. Lanes for each junction: well complex, dimer, 
monomer and free DNA are indicated. The Ø + w/DNase I lane indicates reaction with no R2 protein but with DNase 
I treatment. Ø + No DNase I lane indicates reaction with no R2 protein and no DNase I treatment.   
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Figure 5. DNase I footprint analysis of KPD mutant R2 protein on DNA integration intermediate with 28S 
sequence + gap and a flap. DNA integration intermediates with 120 bp of 28S sequence, constructs ii (*1), ii (*2), ii 
(*3) and ii (*4), were used in DNase I footprint analyses. The star, “*”, indicates the DNA oligo that was 5 ′ end-
labeled to track DNA binding and cleavage. Each arm/DNA oligo of a construct is labeled with a number. Thick lines 
on each construct represent 28S DNA. Thin lines represent non-specific sequences. The squiggly line on each 
construct is a 25 bp 5' PBM RNA derived sequence. Also, G + A ladder is used to determine the exact location on 
sequence that show footprint. Both upstream and downstream positions are indicated next to G+A ladder. Below each 
of the construct cartoons are the corresponding footprint data generated on denaturing gel. The analyses were 
performed on KPD R2 protein titration series with DNase I digestion. The Ø + w/DNase I lane indicates reaction with 
no R2 protein but with DNase I treatment. Ø + No DNase I lane indicates reaction with no R2 protein and no DNase 
I treatment.   
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DNA binding to downstream sequence in the presence of 5’ PBM RNA 

In Figure 6, all constructs v (*1), v *(2), and v (*3) contain 68 bp of mostly non-specific 

DNA sequences in the West arm upstream of the insertion site and only retained 5 bp of 28S 

sequence just prior to second-strand cleavage; complimentary sequences are annealed to form 

DNA integration intermediate, except on  

Figure 6 shows the footprint data for constructs v in the presence of 5’ PBM RNA with 

WT R2 protein. As previously explained, DNase I footprint analyses were carried out on junctions 

to determine whether the presence of 5’ PBM RNA show preferential binding to downstream 

sequence. Both the non-specific upstream sequence and 5’ PBM RNA serves as a “control” for 

binding reaction as the protein is forced to bind downstream sequence as previously shown on 

linear DNA 14 15. Nonetheless, construct v in Figure 6 showed some interesting but expected results 

where the protein is seen protecting downstream sequence where the myb region resides. 

Footprint signals on construct v (*2) is shown at positions +5 to +18 region (downstream 

sequence) which possibly indicates that binding to the downstream region of the integration 

intermediate structure is important. In fact, strong footprint signals on the myb region is indicative 

of this region in protein binding. Higher resolution methylation interference footprinting studies 

have indicated that the myb region resides on position +12 to +15 (GGAG) on linear DNA 13.  

In construct v (*1), while footprint is seen at downstream sequence (i.e. near the myb region 

at position +15 to +18), much of the footprint signals are occluded by structure-derived footprint. 

Also, similar to previously determined hypersensitive sites (position -2 to -1) on linear DNA, one 

instance of hypersensitive site can be seen on construct v (*1) at or near comparable position 18. 

Construct v (*3) did not present any instance of footprint, possibly affected by the inherent 

structure of the construct itself.  
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Figure 6. DNase I footprint analysis of WT R2 protein on DNA integration intermediate with non-specific 
upstream sequence and 5’ PBM RNA. DNA integration intermediates with mostly non-specific upstream sequence 
(constructs v (*1), v (*2) and v (*3)) were used in DNase I footprint analyses.  The star, “*”, indicates the DNA oligo 
that was 5 ′ end-labeled to track DNA binding and cleavage. Each arm/DNA oligo of a construct is labeled with a 
number. Thick lines on each construct represent 28S DNA. Thin lines represent non-specific sequences. The squiggly 
line on each construct is a 25 bp 5' PBM RNA derived sequence. Also, G + A ladder is used to determine the exact 
location on sequence that show footprint. Both upstream and downstream positions are indicated next to G+A ladder. 
Below each of the construct cartoons are the corresponding footprint data generated on denaturing gel. The analyses 
were performed on WT R2 protein titration series with DNase I digestion. The Ø + w/DNase I lane indicates reaction 
with no R2 protein but with DNase I treatment. Ø + No DNase I lane indicates reaction with no R2 protein and no 
DNase I treatment.  
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DISCUSSION 

Our previous paper (Chapter 2), determined that linear DNA, first-strand-cleaved linear-

DNA, and the TPRT product were not good substrates for second strand cleavage. The paper 

established that a hypothetical open “4-way” branched structure was a good substrate for second 

strand DNA cleavage 21. This paper further explored the DNA sequence and structure requirements 

for second-strand DNA cleavage, particularly, the sequence requirement of the north arm. The 

north arm equates to the 28S rDNA sequences located downstream of the insertion site. The R2 

myb domain had previously been reported to bind to linear 28S rDNA 10-20 bp downstream of 

the R2 insertion site. The myb bound to this region as an isolated polypeptide as a full-length R2 

protein in the presence of 5’ PBM RNA 18 13. Therefore, myb binding region might be important 

for recognizing the north arm of the open “4-way” junction.  

The inherent structure of the open “4-way” junction was probed by DNase I footprinting 

(Figure 2 and control lanes in subsequent figures). Junctions without the gap and flap showed a 

structure footprint in the central junction region that spanned about 12 by into the west and north 

arms, similar the structural footprint of a Holliday junction 23. The presence of a gap and flap on 

the west arm generated a structure footprint in the vicinity of the gap/flap (-34 to -18) in addition 

to the footprint of the central junction area. The south arm was impervious to DNase I as it was 

DNA-RNA hybrid. It was difficult to determine if the single stranded east arm was protected or 

not. The fact that no signal was detected for the single stranded could be interpreted as the single 

stranded region was rapidly (and completely cleaved) or that it was structurally protected from 

DNase I cleavage.  

The cleavage data for each of the junctions in Figure 2 indicate that structure, beyond the 

immediate junction area, is important in the west arm. The west arm gap with flap was generally 
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stimulatory as was non-specific sequence. In the north arm, sequence was important as a non-

specific north arm was inhibitory. 

We tried to determine how the protein was binding to a junction of high cleavability (v) 

versus a junction of low cleavability (ii) by DNase I footprinting. These efforts were hampered by 

the fact that the structural footprint of the junctions (-34 to -18, -12 to +12) coincides with most of 

the known DNA footprint regions with R2 protein (-40 to -20, -40 to +7, and -3 to +20) and the 

fact that the south and west arms were not amenable to the DNase footprint approach 13–15, 18. That 

said, we were able to detect a DNA footprint in the region where we would expect the myb to bind 

(+7 to +20) on junction v (high cleavability) and not on junction ii (low cleavability). We were 

unable to tell to what extent R2 protein is binding to sequences on the west arm on junction ii, 

beyond the existence of R2 protein induced DNase I hypersensitive sites, because of the interfering 

structural footprint. No DNase footprint is observable on the nonspecific west arm of junction v. 

Our previous paper, however, showed that the presence of the template jump (i.e., the west arm) 

is, nonetheless important.  

Why is junction ii not able to be cleaved as well as junction v, when junction ii has all 

specific sequence and the correct structural components? R2 protein binds to target sequence and 

inserts specifically to 28S rDNA. This integration reaction takes place in a very systematic manner 

in vivo. When the R2 protein-RNA complex binds the target DNA the protein-RNA-DNA complex 

adopts the pre-cleavage conformation. This conformation is driven primarily by the 3’ PBM RNA 

and upstream target DNA sequences. After first-strand DNA cleavage the protein-RNA-DNA 

complex adopts the pre-TPRT conformation.  After TPRT begins, the protein-RNA-DNA complex 

adopts the conformation driven by the 5’ PBM and the three arms of the DNA-RNA intermediate. 

At the end of TPRT, the protein-DNA complex is thought to be in the template-jump conformation 
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(i.e., no PBM RNA bound). After template jump, the open “4-way” junction is formed and the 

protein-DNA complex adopts the second-strand DNA cleavage conformation. 

The R2 protein likely has an extensive nucleic acid binding surfaces with which to interact 

with the 3’ PBM RNA, 5’ PBM RNA, upstream linear target DNA, downstream linear target DNA, 

nicked linear target, early TPRT product, late TPRT product, and template jump product). Some 

of these surfaces might interact with specific nucleic acid sequences, others might read nucleic 

acid structure, and other contacts are likely non-specific.  

In vitro, there are a number of ways the R2 protein, in the absence of element RNA, can 

bind to the full-sequence full-structure substrate that is junction ii. Binding to the junction in vitro 

is not arrived at in a step wise manner, as it would be in vivo. By replacing specific DNA with 

nonspecific DNA and by adding or subtracting structural components on the DNA substrate, the 

ratio of the different protein-DNA conformations being sampled and then fixed by tight binding is 

reduced. For example, replacing the west arm with non-specific sequence reduces that chance that 

the R2 protein will try to bind to this region as if it were binding to linear DNA or TPRT product. 

Indeed, on linear DNA the protein prefers to the upstream sequences on linear DNA in the absence 

of RNA 18. 

For second strand cleavage, we think the protein is binding to the overall DNA structure 

of the open “4-way”as well as to specific sequences. A major structural component that required 

for second-strand DNA cleavage is the presence of the template jump (Chapter 2) 21. A major 

specific sequence that is stimulatory is the +5 to +20 region on the north arm. This area footprints 

on junction v (Figure 4). That area also coincides with the area that, when turned into nonspecific 

sequence, leads to inhibition of second strand cleavage (junctions iii and iv, Figure 2). 
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This chapter is pending additional experiments to turn it into a publication worthy paper. 

Additional junction constructs with smaller regions turned into nonspecific sequence will be 

generate and tested in cleavage reactions. Regions to turn into nonspecific sequences +5 to +10 

and +10 to +20 on the north arm as well the central junction region. and non-specific region in the 

myb domain among others. 

DNA footprints on a set of after-the-fact logical constructs might be helpful and necessary. 

DNA footprint experiments using higher resolution DNA footprinting techniques, like hydroxyl 

radical footprint, methylation interference, and/or ethylation interference might be more successful 

at separating, or peering beyond, the structural DNA footprint so as to observe the DNA-protein 

footprint.  

An unknown reaction is occurring between the 3’ end of the east arm and the R2 protein 

as labeled DNA larger than the oligo (oligo #2) length is observed in denaturing poly acrylamide 

gels in the presence of R2 protein. This reaction needs to be further explored. 
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Conclusions 

Restriction like endonuclease (RLE) encoding LINEs such as R2 specifically integrate into 

the host genome via a process called target primed reverse transcription (TPRT). R2 encodes a 

multifunctional protein which uses element encoded endonuclease to cleave the target DNA. This 

cleavage releases a 3’-hydroxyl at the site of a nick which is then used as a primer to prime reverse 

transcription of the element mRNA 1 2 3. Much of the first half of the integration reaction (i.e. first-

strand cleavage and first-strand synthesis/TPRT) has been extensively studied; however, it wasn’t 

until recently where branched integration intermediate structures (i.e. “4-way junctions”) were 

discovered to resolve long standing question regarding the completion of integration reaction of 

R2 4. Theoretically, after the first-strand cleavage and TPRT, the second-strand cleavage ensues 

and the insertion mechanism is completed with second-strand DNA synthesis 5 1. While branched 

integration intermediates resolved immediate questions as to which structure(s) and/or protein-

nucleic acid requirements are necessary for second half of the integration reaction, there still 

remains much uncertainties including specific sequences required for protein binding and 

determining whether the myb region play a role in second-strand cleavage. Here, we have 

attempted to elucidate most of the concerns through protein cleavage assays and DNA footprints.  

Both APE-bearing LINEs and RLE-bearing LINEs encode for a single multifunctional 

protein for integration mechanism. The recent experiments involving branched integration 

intermediates suggest that the single protein subunit might be responsible for full integration of 

the element. The idea of a single protein subunit performing full integration reaction can be 

explained through “rock and roll” model. In this model, the protein binds upstream of the insertion 

site in the presence of 3’ PBM RNA, upon which the target DNA unwinds locally at the R2 

insertion site. The protein subunit bound upstream of the insertion site is then rocked into a specific 
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conformation allowing for first-strand cleavage at the R2 site via the element encoded 

endonuclease. Next, the reverse transcriptase is rocked in place which would then initiate TPRT. 

The 3’ PBM RNA is removed from the protein as the heteroduplex is formed. For second half of 

the integration, the protein binds downstream of the insertion site in the presence of 5’ PBM RNA, 

and results in a specific confirmation which allows the protein to “roll” over towards downstream 

region (i.e. North arm in the case of branched integration intermediate). At this stage, the protein 

is also making enough contacts with upstream region (i.e. West arm) and East arm of the branched 

structure. Once the TPRT is completed, the 5’ PBM is dissociated from the protein due to the 

formation of a heteroduplex followed by template jump. Once the endonuclease from downstream 

protein subunit rolls in place, second-strand cleavage occurs. The reverse transcriptase is then 

finally rocked into place followed by the second-strand synthesis 4.    

Integration of RLE LINEs are dependent upon element encoded endonuclease. In recent 

studies, the endonucleases are determined to be a member of larger endonuclease family, the PD-

(D/E)XK endonucleases 6. While most early identified of PD-(D/E)XK endonucleases were 

limited to type II restriction enzymes such as EcoRI, BamHI, and FokI, various other newly found 

endonucleases are involved in many functions including DNA repair, Holliday junction 

resolutions, and RNA processing 7 8 9 10 11 12. While various endonucleases do not show any 

sequence homology with one another, most of these share a common conserved core. This specific 

structure of the conserved core has been found to consist a four-stranded mixed β-sheet flanked by 

α-helix on each side 13.  

The element encoded endonuclease and/or R2 protein can associate with double-stranded 

region and cleave a nearby single-stranded region in branched integration intermediate strucutres 

4. It has been hypothesized that the protein associating with the downstream sequence (i.e. double-
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stranded region) is possibly providing the endonuclease to perform second-strand cleavage and 

that the cleavage site could actually be a single-stranded region. This case is further substantiated 

by inclusion of gap and a flap in the structure of branched integration intermediates. The flexibility 

rendered by the presence of this gap and a flap allows the R2 protein to sort of gain more access 

to the cleavage site and therefore perform second-strand cleavage via the endonuclease. Indeed, 

constructs with gap and a flap show better cleavage than their companion constructs with no gap 

and a flap.  

 

 

Branched integration intermediates are key to second-strand cleavage and second-strand 

synthesis  

 Chapter 2 introduces an idea of branched integration intermediates (i.e. “4-way” like 

junctions) which has been the major step forward in understanding the mechanistic pathway for 

R2 integration reaction. R2 protein can recognize various target sequences including linear DNA, 

three-way junctions/constructs and/or “4-way” branched integration intermediates. While linear 

DNA and three-way junctions are recognized and bound by the protein, second-strand cleavage 

from these substrates are abysmal (i.e. less that 5% of the total bound unit of protein) (See Figure 

2, Chapter 2). Instead, open “4-way” integration intermediate show significant increase in the 

amount of cleavage (between 10% to 22%) and therefore are considered as the good substrates for 

second-strand cleavage (See Figure 3, Chapter 2).  

Various combination of 28S/R2 derived sequences were used to engineer specific branched 

integration intermediates to experiment with in cleavage assays. Second-strand cleavage occurs 

when the protein is bound to the double-stranded region and cleaves on a single-stranded region 
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near the R2 site (See construct ii and iii; Figure 3, Chapter 2). Specific requirements such as in 

construct xii, where there is non-specific sequence upstream (West arm), 28S sequence 

downstream (North arm) and single non-heteroduplex East arm, is shown to be the best candidate 

for second-strand cleavage (See graphs from Figure 3, Chapter 2). Similarly, introduction of gap 

and flap allowed for a sort of flexibility in the overall structure of the branched integration 

intermediate. This theory is substantiated by the result seen for construct xvi (See Figure 3, Chapter 

2) where the substrate/junction show respectable 15% of second-strand cleavage. Part of this result 

would suggest that protein is associating both upstream and downstream sequences in the branched 

structure, possibly in the central region. Hence, the idea of R2 protein being a single, multimeric 

and multifunctional protein is quite conceivable; however, additional experiments including 

cleavage assays and footprint were warranted. Chapter 3 was a step forward into this assumption. 

Second-strand cleavage via branched integration intermediates allowed us to study second-strand 

synthesis. In fact, Chapter 2 puts forward a full integration reaction for RLE LINEs via R2 

integration mechanism. Cleavage of the branched integration intermediate generated a specific 

primer-template important for the synthesis. Instances of second-strand synthesis is seen on “best” 

substrates for second-strand cleavage and include constructs v, xii, xvi (partially), and xvii 

(partially). Second-strand cleavage were seen, however, in only higher end of the protein titration 

series on the denaturing gels (See Figure 4, Chapter 2). 

Sometimes, on denaturing gels, there is a signal seen above the full-length oligo (See 

Figure 4 in Chapter 2, and Figure 4, 5 and 6 in Chapter 3). We postulate that these signals are the 

result of the original full-length oligo being extended by the protein. Indeed, R2 protein is known 

to extend any 3’ end of the template, either on a cis or trans 14 15.  
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R2 protein associates with downstream sequences  

From previous studies on linear DNA, we know that R2 protein binds to downstream myb 

region between positions +10 to +15 1. DNase I footprint studies (detailed in Chapter 3) suggest a 

role of the myb region in binding of the protein to the junction for second-strand DNA cleavage 

as well.  

The junctions tested in Chapter 3 were engineered in order to help identify DNA sequences 

necessary for protein binding and second-strand cleavage. Undeniably, R2 protein can recognize 

and therefore bind to branched structures. This idea is further corroborated by the inclusion of gap 

and a flap where the second-strand cleavage is shown to be better than companion constructs (i.e. 

same backbone of the structure but without gap and a flap). For instance, DNA integration 

intermediate structure with non-specific upstream shows R2 protein binding to the downstream 

sequence (as well as the overall junctions) and therefore resulting in significant amount of second-

strand cleavage (see construct v (*1) in Figure 2, Chapter 3). Moreover, when the gap and a flap 

is added to the same backbone structure of construct v (*1) (see construct vi (*1) in Figure 2, 

Chapter 3), even higher amount of second-strand cleavage is seen.  

For DNase I footprints, we used the “worst” and the “best” cleavers/substrates (i.e. 

construct ii (*1) and construct v (*1)) for second-strand cleavage (See Figure 2, Chapter 3) for 

footprint studies. DNase I footprint on construct v (*1) with non-specific sequence upstream of 

the insertion site showed protein is seen associating with the downstream sequence (presumably 

along with the junction as a whole). Unfortunately, footprint studies in Chapter 3 were significantly 

limited by the fact that branched integration intermediate structures exhibit large structure-derived 

footprints which occluded probable protein-DNA footprint signals.  
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Nonetheless, there are essentially few things that we could still learn: (1) Branched 

intermediate structures are good substrates for second-strand cleavage; (2) R2 protein sees the 

inherent structure of the branched intermediates, especially the template jump (West arm) structure 

and the single stranded East arm; (3) R2 protein can associate with the downstream sequence (i.e. 

North arm) of branched integration intermediates and that something beyond the 5 bp (i.e. specific 

sequence) in each arm is important for protein binding; (4) Sequence at the upstream of the 

insertion site is less important for protein binding, but the structure is still important; and (5) 

Presence of 5’ PBM RNA can force the R2 protein to bind to downstream sequence as in the case 

of linear DNA, however, this reaction is not the correct pathway of the R2 insertion mechanism.  

 

 

Limitations  

 The endonuclease of R2 is involved in both the first-strand/bottom strand cleavage and 

second-strand/top strand cleavage. Strangely, these cleavage sites for first-strand and second-

strands are completely different. It is unclear how the same endonuclease manages to recognize, 

and perform cleavage in very specific manner. Nonetheless, instances of in vitro second-strand 

cleavage had always been a challenge since it required a narrow range of protein, DNA and RNA 

ratio. Most in vitro reactions with branched integration intermediates in Chapter 2 were limited 

due to inefficiency of second-strand cleavages. Part of the reason could be that most engineered 

branched structures were either not the right substrate or reaction conditions were incoherent. 

Second-strand cleavage is a prerequisite for second-strand synthesis. To better assist in our chances 

of getting second-strand synthesis, the substrates that showed highest amount of second-strand 

cleavage were selected for synthesis experiments as seen in Figure 4 of Chapter 2. Most of the 
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instances of second-strand synthesis seen were under conditions of protein excess and possibly 

because the synthesis occurred primarily from the released “primer template” (i.e. released from 

protein/DNA complex) generated by second-strand cleavage. Indeed, it was shown that the 

cleavage of branched integration intermediate generated a natural primer-template used for 

second-strand DNA synthesis.  

 While the branched integration intermediate structures are important for the second-strand 

cleavage, we still are uncertain as to which specific sequences are required for proper protein 

binding. In fact, we could not address how the protein binds to the “arms” of the branched structure.  

We assume that the R2 protein is binding at the central region of the branched structure but results 

are not conclusive. In addition, the bound vs. cleaved data (i.e. second-strand cleavage assay) 

suggests something beyond the 5 bp in the downstream sequence is important in branched 

structures; the DNase I footprint studies show similar findings. The footprint results showed some 

evidence of the R2 protein binding to the myb interaction region at the downstream (i.e. North 

arm) when the West arm was made of non-specific sequence, but not when the West arm was of 

specific sequence. Interpretation of the data was somewhat and limited because of the inherent 

structure-derived footprints seen on all branched integration intermediates.  

Finally, we know that R2 protein binds both upstream and downstream sequences on linear 

DNA in the presence of PBM RNAs. In branched integration intermediates, specific sequences 

upstream of the insertion site lead to non-productive protein binding in the context of the in vitro 

reactions because the protein is not arriving at binding the branched DNA through a stepwise 

reaction. Nevertheless, protein binding does, apparently, see the structure of the upstream (West) 

arm. The protein also sees the North arm and appears to make productive specific contacts with 
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the North arm. Additional studies will be required to conclusively determine if the myb is being 

used to bind the North arm, as our results seem to indicate.  

 

 

Future directions 

 Many uncertainties remain regarding protein binding with respect to branched integration 

intermediate structures. While branched structures were the key in mapping out full element 

insertion mechanism, various ideas regarding how the protein interacts with different regions 

including binding to specific sequences and protein-nucleic acid conformation required for second-

strand cleavage remains to be addressed. The immediate follow-up experiments would focus on 

different versions of branched integration intermediates. The substrate with non-specific upstream 

plus gap and a flap still remains a clear winner for demonstrating second-strand cleavage. We plan 

on using this construct as a backbone structure to engineer few more constructs. For instance, the 

middle portion/sequences of the branched integration intermediate could be changed to non-

specific sequences and address whether the protein requires the central region to bind to the 

structure. Also, myb region can be replaced with non-specific sequences to determine if the protein 

is still bound to the downstream sequence. Also, we can use other DNA footprinting techniques 

including methylation interference, hydroxyl radical footprints or ethylation interference to try to 

differentiate and resolve the structure footprint from the protein-DNA footprint. These methods 

could possibly address protein binding to branched structures from different perspective and 

resulting data would be in higher resolution. All of these possible routes could undoubtedly lead 

to better understanding of LINE integration. We plan on addressing most of the shortcomings on 

Chapter 3 to make it worthy for future publication.  
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