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                                                              ABSTRACT

THE CCHC MOTIF IN NON-LTR RETROTRANSPOSONS MODULATES

RNA ASSOCIATED PROTEIN CONFORMATIONAL

CHANGES.

Athena Jagdish, M.S.

The University of Texas at Arlington, 2012

Supervising Professor:  Shawn Christensen

 Non-LTR retrotransposons encode a conserved cysteine histidine motif of undetermined function. 

The spacing of the cysteines and histidine residues in the motif is CX3CX7HX4C. The site specific non-

LTR retrotransposon R2Bm inserts into a specific  site within the 28S ribosomal gene. Two subunits of the 

R2 protein, bound to distinct segments of the element RNA, are involved in the integration reaction. The 

subunit bound to the 5′ protein binding motif of the element RNA binds to target DNA downstream of the 

insertion site. The subunit bound to the 3′ protein binding motif of the element RNA binds to target DNA 

upstream of the insertion site. The two segments of the element RNA cause RNP specific  protein 

conformational changes to occur to their respectively bound R2Bm proteins. Of the four predicted nucleic 

acid binding domains encoded by the R2Bm protein—two RNA binding domains and two DNA binding 

domains—only downstream DNA binding activity has been mapped to a specific domain of the R2Bm 

protein. The role of the CCHC motif in nucleic acid binding, protein conformation, and target primed 

reverse transcription related enzymatic activities were probed using purified components and a C/SC/S 

double point mutant of the CCHC motif. The CCHC motif does not appear to be involved in direct 

recognition of target DNA as the net DNA binding capacity of the C/SC/SHC mutant was on par or better 
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than WT R2Bm protein as was net DNA cleavage. The observed DNA cleavage pattern, however, was 

aberrant with little to no cleavage at the insertion site and promiscuous cleavage elsewhere. The mutant 

protein-DNA complexes showed mobilities that differed from WT in the presence of and absence of RNA. 

Most strikingly the C/SC/SHC mutant had a diminished protein conformational  response to the presence 

of RNA. The few subunits that did form the correct conformation were apparently able to cleave the 

bottom DNA strand and perform target primed reverse transcription. We conclude that the CCHC motif 

modulates RNA associated protein conformation changes.
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CHAPTER 1

INTRODUCTION

 1.1 Transposable Elements

 Transposable elements (TEs) are segments of DNA that that are able to replicate and move from 

one place to another in the host genome. The DNA rearrangements catalyzed by TEs makes them one of 

the most potent mutagenic  agents encountered by the genome. Transposable elements have been found 

in virtually all  genomes characterized thus far. Indeed, transposons and their fossils occupy nearly half of 

the genome in mammals. An estimated 70-80% of plant genomes such as maize and wheat is occupied 

by TEs. In Trichonomas vaginalis, DNA transposons inhabit 65% of the genome. TEs are one of the major 

sources of structural variations including insertions, deletions, duplications and inversions which lead to 

genomic variations among individuals.1,2

 Broadly speaking, TEs are genomic parasites that use host factors in conjunction with transposon 

encoded functions to replicate within the host genome. Autonomous TEs encode genes necessary for 

their own transposition. Non-autonomous TEs are dependent on protein products from an autonomous 

elements for their successful transposition. TE insertions can potentially activate or inactivate a gene 

based on the location of the target. There are several instances of how transposons have a negative 

impact on host fitness. For example, Alu elements occupy approximately 5% of the human genome. 

Unequal homologous recombination between Alu repeats has been shown to cause germline genetic 

diseases and cancers in humans. Eukaryotic genomes have been inhabited by transposons for hundreds 

of millions of years during which they have evolved mechanisms to suppress TE activity. LINE 1 elements 

for example can trigger an RNAi pathway which can suppress retrotransposition.3

  On the other hand, TEs have also been repeatedly domesticated in many eukaryotic lineages to 

perform functions that are now indispensible for host survival.4,5 Their ability to renovate the host genome 

has also caused TEs to play an indispensable role in the structural and functional evolution of genes and 

genomes.6 Transposable elements have been exapted to provide host functions, for example Het-A and 

TART retrotransposons maintain telomeres in Drosophila.7,8 Global  transcriptome analysis of mouse and 
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human genomes has shown that a large amount of their transcripts are controlled by regulatory elements 

derived from TEs.9Evidence is mounting that TEs play a major role in the structural  evolution of genomes. 

Understanding the diversity and modes of TE replication mechanisms is critical  to understanding genome 

evolution. 

1.2 Types and Mechanisms of TEs

 TEs can be classified into two major classes based upon whether the replication intermediate 

passes through an RNA intermediate or not: Class I elements (a.k.a., Retrotransposons) replicate through 

an RNA intermediate while Class II elements (a.k.a., DNA transposons) do not. Each class can be further 

grouped based upon the mode of integration and/or type of integrase used.

 DNA transposons insert into their host genomes via a single or double-stranded DNA 

intermediate (Figure 1.1 a, e, f, g). Active elements encode an enzyme called transposase which 

performs a series of trans-esterification reactions to remove the transposon sequence from its old site 

and insert it into the new site.  DNA transposons can be further classified based upon their mode of 

excision, transposition intermediate, and type of transposase employed. One family of transposon uses 

the ‘cut-and-paste’ mechanism of excision-integration and encodes a DDE transposase (Figure 1.1 a).10 

Y-transposons and S-transposons are two other families of DNA transposons that use the ‘cut-and-paste’ 

transposition mechanism. These elements encode a tyrosine (Y) or a serine (S) transposase which 

excises the transposon to form a circular DNA intermediate.11,12 A reversal of catalytic steps after target 

capture results in transposon insertion (Figure 1.1 e,f). The Y-2 transposons use a replicative mode of 

integration. Transposons in this family use DNA replication to copy their DNA directly into the target, such 

that both the donor and the target DNA contain one parent strand and one newly synthesized strand 

(Figure 1.1 g). The bacterial RC-transposons and the eukaryotic helitrons are examples of Y2-

transposons.13  

 Retrotransposons generate a copy of their DNA (cDNA) by reverse transcribing their RNA 

template. Retrotransposons also employ several  modes (and relative timing of) of reverse transcription 

and integration. Since retrotransposons are the major focus of my research, they will be discussed in 

greater detail. ( Section 1.3) 
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Figure 1.1: Transposition intermediates and integration modes. 
DDE-transposases, reverse transcriptase/endonucleases (RT/En), tyrosine (Y)-transposases, serine (S)-
transposases and rolling-circle (RC)- or Y2-transposases form the five different protein families that 
employ different transposition mechanisms. Transposons (blue) are either cut or copied out of the flanking 
donor DNA (purple). a) DDE- transposons excise from the flanking DNA to generate an excised linear 
transposon, which is the substrate for integration into a target (green). b) Long-terminal  repeat (LTR)-
retrotransposons make a full-length cDNA copy (orange) from their RNA (blue) and integrate this into a 
target using a DDE-transposase. c)TP-retrotransposons use reverse transcriptase (RT) to copy their 
RNA directly into a target that has been nicked by the element encoded endonuclease (En).d) Y-
retrotransposons are believed to generate a circular cDNA intermediate by reverse transcription. The 
element is integrated into the target by a Y-transposase.  e),f) Y- and S-transposons encode either a 
tyrosine or serine transposase, which excises transposon to form a circular intermediate. A reversal  of the 
catalytic steps results in transposon insertion. g) Y2-transposons ‘paste’ one strand of the transposon into 
a target and use it as a template for DNA replication. Two models have been proposed for Y2-
transposition. Figure adapted from1

1.3 Retrotransposons

Retrotransposons form an extremely diverse family of elements that are found in abundance in many 

genomes. For example, retrotransposons make up ~42% of the human genome and~75% of the maize 

genome.14 Retrotransposons utilize a reverse transcriptase to generate a DNA copy of an RNA template 

which is then integrated into the host genome. Like DNA transposons, retrotransposons can be further 

classified based on structure and mechanism of integration: Penelope-like elements, non-long terminal 
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repeat (non-LTR) retrotransposons, YR retrotransposons, and long terminal  repeat (LTR) 

retrotransposons. LTR retrotransposons and YR retrotransposons use a copy-out/paste-in integration 

mechanism. The reverse transcriptase creates a double stranded DNA intermediate within a virus-like 

particle. The double stranded DNA copy is then inserted (pasted) into the genome. Non-LTR 

retrotransposons insert via a copy-out/copy-in mechanism called target primed reverse transcription 

(TPRT). Evidence suggests that Penelope elements also use TPRT. Hence, Non-LTR retrotransposons 

(and penelope-like elements) are sometimes called target primed (TP) retrotransposons. Reverse 

transcriptase phylogenies using the seven conserved domains of the reverse transcriptase (common to 

all retrotransposons) recapitulate the above classifications(Figure 1.2).

LTR Retrotransposons

YR Retrotransposons

Penelope Like
Retrotransposons (PLEs) 

Non-LTR
Retrotransposons (NLRs)

GAG PR IN RT RH

GAG PR INRT RH

GAG ICRYRRT RH

RT

RT EN

DB      RB?     RT     CCHC    EN

  EN    RT    CCHCRB

GIY-YIG

Copy-out, Copy-in

Copy-out, Paste-in

Copy-out, Paste-in

?

ORF Structure Transposition 
MechanismClassi!cation

Figure 1.2: Retrotransposons: classification and domain structure. 
This figure gives the classification of retrotransposons based on the reverse transcriptase domain and 
additional  enzymes. Each rectangular box represents an open reading frame. The rectangular box with an 
triangle inside represents terminal  repeats. RT- Reverse transcriptase, DB- DNA binding domains, RRM- 
RNA recognition motif, EN - endonuclease domain, CCHC - cysteine-histidine motif, PR - Protease, IN - 
Integrase, RH - RNaseH, YR - Tyrosine recombinase, ICR - Internal complementary repeat.
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1.3.1 LTR Retrotransposons and YR Retrotransposons

Long Terminal  Repeat Retrotransposons or LTR retrotransposons were the first class of retrotransposons 

to be discovered in eukaryotes. They share structural  and mechanistic similarities to retroviruses. Unlike 

retroviruses which are restricted to vertebrate genome, LTR Retrotransposons are widely distributed in 

eukaryotes. These elements contain two open reading frames encoding a reverse transcriptase, an 

RNase H, a DDE integrase, a protease, and nucleocapsid proteins, but lack an envelope gene. The left 

LTR of the element contains a promoter which initiates RNA synthesis. Polyadenylation terminates the 

transcript downstream of the same site in the right LTR of the element. The first step of retrotransposition 

is the formation of the double stranded DNA template which occurs within cytoplasmic virus-like particles. 

Specific host tRNAs especially methionine tRNA anneal to the RNA template and prime reverse 

transcription to complete first strand synthesis. The original RNA template, now part of a RNA:DNA 

heteroduplex, is then removed by an element encoded RNase H. Second strand synthesis is then 

catalyzed by the DNA-dependent DNA polymerase activity of the reverse transcriptase. Finally, the DDE 

integrase binds to the terminal sequences of this double stranded DNA intermediate. Integrase then 

makes a staggered cut at the target site and covalently joins the ends of the linear DNA intermediate. The 

staggered cut in the target site is followed by DNA repair of the integration product which results in a 

target-site duplication.15,16

 The distinguishing feature of YR retrotransposons is the element encoded tyrosine recombinase 

which is required for successful  element integration into the host genome and the absence of the 

conventional DDE integrase and protease found in LTR elements.15 Additionally they lack the direct 

repeats found in LTRs and instead have inverted terminal  repeats (e.g., DIRS elements) or ‘split’ direct 

repeats (e.g., PAT and Kangaroo elements).1,15,17 It is possible these repeats play a role in the reverse 

transcription and also serve as recombination sites. The 3’ end of the internal  region contains the internal 

complementary region (ICR) which is complementary to the extreme ends of the element and is believed 

to play a role in the element's replication cycle.17 In contrast to other LTR retrotransposons, which produce 

linear extrachromosomal DNA intermediates, replication of YR retrotransposons involves a closed circular 

DNA intermediate generated by reverse transcription which is integrated into the host genome by tyrosine 

recombinase-mediated recombination.1,15,18
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1.3.2 Penelope-like Elements

 Penelope-like elements are the most recently discovered family of retrotransposons. The first 

representative element, Penelope, was found in Drosophila virilis. Penelope-like elements appear to be 

the earliest branching group of retrotransposons (excluding group II introns), with RT domains that quite 

divergent to other known reverse transcriptases. Some PLEs are found at or near the telomeres, in an 

orientation that suggests their utilization in using free chromosomal ends to prime reverse transcription. 

Many PLEs encode a Uri endonuclease with sequence similarity to GIY-YIG endonuclease of bacterial 

group I introns and bacterial  DNA repair enzymes. Due to 5‘truncations, variable length target site 

duplications and evidence suggesting some elements use chromosomal ends to prime reverse 

transcription, it is thought that Penelope-like elements integrate in a TPRT-like fashion.19,20 

1.3.3 Non-LTR Retrotransposons

 Non-LTR retrotransposons are widely distributed in eukaryotes, but are particularly abundant in 

mammalian genomes with over 500,000 copies found in the human genome.21 As of now, there are 28 

different clades of Non-LTRs with classification based on their reverse transcriptase phylogeny.22 

Transcription of the full length element is either driven by an internal RNA Polymerase II promoter at the 

5‘-terminal end of the element or transcribed using an upstream promotor near the insertion site.22 The 

element encoded proteins display a strong cis preference to their encoding mRNAs to form an element 

specific ribonucleoprotein particle (RNP) that is involved in the retrotransposition process. The RNP is 

transported into the nucleus or interacts with the DNA during nuclear envelope breakdown. The element 

encoded endonuclease nicks the target DNA. The resulting free 3'-OH us used to prime reverse 

transcription.23 This process of integration is called Target Primed Reverse Transcription. For this reason, 

non-LTRs are sometimes referred to as TP(Target Primed)-retrotransposons.

Typically, a non-LTR element has one or two open reading frames encoding a reverse transcriptase 

domain, a non-LTR specific  cysteine-histidine rich motif (CCHC), an endonuclease domain, DNA and 

RNA binding domains and/or a ribonuclease H domain. There are various distinct lineages of non-LTR 

retrotransposons with different coding capacities. However, non-LTR elements can be classified into two 

major categories based on their structure and encoded endonuclease(s) (Figure 1.3).
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Clades Groups Type of Endonuclease ORF Structure

CRE
R4
Hero
NeSL
R2

R2

RandIRandI
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Proto 1
L1
Tx1

RTE
Proto 2
RTEX
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I
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Crack
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DB   RT  CCHC  RLE

RRM APE   RT   CCHC

RLE & APE APE  RH   RT  CCHC  RLE

Figure 1.3: Types of Non-LTR retrotransposons.  
Different clades of RLE Non LTR retrotransposons based on RT phylogeny are shown with their further 
classification into different groups. These groups are further grouped together based on the type of 
endonuclease they contain. RT - Reverse transcriptase, DB - DNA binding domains, RRM - RNA 
recognition motif, RLE - restriction-like endonuclease domain, RH - Ribonuclease H domain APE - 
apurininc/apyrimydic endonuclease domain, CCHC - cysteine/histidine motif. Figure adapted from.22

 The earlier branching Non-LTR retrotransposons contain a single open reading frame encoding a 

reverse transcriptase and a restriction-like endonuclease (RLE). The more recent branch of Non-LTR 

retrotransposons generally contain two open reading frames where the second ORF includes the RT 

domain and an apurinic-apyrimidic-like endonuclease(APE).16 However, a novel family of non-LTR 

retrotransposons called Dualen (also known as RandI) was recently discovered that encodes both 
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endonucleases.  Dualen is phylogenetically placed between the earlier branching RLE and the later 

branching APE elements24.

1.3.3.1 Apurinic/Apyrimidinic endonuclease containing non LTR retrotransposons 

 Phylogenetically, APE bearing non-LTRs are more recently branched and are thought to have 

evolved from RLE elements after acquiring the apurinic/apyrimidic  endonuclease domain from the DNA 

repair machinery of the host cell25. While most APE containing non-LTRs have lost the RLE, the carboxyl 

terminal region retains the cysteine-histidine rich motif (CCHC) common to all  non-LTRs. The function of 

the CCHC motif is unknown, although it is hypothesized that the CCHC motif functions as a nucleic acid 

binding motif due to the similarity of of the CCHC motif to zinc fingers, although the order and spacing 

between the Cys and His residues differs 25. Out of the 28 clades of non-LTRs, 20 are APE bearing 

endonucleases which are classified into four groups : L1, RTE, Jockey and I22. In addition to the RT and 

APE domain, members of the I group additionally encode an RNase H domain 16. LINE-1 elements are to 

date, the most extensively studied APE endonuclease elements. APE bearing NLR retrotransposons tend 

to be non-specific  inserting into the host genome in a more or less random manner. There are a 

exceptions. For example TRAS and SART of the R1 clade insert insert in a sequence-specific manner 

into different sites within the TTAGG telomeric repeats26.   

 APE bearing non-LTRs encode two non-overlapping open reading frames. The role of ORF1p has 

been hard to understand since its amino terminal end appears to have no sequence homology to any 

known protein sequence.27 Studies conducted with mouse and human L1s have revealed several 

domains in ORF1p that are critical  to retrotransposition. It is now known that the ORF1p is a multi-domain 

protein with a coiled-coil domain (cc), an RNA recognition motif (RRM) and a conserved carboxy-terminal 

domain (CTD).28,29 Early analyses revealed the ORF1p to be rich in basic  residues, which is a feature 

common to nucleic acid binding domains. A series of experiments show this basic domain to indeed bind 

both DNA and RNA, with a higher affinity to single stranded RNA.27 It is suggested that the RNA-binding 

function helps RNP formation and the safe delivery of the RNP to genomic  DNA so that it can undergo 

TPRT. The ORF1 amino acid sequences are poorly conserved but are predicted to contain a coiled-coil 

domain. The coiled-coil domain shares little sequence homology across various mammalian L1s. While it 

encompasses a leucine zipper in Human L1, the coiled-coil  domain appears similar to keratin in rabbit 
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L1.27,28 This coiled coil domain is predicted to be important for L1 multimerization.28, 30 The coiled coil 

domain is followed by an RNA recognition motif. Studies have shown it to be critical for L1 

retrotransposition and for the formation of ORF1 cytoplasmic  foci. 28,29,31 The carboxyl terminal  domain of 

ORF1p is well conserved among mammalian L1 and is predicted to be evolving under selective pressure.

28,27 Studies have shown mutations in conserved amino acids in the CTD to severely affect RNP 

formation and L1 retrotransposition efficiency.32,33,28 Thus ORF1p plays an important role in discrete 

steps of L1 retrotransposition pathway. The ORF protein of L1 is similar to retroviral nucleocapsid proteins 

in that they have nucleic acid chaperone activity. It is likely that a nucleic acid chaperone activity has a 

direct role in TPRT, possibly by facilitating strand exchanges to place the DNA primer on the RNA or the 

cDNA and/or by melting secondary RNA structures.27,34

 The ORF2p of APE non-LTRs is a multi-domain protein with an APE endonuclease domain, a 

reverse transcriptase domain and the CCHC domain.33 Studies on the ORF2 have been hindered by its 

very minimal detection in cultured cells. It is thus hypothesized that ORF2 translation is as low as one or 

two molecules per L1 RNA molecule.35 The APE is always N-terminal  to the RT domain.36 Its sequence 

and crystal structure is similar to the APE-1 endonuclease which is involved in the base excision repair 

pathway.37 The APE endonuclease appears to be a major determinant in insertion site selection. 

Observed insertion sites tend to match the fairly loose consensus of the endonuclease. In site specific 

elements, the APE has an extended loop that contributes to the observed insertion specificity.38 Reverse 

transcriptase is found in the central  domain of the ORF2p and is critical  for L1 retrotransposition.39,33 The 

C-terminus contains cysteine-histidine rich domain (CCHC) that is demonstrated to be essential  for 

retrotransposition. Studies have suggested the CCHC domain may function in binding L1 RNA as RNPs 

fail  to form properly upon mutating the CCHC domain.28,40 LINE 1 retrotransposition begins with 

transcription of the element. The resultant RNA is transported to the cytoplasm where ORF1 and ORF2 

are translated and form a ribonucleoprotein particle with the L1 RNA that encoded them. The RNP is then 

delivered into the nucleus and the L1 RNA is reverse transcribed at the target site via TPRT. The vast 

majority of L1s are unable to retrotranspose but an average human genome contains approximately 80 to 

100 full-length human L1s are retrotranspositionally-competent.32 L1s are usually flanked by variable-

length target-site duplications.41
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1.3.3.2 Restriction-like Endonuclease Containing Non LTR Retrotransposons

 RLE bearing non-LTR retrotransposons tend to be site-specific  in nature. Most of these non-LTRs 

target repetitive sequences in the host genome which is likely a strategy to minimize damage to the host. 

Insertion into a subset of genes within family would affect host fitness less severely than interrupting an 

essential single-copy gene. Additionally, tandemly repeated genes can amplify in number by 

recombination mechanisms such as unequal  crossing over, and this could offset the effects of losing 

functional copies to element insertion.42

 There are five major phylogenetic clades of RLE-bearing retrotransposons.43 Members of the R2 

and R4 clades insert specifically into the rRNA genes of their host. In case of the CRE and NeSL clades, 

the target sites are the tandemly repeated spliced leader exons of trypanosomes and nematodes, 

respectively.16,25,44 In fact, R2 was the first RLE bearing Non-LTR to be discovered and will  be discussed 

in detail  below. All  of these non-LTRs contain a single open reading frame encoding a central reverse 

transcriptase, a cysteine-histidine motif (CCHC), and basic  RH patch and a restriction like endonuclease 

at the carboxyl terminus. R2 is one of the most studied site-specific Non-LTR elements and has served as 

a model for understanding RLE bearing elements as a whole.

1.4 R2 Elements

 R2 inserts exclusively into a specific site in the 28S ribosomal  DNA of its host. It was first 

identified as an insertion in the 28S rRNA gene of Drosophila melanogaster and soon after in Bombyx 

mori.45,46 R2 was subsequently discovered in many other arthropod lineages and is believed to have 

been vertically transmitted since the early evolution of arthropods, spanning a period of over 850 million 

years.47 

 The amino terminal end of the single R2 ORF encodes a variable number DNA binding zinc finger 

motifs followed by a myb motif.48 Based on the number of DNA binding motifs and reverse transcriptase 

phylogeny, R2 elements are classified into four sub-clades : R2-A, R2-B, R2-C and R2-D (Figure 1.4). R2-

A elements contain three zinc fingers, R2-C elements contain two, and R2-D elements contain one zinc 

finger motif. The amino-terminal  end of R2-B clade elements is as of yet  Apart from variability at the 

amino terminal all  R2 elements share the same domains. The reverse transcriptase domain is central to 
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the ORF, and there are several  conserved motifs in the carboxyl  terminus including an R/HINALP motif, a 

cysteine histidine rich motif (CCHC), a basic  RH patch, and a site specific  type IIs restriction-like 

endonuclease domain. Most biochemical assays leading to the elucidation of the R2 integration 

mechanism have been done on the R2 element found in Bombyx mori(R2Bm), a member of the R2-D 

clade.43 The R2-A and R2-D sub-clades are the most represented groups of R2 elements within the 

genomes of sequenced organisms.47

1.4.1 R2 Insertion site : 

 The ribosomal RNA genes are among the most conserved genes in eukaryotes. Eukaryotes 

encode hundreds of copies of the ribosomal genes organized in a tandem array.49 Each unit in the array 

consists of one copy each of three major rRNA genes: 18S, 28S, and 5.8S.49 Even though a large 

number of ribosomes is required for cellular function, more units appear to be encoded in the ribosomal 

loci than are required for survival.50

 One of the interesting features of rDNA units is the high sequence identity between units within a 

species, despite changes in sequence over time. This process of eliminating variation is called concerted 

evolution.49 Frequent recombination events including unequal crossover and gene conversions are 

believed to be responsible for the high sequence identity between units.42  The most common mode of 

recombination in rDNA locus is sister chromatid exchange (SCE) which results in one locus carrying more 

ribosomal units than the other. The loci with very few ribosomal units are selected against while those  

with very large number of ribosomal units are subjected to loop deletion.50 Considering the ability of the 

rDNA units to remove variation it is intriguing that the rDNA locus has been the exclusive home of non-

LTR retrotransposons including R1 and R2 for millions of years.51 R2 inserts into the 28S rRNA gene of 

its hosts including most arthropods and dueterostomes. Though the R2-inserted units cannot make 

functional  28S rRNA, the host fitness is unaffected due to the abundance of rRNA genes encoded by it. 

The number of insertions is a balance between the recombination rate and the retrotransposition rate. 

Recombination events remove old dysfunctional copies with TE-insertions, simultaneously providing new 
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insertion sites.42,49,50 Thus, to be retained with in the locus, R2 must actively transpose at rates higher 

than the (or equal to) the rate of concerted evolution.

1.4.2 R2: Transcription and Translation

 Little is known about how R2 is transcribed and processed from the 28S rRNA. Most non-LTR 

elements contain internal promoters that initiate transcription at the first base of the element. Other non-

LTRs co-transcribe using active transcription units already present in the host genome.43 The R2 RNA 

appears to be co-transcribed along with the host ribosomal RNA using RNA Polymerase I. It was only 

recently established that the 5’ UTR also encodes an autocatalytic  self-cleaving ribozyme that is similar in 

sequence and secondary structure to the hepatitis delta virus (HDV) ribozyme.52 The discovery of the 

HDV-like ribozyme suggests that the R2 RNA is processed out of the 28S co-transcript.

 However, being processed out of a transcript by a self-cleaving ribozyme would result in a 

transcript that lacks the 5‘methyl cap. This suggests that the R2 RNA is translated in an unconventional 

manner. This is further supported by the lack of a conserved initiation codon upstream of the R2 ORF53. 

Recent NMR data confirms the presence of an unusual pseudoknot 50-100bp upstream of the R2 ORF 

start site. The location of the pseudoknot and the utilization of similar structures as internal ribosome entry 

site (IRES) in some viral systems brings up the possibility that the 5‘ UTR of R2 also serves as an IRES 

for protein synthesis.53,54

 In addition to the HDV-like ribozyme and a potential  IRES, RNA motifs within the 5’ and 3’ UTRs 

are responsible for binding R2 protein and thereby inducing specific protein conformations (Figure 1.5A).

55,56

1.4.3 R2Bm Integration

 Much of what is known to date about R2 integration, and TPRT in general, has been gathered 

from biochemical  studies on R2 in Bombyx mori  with supporting data from other arthropods like 

Drosophila melanogaster.

 R2 integration requires a ribonucleoprotein (RNP) complex which assembles due to the strong 

cis-preference of R2 encoded proteins towards their encoding mRNAs.55 Two R2 proteins in different 

conformations are involved in the making of this RNP complex. One protein subunits binds to a secondary 
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RNA structure at the 5’ UTR called the 5’ protein binding motif (PBM), the other protein subunit binds to 

another secondary RNA structure at the 3‘ UTR called the 3’ PBM.55,56 While the two protein subunits 

appear not interact via protein-protein interactions, the subunits are linked through the RNA, forming a 

pseudo-dimer. The association of R2 with different secondary RNA structures confers different 

conformations to the two R2 protein subunits, thereby allowing them to bind different sequences on the 

target DNA ( Figure 1.4 A). 

 R2, like many other non-LTRs, inserts into the target DNA via Target Primed Reverse 

Transcription (TPRT) and the formation of the RNP complex is critical  to successful  element integration. 

Rigorous biochemical assays over the years have shed light on how R2 integrates into its target. Yet 

there are several unanswered questions which are currently being addressed.  

R2 is thought to integrate in four main steps using the RNP complex (Figure 1.4B):

1.4.3.1 First strand cleavage 

 The protein subunit bound to the 3‘ PBM binds upstream of the target site. It does so using a 

DNA binding motif that is as of yet unidentified. It is thought that this motif might lie in the carboxyl-

terminal domain, possibly in the highly conserved cysteine-histidine motif (CCHC) or the three helix 

bundle or even in the endonuclease. The endonuclease in the R2 protein then nicks the bottom strand, 

thus releasing a 3’-OH end on the target DNA that serves as primer for cDNA synthesis.23

1.4.3.2 Target Primed Reverse Transcription

 After first strand cleavage, the upstream binding subunit undergoes a conformational change 

whereby the endonuclease domain moves away from the nick and the reverse transcriptase comes close 

to the nick. The free 3’-OH end on the target is then used by the reverse transcriptase to prime cDNA 

synthesis. Reverse transcription can only take place in the presence of 3‘PBM even though the cleavage 

reaction can occur in the presence of any RNA.48
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Figure 1.4 R2 Integration Model. 
A) The R2 protein contains N-terminal DNA-binding domains (orange arms), a central reverse 
transcriptase (RT) domain (blue), and a C-terminal  domain consisting of an endonuclease domain and 
proposed RNA binding domain(s) (purple). R2 protein bound to the 3’ protein binding motif (PBM) 
sequesters one of the DNA binding domains, exposing only the domain responsible for binding to target 
DNA upstream of the insertion site (seen in B). Protein bound to the 5’ PBM sequesters the other DNA-
binding domain, exposing the domain responsible for binding downstream of the insertion site (seen in 
B.). When R2 protein is bound to each 5’ and 3’ PBM of a single RNA, a pseudo dimer RNA and protein 
(RNP) complex is formed. B) R2 integration is proposed to be catalyzed by two subunits in four steps. 
Step 1: The endonuclease from the upstream subunit is responsible for first strand cleavage. Step 2: The 
RT of the upstream subunit catalyzes first strand target primed reverse transcription (TPRT). Step 3: The 
downstream subunit cleaves the second DNA strand. Step 4: The downstream subunit is thought to 
provide the polymerase activity used to perform second strand DNA synthesis. Adapted from 55 and 52

1.4.3.3 Second strand cleavage 

 The protein subunit bound to 5‘PBM binds downstream of the target site using the protein’s amino 

terminal zinc finger and myb motifs to bind DNA.48 Once bound, the endonuclease in this subunit cleaves 

the top strand upstream of the insertion site. It is hypothesized that the R2 endonuclease is a nickase, 

similar to the type IIs restriction enzymes, in order to achieve double-stranded cleavage, the 

endonuclease active sites of the two subunits must be in opposite orientation to each other.55 This would 

allow the endonuclease in the downstream binding subunit and the upstream binding subunit to cleave 

the bottom strand and the top strand respectively. The endonuclease in the downstream binding subunit 

is thought to be initially sequestered by the 5‘PBM. Thus second-strand cleavage occurs after the 5‘PBM 
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is removed from the endonuclease, which in turn occurs when the entire R2 RNA is reverse transcribed. 

This provides a temporal link between the first three steps of R2 integration.57

1.4.3.4 Second strand synthesis 

 Second strand synthesis is the only step in the R2 integration pathway that has not yet been 

demonstrated in vitro. Second strand synthesis is most likely performed by the DNA-dependent 

polymerase activity of the reverse transcriptase in the downstream binding subunit. It was recently shown 

that the R2 reverse transcriptase processes ssDNA template at a much higher efficiency than it does 

RNA templates.  This suggests that R2 is capable of performing second strand synthesis. The R2-RT can 

also displace RNA annealed to the ssDNA template with no loss of processivity. Thus the R2 reverse 

transcriptase possesses all the activities required to synthesize the second DNA strand.58

1.4.4 Integration Mechanism of R2: Outstanding Issues

1.4.4.1 Demonstrating Second strand synthesis

 There are several  unresolved questions concerning the mechanism behind R2 targeting and 

integration. Second strand synthesis is the only step in the R2 integration model, that has not yet been 

seen in vitro. While the R2 protein has been shown to have all the catalytic activities necessary for 

second strand synthesis, more proof is required to establish that it is indeed performing second strand 

synthesis.58,59 Also, the alternative possibility of the host’s DNA repair machinery being responsible for 

second strand synthesis needs to be addressed. Demonstrating this step in vitro is extremely important to 

understanding how R2 and related non-LTR elements undergo retrotransposition. 

1.4.4.2 Specificity of RLE

 Another interesting question is the specificity of the RLE endonuclease. Similar to type IIs 

restriction enzymes like FokI, the R2 endonuclease is hypothesized to be non-specific and that its site-

specific cleavage is the result of the target site specificity of the DNA binding domains in R2. 

Demonstrating this would explain how the endonuclease domain is able to cleave sites on the top and 

bottom strands of the target DNA that share no sequence homology. 
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1.4.4.3 Determining Nucleic acid binding domains of R2 elements

 Nucleic  acid binding is key to element RNA binding, target recognition and successful element 

integration.  It is thus important to elucidate the motifs that enable elements to recognize DNA and RNA.  

Bioinformatic  studies reveal considerable structural diversity in the amino terminal of R2 and other RLE 

bearing non-LTRs. A number of known and putative nucleic  acid-binding motifs are found in the amino 

terminal domain (Figure 1.6). A Myb motif along with a variable number of zinc  finger (ZF) motifs are 

involved in DNA target recognition. R2Bm contains a single zinc  finger and a Myb motif that are 

responsible for binding the R2 protein downstream of the insertion site. On the other hand, R2Lp which is 

an R2-A clade member uses the amino terminal DNA binding motifs to bind upstream of the insertion site.

60. R9Av, which is a member of the R2-A clade but inserts about 1436 bp upstream of the R2 insertion 

site, was recently shown to use the ZF and Myb motif to bind to its target site, thus demonstrating that the 

amino terminal DNA binding domains can undergo modifications to target novel sites.61 The less diverse 

carboxyl terminal contains several conserved motifs of unknown function (Figure 1.5). 

PLESERT ZF Myb pre-domain 0 CCHCHLX EN RGWRHRT

N-DOMAIN C-DOMAIN

Figure 1.5 Conserved motifs in the amino terminus and the carboxyl terminus of R2Bm. 
Several conserved sequences in R2Bm were found by sequence alignment with Non-LTR 
retrotransposons from various clades. 

 According to the model of R2 integration, there are four hypothetical nucleic  acid binding domain 

in the R2 protein. The protein bound to the 3‘ PBM binds upstream of the insertion site whereas the 

protein bound to the 5‘ PBM binds downstream of the insertion site. It has been shown that the amino 

terminal zinc  finger and myb motifs are responsible for downstream DNA binding activity.55 However, the 

DNA binding domain involved in upstream DNA binding is yet to be determined. The R2 protein is also 

believed to have two different RNA binding domains: one associating with the 5’ PBM and the other with 

the 3’ PBM. As of today, there is no concrete evidence of where these domains might be in the R2 protein 

(Figure 1.6). 
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Fig 1.6. Nucleic acid binding domains in R2Bm. 
A.The target DNA is represented by brown lines and the green ovals represent R2Bm proteins. R2Bm 
protein targets downstream of the insertion sequence with the amino terminal DNA binding domains such 
that the zinc fingers binds closer to the insertion site. B.The motifs involved in upstream DNA binding or 
RNA binding activities in R2Bm are unknown.

 However, the CCHC domain of of ORP2p in LINE-1 has been shown to potentially be involved in 

RNA-protein interactions.28,40 Since the CCHC is highly conserved and is found in APE as well  RLE 

elements like R2, it would be interesting to see if it plays a similar role in the R2 element. Also, since 

upstream DNA binding activity has already been mapped to DNA binding domains at the amino-terminal 

of the protein, it appears likely that DNA binding domains responsible for downstream DNA binding are 

located at the carboxyl-terminal of the protein. 

 Therefore, the major goal of my research is to identify one or more of the three potential nucleic 

acid binding domains which would help elucidate the integration mechanism of R2. To this end we used 

site-directed mutagenesis to generate point mutations in putative nucleic acid binding motifs in the full 

length protein in order to probe their functional relevance. We used this approach to determine the role of 

17



three distinct motifs in the carboxyl terminal  domain of the R2Bm protein. In case of the HINALP motif, 

two mutant constructs were created such that each construct contained a single amino acid substitution. 

Mutations in the the CCHC and the RH motif consisted of double amino acid substitutions. The effects of 

these mutations were analyzed through rigorous biochemical assays. While both mutant proteins in the 

HINALP motif retained wild type activity, there was an evident change in the catalytic activities of the 

CCHC and the RH mutant. Our findings provide insights into the likely function of these motifs and allow 

for the identification of functional motifs in the carboxyl domain of the R2Bm protein.  
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CHAPTER 2

THE CONSERVED CCHC MOTIF IN NON-LTR RETROTRANSPOSONS MODULATES RNA 

ASSOCIATED PROTEIN CONFORMATIONAL CHANGES.

2.1 Introduction

Non-LTR retrotransposons are a deep rooted and abundant class of eukaryotic  transposable 

elements (TE). Non-LTR retrotransposons integrate through a process called target primed reverse 

transcription (TPRT) in which element RNA is reverse transcribed into DNA at the site of insertion using 

an element encoded reverse transcriptase (RT).23 Reverse transcription is primed off a free DNA 3′-OH at 

the insertion site. Typically the 3′-OH is generated by an element encoded DNA endonuclease, although 

in the absence of endonuclease driven cleavage non-LTR retrotransposons have been shown to be able 

to use any 3′-OH (e.g., at DNA lesions).36,62-65 After TPRT, the integration reaction involves cleavage of 

the opposite target DNA strand and synthesis of the remaining DNA strand of the element creating an 

double stranded integrate.

There are two major structural variant groups of non-LTR retrotransponsons, each encoding a 

different type of endonuclease located in different positions relative to the reverse transcriptase.36 25,63,66 

The first group encodes a restriction like DNA endonuclease (RLE) domain downstream of the reverse 

transcriptase (Figure 1A).25,63 The second group encodes a apurinic  apyrimidinic endonuclease (APE) 

positioned upstream of the reverse transcriptase.36 In addition to the reverse transcriptase domain, both 

variants share a unique cysteine-histidine rich motif (CCHC) of unknown function located just downstream 

of the reverse transcriptase domain. Most RLE bearing elements are site specific (e.g. R2 elements), 

targeting various repeats in the genome like the ribosomal genes (reviewed in 43). Most APE bearing 

elements are comparatively nonspecific (e.g., human L1 element, reviewed in 41), although site specific 

elements are also known (e.g., R1, Tras).67,68

R2 elements have targeted a specific site in the 28S ribosomal gene for greater than 500 million 

years.25,47,69,70 The R2 element from Bombyx mori  (R2Bm) has been used in in vitro biochemical  studies 
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of the integration reaction owing to R2Bm's single open reading frame which can be expressed and 

purified in active from from bacteria, the protein's rigid target site-specificity, and the protein's high affinity 

to its own RNA.56,71 R2Bm integration involves the formation of specific ribonucleoprotein (RNP) 

complexes where one subunit binds to an RNA motif within the 3’ UTR of R2 RNA, termed the 3′ protein 

binding motif (PBM), and the other subunit binds to an RNA motif within the presumptive 5’ UTR of R2 

RNA, termed the 5′ PBM (Figure 1A and 1B).54,56,71,72 The binding of R2 protein to the two different RNA 

motifs induces the subunits to adopt different protein conformations, which in turn allows them to bind 

different DNA sequences located upstream and downstream of the insertion site, respectively (Figure 1B).

56 The subunit complexed with the 5′ PBM RNA binds to DNA sequences downstream of the insertion site 

via the ZF and Myb motifs.48,56 The subunit complexed with the 3′ PBM RNA binds upstream of the 

insertion site using an undetermined DNA binding domain (D.B.).55,57 In the absence of RNA, both DNA 

binding domains appear to be accessible. 55,57 

Integration of R2 is proposed to be catalyzed in four coordinated steps: 1) The endonuclease 

from the upstream bound subunit cleaves the first DNA strand—the bottom strand as conventionally 

written, 2) The RT of the upstream subunit catalyzes TPRT using the free 3′-OH generated by the 

endonuclease as a primer, 3) The endonuclease of the downstream subunit cleaves the remaining DNA 

strand of the target,  4) The downstream subunit provides the polymerase activity to perform second 

strand DNA synthesis.55,56 Step 4 has not yet been shown to occur, but the reverse transcriptase has 

been found to have DNA templated DNA polymerase activity to be capable of displacing RNA from a 

DNA-RNA hybrid during DNA templated DNA polymerization, activities consistent with the R2 protein 

being responsible for second strand DNA synthesis.58,73

A lot has been learned about the integration reaction of R2. The roles of the ZF, Myb, RT, and 

RLE are fairly well  documented. However, other aspects the R2 protein structure-function remain 

undefined. The R2Bm integration model  predicts the existence of four discrete nucleic  acid binding 

domains: a DNA-binding domain used to recognize target sequences upstream of the insertion site on the 

target DNA, a DNA-binding domain used to recognize target sequences downstream of the insertion site 

on the target DNA, an RNA-binding domain that associates with the 5’ PBM RNA, and an RNA-binding 

domain that associates with the 3’ PBM RNA. To date only downstream DNA binding activity, in the case 

of R2Bm, has been mapped to specific  protein motifs.48,55 The domains responsible for upstream DNA 
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binding, 5’ PBM RNA binding and 3’ PBM RNA binding are yet to be identified. In summary, a detailed 

knowledge of the protein motifs that govern RNP formation, protein conformational switching, and DNA 

binding are still relatively lacking. 

The CCHC motif is a highly conserved region found in the carboxyl  terminal of both RLE bearing 

non-LTR retrotransposons and APE bearing non-LTR retrotransposons (Figure 1A).25,41,43,74-77 The rigid 

sequence and spacing conservation of the CX3CX7HX4C motif implies an important structural or 

functional  role. A similar CCHC motif, albeit with different conserved spacing between the cysteine and 

histidine residues (CX2CX4HX4C; gag/zinc knuckle), is also present in most retroviral  nucleocapsid 

proteins. The retroviral zinc knuckle binds RNA and is required for viral  genome packaging and for early 

infection process.78-80 Cellular proteins with zinc  knuckles often bind RNA.81,82 By analogy to the gag/zinc 

knuckle, a role in RNA binding was speculated for the carboxyl terminal  CCHC motif of non-LTR 

retrotransposons.

Cell culture (ex vivo) transposition studies using an L1 element with a mutated CCHC motif 

showed that transposition of the mutant element is reduced to about 24% of WT levels, but that normal 

looking insertions were recovered.33 The authors hypothesized that reverse transcriptase functions were 

not affected, that the CCHC motif must perform an integration function that is separate from the RT. 

Largely based on the same data, others have speculated that the CCHC motif may mediate ORF2-DNA 

interactions during element integration.31 Still  others have speculated that the CCHC might be a 

processivity factor, based on the same original  data.83 More recently, microscopy studies of LINE-1 

elements using the cell culture assay suggest that the CCHC motif might be involved in interactions with 

LINE-1 RNA and the assembly of ORF2p into LINE-1 RNPs.28 In addition, a recent study doing domain 

swapping experiments of the CCHC motif between mouse and human L1 showed that putting the mouse 

motif into the human ORF2p reduces both L1 retrotransposition and Alu trans-mobilization by over two 

orders of magnitude.40  The observed loss of ORF2p function appeared to be independent of the 

endonuclease, and reverse transcriptase activities. 

A drawback of the in vivo assays, however, has been the difficulty isolating and tracking 

transposition intermediates. The in vitro assay of R2Bm element uses purified components and for this 

reason has the potential  for a more nuanced approach in the tracking and analyzing integration 

intermediates, as well as directed mutation induced defects of integration. In this paper we studied the 
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functional  relevance of the CCHC motif by site-directed mutagenesis and tracked the effects of the 

mutation on protein-nucleic acid complex formation and the TPRT reaction. Our findings have indicated 

that the CCHC motif is involved in RNA binding, RNA associated conformational switching, and correct 

positioning of the element encoded DNA endonuclease.

2.2Results

2.2.1 Mutation of the CCHC motif does not reduce DNA binding capacity in the absence of RNA.

Our findings indicate that mutating the CCHC motif to C/SC/SHC did not decrease the net DNA 

binding capacity of the R2Bm protein in the absence of RNA, but did effect the migration of resultant 

protein-DNA complexes in electrophoretic mobility shift assay (EMSA) gels. Figure 2 shows EMSAs 

comparing the DNA binding and electrophoretic  mobility of WT R2Bm and the C/SC/SHC mutant protein. 

Similar to previously reported results, the WT protein (lanes 1-4) formed at least two major protein-DNA 

complexes in the absence of RNA (see bands with green circles and accompanying diagrams): a well 

complex and a gel migrating species that runs just above half way between the free DNA and the well 

complex.55,57 The well complex has been determined to form predominantly during initial  binding (i.e., pre-

DNA-cleavage) conditions and has been interpreted to be a network of specific DNA-protein interactions 

resulting from the fact that the R2 subunit has both DNA binding domains available for binding DNA.57 

The DNA binding footprint of the well complex (and the smear running down from the well) is consistent 

with the two DNA binding domains binding to different DNA molecules, forming a network of protein-DNA 

interactions footprint to specific upstream and downstream DNA sequences.57 Upon cleavage at the R2 

site, the R2 protein can undergo a conformational change and sequester the downstream DNA binding 

domain (i.e., sequester the zinc  finger and Myb motifs) resulting in a greater potential for the new protein-

DNA conformer to leave the well/smear and resolve into the upstream bound gel  complex marked in 

Figure 2).55,57 Additional minor bands form in the regions marked i, ii, and iii and reflect minor (and largely 

undetermined) protein-DNA complex conformations and likely represent various breakdown products of 

the well complex. At higher protein to DNA ratios little material escapes from the well complex. 

Like WT, the C/SC/SHC mutant (lanes 5-8) formed the well/smear complex. In addition, the 

mutant formed several  bands in the regions marked i, ii, and iii, some of which appeared to comigrate 

with their companion WT complexes (e.g., iii, and potentially i). The C/SC/SHC mutant, however, did not 
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appear to form appreciable amounts of the protein-DNA conformer that gives rise to the WT upstream 

bound complex, at least a complex that reached beyond the background of the smear of the well/smear 

complex.  Most notable, however, was that the C/SC/SHC mutant and WT bound comparable amounts of 

DNA at comparable protein concentrations. In fact, on average, the C/SC/SHC mutant bound more DNA 

than WT protein at a given protein concentration. For example at 16.7 femtomoles the C/SC/SHC mutant 

exhibited 78.21% DNA binding, while the WT bound 49.97% of the DNA. The increased DNA binding 

capability did not appear to be the result of faulty quantitation of either the purified protein stocks or 

pipetting errors as the phenomenon was reproducible across different protein preparations and 

experimental repeats (data not shown).   

2.2.2The CCHC motif limits promiscuous DNA cleavage by the endonuclease. 

As noted above, the C/SC/SHC mutant did not appear to form the WT gel-migrating protein-DNA 

complex that forms post bottom strand DNA cleavage and represents an R2 protein subunit bound to 

upstream DNA sequences. In the absence of RNA, this upstream protein-DNA complex is known to not 

only derive from the well complex, as noted above, but also from a gel migrating protein-DNA complex 

similar to the gel  migrating complex diagramed in Figure 2, but without DNA strand cleavage that 

bypasses the well  complex.57 Upon DNA cleavage at (or very near) the insertion site on the bottom 

strand, the two protein-DNA complexes (well  and gel) undergo a conformational change resulting in 

extended protein-DNA contacts upstream of the insertion site and no DNA binding downstream of the 

insertion site.57 Because the observance of the upstream bound R2 protein-DNA complex has been 

shown to be found in abundance post bottom-strand-cleavage in the absence of RNA, a lack of DNA 

cleavage could be part of the reason for not observing the complex in the C/SC/SHC mutant. For this 

reason, denaturing polyacrylamide gels of the reactions used in Figure 2 were run in order to fractionate 

and map the DNA cleavage products generated by the endonuclease on the two DNA strands. 

The WT protein, in the absence of RNA, cleaves the bottom DNA strand with remarkable 

accuracy and with relative efficiency (Panels B and D, Figure 3).57 Most of the bound DNA (~50%) was 

cleaved at the R2 insertion site on the bottom strand while no cleavage is observed on the top strand at 

the R2 insertion site with the WT protein. The C/SC/SHC mutant, however, showed virtually no cleavage 

at the insertion site. Instead abundant cleavage at aberrant sites on both the top and bottom strands was 
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observed. For example 13.33 femtomoles of the C/SC/SHC mutant protein cleaved 40% of the top strand 

and bottom strand DNA at aberrant sites. The aberrant cleavage was located distal to the insertion site 

ranging from -40 to -23 bp, -19 to -1 bp and 1 to 30 bp on the top strand and from -48 to -26 bp, -18 to -11 

bp and 24 to 26 bp on the bottom strand (Figure 3, Panels A, B, E).. The positions of the aberrant 

cleavages were mapped using appropriately end labeled A + G ladders run of the target DNA run next to 

the sample lanes on denaturing poly acrylamide gels (Figure 3, Panel  E and data not shown). The same 

aberrant cleavage sites could also be observed at low levels in the WT cleavage data on longer 

exposures and at the higher protein to DNA ratios. Interestingly, the net cleavage activity of the mutant is 

roughly comparable to the net cleavage activity of the WT protein (Figure 4B and 4C).

2.2.3 The C/SC/SHC mutation reduces, but does not abolish, the ability of R2Bm protein to form the 5′-
PBM-RNA associated protein-RNA-DNA complex.

In an earlier paper it was shown that the WT R2Bm protein preferentially forms the protein-RNA-

DNA conformer that binds to DNA downstream of the insertion site in the presence of 5′ PBM RNA (see 

reference56 and lanes 1-4 in Figures 4A and 4B). The 5′ PBM associated RNP has been shown to cleave 

the top DNA strand. Complexes similar to those formed in the absence of RNA are also observed in the 

presence of 5′ PBM RNA (e.g. well complex and smear) albeit at low levels. Two other protein bound 

DNA complexes were observed in the presence of 5′ PBM RNA, especially at elevated protein 

concentrations: A dimer complex that has protein bound upstream as well as downstream (Figure 4A and 

4B) and a complex that was the result of double stranded DNA cleavage at the insertion site with protein 

remaining bound upstream of the insertion site (Figure 4A). Although the upstream subunit (in both cases) 

is diagramed without RNA in the diagram, it is possible—indeed likely—that the upstream subunit is 

complexed with incorrectly folded 5′ PBM RNA. Any non-specific  RNA can give rise to the upstream 

bound protein-DNA conformer—as can protein bound to properly folded 3′ PBM RNA and protein not 

associated with any RNA. The companion product of double stranded DNA cleavage, corresponding to 

the downstream DNA sequences not complexed with protein, was observed in the the bottom strand data 

set (56 55 and Figure 4B).

The C/SC/SHC mutant protein was able to form the downstream protein-RNA-DNA complex, 

albeit at a much reduced level when compared to WT R2Bm protein (comparing lanes 7 and 8 to lanes 3 

and 4 in Figure 4A and 4B). Most of the C/SC/SHC mutant protein-DNA complexes, however, remained 
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stuck in the well  or was present as complexes migrating to positions ii and iii  in the EMSA gel. This 

aberrant distribution of protein-DNA complexes remained true across the protein titration series. The well 

complex dominated followed by complexes migrating to positions ii  and iii, a pattern very similar to the 

mutant’s behavior in the absence of RNA. The net DNA binding potential of the C/SC/SHC mutant is not 

reduced compared to the net DNA binding potential  of the WT protein (FIgure 4C) in the presence of 5′ 

PBM RNA.

2.2.4 Aberrant DNA cleavage persists in the presence of 5′PBM RNA.

The C/SC/SHC mutant, although it can form the protein-RNA-DNA conformer that binds to DNA 

downstream of the insertion site in the presence of 5′ PBM RNA, was not observed to cleave the top 

strand insertion site (Figure 5A, lanes 5-8)—a known function of the 5′ PBM RNA bound subunit (Figure 

5A, lanes 1-4). The apparent failure to cleave may, however, be due to the fact that only a small  fraction 

of the C/SC/SHC mutant protein-RNA-DNA complexes formed the expected protein-RNA-DNA conformer 

at the lower protein to DNA ratios and virtually none of the expected complex(s) at the higher protein to 

DNA ratios (see previous section and Figure 4). It was unclear if the mutant complex that migrates at the 

expected WT position in EMSA gels is capable of correct top strand insertion site cleavage as the 

cleavage may be below the threshold of detection; only about 15% of the WT protein bound DNA cleaved 

the top strand DNA under identical conditions. 

According to the model, under ideal conditions, no bottom strand DNA cleavage would be 

expected in the presence of the 5′ PBM RNA for only the downstream subunit conformation should form 

and thus only cleave the top strand DNA. However, because the upstream subunit can form in a multitude 

of ways including without any RNA bound to the WT protein, with properly folded 3′ PBM RNA bound to 

the protein, and with non-specific  RNA bound to the protein (e.g. misfolded 5′ PBM RNA), cleavage of the 

bottom strand insertion site was observed in the WT protein reactions. Little to no insertion-site cleavage 

was observed in the mutant protein lanes in the absence of RNA as noted in Figure 3 A,B. The presence 

of 5’ PBM however, led to significant enhancement in cleavage at the R2 insertion site by the C/SC/SHC 

mutant(Figure 5A and 5B, lanes 5-8). The relative cleavage activities of the WT  and C/SC/SHC mutant 

were quantitated and presented in graphical form in Figure 5C and 5D.
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2.2.5 The C/SC/SHC appears to form a diffuse 3′ PBM RNA associated RNA-protein-DNA complex that 
largely rescues cleavage at the insertion site.

 It had been previously shown that the WT R2Bm protein forms the RNP conformer that binds to 

DNA upstream of the insertion site in the presence of 3′ PBM RNA (see 57 and lanes 1-4 in Figures 6A 

and 6B). The C/SC/SHC mutant made a discernible amount of upstream bound protein-RNA-DNA 

complex, although the complex appeared to be more diffuse than the WT complex (lanes 5-8, Figure 6A 

and 6B). Still much of the C/SC/SHC mutant protein-DNA complexes, remained in the well/smear or was 

present as complexes migrating to positions ii  and iii in the EMSA gel, much like the mutants behavior in 

the presence of 5′ PBM RNA. WT and the C/SC/SHC mutant R2Bm protein bound comparable levels of 

DNA in the presence of 3′ PBM RNA (Figure 6C and 6D).

Cleavage analysis of reactions in Figure 6A and 6B reveal that the C/SC/SHC mutant protein was 

able to cleave at the R2 insertion site in the presence of the 3’ PBM, at levels similar but reduced to those 

observed with the WT protein (Figure 7B, lanes 5-8). Also, there was a significant reduction in the 

aberrant cleavage observed with the C/SC/SHC mutant in the absence of RNA (Figure 3 A,B). We believe 

that the upstream bound protein-RNA-DNA complex formed by the C/SC/SHC mutant in Figure 6A and 

6B is responsible for rescuing cleavage at the R2 insertion site.

2.2.6 The C/SC/SHC mutant can perform TPRT

As noted in Figure 6, the C/SC/SHC mutant is able to bind upstream of the insertion site in the 

presence of the 3’ PBM at very low levels. The presence of 3’ PBM also rescued much of the aberrant 

cleavage observed in the absence of RNA and instead promoted cleavage at the R2 insertion site, 

although at lower levels in comparison to the WT protein (Figure 7A,B). A significant fraction of DNA 

cleaved at the R2 insertion site was observed to undergo target primed reverse transcription, suggesting 

that mutations in the CCHC motif did not impair the reverse transcriptase domain. The C/SC/SHC mutant 

however performed similar but slightly reduced levels of TPRT in comparison to the WT  protein. We 

believe the reduction in TPRT is likely due to reduction of cleavage at the R2 insertion site. The relative 

cleavage activities of the WT and C/SC/SHC mutant were quantitated and presented in graphical  form in 

Figure 8B.
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2.3 Discussion

As previous reports on the behavior of WT R2Bm protein have indicated, the well complex (and 

associated smear) appeared to result from a conformation of the R2Bm protein where both DNA binding 

domains remained available to interact with DNA. Each DNA binding domain is thought to bind to a 

different DNA molecule because the directionality of the binding domains on the protein are likely in 

opposite orientation to each other. In addition, the persistence length of DNA makes it unlikely that a 

single DNA molecule could bind to both protein domains. The well  complex, then is a network of linked 

(via the R2Bm protein) protein and DNA molecules. The well conformer is not thought to be directly 

relevant to the integration reaction as the protein would normally be expected to be complexed with 

element RNA at the time it binds to DNA and thus the well complex? is not in the normal  pathway to 

integration. In the presence of either 5′ PBM RNA or 3′ PBM RNA, the R2Bm protein masks one of the 

two DNA binding domains. The R2Bm protein tends to bind more DNA in the absence of RNA than it does 

in the presence of RNA at early time points that favor the well complex (in the absence of RNA), perhaps 

because of the two exposed DNA binding domains.55,57 Upon cleavage of the bottom strand, a protein 

conformational change occurs, enlarging the DNA footprint upstream of the insertion site and 

sequestering the ZF and Myb motifs—the motifs responsible for downstream DNA binding.57 The 

conformational change increases the chance that the protein-DNA complex escapes from the network of 

protein-DNA interactions that is the well complex. In the presence of RNA, the RNP-DNA complexes do 

not passage through the well  complex, presumably because one of the two DNA binding domains has 

been sequestered or masked in the process of the subunit binding RNA.55,56

The C/SC/SHC mutant, regardless of the presence of RNA, behaved much like WT  in the 

absence of RNA with much of the DNA-protein complexes existing in the well complex (and the resultant 

smear). However the mutant contained a greater proportion of  complexes that ran at positions ii  and iii in 

the EMSA gel compared to WT protein. Currently, little is known about the conformers that run at position 

ii and iii other than WT also formed complexes in these two regions in the absence of RNA at low levels. It 

is assumed that conformers running at positions ii and iii  are products released from the well. 

Interestingly, the C/SC/SHC mutation did not reduce DNA binding capacity, arguing against the 

hypothesis that the CCHC domain is involved in making specific  protein-DNA contacts. The CCHC 

domain did not appear to be a DNA binding domain, but did affect protein conformation as measured by 

27



EMSA. Indeed, the elevated level of DNA binding would be consistent with a deficiency to form protein-

DNA conformations that are able to bypass the well  conformation or undergo the conformational changes 

that allow the protein to escape the well/smear.55,57

In the presence of RNA, the C/SC/SHC mutant was able to form the expected RNP-DNA complex 

at reduced levels and with less defined bands in the EMSA gels (especially in the presence of 3′ PBM 

RNA). However, much of the DNA-protein complexes remained as the well complex—and the resultant 

smear—as well as diffuse complexes running at positions ii  and ii on the EMSA gel. The complexes 

running at positions ii and iii  were supershifted, even in the presence of non-specific  RNA, compared to 

those observed in the absence of RNA (supplementary data Figure YY) and likely represent non-specific 

interactions with the R2 protein. The C/SC/SHC mutation did not appear to reduce the overall  DNA 

binding capacity of the R2 protein. The migration patten on EMSA gels and the relative abundance of 

certain complexes was affected.

In addition to aberrant migration patterns in EMSA gels, the C/SC/SHC mutant showed aberrant 

DNA cleavage patterns. Promiscuous cleavage was observed on both DNA strands in the presence of the 

mutant protein. The aberrant cleavage tends to be distal to the insertion site indicating that the 

endonuclease is active but not correctly positioned over the insertion site. An identical aberrant cleavage 

pattern was observed in the presence of WT protein, but only on over exposure of the phosphorimager 

scan at high protein to DNA ratios that promote formation of the well  complex. In addition to the observed 

promiscuous DNA cleavage, the C/SC/SHC mutant was deficient in cleaving the insertion site. Little to no 

insertion site cleavage was observed in the absence of RNA or the presence of 5′ PBM RNA. The lack of 

insertion site cleavage was partially rescued—bottom strand only—by the presence of 3′ PBM RNA. 

Bottom strand insertion site cleavage was increased by the presence of 3′ PBM RNA. The amount of 

correct bottom strand cleavage was roughly consistent (proportionally) with the amount of correctly 

migrating RNP-DNA complex observed by EMSA. Consistent with, and in proportion to, the amount of 

bottom strand cleavage in the presence of 3′ PBM RNA, the C/SC/SHC mutant appeared to be able to 

perform TPRT on the correctly cleaved DNAs. The promiscuous DNA cleavage, although reduced, was 

still present in the presence of 3′ PBM RNA particularly on the top DNA strand. 

While seemingly impaired, the C/SC/SHC mutant was found to be capable of binding 5′ and 3′ 

PBM RNAs and of undergoing TPRT, a 3′ PBM RNA specific  function. Although associated with RNA 
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binding, the CCHC motif is unlikely to be the sole RNA binding determinant. The CCHC appears to 

interact with both the 5′ and 3′ PBM RNAs. We hypothesize separate (or partially overlapping) specific 

RNA binding pockets that are responsible for binding 5′ and 3′ PBM RNAs. The CCHC would then interact 

with the bound RNA affecting the required protein conformational changes to mask one of the two DNA 

binding domains and position the endonuclease. An inability to affect the necessary conformational 

change leaves both DNA binding domains available, hence the increased amount of well  complexes/

smear compared to WT in the presence of RNA. 

In summary, the C/SC/SHC mutant is able to efficiently bind DNA but forms aberrant protein-DNA 

conformers. The mutant has an impaired ability to bind RNA and/or an impaired ability to form the correct 

conformers upon binding RNA. The mutant has an active but promiscuous endonuclease, and a 

functional  reverse transcriptase. Taken together, the data is consistent with the CCHC motif being 

involved in RNA associated protein conformational  changes including masking of DNA binding domains 

and the correct positioning of the endonuclease. 

Although our data is for R2Bm, a RLE bearing non-LTR retrotransposon, most other non-LTR 

retrotransposons encode the CCHC motif, including mammalian LINE elements. The human LINE-1 (L1) 

element is responsible for 17% of the human genome.84 Human L1 and related elements lack a restriction 

like endonuclease, but has instead an apurinic apyrimidinic  endonuclease (APE). Like R2, however, the 

LINE 1 protein must bind element RNA and undergo RNA associated protein conformational changes. 

The CCHC motif in L1, and other L1-like non-LTR retrotransposons, is located in ORF2 downstream of 

the reverse transcriptase—a similar position to R2. Mutants of the L1 CCHC motif reduce transposition 

rates in cell culture assays.33  Mutants fail to form RNP foci correctly.28 The reason for the failure of the 

CCHC mutant to form RNP foci is unknown, especially in light of ORF1p’s role documented role in binding 

RNA, but is consistent with ORF2p binding RNA or and RNA associated  protein conformational changes.

2.4 Materials and Methods

2.4.1 Nucleic acid preparation.

Target DNA was generated by PCR with 32P end labeled primers as previously reported with the 

primers 5′-GCTCTGAATG TCAACGTGAA GAAATTCAAG C-3′ and 5′-GCTCTGAATG TCAACGTGAA 
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GAAATTCAAG C-3′.57 The target DNA consisted of 120 bp in length with 70 bp of upstream DNA and 50 

bp of downstream DNA, relative to the insertion diad. DNA concentration was determined by ethidium 

bromide dot analysis where is DNA mixed with ethidium bromide (0.1µg/µl) for detection. Dilutions of 

Lambda DNA (Promega 21674203) was used to generate a standard curve. 5′ PBM RNA and 3′ PBM 

RNA were made essentially as previously reported except that RNA was gel purified on a denaturing 5% 

denaturing polyacrylamide gel and refolded.54,56,57 RNA was quantified by OD260 and often double 

checked by staining with syber orange against a known sample. All quantitations were done using ImageJ 

software analysis of digital photographs.

The protein expression construct contained an Escherichia coli  codon optimized R2Bm ORF 

purchased from DNA 2.0 in a pJExpress plasmid (supplied by DNA 2.0). A carboxyl-terminal  6X His-tag 

was engineered into the R2Bm ORF just prior the stop codon in order to aid in protein purification. To 

generate the C/SC/SHC mutant, a double amino acid substitution was made in the CCHC motif where the 

first two cysteine residues were replaced with serine residues using a QuikChange site-directed 

mutagenesis kit (Stratagene #200523-5) using the manufactures instructions. The mutagenic  primers 

used were induced  5′-GAGCAGCCTG ACTAGCCGCG CTGGCAGCAA AGTGCGCGAA AC-3′ and 5′-

CACGTCGGAC TGATCGGCGC GACCGTCGTT TCACGCGCTT TG-3′. The mutated construct was then 

transformed into BL21 strain of E. Coli (Agilent 200133) cells by electroporation.

2.4.2 Protein purification

To express the R2Bm protein, 500- 1000 mL expression cultures containing the appropriate 

R2Bm expression construct were grown in LB Broth supplemented with 50ug/ml kanamycin in a 

incubator-shaker (37º C, 240 rpm). At an OD600 of between 0.8-1.0, cells were induced with 0.1 mM IPTG 

and grown for an additional hour at 37º C. The cultures were then cooled to 4º C in an ice water slurry. All 

subsequent steps, unless otherwise noted, were carried out at 4º C with 4º C reagents. Cells were 

harvested by centrifugation, 3,724x g for 20 minutes. The cells were resuspended in 50 ml  10 mM Tris pH 

7.5 and centrifugation again, 400x g for 10 minutes. The rinsed cells were stored at -80º C. 

To purify R2Bm protein, cell  pellets were thawed and resuspended in 2.5 mL of Buffer A (100mM 

Hepes pH7.5, 50% glycerol, 5 mM β-mercapto ethanol, 2 mg/mL lysozyme). The resuspended cells were 

gently rocked at room temperature for 10 minutes. 13.2 mL of Buffer B (100 mM HEPES pH 7.5, 1 M 
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NaCl, 0.2% triton X-100, 5 mM β-mercapto ethanol) was gently added. The mixture was mixed by several 

inversions and held on ice for 30 minutes. The cell lysate was cleared of DNA and insoluble material  by 

centrifugation under vacuum for 20 hrs at 110,000x g at 2º C.  The clarified lysate was poured into a 15 ml 

tube containing 250 µl  bed volume of Talon metal  affinity resin (Clontech 635501) pre-equilibrated with 3 

ml of wash buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 0.02% triton X-100, 10 mM imidazole pH 7.5). 

The lysate plus Talon resin was agitated for 20 min. The Talon resin was spun down at 110x g for 5 

minutes and the supernatant was discarded. The Talon resin was washed twice quickly with 15 ml 

aliquots of wash buffer, centrifuging between washes to discard supernatant. Two more identical  washes 

were preformed, with a 10 minute incubation with agitation, prior to centrifugation. The Talon resin was 

then transferred to a 1.2 ml chromatography column (Biorad 732-6008) and washed with 12 successive 

333 µl aliquots of wash buffer (gravity flow, total  wash volume of 4 ml). 100 µl of pre-elution buffer (50 mM 

HEPES pH 7.5, 100 mM NaCl, 50% glycerol, 0.1% triton X-100) was added to the resin prior to elution. 

Protein eluted from resin by addition of three successive 100 µl  aliquots of elution buffer (pre-elution 

buffer with 150 mM imidazole). Protein was stored in elution buffer supplemented with 0.1 mg/ml BSA and 

2 mM DTT (final  concentrations) at -20º C. Protein was quantified by Sypro orange (Sigma - 5692) 

staining of samples run on SDS-PAGE prior to addition of BSA and DTT for storage. Dilutions of a BSA 

standard (Biorad 500-0202) were used to generate a standard curve. All quantitations were done using 

ImageJ software analysis of digital photographs.

2.4.3 R2 reactions, electrophoretic mobility shift assays, and denaturing gels.

 Binding, cleavage, and TPRT reactions were essentially as described previously.55 Unless 

otherwise noted, all  binding, cleavage, and TPRT reactions were 13 ul and contained 80 fmol labeled 

substrate DNA, 120-4.4 fmol  R2 protein, 10 mM Tris- HCl  (pH 8.0), 200 mM NaCl, 5 mM MgCl2, 1 mM 

dithiothreitol, 0.1 mg/ml bovine serum albumin, 0.01% Triton X-100, and 12% glycerol. In addition, either 

1.2 pmol of R2 5′-PBM RNA or 3′-PBM RNA was present. TPRT reactions contained 25 uM of each 

deoxynucleoside triphosphate (dNTP). Reactions were assembled and allowed to preincubate at 25°C for 

5 min to allow the RNA to bind to the R2 protein. Reactions were started by the addition of substrate DNA 

and continued at 37°C for 30 min. The reactions were chilled on ice prior to loading 9 ul of the reactions 

onto 5% native (1X Tris-borate-EDTA, 9.5 cm by 12.5 cm) polyacrylamide gels and run for ~50 minutes at 
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215 V in a cold room (4°C). The remainder of the R2 reaction was mixed 95% formamide 0.5X TBE to a 

final concentration of formamide ≥ 70%. A 5 ul aliquot of each formamide sample was loaded onto 

denaturing (8M urea) 6% polyacrylamide gels. Gels were dried and exposed to a phosphorimager screen. 

All  quantitations were done using ImageJ software analysis on phosphorimager files that had been 

linearly adjusted to bring the darkest pixels on the files histogram to very dark gray.
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Figure 2.1:  R2Bm structure and integration model.
A) R2Bm RNA and open reading frame (ORF) structure. The ORF R2 elements encode a number of 
conserved motifs of known and unknown function. Abbreviations: zinc finger (ZF) Myb (Myb), basic region 
(BR), reverse transcriptase domain (RT), a cysteine - histidine rich motif (CCHC), an arginine - histidine 
di-amino acid motif (RH), and a restriction like endonuclease domain (RLE). RNA motifs present in the 5′ 
and 3′ untranslated regions that are responsible for binding to R2 protein are marked as 5′ and 3 PBM, 
respectively. B) R2Bm Integration model. R2 protein adopts different conformations in the presence of  5′ 
protein binding motif (PBM) RNA and 3′ PBM RNA, respectively, masking one of its two DNA binding 
domains in the process. The two protein conformations are represented by the horizontal  and vertical 
oriented oblong hexagon, respectively, complexed with associated RNA and bound to DNA are shown. 
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Figure 2.2: In the absence of element RNA, the C/SC/SHC mutant does not reduce the DNA binding 
capacity of the R2Bm protein. 

Electrophoretic  mobility shift assay (EMSA) of the wild type (WT) and the C/SC/SHC mutant R2Bm 
proteins bound to target DNA in the absence of RNA and analyzed on a native 5% polyacrylamide gel. 
Eighty femtomoles of a double stranded 120 bp target DNA which encompassed the insertion site and the 
flanking DNA sequences required to specifically bind R2 subunits was 5′ end-labelled with 32P on either 
the top strand (A) or bottom strand (B). A protein titration series ranging from 180 fmol of protein to 6.6 
fmol  of protein, in three fold increments, was used for both WT (lanes 1-4) and mutant (lanes 5-8) R2 
protein; see also the labeled triangles above the lanes that denote the protein titration series. Lanes 9 
lacked R2 protein but were otherwise identical  to reactions containing R2 protein. Green circles along 
with a diagram indicate known protein-DNA complexes formed by wild type R2Bm protein on target DNA; 
Orange circles indicate if the same protein-DNA complexes are observed in the CCHC mutant. Additional 
protein-DNA complexes can be observed for WT and mutant proteins in the regions of the gels marked by 
i, ii, and iii. In the diagrams, the purple hexagon represents a single R2 subunit bound to DNA via a single 
DNA binding domain whereas the purple blob represents a single R2 subunit bound to DNA using both 
DNA binding domains, leading to the formation of the protein-DNA matrix observed at the wells of the gel.
21,22 Panels C and D are graphs derived from quantitating the bound and free fractions from A and B 
respectively. Bound is considered any signal that does not migrate with the free DNA in the presence of 
protein when normalized to the DNA only lanes. In the graphs WT is green filled circles and the C/SC/
SHC mutant is orange filled circles. 
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Figure 2.3:  Mutation of the CCHC motif has an adverse effect on the specificity of 
target DNA cleavage.

Aliquots of reactions similar to the ones presented in Figure 2A were mixed with 95% formamide and run 
on a 7% polyacrylamide denaturing gels (panels A and B, top and bottom strand labeled reactions 
respectively). The band resulting from cleavage at the insertion site is marked with an arrow head. Full 
length DNA is marked as uncut. The DNA cleavage data in panels A and B was quantified and graphed in 
Panels C  and D in conjunction with DNA binding data derived from the corresponding EMSA gels in (e.g., 
see Figure 2). Lane numbers and other symbols are as in Figure 2. Panel E is a map of the aberrant 
cleavage sites onto the target site sequence. The arrow heads denote the WT insertion site cleavages. 
Vertical lines indicate all cleavage events with line intensity reflecting frequency of cleavage event. 
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Figure 2.4: The C/SC/SHC mutation reduces the ability of R2Bm protein to form the 5′ PBM RNA-protein-
DNA complex.

EMSA gels of the wild type (WT) and the C/SC/SHC mutant R2Bm proteins bound to double stranded 
target DNA in the presence of 120 pmoles of 5′ PBM RNA. The top strand of the target DNA is 5′ end 
labeled in panel  A. The bottom strand is 5′ end labeled in panel B. Panels C and D are graphs derived 
from quantitating the bound and free fractions from A and B respectively. Reactions, lanes, and symbols 
are otherwise as in Figures 1 and 2.
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Figure 2.5: Aberrant DNA cleavage persists in the presence of 5′ PBM RNA.
Aliquots of the reactions in Figure 4 were run on denaturing polyacrylamide gels. Panels A and B are 
aliquots from the top and bottom DNA-strand labeled reactions respectively. The graphs in panels C and 
D are derived from quantitation of the gels in panels A and B, respectively, in conjunction with DNA 
binding data from Figure 4. Conditions, lanes, and symbols are as in the preceding figures.
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Figure 2.6: The C/SC/SHC mutant appears to form the 3′ PBM RNA associated RNA-protein-DNA 

complex.
EMSA gels of the wild type (WT) and the C/SC/SHC mutant R2Bm proteins bound to double stranded 
target DNA in the presence of 120 picomoles of 3′ PBM RNA. The top strand of the target DNA is 5′ end 
labeled in panel  A. The bottom strand is 5′ end labeled in panel B. Panels C and D are graphs derived 
from quantitating the bound and free fractions from A and B respectively. Reactions, lanes, and symbols 
are otherwise as the preceding figures.
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Figure 2.7: The presence of 3′ PBM RNA partially rescues the C/SC/SHC mutants ability to cleave the 
bottom DNA strand at the insertion site while decreasing aberrant cleavage.

Aliquots of the reactions in Figure 6 were run on denaturing polyacrylamide gels. Panels A and B are 
aliquots from the top and bottom DNA-strand labeled reactions respectively. The graphs in panels C and 
D are derived from quantitation of the gels in panels A and B, respectively, in conjunction with DNA 
binding data from Figure 6. Conditions, lanes, and symbols are as in the preceding figures.
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Figure 2.8: The C/SC/SHC mutant can perform TPRT
Aliquots of reactions in the presence of WT or C/SC/SHC mutant protein, end-labeled DNA, 3’ PBM and 
25 µM dNTPs were run on denaturing polyacrylamide gels. The graphs in panel B are derived from 
quantitation of the gel  in panel A  in conjunction with DNA binding data (data not shown). Conditions, 
lanes, and symbols are as in the preceding figures.
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CHAPTER 3

SUPPLEMENTARY INFORMATION

3.1 Site-directed mutagenesis

 Bioinformatic  analysis (clustal alignments and motif searches) of R2 elements indicate a number 

of highly conserved sequence motifs in the N-terminal domain and the C-terminal domains across 

multiple lineages (Figure 3.1). Eighteen conserved motifs were selected for mutation and testing (Figure 

3.1). Point mutations in R2Bm were induced in these highly conserved sequences using a commercial 

site-directed mutagenesis kit (Stratagene #200523-5) to generate full  length R2Bm proteins with specific 

mutations.  Most constructs involved single or double amino acid changes to alanine. Alanine was usually 

chosen as the substitution residue as it removes the side-chain beyond the β-carbon removing any 

specific interaction while minimizing steric clashes arising from the substitition.85,86 The only exceptions to 

this strategy were two cysteine histidine rich regions in the amino terminal and the carboxyl terminal  of 

the protein. The amino terminal zinc finger (ZF) mutant has been reported previously and was generated 

again in our current codon optimized expression vector (see Figure 2.1). Using serine as the substitution 

amino acid has been proven to gently disrupt zinc  finger function without greatly perturbing other 

functions of the multidomain protein. The carboxyl terminal cysteine/histidine rich motif (CCHC) is only 

found in Non-LTR elements and appears reminiscent of a zinc knuckle-like motif (CCHC). Mutations in the 

ZF and CCHC motif involved a double amino acid change where two of the cysteine residues were 

replaced with serine, which is its closest structural analogue. Cysteine and serine differ by a single atom; 

the sulfur of the thiol group replaces the oxygen of the alcohol. 
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SE/ART
C/SC/SHH R/AW/A

EY/EA 
YWR/A 

PLESERT ZF Myb pre-domain 0 CCHC EN RGWRH

ARVQ/AP/ALES

VLSE/A
GAE/AE
VID/A
YW/AR 

K/AC

C/SC/SHC R/AGW R/AH/AHIN/AALP
 

R/AQKR/AR

RT

N-DOMAIN C-DOMAIN

H/AINALP
 

HINALP

Figure 3.1. Mutations in the N-terminal domain and the C-terminal domain of the full length R2Bm protein 
(not drawn to scale). 

Sequence analyses of R2Bm with other R2 elements revealed several conserved regions.  The original 
amino acid sequence of the motifs and the induced mutation is indicated. 

 Mutagenic PCR primers were designed for each mutation region such that both primers 

contained the desired mutation and were complementary to the each other (Table 3.1). Thus they would 

anneal to the opposite strands of the same stretch of DNA. Both the primers were 20-25 nucleotides long 

and shared sequence identity to the parent DNA except where the mutation was desired. The 

mutagenesis reaction utilized a supercoiled dsDNA vector with the insert of interest and the two 

mutagenic primers.The primers were extended by temperature cycling using PfuUltra high fidelity DNA 

polymerase (supplied by the mutagenesis kit). Extension of the primers generated a mutated plasmid. 

Following temperature cycling, the reaction was treated with DpnI. DpnI endonuclease specifically digests 

methylated and hemimethylated DNA and thus digests the unmutated template DNA only. The DpnI-

treated DNA was then transformed into BL21 strain of E. Coli cells (Agilent 200133) by electroporation. As 

an alternative to commercially available competent cells, a protocol was adapted to generate 

electrocompetent BL21 cells using a simple and quick microcentrifuge-based method.87 The entire 

procedure was performed at room temperature with 6 ml of overnight culture containing the BL21 cells 

and involved simple 300 mM sucrose washes. This procedure took less than 15 minutes and gave 

competent cells with a transformation efficiency of 108 - 1011. 
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Table 3.1 Nucleotide sequence of mutagenic primers and R2Bm sequencing primers.

Primer Name Sequence 5’ - 3’ Amino acid 
change

R2Bm_cdn-B-FWD_P/
ALES

CTCGCTCTCCAGCGCCAGACCGCTCGC

P/ALES
R2Bm_cdn-B-REV_P/

ALES
CTCGCTCTCCAGCGCCAGACCGCTCGC

P/ALES

R2Bm_cdn-B-
FWD_SERT

CGCTGGAGAGCGCGCGCACCGGC

S/EART
R2Bm_cdn-B-
REV_SERT

GCCGGTGCGCGCGCTCTCCAGCG
S/EART

R2Bm_cdn-B-
FWD_ZF_CCHH

CCGGGTTGGACCTCTCAGTTCTCTGAGCGT
ACGTTCTCC

C/SC/SHH

R2Bm_cdn-B-
REV_ZF_CCHH

GGCCCAACCTGGAGAGACAAGAGACTCGC
ATGCAAGAGG

C/SC/SHH

R2Bmcdn-
B_fwd_Myb_RW

CATGATGGTGAAGCGCGCGGCGCACGGTGA
AGAGATTG

R/AW/A
R2Bmcdn-

B_rev_Myb_RW
GTACTACCACTTCGCGCGCCGCGTGCCACT
TCTCTAAC

R/AW/A

R2Bm_cdn-B-FWD_K/
AC

GTGTGCAGGAACTGTATAAGGCGTGCCGCA
GCC

K/AC
R2Bm_cdn-B-REV_K/

AC
GGCTGCGGCACGCCTTATACAGTTCCTGCA
CAC

K/AC

R2Bm_cdn-B-
FWD_EY/A

GCGTCGTGCCGAAGCGGCGCGTGTGCAG

EY/A
R2Bm_cdn-B-

REV_EY/A
CTGCACACGCGCCGCTTCGGCACGACGC

EY/A

R2Bm_cdn-B-
FWD_YWR/A

GAGATGGAAACCTACTGGGCGCCGATTCTG
GAGCG

YWR/A
R2Bm_cdn-B-
REV_YWR/A

CGCTCCAGAATCGGCGCCCAGTAGGTTTCC
ATCTC

YWR/A
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           Table 3.1 - Continued

R2Bm_cdn-B-
FWD_YW/AR

GGAAGAGATGGAAACCTACGCGCGTCCGAT
TCTGG

YW/AR

R2Bm_cdn-B-
REV_YW/AR

CCAGAATCGGACGCGCGTAGGTTTCCATCT
CTTCC

YW/AR

R2Bm_cdn-B-
FWD_VID/A

CCGCGGAGGTTATTGCGGGTGCGTGCGGTG
G

VID/A
R2Bm_cdn-B-
REV_VID/A

CCACCGCACGCACCCGCAATAACCTCCGCG
G

VID/A

R2Bm_cdn-B-
FWD_GAE/AE

CTTCTGGCGCGGCGGAAGCGGGTGAAGAA
C

GAE/AE
R2Bm_cdn-B-REV_ 
GAE/AE

GTTCTTCACCCGCTTCCGCCGCGCCAGAAG
GAE/AE

R2Bm_cdn-B-
FWD_VLSE GCGTGCTGAGCGCGTTGCTGGAGGGTGC

VLSE/A
R2Bm_cdn-B-
REV_VLSE

GCACCCTCCAGCAACGCGCTCAGCACGC
VLSE/A

R2Bm_cdn-B-FWD_R/
AQ

CCCACAAGACGTCCGCGCAAAAGGCGCGTG
CCGAATACGC

R/AQKR/AR
R2Bm_cdn-B-REV_R/
AQ

GCGTATTCGGCACGCGCCTTTTGCGCGGAC
GTCTTGTGGG

R/AQKR/AR

R2Bm_cdn-B-
FWD_ARV

GAATACGCGCGTGTGGCGGAACTGTATAAGA
AGTGCC

ARVQ/A
R2Bm_cdn-B-
REV_ARV

GGCACTTCTTATACAGTTCCGCCACACGCG
CGTATTC

ARVQ/A

R2Bm_cdn-B-FWD_H/
AIN

CCAATTTGTGCACACGGCGATTAACGCGCTG
CC

H/AINALP
R2Bm_cdn-B-REV_H/
AIN

GGTTAAACACGTGTGCCGCTAATTGCGCGA
CGG

H/AINALP
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             Table 3.1 - Continued 

R2Bm_cdn-B-
FWD_HIN/A

GTGCACACGCACATTGCGGCGCTGCCGAG

HIN/AALP

R2Bm_cdn-B-
REV_HIN/A

CACGTGTGCGTGTAACGCCGCGACGGCTC

HIN/AALP

R2Bm_cdn-B-
fwd_ZF_CCHC

GAGCAGCCTGACTAGCCGCGCTGGCAGCAA
AGTGCGCGAAAC

C/SC/SHC

R2Bm_cdn-B-
rev_ZF_CCHC

CACGTCGGACTGATCGGCGCGACCGTCGT
TTCACGCGCTTTG

C/SC/SHC

R2Bm_cdn-B-
Fwd_RT_RH GTGGTCGCATCCTGGCGGCGAACAAGATCG

TTAGCTTTGTC
R/AH/A

R2Bm_cdn-B-
Rev_RT_RH

CACCAGCGTAGGACCGCCGCTTGTTCTAGC
AATCGAAACAG

R/AH/A

R2Bm_cdn-B-
Fwd_RT_RGW

GCACCATCAGCTGGGCGGGTGTGTGGAGCT
TG

R/AGW
R2Bm_cdn-B-
Rev_RT_RGW

CGTGGTAGTCGACCCGCCCACACACCACG
AAC

R/AGW

R2Bm cdn-B for seq 
primer #1  bp 1-27

ATG ATG GCT TCT ACG GCA CTG TCT CTG -

R2Bm cdn-B for seq 
primer # 3 bp 800-822

GAG CGA ATT GCT GGA GGG TGC -

R2Bm cdn-B rev seq 
primer # 4 bp 
1175-1200 ATCAGCGTGGAAGAGATCAAAGCGTCCCGC -

R2Bm cdn-B for seq 
primer # 5 bp 
1600-1625

TTG ACA CCG TGA GCC ACG AAG -

R2Bm cdn-B rev seq 
primer # 6 bp 
2000-2025

CATGATCCCGGACGGCCATCGCAAAAAGCA -

R2Bm cdn-B for seq 
primer # 9 bp 
3200-3225

GAC TTC GTA CAA AGA GCT GCG TTC G -
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After transforming the mutated constructs into BL21 cells, the cells were plated onto agar plates 

containing 50 µg/µl  kanamycin. Since the plasmid contained a kanamycin resistance marker, this allowed 

for selection of only those cells that contained the plasmid. Colonies observed were screened by PCR 

and DNA sequencing for the mutation in two stages: 1) a ~1500 bp region containing the region of interest 

was first sequenced to ensure the presence of the targeted mutation, 2) three overlapping fragments 

spanning the entire R2 ORF were sequenced to confirm that there were no additional  mutations (Figure 

3.2). Nucleotide sequence of the sequencing primers is given in Table 3.1.

C/SC/SHC R/AH/A HIN/AALP H/AINALP

1 
kb

 la
dd

er

F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3

Figure 3.2 Colony-PCR screen of mutated constructs. 
The above gel  shows successful  PCR amplification of three overlapping fragments that span the R2 ORF 
in preparation for DNA sequencing of candidate clones. The expected size of the ORF fragments were 
1300 bp, 1200 bp and 1700 bp (fragments F1, F2, and F3 respectively). 

3.2 Protein Expression, Purification, and Quantification

3.2.1 Methodology  

 The protein expression construct contained a codon optimized (for Escherichia coli expression) 

R2Bm ORF purchased from DNA 2.0 in a pJExpress plasmid. The construct was codon optimized due to 

the different patterns of codon usage by bacterial and eukaryotic genomes. Additionally, codon 

optimization also reduced the formation of stable secondary RNA structures at the 5’ end of the R2 ORF, 

which had historically co-purified with R2 protein and thus interfered with various biochemical assays.56 A 

carboxyl-terminal 6X His-tag was engineered into the R2Bm ORF to aid in protein purification. The His-
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tag allows the expressed R2Bm protein to be separate quickly from the bulk of other bacterial proteins 

when passed over an immobilized metal affinity chromatography (IMAC) column. 

 500mL LB Broth supplemented with 50 µg/ml kanamycin was inoculated with 500 µL of saturated 

overnight pre-culture of BL21 E.Coli cells containing the wild type protein or the desired mutation 

construct. Expression cultures were grown to O.D.600 of 0.8 to 1.0 at 37 ºC agitated at 240 rpm. Cultures 

were then induced to express protein with 0.1 mM IPTG and incubated for 1 hr at 37 ºC with 240 rpm 

agitation. Cultures were then cooled to 4 ºC in an ice water slurry for 20 minutes and then harvested by 

centrifugation at 3,724x g for 20 minutes at 4 ºC. The cell  pellets were then washed in a 50 ml solution of 

10 mM Tris pH 7.5 and centrifuged at 110x g for 10 minutes at 4 ºC. The rinsed pellets were then stored 

at -80 ºC for future use. 

 For lysis, cell pellets were resuspended in a 2. 5 mL solution of a 50% glycerol, 100 mM Hepes 

pH 7.5, 5 mM ß mercaptoethanol containing 2 mg/mL of hen egg white lysozyme. After resuspension the 

lysozyme-cell  solution was gently rocked at room temperature for 10 minutes. 13.2 mL of a solution 

containing 100 mM Hepes pH 7.5, 1 M NaCl, 5 mM ß mercaptoethanol and 0.2% triton X-100 was gently 

added and the mixture was inverted gently a couple of times to mix and held on ice for 30 minutes. The 

insoluble proteins, cell debris and DNA were pelleted by centrifugation under vacuum for 20 hours at 

110,000x g and 2 ºC. The clarified lysate was then poured into a 15 ml  tube containing 250 µl bed volume 

of TALON metal affinity resin (Clontech 635501) pre-equilibrated with 3 ml of wash buffer (50 mM HEPES 

pH 7.5, 500 mM NaCl, 0.02% triton X-100, 10 mM Imidazole pH 7.5). This lysate was agitated at 4 ºC for 

20 minutes at high speed to facilitate protein binding to the resin.  The lysate was then centrifuged at 110x 

g for 5 minutes at 4 ºC and the supernatant was discarded. The resin bound protein was washed with 15 

ml of wash buffer for a total  of 4 washes. The final  two washes included a 10 minute incubation at 4 ºC 

with agitation. The resin was then transferred to a 1.2 ml chromatography column (Biorad 732-6008) 

setup at 4 ºC. The resin bound protein was washed in 333 µl  volumes of wash buffer for a total wash 

volume of 4 ml. It was then prepared for elution with 100 µl  of pre-elution buffer (50 mM HEPES pH 7.5, 

100 mM NaCl, 50% glycerol  and 0.1% triton X-100). Protein was then recovered from resin by three 

independent 100 µl aliquots of elution buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 50% glycerol, 0.1% 

triton X-100 and 150 mM imidazole). The three elution fractions were collected in addition to the pre-

elution fraction. The elutes from the final two elutions were stored at -20 ºC for use after supplementing 
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with 0.1 mg/ml BSA and 2 mM DTT to increase the protein’s life. Typically, the bulk of the purified protein 

was observed in the third elute. Previous attempts at protein purification that resulted in lower yield 

included extra stringent washes at 25 mM, 30 mM and 60 mM imidazole and elutions of larger volumes 

where a total of 1200 µl  protein was eluted in two fractions, at a rate of 200 µl per addition. Figure 3.3 

shows R2Bm protein purified along with the mutant protein run on a Tris Glycine 10% PAGE gel  and 

stained with Sypro Orange. All proteins appear to be the correct size (R2Bm = 120 kDa)

     

WT R/AH/A HIN/ALP H/AINALP C/SC/SHC
Pr

ot
ei

n 
la

dd
er

120 kda

Figure 3.3. Protein Purification
Protein Purification The above gel  shows successful purification of the full-length wild type R2Bm protein 
(WT) and mutant proteins (R/AH/A, HIN/AALP, H/AINALP, C/SC/SHC). As expected, the purified protein 
were 120 kda in size. 

  Protein was quantified by densitometric analysis of the purified proteins run along with a BSA 

standard (Biorad 500-0202) by 10% Tris Glycine PAGE. Band intensities of both Sypro orange (Sigma-

Aldrich S5692) and Coomassie blue R-250 (Amresco 0472) stained gels were determined using ImageJ. 

Linear regression analysis was used to approximate protein concentration.

3.2.2 Troubleshooting 

 We had previously encountered problems related to protein expression resulting in very low yield 

of the protein. Due to yield issues the earlier batch of proteins could be only visible via silver staining. The 
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drawback with silver stain is that protein concentration and staining level  is not linear and its staining 

efficiency is protein dependent (different proteins stain to different degrees). Thus the protein 

quantifications done from a silver stained gel  were somewhat questionable. Therefore, we switched to 

staining protein gels with Sypro orange. We addressed the issue of low protein yield by letting the 

expression culture grow longer till  O.D.600  of 0.9 to 1.0 instead of 0.7. The protein was previously 

subjected to very stringent washes during purification, specifically 25 mM, 30 mM and 60 mM imidazole. 

As evidenced by protein recovery in the wash fractions a noticeable fraction of protein was lost with 

higher stringency washes. Elution volumes previously were 1200 µl over two fractions, at a rate of 200µl 

per addition. Changes were made in the elution protocol  by reducing the number of stringent washes and 

reducing the volume of elution. Accordingly, an increase in protein yield was observed. 

3.3 Electro-Mobility Shift Assays and Cleavage Assays

3.3.1 Target DNA Preparation

 For all  assays a 120 bp target DNA was prepared from pB108 plasmid which contains the 28S 

DNA R2 insertion site from B. mori. The target DNA was end-labeled with P-32 such that either the top or 

bottom strand carried the isotope tag to allow visualization of strand-specific  cleavage, described below. 

For the labeling reaction 20 pmol of a given primer was individually labeled (forward - GCT CTG AAT GTC 

AAC GTG AAG AAA TTC AAG C; reverse - GCT CTG AAT GTC AAC GTG AAG AAA TTC AAG C) using 

7 µl  of gamma ATP (10 µCi/µl) (Perkin Elmer 05032) and 1 µl of T4 polynucleotide kinase (Promega 

M4101). Polymerase chain reaction of 15 ng of the template with a radio-labeled primer and a cold primer 

(flanking the other end of the target DNA) was used to generate the target DNA that was radio-labeled at 

the 5’ end of either the top strand or the bottom strand. The 120 bp target DNA extended 70 bp upstream 

to 50 bp downstream of the R2 insertion site.

 PCR reactions were brought to 12% glycerol concentration and band purified by native 1X TBE 

pH 8.3 PAGE (7% 19:1 polyacrylamide, 89 mM Tris base, 89 mM Boric acid, 3 mM EDTA, pH 8.3). Gel 

slices containing the radio-labeled DNA were minced and then mixed with 400 µL of crush and soak 

buffer (0.3 M sodium acetate pH 5.5, 0.5% SDS, 0.5 mM EDTA pH 8.0) and incubated at room 

temperature overnight with gentle agitation. The eluted DNA was chloroform (Amresco X205) extracted 

and then precipitated. Samples were resuspended in 80 µL of 1X TE pH 8.0 (10mM Tris, 1mM EDTA). 
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DNA concentration was determined by densitometric  quantification of DNA mixed with ethidium bromide 

(1 µg/ml) for detection. A DNA standard curve (Lambda DNA/Hind III Markers, Promega 21674203) was 

also mixed with ethidium bromide. The intensity of each sample was compared with the intensities of the 

DNA standard on ImageJ to determine the DNA concentration.88 

3.3.2 R2 RNA preparation

 The 250 nt long 3’ PBM and the 320 nt long 5’ PBM of R2 RNA was prepared by in vitro RNA 

transcription. 16 µg of template DNA was prepared by linearizing the plasmid vector containing the 3’ 

PBM and the 5’ PBM coding regions with Nsi I (New England Biolabs R0127L) and Aat II (New England 

Biolabs R0117L) respectively. The digested template was then subjected to phenol:chloroform extraction, 

chloroform extraction and ethanol precipitation. RNA was transcribed using the T7 RNA polymerase 

transcription kit (Fermentas - EPO111) in a 200 µl reaction containing 1X transcription buffer, 5mM of 

each NTPs, 16 µg of linear template DNA, 600 units of T7 RNA polymerase, 200 units Superase.In 

RNase inhibitor (Life Technologies AM2694) and 34mM MgCl2. The reaction was incubated at 37 oC for 2 

hours after which 300 units of T7 polymerase was added to the reaction, followed by another 37 oC 

incubation for 2 hours. After transcription, 20 units of DNase I (New England Biolabs M0303L) was added 

to the reaction and incubated at 37o C for 30 minutes. Free pyrophosphate was pelleted and supernatant 

was brought to 8M urea with powdered urea and to 80mM EDTA to neutralize the MgCl2. The reaction mix 

was heated at 75 oC for 5 minutes. The samples were immediately chilled in an ice-water slurry and 

loaded onto a preheated 7% polyacrylamide denaturing gel containing 8M urea. The transcripts were 

detected by minimal exposure to short wavelength UV radiation and cut out for elution. Gel  bands were 

crushed in 1 ml  of gel  elution buffer (0.3 M sodium acetate pH 5.5, 0.1% SDS, 20 mM EDTA pH 8.0) 

overnight at room temperature with gentle agitation. Eluted samples were pooled and then subjected to 

phenol:chloroform extraction followed by chloroform extraction, precipitated with 2.5 volumes of 100% 

ethanol  and stored at -80 oC for future use. For usage, the RNA was ethanol  precipitated, washed with 

75% ethanol  and resuspended in water. The sample was heated to 65 oC in a waterbath before being 

brought to 10 mM Tris-HCl  pH 8.0, 50 mM NaCl. The sample was cooled to 40 oC and supplemented with 

MgCl2 to final concentration of 5 mM before being chilled. The RNA was quantitated by optical density at 

260nm. 
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3.3.3 Measuring DNA Binding : EMSA Methodology

 EMSA analysis looks for various complexes in a reaction, formed by DNA: protein or DNA: RNA: 

protein interactions. Four different functional assays were done with both top-strand end-labeled and 

bottom-strand end-labeled target DNA to to look for an effect of the targeted mutation. All assays were 

performed with an age-matched wild type protein for comparison. Binding reactions were done in the 

presence of labeled target DNA, a three-fold titration of protein and depending on the assay, contained :

i) No RNA - This would assay solely for DNA binding activity of the protein

ii) 3’ RNA - This assay tested if the protein could bind 3’ RNA.

iii) 3’ RNA + dNTPS - Here the RNA binding activity and target primed reverse transcription was assayed. 

iv) 5‘RNA - This would assay for 5’ RNA binding activities of the protein.

 The above reactions were performed in 13 µl  reaction volumes that contained 80 fmol  of labeled 

target DNA, between 180-4.4 fmol of the full length wild type and mutant protein, 10 mM Tris-HCl  (pH 

8.0), 200 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.1 mg/ml BSA, 0.01% Triton X-100 and 12% glycerol. 

Depending on assay, 1.2 pmol of 3‘ UTR of R2 RNA (3’ RNA) or 5’ UTR of R2 RNA (5’ RNA) were 

present. TPRT reactions contained 25 µM of each dNTP. In RNA-binding reactions, protein and RNA were 

pre-incubated for 5 minutes at 37 C before DNA was added.  The reactions were chilled on an ice-water 

slurry after the 30 minute incubation and 9 µl  of the reaction was immediately loaded along on a 1X TBE 

pH 8.3 PAGE gel (133 mM Tris base, 89 mM Boric acid, 3 mM EDTA) and and run until  bromophenol blue 

marker had migrated  ~6.5 cm at 220 V in 4 C.

3.3.4 Quantitating Fraction of DNA Bound by Protein

 The fraction of DNA bound by protein was calculated by densitometric  analyses in ImageJ. Pixel 

densities of defined areas were calculated in each lane containing DNA. The fraction of DNA bound by 

protein (Fbound) was calculated by dividing the pixel density of bound DNA by the pixel density of total 

DNA (bound + free). 
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3.3.5 Measuring Cleavage and TPRT: Denaturing gel Methodology

 To analyze the length of the target DNA following R2 activity a denaturing PAGE was run containing 

3 µl  of the reaction in Section 3.3.3. The sample was mixed in 15 µl  of 95% formamide containing 66.5 

mM Tris base, 44.5 mM boric acid, 1.5 mM EDTA and either stored in -20 oC  or heated to 95 oC and 

loaded onto a thin layer 8 M urea gel  until the bromophenol blue marker migrated ~45 cm.The gels were 

then dried and visualized by phosphorimaging and/or autoradiography.

3.3.6 Quantitating Fraction of  bound DNA Cleaved and Reverse-transcribed

Phosphorimages of the denaturing gels in Section 3.3.5 was used to calculate the efficiency of the 

cleavage and reverse transcription (TPRT) in the wild type and the mutant protein. Pixel  densities of 

defined areas in each lane representing free DNA, cleaved DNA and reverse transcribed DNA were 

measured. Fraction of DNA cleaved (Fcleaved) was calculated by dividing the pixel  density of the region 

representing cleaved DNA by the pixel intensity of total  DNA (cleaved+ uncut) of the same sample. In 

samples where reverse transcription activity is being measured the total  (Fcleaved) sample consists of 

signal from both cleaved and reverse transcribed signals and is divided by the pixel intensity of total DNA.  

Likewise, the fraction of the signal resulting from reverse transcription activity, (FTPRT), was measured by 

dividing the pixel density of the region representing reverse transcribed DNA by the pixel intensity of total 

DNA (cleaved+TPRT+ uncut) of the same sample.  To assess the specific  cleavage activity of R2, the 

relative activity per R2 bound unit was measured by dividing fraction cleaved by the amount of DNA 

bound by R2 for that given sample as follows: (Fcleaved)/(Fbound). Likewise, specific  R2-mediated reverse 

transcription activity was calculate by (FTPRT)/(Fbound) for a given sample.  Additionally, the specific  reverse 

transcription activity (TPRT) from cleaved DNA was calculated as follows: (FTPRT)/(Fcleaved). Cleavage 

products distinct from the canonical R2 site were also observed and measured.  

3.3.7 Troubleshooting

 Previously, EMSA assays were sub-optimal as to reproducibility of the results, and protein titration 

results. Additionally, wild type protein did not form the expected bands based on previously published 

results.55 The issue with titration of proteins was attributed to unreliable quantification from silver stained 
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gels. Improvement of protein quantitation by switching to Sypro orange staining and extremely careful 

pipetting during protein titration solved issues of reproducibility in protein titration.

 However, issues of producing expected complexes and reproducible results still  persisted. Prior to 

successful troubleshooting of reproducibility problems, functional assays were performed on the RH 

mutant. Due to time constraints and thinking that I might have more success with a different mutant, all 

further analysis of the RH mutant were handed over to Dr. Kimberly Bowles and will be published 

separately. The RH motif appears to be involved target DNA recognition (upstream of the insertion site) 

and target cleavage (unpublished data).  

For all  mutant studies, reproducibility issues were addressed by changing several  experimental 

parameters. All the assays were now performed in the cold room. The gel plate was also allowed to pre-

cool for at least a half hour before use. Initially 5 µl of the reaction was loaded onto the gel. It was 

speculated that such a small volume had a higher chance of turbulence due to slight movements. 

Therefore the loading volume was increased to 9 µl. I also started using the same voltage box and gel 

chamber for all EMSAs to avoid variation in gel  running. We also predicted that formation of air bubbles at 

the bottom of the gel  could interfere with the gel run. To address this I started washing the bubbles away 

using a syringe. The technique of loading the reaction onto the gel  was also modified. The reaction was 

now dispensed very slowly close to the bottom of the well to avoid turbulence. Together, these measures 

lead to a significant improvement in the quality of EMSA results. 

WT C/SC/SHC WT C/SC/SHC

A B

Figure 3.4 EMSAs of the CCHC mutant before and after troubleshooting. 
Panel A shows an EMSA run before troubleshooting experimental  problems and Panel B shows an 
EMSA run after solving problems related to experimental reproducibility (reproducibility both within and 
between experiments) were solved. Both EMSAs were run in the absence of RNA and contain bottom 
strand end-labeled DNA and a 3-fold titration of wild type protein. 
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Figure 3.4 illustrates EMSAs performed with the CCHC mutant and wild type R2Bm protein in the 

absence of RNA. The EMSA in Panel A was performed prior to troubleshooting the issues while the 

EMSA in Panel  B was performed after the experimental parameters were successfully optimized. The 

EMSA in Panel  A does not show a good protein titration curve, does not form the expected complexes 

properly and has gel run issues. Panel B shows an EMSA run after troubleshooting. The proteins follow a 

good titration curve, the wild type R2Bm protein forms all the expected complexes and the results in both 

the wild type and the CCHC mutant were reproducible. 

3.4 Functional analysis of the HINALP domain

 The highly conserved HINALP motif is located downstream of the reverse transcriptase domain of 

the R2 element. We attempted to analyze its functional role in R2 retrotransposition by making two 

constructs containing point mutations in two conserved amino acid residues of the HINALP domain. The 

two mutant constructs were named H/AINALP and HIN/AALP based on their respective amino acid 

substitutions. Functional  assays were performed as described in Section 3.4.1 to determine the effect of 

the mutation. Our results indicated no significant impact of the mutations on R2 retrotransposition. Both 

mutants were able to bind nucleic acids, cleave target DNA and perform TPRT with similar efficiency to 

the wild type R2Bm protein. 
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Figure 3.5 H/AINALP and HIN/AALP retain wild type activity.
Electrophoretic  mobility shift assays of the WT and HINALP mutant R2Bm proteins. Eighty fmoles of a 
120 bp double stranded R2 target DNA was 32P end-labeled on either the top strand or bottom strand. A 
protein titration series ranging from 120 fmoles to 13.33 fmoles of protein, in three fold increments, was 
used for both WT and the HINALP mutant proteins. 1.2 pmoles of 3’ RNA (250 nt) was used in C,D and 
1.2 pmoles of 5’ RNA (320 nt) was used in E,F. DNA binding assay of the H/AINALP mutant (A) and the 
HIN/AALP mutant (B) in the absence of RNA. Target primed reverse transcription (TPRT) assay of the H/
AINALP mutant (C) and the HIN/AALP mutant (D). DNA binding assay of the H/AINALP mutant (E) and 
the HIN/AALP mutant (F) in the presence of 5’ RNA.

54



 Figure 3.5 compares the nucleic acid binding activity by the two HINALP mutants and the wild 

type R2Bm protein. Panel A and Panel B in Figure 3.5 demonstrate the DNA binding ability of the H/

AINALP and the HIN/AALP mutant proteins respectively. Both mutants were able to form well  complexes 

and shifted complexes with similar efficiencies as the wild type R2Bm protein.  Panel  C, D compare the 

ability of the HINALP mutants and the wild type R2Bm protein to bind 3’ RNA and perform TPRT. Again, 

we observed no loss of function in either of the mutants. Both mutants displayed wild type levels of RNA 

binding and reverse transcription. Panel  E and Panel  F show EMSAs comparing the ability of both the 

HINALP mutants to bind 5’ RNA. Both mutants were observed to bind 5’ RNA and form complexes with 

the same efficiency as the wild type R2Bm protein.

 

A B

WT HINALP

1 2 3 4 5 6 Ø
WT HINALP

1 2 3 4 5 6 Ø

Free DNA

TPRT

DNA cleaved
by WT R2Bm

Figure 3.6  Mutations in the HINALP motif did not impact endonuclease and reverse transcriptase 
activities. 

Aliquots of the bottom strand end-labelled target DNA containing reactions in Figure 3.5 B, D were mixed 
with 95% formamide and run on 8M urea - 6% polyacrylamide gels in panels A and B respectively. 
Uncleaved DNA, DNA cleaved at the insertion site, and TPRT products are marked. ø represents the 
DNA only lane.

55



 

 Figure 3.6 shows denaturing 8 M urea gels assaying for endonuclease activity and/or reverse 

transcriptase activity in the HIN/AALP mutant protein. Panel A depicts the cleaved products from the 

reactions containing bottom strand end-labelled target DNA in Figure 3.5 B. The mutant protein was able 

to cleave a similar fraction of the target DNA as the wild type R2Bm protein. Thus mutations in the 

HINALP motif did not appear to knock out the endonuclease activity of the R2Bm protein. Panel  B in 

Figure 3.5 demonstrated the ability of the mutant protein to perform TPRT. The mutant protein is found to 

have not lost its reverse transcriptase activity, as similar fractions of the cleaved DNA was reverse 

transcribed in the WT and the mutant protein. Similar results were observed with the H/AINALP mutant 

protein (data not shown).

  The HINALP is rigidly conserved motif among many Non-LTR elements in the R2 clade. 

Hence it is unlikely that it has no functional relevance. In this study the HINALP motif was mutated by 

single amino acid substitutions to alanine. It is possible the targeted mutation had little to no impact on the 

R2Bm protein. The lab is currently addressing this issue by making alternative mutations of the HINALP 

motif including double mutants in an effort to knock out function.

56



  REFERENCES

1. Curcio, M. J. & Derbyshire, K. M. The outs and ins of transposition: from mu to kangaroo. Nat Rev 

Mol Cell Biol 4, 865-877 (2003).

2. Kazazian, H. H. J. Mobile elements: drivers of genome evolution. Science 303, 1626-1632 (2004).

3. Yang, N. & Kazazian, H. H. J. L1 retrotransposition is suppressed by endogenously encoded small 

interfering RNAs in human cultured cells. Nat Struct Mol Biol 13, 763-771 (2006).

4. Volff, J. N. Turning junk into gold: domestication of transposable elements and the creation of new 

genes in eukaryotes. Bioessays 28, 913-922 (2006).

5. Britten, R. J. Mobile elements inserted in the distant past have taken on important functions. Gene 

205, 177-182 (1997).

6. Craig, N. L. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & Lambowitz, A. M.) 3-11 (ASM 

Press, Washington, DC, 2002).

7. Melnikova, L. & Georgiev, P. Drosophila telomeres: the non-telomerase alternative. Chromosome 

Res 13, 431-441 (2005).

8. Pardue, M. L. & Debaryshe, P. G. Drosophila telomeres: A variation on the telomerase theme. Fly 

(Austin) 2, (2008).

9. Xing, J. et al. Mobile elements create structural variation: Analysis of a complete human genome. 

Genome Res (2009).

10. Haren, L., Ton-Hoang, B. & Chandler, M. Integrating DNA: transposases and retroviral integrases. 

Annu Rev Microbiol 53, 245-281 (1999).

11. Van Duyne, G. D. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & Lambowitz, A. M.) 

93-117 (ASM Press, Washington, DC, 2002).

12. Azaro, M. A. & Landy, A. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & Lambowitz, A. M.) 

118-148 (ASM Press, Washington, DC, 2002).

57



13. Kapitonov, V. V. & Jurka, J. Rolling-circle transposons in eukaryotes. Proc Natl Acad Sci U S A 98, 

8714-8719 (2001).

14. Eickbush, T. H. & Jamburuthugoda, V. K. The diversity of retrotransposons and the properties of 

their reverse transcriptases. Virus Res (2008).

15. Duncan, L., Bouckaert, K., Yeh, F. & Kirk, D. L. kangaroo, a mobile element from Volvox carteri, is a 

member of a newly recognized third class of retrotransposons. Genetics 162, 1617-1630 (2002).

16. Eickbush, T. H. & Malik, H. S. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & Lambowitz, 

A. M.) 1111-1146 (ASM Press, Washington, DC, 2002).

17. Goodwin, T. J. & Poulter, R. T. A new group of tyrosine recombinase-encoding retrotransposons. 

Mol Biol Evol 21, 746-759 (2004).

18. Goodwin, T. J. & Poulter, R. T. The DIRS1 group of retrotransposons. Mol Biol Evol 18, 2067-2082 

(2001).

19. Evgen’ev, M. B. & Arkhipova, I. R. Penelope-like elements--a new class of retroelements: 

distribution, function and possible evolutionary significance. Cytogenet Genome Res 110, 510-521 

(2005).

20. Arkhipova, I. R. Distribution and phylogeny of Penelope-like elements in eukaryotes. Syst Biol 55, 

875-885 (2006).

21. Cordaux, R. & Batzer, M. A. The impact of retrotransposons on human genome evolution. Nat Rev 

Genet 10, 691-703 (2009).

22. Kapitonov, V. V., Tempel, S. & Jurka, J. Simple and fast classification of non-LTR retrotransposons 

based on phylogeny of their RT domain protein sequences. Gene 448, 207-213 (2009).

23. Luan, D. D., Korman, M. H., Jakubczak, J. L. & Eickbush, T. H. Reverse transcription of R2Bm RNA 

is primed by a nick at the chromosomal target site: a mechanism for non-LTR retrotransposition. 

Cell 72, 595-605 (1993).

24. Kojima, K. K. & Fujiwara, H. An extraordinary retrotransposon family encoding dual endonucleases. 

Genome Res 15, 1106-1117 (2005).

25. Malik, H. S., Burke, W. D. & Eickbush, T. H. The age and evolution of non-LTR retrotransposable 

elements. Mol Biol Evol 16, 793-805 (1999).

58



26. Kojima, K. K. & Fujiwara, H. Evolution of target specificity in R1 clade non-LTR retrotransposons. 

Mol Biol Evol 20, 351-361 (2003).

27. Martin, S. L. The ORF1 Protein Encoded by LINE-1: Structure and Function During L1 

Retrotransposition. J Biomed Biotechnol 2006, 45621 (2006).

28. Doucet, A. J. et al. Characterization of LINE-1 ribonucleoprotein particles. PLoS Genet 6, (2010).

29. Khazina, E. & Weichenrieder, O. Non-LTR retrotransposons encode noncanonical RRM domains in 

their first open reading frame. Proc Natl Acad Sci U S A 106, 731-736 (2009).

30. Furano, A. V. The biological properties and evolutionary dynamics of mammalian LINE-1 

retrotransposons. Prog Nucleic Acid Res Mol Biol 64, 255-294 (2000).

31. Babushok, D. V. & Kazazian, H. H. J. Progress in understanding the biology of the human mutagen 

LINE-1. Hum Mutat 28, 527-539 (2007).

32. Kulpa, D. A. & Moran, J. V. Ribonucleoprotein particle formation is necessary but not sufficient for 

LINE-1 retrotransposition. Hum Mol Genet 14, 3237-3248 (2005).

33. Moran, J. V. et al. High frequency retrotransposition in cultured mammalian cells. Cell 87, 917-927 

(1996).

34. Martin, S. L. Nucleic acid chaperone properties of ORF1p from the non-LTR retrotransposon, 

LINE-1. RNA Biol 7, 67-72 (2010).

35. Alisch, R. S., Garcia-Perez, J. L., Muotri, A. R., Gage, F. H. & Moran, J. V. Unconventional 

translation of mammalian LINE-1 retrotransposons. Genes Dev 20, 210-224 (2006).

36. Feng, Q., Moran, J. V., Kazazian, H. H. J. & Boeke, J. D. Human L1 retrotransposon encodes a 

conserved endonuclease required for retrotransposition. Cell 87, 905-916 (1996).

37. Weichenrieder, O., Repanas, K. & Perrakis, A. Crystal structure of the targeting endonuclease of 

the human LINE-1 retrotransposon. Structure 12, 975-986 (2004).

38. Repanas, K. et al. Determinants for DNA target structure selectivity of the human LINE-1 

retrotransposon endonuclease. Nucleic Acids Res 35, 4914-4926 (2007).

39. Clements, A. P. & Singer, M. F. The human LINE-1 reverse transcriptase:effect of deletions outside 

the common reverse transcriptase domain. Nucleic Acids Res 26, 3528-3535 (1998).

40. Wagstaff, B. J., Barnerssoi, M. & Roy-Engel, A. M. Evolutionary conservation of the functional 

modularity of primate and murine LINE-1 elements. PLoS One 6, e19672 (2011).

59



41. Moran, J. V. & Gilbert, N. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & Lambowitz, A. 

M.) 836-869 (ASM Press, Washington, DC, 2002).

42. Stage, D. E. & Eickbush, T. H. Sequence variation within the rRNA gene loci of 12 Drosophila 

species. Genome Res 17, 1888-1897 (2007).

43. Eickbush, T. H. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & Lambowitz, A. M.) 813-835 

(ASM Press, Washington, DC, 2002).

44. Malik, H. S. & Eickbush, T. H. NeSL-1, an ancient lineage of site-specific non-LTR retrotransposons 

from Caenorhabditis elegans. Genetics 154, 193-203 (2000).

45. Roiha, H., Miller, J. R., Woods, L. C. & Glover, D. M. Arrangements and rearrangements of 

sequences flanking the two types of rDNA insertion in D. melanogaster. Nature 290, 749-753 

(1981).

46. Fujiwara, H. et al. Introns and their flanking sequences of Bombyx mori rDNA. Nucleic Acids Res 

12, 6861-6869 (1984).

47. Kojima, K. K. & Fujiwara, H. Long-term inheritance of the 28S rDNA-specific retrotransposon R2. 

Mol Biol Evol 22, 2157-2165 (2005).

48. Christensen, S. M., Bibillo, A. & Eickbush, T. H. Role of the Bombyx mori R2 element N-terminal 

domain in the target-primed reverse transcription (TPRT) reaction. Nucleic Acids Res 33, 

6461-6468 (2005).

49. Eickbush, T. H. & Eickbush, D. G. Finely orchestrated movements: evolution of the ribosomal RNA 

genes. Genetics 175, 477-485 (2007).

50. Zhang, X., Eickbush, M. T. & Eickbush, T. H. Role of Recombination in the Long-term Retention of 

Transposable Elements in rRNA Gene Loci. Genetics (2008).

51. Zhou, J. & Eickbush, T. H. The pattern of R2 retrotransposon activity in natural populations of 

Drosophila simulans reflects the dynamic nature of the rDNA locus. PLoS Genet 5, e1000386 

(2009).

52. Eickbush, D. G. & Eickbush, T. H. R2 retrotransposons encode a self-cleaving ribozyme for 

processing from an rRNA co-transcript. Mol Cell Biol (2010).

53. Moss, W. N., Eickbush, D. G., Lopez, M. J., Eickbush, T. H. & Turner, D. H. The R2 retrotransposon 

RNA families. RNA Biol 8, (2011).

60



54. Kierzek, E. et al. Secondary structures for 5’ regions of R2 retrotransposon RNAs reveal a novel 

conserved pseudoknot and regions that evolve under different constraints. J Mol Biol 390, 428-442 

(2009).

55. Christensen, S. M. & Eickbush, T. H. R2 target-primed reverse transcription: ordered cleavage and 

polymerization steps by protein subunits asymmetrically bound to the target DNA. Mol Cell Biol 25, 

6617-6628 (2005).

56. Christensen, S. M., Ye, J. & Eickbush, T. H. RNA from the 5’ end of the R2 retrotransposon controls 

R2 protein binding to and cleavage of its DNA target site. Proc Natl Acad Sci U S A 103, 

17602-17607 (2006).

57. Christensen, S. & Eickbush, T. H. Footprint of the retrotransposon R2Bm protein on its target site 

before and after cleavage. J Mol Biol 336, 1035-1045 (2004).

58. Kurzynska-Kokorniak, A., Jamburuthugoda, V. K., Bibillo, A. & Eickbush, T. H. DNA-directed DNA 

polymerase and strand displacement activity of the reverse transcriptase encoded by the R2 

retrotransposon. J Mol Biol 374, 322-333 (2007).

59. Stage, D. & Eickbush, T. Origin of nascent lineages and the mechanisms used to prime second-

strand DNA synthesis in the R1 and R2 retrotransposons of Drosophila. Genome Biol 10, R49 

(2009).

60. Thompson, B. K. & Christensen, S. M. Independently derived targeting of 28S rDNA by A- and D-

clade R2 retrotransposons: Plasticity of integration mechanism. Mob Genet Elements 1, 29-37 

(2011).

61. Shivram, H., Cawley, D. & Christensen, S. M. Targeting novel sites: The N-terminal DNA binding 

domain of non-LTR retrotransposons is an adaptable module that is implicated in changing site 

specificities. Mob Genet Elements 1, 169-178 (2011).

62. Feng, Q., Schumann, G. & Boeke, J. D. Retrotransposon R1Bm endonuclease cleaves the target 

sequence. Proc Natl Acad Sci U S A 95, 2083-2088 (1998).

63. Yang, J., Malik, H. S. & Eickbush, T. H. Identification of the endonuclease domain encoded by R2 

and other site-specific, non-long terminal repeat retrotransposable elements. Proc Natl Acad Sci U 

S A 96, 7847-7852 (1999).

61



64. Christensen, S., Pont-Kingdon, G. & Carroll, D. Comparative studies of the endonucleases from two 

related Xenopus laevis retrotransposons, Tx1L and Tx2L: target site specificity and evolutionary 

implications. Genetica 110, 245-256 (2001).

65. Morrish, T. A. et al. DNA repair mediated by endonuclease-independent LINE-1 retrotransposition. 

Nat Genet 31, 159-165 (2002).

66. Han, J. S. Review Non-long terminal repeat (non-LTR) retrotransposons: mechanisms, recent 

developments, and unanswered questions. (2010).

67. Xiong, Y. & Eickbush, T. H. The site-specific ribosomal DNA insertion element R1Bm belongs to a 

class of non-long-terminal-repeat retrotransposons. Mol Cell Biol 8, 114-123 (1988).

68. Fujiwara, H., Osanai, M., Matsumoto, T. & Kojima, K. K. Telomere-specific non-LTR 

retrotransposons and telomere maintenance in the silkworm, Bombyx mori. Chromosome Res 13, 

455-467 (2005).

69. Burke, W. D., Malik, H. S., Lathe, W. C. r. & Eickbush, T. H. Are retrotransposons long-term 

hitchhikers? Nature 392(6672), 141-142 (1998).

70. Kojima, K. K., Kuma, K., Toh, H. & Fujiwara, H. Identification of rDNA-specific non-LTR 

retrotransposons in Cnidaria. Mol Biol Evol 23, 1984-1993 (2006).

71. Luan, D. D. & Eickbush, T. H. RNA template requirements for target DNA-primed reverse 

transcription by the R2 retrotransposable element. Mol Cell Biol 15, 3882-3891 (1995).

72. Mathews, D. H., Banerjee, A. R., Luan, D. D., Eickbush, T. H. & Turner, D. H. Secondary structure 

model of the RNA recognized by the reverse transcriptase from the R2 retrotransposable element. 

RNA 3, 1-16 (1997).

73. Bibillo, A. & Eickbush, T. H. High processivity of the reverse transcriptase from a non-long terminal 

repeat retrotransposon. J Biol Chem 277, 34836-34845 (2002).

74. Han, J. S. Review Non-long terminal repeat (non-LTR) retrotransposons: mechanisms, recent 

developments, and unanswered questions. (2010).

75. Fanning, T. & Singer, M. The LINE-1 DNA sequences in four mammalian orders predict proteins 

that conserve homologies to retrovirus proteins. Nucleic acids research 15, 2251-2260 (1987).

62



76. Burke, W. D., Eickbush, D. G., Xiong, Y., Jakubczak, J. & Eickbush, T. H. Sequence relationship of 

retrotransposable elements R1 and R2 within and between divergent insect species. Mol Biol Evol 

10, 163-185 (1993).

77. Bucheton, A., Busseau, I. & Teninges, D. in Mobile DNA II (eds Craig, NL, Craigie, R, Gellert, M & 

Lambowitz, A. M.) 796-812 (ASM Press, Washington, DC, 2002).

78. Gorelick, R. J. et al. Strict conservation of the retroviral nucleocapsid protein zinc finger is strongly 

influenced by its role in viral infection processes: characterization of HIV-1 particles containing 

mutant nucleocapsid zinc-coordinating sequences. Virology 256, 92-104 (1999).

79. D’Souza, V. & Summers, M. F. Structural basis for packaging the dimeric genome of Moloney 

murine leukaemia virus. Nature 431, 586-590 (2004).

80. D’Souza, V. & Summers, M. F. How retroviruses select their genomes. Nature Reviews 

Microbiology 3, 643-655 (2005).

81. Arning, S., Grüter, P., Bilbe, G. & Krämer, A. Mammalian splicing factor SF1 is encoded by variant 

cDNAs and binds to RNA. Rna 2, 794-810 (1996).

82. Barabino, S. M., Hübner, W., Jenny, A., Minvielle-Sebastia, L. & Keller, W. The 30-kD subunit of 

mammalian cleavage and polyadenylation specificity factor and its yeast homolog are RNA-binding 

zinc finger proteins. Genes & development 11, 1703-1716 (1997).

83. Piskareva, O. & Schmatchenko, V. DNA polymerization by the reverse transcriptase of the human 

L1 retrotransposon on its own template in vitro. FEBS Lett 580, 661-668 (2006).

84. Consortium, I. H. G. S. Initial sequencing and analysis of the human genome. Nature 409, 860-921 

(2001).

85. Cunningham, B. C. & Wells, J. A. High-resolution epitope mapping of hGH-receptor interactions by 

alanine-scanning mutagenesis. Science 244, 1081-1085 (1989).

86. Lefevre, F., Remy, M. H. & Masson, J. M. Alanine-stretch scanning mutagenesis: a simple and 

efficient method to probe protein structure and function. Nucleic Acids Res 25, 447-448 (1997).

87. Choi, K. H., Kumar, A. & Schweizer, H. P. A 10-min method for preparation of highly 

electrocompetent Pseudomonas aeruginosa cells: application for DNA fragment transfer between 

chromosomes and plasmid transformation. J Microbiol Methods 64, 391-397 (2006).

63



88. MD, A., PJ, M. & SJ, R. Image Processing with ImageJ. Biophotonics International 11, 36-42 

(2004).

64



BIOGRAPHICAL INFORMATION

Athena Jagdish is from India. She is receiving her Master of Science in Biology from the 

University of Texas at Arlington. She is passionate about research and innovative thinking. Her goal  is to 

pursue a career in bench-to-bedside medical research.

65


