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ABSTRACT 

 
L1 is an autonomous retrotransposable element that replicates to high copy 

number and has generated over 40% of mammalian DNA. L1 retrotransposition in 

mammals is a significant source of genetic diversity and defects. Since L1 elements are 

deleterious and have been subject to negative selection, a major question is how does L1 

persist despite its genetic load on the host. 

The architecture of an active L1 element consists of a promoter in the 5’ UTR, 

two open reading frame proteins (ORF1p and ORF2p), and a 3’UTR with unknown 

function. The two L1-encoded proteins are required for L1 replication. ORF2p functions 

as the L1 replicase. Mouse ORF1p was shown to bind nucleic acids with high affinity and 

has nucleic acid chaperone activity. Paradoxically, nucleic acid chaperones promote the 

melting and annealing of nucleic acids. The nucleic acid chaperone activity of ORF1p has 

been proposed to play a role in L1 replication during assembly of the L1 replication 

complex. However, the mechanism by which ORF1p promotes this process is not 

understood. 

 By studying the sequence evolution of the active L1 lineage over the last 25 million 

years of human evolution, our laboratory identified that ORF1p underwent an episode of 

adaptive evolution. Specifically, the coiled coil domain, which mediates trimerization of 

ORF1p monomers, acquired more amino acid substitutions than would be expected by 

random chance, a phenomenon that reflects positive selection. Positive selection often 
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indicates adaption or the adjustment of an organism to its environment, i.e., the host. It is 

possible that the biochemical properties of ORF1p were altered in response to changes in 

the host or competition between L1 families.  

I examined the biochemical consequences of positive selection by determining if 

the adaptive changes affected ORF1p function. I found that the adaptive changes did not 

affect the measurable biochemical properties of the protein. These properties are highly 

conserved. My results are consistent with the studies published on the mouse protein. 

However, in studying the biochemistry of human ORF1p I made several unanticipated 

findings related to nucleic acid chaperone activity, significantly extending our 

understanding of how this protein functions in L1 replication.  
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INTRODUCTION TO L1 RETROTRANSPOSONS 
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1.1  OVERVIEW 

The biochemistry of ORF1p encoded by the human L1 retrotranposon is largely 

unknown. Most of our understanding of the human protein is inferred from studies conducted 

with the mouse protein. Since this protein evolves rapidly it may not conserve the biochemical 

features that were indentified with the mouse protein. Furthermore, the human protein underwent 

an episode of rapid change within the coiled coil domain. Therefore studying the biochemical 

consequences of the adaptive changes could reveal differences in ORF1p function between the 

modern and ancestral proteins.  

This thesis examines the effects of adaptive evolution on the biochemistry of the ORF1p. 

Chapter I introduces the topic of L1, its replication mechanism, and its interaction with its host. 

Chapter II describes the materials and methods used in the experiments identified throughout the 

thesis. Chapter III, consists of a published paper (Nucleic Acids Research), that describes two 

unexpected properties of ORF1p: its polymerization and the biphasic effect on a nucleic acid 

chaperone substrate. Chapter IV describes experiments that examine the adaptive changes to 

ORF1p. Chapter V summarizes the implications of the results in Chapter III and IV and proposes 

future experiments. 

1.2 LINE-1 

1.2.1 REPETITIVE ELEMENTS IN THE HUMAN GENOME 

Only 1.5% of the human genome (~23,000 genes) encodes proteins (Lander, Linton et al. 

2001). The remaining DNA often disparaged as “junk DNA” consists of non-coding RNA genes, 

regulatory sequences, introns, and non-coding DNA and repetitive DNA. These repetitive 
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elements make up nearly 45% of the genome. There are three major classes of repetitive 

elements in mammalian genomes: DNA-based transposons, autonomous retrotransposons, and 

non-autonomous retrotransposons (Kazazian and Moran 1998).   

DNA-based transposons are similar to bacterial transposons replicating through a DNA 

intermediate via a ‘cut and paste’ or ‘copy and paste’ mechanism (Kazazian and Moran 1998). 

They comprise ~1.6% of the genome. The most common DNA-based transposons are mariner 

elements. Besides mariner elements our genome contains hobo elements (Smit 1996). However, 

DNA-based transposons are considered inactive as the high level of sequence divergence 

suggests that all activity predates human evolution (Smit 1996). Additionally, a transposition-

competent mariner element has not been identified in humans (Kazazian and Moran 1998). 

Autonomous retrotransposons replicate by an RNA intermediate and are divided into two 

categories depending on the presence or absence of a Long Terminal Repeat (LTR). The LTRs 

are transcriptional regulators that are important for maintaining the full-length transposons 

including the promoter during the replication process. LTR retrotransposons have a similar 

structure to retroviruses except they lack a functional envelope gene (Kazazian and Moran 1998). 

The most prevalent is the human endogenous retrovirus (HERV), which comprises 1-2% of the 

human genome, but no retrotransposition competent HERVs have been detected (Benit, 

Lallemand et al. 1999; Ostertag and Kazazian 2001).  

The second category consists of the non-LTR autonomous retrotransposons. The primary 

member of this category is the Long Interspersed Element-1 (LINE-1 or L1) element, which is 

the most abundant autonomous retroelement found in eukaryotic genomes comprising 

approximately 17% of the mammalian genome (Lander, Linton et al. 2001). Most of the L1 

elements in the genome are inactive due to truncations at their 5’ termini, rearrangements, 
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deletions, inversions, and point mutations. The genome does not have a specific mechanism to 

delete these inactive copies that are distributed randomly throughout the genome (Smit 1996). 

Only about 100 L1 elements are currently retrotransposition competent and thus able to generate 

novel L1 insertions (Sassaman, Dombroski et al. 1997; Kazazian and Moran 1998; Brouha, 

Schustak et al. 2003).  

The last category of mobile DNA elements is the non-autonomous retrotransposons 

composed mainly of the Short Interspersed Nuclear Element (SINE) and processed pseudogenes. 

The most common SINEs are Alu elements. Non-autonomous retrotransposons lack the 

necessary proteins required for their retrotransposition and thus require a cellular reverse 

transcriptase for their mobilization (Esnault, Maestre et al. 2000; Dewannieux, Esnault et al. 

2003; Ohshima, Hattori et al. 2003). They likely are mobilized by the reverse transcriptase 

encoded by L1 (Kazazian and Moran 1998). Similar to L1, they have been active during human 

and primate evolution.   

1.2.2 A SIGNIFICANT SOURCE OF GENETIC VARIATION AND DEFECTS IN THE HUMAN GENOME 

Over evolutionary time L1 had a major impact on the structure of the genome not only 

through its own retrotransposition, but also through the mobilization of other elements. 

Occasionally, retrotransposition events can alter genetic activity by inserting into coding or 

regulatory regions disrupting gene expression and causing disease (Kazazian, Wong et al. 1988; 

Kazazian and Moran 1998; Batzer and Deininger 2002; Konkel and Batzer 2010). 

1.2.2.1 INSERTIONAL MUTAGENESIS   

In humans, retrotransposon insertions account for 0.3% of all mutations (Cordaux and 

Batzer 2009). Most of the mutations are neutral, i.e., have no discernable effect on genetic 



!

! 5!

fitness. However, insertions that disrupt the coding or regulatory regions can be deleterious 

resulting in disease (Callinan and Batzer 2006; Belancio, Hedges et al. 2008).  

L1 elements were known to be present in the human genome for many years, but it was 

not until 1988 when Haig Kazazian and colleagues determined for the first time that a L1 had 

inserted into the a gene, disrupting its function and resulting in disease (Kazazian, Wong et al. 

1988; Kazazian and Moran 1998). In this case an L1 retrotransposed into the Factor VIII gene 

caused hemophilia A, a blood clotting disorder. L1 transposition events can also insert into an 

intron disrupting the splice sites, which can result in splicing errors or premature 

polyadenylation. An L1 inserted into an intron adjacent to exon 11 in the Factor VIII gene, but 

the insertion did not cause hemophilia A (Woods-Samuels, Wong et al. 1989).  

There have been also cases of L1 insertions that resulted in disease including colon 

cancer and muscular dystrophy (Miki, Nishisho et al. 1992; Narita, Nishio et al. 1993; Holmes, 

Dombroski et al. 1994). Insertions into the 5’ or 3’ regions of genes can alter gene expression 

and regulation (Konkel and Batzer 2010). L1 insertions have been known to cause Duchene 

muscular dystrophy (Yoshida, Nakamura et al. 1998). In these cases the L1 inserted into the 5’ 

untranslated region of exon 1 of the muscle gene causing disease by affecting transcription.   

1.2.2.2 RECOMBINATION 

L1 elements share large regions of homology that are capable of either intra- or inter-

molecular homologous recombination. Such genetic rearrangements can be extremely toxic for 

the cell and result in genetic deletions causing disease (Burwinkel and Kilimann 1998; Segal, 

Peissel et al. 1999). For example, homologous recombination between two L1 elements led to 

the deletion of the human gene encoding the beta subunit of phosphorylase kinase (PHKB) 

causing a glycogen storage disease in one patient (Burwinkel and Kilimann 1998). Additionally, 
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unequal homologous recombination between two L1 elements resulted in Alport syndrome on 

chromosome Xq22 (Segal, Peissel et al. 1999). Furthermore, L1 recombination is a source of 

genetic variation in humans. Since the divergence of human and chimpanzee approximately 450 

kb of the human genome have been deleted through L1 recombination-associated deletions (Han, 

Lee et al. 2008). 

1.2.2.3 TRANSDUCTION 

 Transductions, the co-retrotransposition of non-L1 DNA can also contribute to genome 

remodeling (Miki, Nishisho et al. 1992; Holmes, Dombroski et al. 1994; Martin 1995; Moran, 

DeBerardinis et al. 1999). Typically, transductions are of the 3’ flanking sequence because 

transcriptional termination at the L1 poly A site can be inefficient resulting in transcription of 

downstream genes. The human dystrophin gene was the first recognized example of this 

phenomena (Holmes, Dombroski et al. 1994). 5’ transductions are a result of read through 

transcription from an upstream promoter that initiates transcription and continues to transcribe 

the L1 RNA (Lander, Linton et al. 2001). L1 retrotransposition and transduction into promoters, 

enhancers or exons can result in alteration in existing gene expression or the creation of new 

genes (Moran, DeBerardinis et al. 1999).  

1.3 L1 PHYLOGENY: A SINGLE LINEAGE 

L1 biology in mammals is unique in that a single lineage of L1 families has persisted for 

~80 million years of primate evolution (Figure 1.1). Generally, only one L1 family is active 

during any given time and then ultimately goes extinct after the establishment of the successor 

family (Khan, Smit et al. 2006). Competition between L1 families for host resources is one 

possible explanation for a single lineage.  
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Figure 1.1 Phylogeny of human and fish L1 elements 
 

 

A

B
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Figure 1.1 Phylogeny of human and fish L1 elements. (A) The phylogenetic tree for human L1 

elements was built on the consensus sequence of 3’UTRs from 16 human L1 families (Smit, 

Tóth et al. 1995). The numbers (in purple text) refer to the approximate copy number for the 

L1Pa1-L1Pa5 families (in bold text). The total copy number from 16 L1 families account for 

100,000 copies of L1 in Repeat Masker, a program that screens DNA sequences for interspersed 

repeats. (B) The phylogenetic tree for zebrafish L1 elements was built on 500 bp of the 3’ end of 

ORF2 because the 3’UTRs are too divergent to determine a phylogenetic relationship. A 

consensus sequence for phylogenetic analysis was not necessary as within a given family the 

sequences of individual elements are nearly identical. The copy number for each family is in 

purple text. Figure 2 from ref. (Furano, Duvernell et al. 2004). Letter of permission to reproduce 

copyrighted material from publisher is in Appendix B.1.  

 

Figure 1.1A shows a single lineage (i.e. non-branching phylogenetic tree) of 16 L1 

families that sequentially gave rise to their successor (Furano, Duvernell et al. 2004). For 

example, the L1Pa5 family went extinct approximately 25 million years ago and was replaced by 

the L1Pa4 family. None of the families are currently active in humans except the L1Pa1(Ta) 

family. In mammals, within each family there are thousands of members, however most of these 

members are inactive, and therefore the retrotransposition products or L1 copies have become 

fixed in the genome.  

 L1 evolution in fish (and other non-mammals) is very different than in mammals. Figure 

1.1B shows the phylogenetic tree for zebrafish (Furano, Duvernell et al. 2004). It has a 

bifurcating topology consisting of multiple L1 families and long branches, which indicates that 

these families are very old. In fact, they arose before the mammalian L1 and the Xenopus Tx1 
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lineage. In zebrafish there are approximately thirty L1 families each with about 100 members. 

Unlike in mammals where the L1 copies have become fixed in the genome, in fish the copies 

have turned over. There is an equilibrium between the number of new L1 insertions and those 

that are lost from the population.   

1.4 THE STRUCTURE OF A RETROTRANSPOSITION COMPETENT L1 

A full-length human L1 element is 6-kb and consists of a 5’untranslated region (UTR), 

two open reading frames, and a 3’UTR (Figure 1.2). The 5’UTR contains the L1 promoter. The 

first open reading frame (ORF1) encodes a nucleic acid chaperone protein and the second open 

reading frame (ORF2) encodes the L1 replicase. The 3’UTR contains a poly-purine tract and a 

poly-A tract (Furano 2000). 

Both the L1 proteins, ORF1p and ORF2p, are required for L1 replication, which involves 

copying an RNA intermediate into genomic DNA by reverse transcription. L1 can also copy the 

transcripts from nuclear genes and SINEs into genomic DNA.  
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Figure 1.2 A human retrotransposition competent L1 

 

 

 

Figure 1.2 A human retrotransposition competent L1. A retrotransposition competent L1 

contains a 5'UTR (pink), two open reading frames: ORF1 (green) and ORF2 (black), a 3' UTR 

(purple), and a poly A tail (light pink, A). The 5'UTR contains an YY1 transcription factor 

binding site (grey, indicated as Y). ORF1 contains a coiled coil domain (CC, red). A 66-bp 

intergenic region (black line) separates ORF1 and ORF2. ORF2 contains an endonuclease 

domain (EN) and a reverse transcriptase domain (RT). The 3'UTR contains a G-rich polypurine 

tract (G). 

 

1.4.1 5’UTR 

 Mammalian L1 transcripts contains variable length, GC-rich, 5’UTRs predicted to have 

strong secondary structure (Furano 2000). The 5’UTR is organized differently in structure 

among mammalian species. The mouse bipartite 5’UTR is heterogeneous in length, base 

composition, and composed of tandem repeated GC-rich ~200-bp monomer units linked to 

ORF1 through a 190-bp tether (DeBerardinis and Kazazian 1999; Furano 2000). Transcription of 

mouse L1 may initiate at any of the 8 monomer units varying the length of the mouse 5’UTR (Li, 

G
A

CCY EN RT

5’UTR ORF1 ORF2 3’UTR

highly  
variable

highly  
conserved
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Li et al. 2006). In contrast, the human 5’UTR is not bipartite in structure and is 900-bp in length 

(Furano 2000). 

 A unique feature of L1 evolution is the repeated acquisition of novel 5’UTRs, perhaps 

through recombination, that vary greatly in size and sequence even between related species (e.g. 

mouse and rat) (Scott, Schmeckpeper et al. 1987; Furano, Robb et al. 1988; Padgett, Hutchison 

III et al. 1988; Jubier-Maurin, Cuny et al. 1992; Schichman, Adey et al. 1993; Saxton and Martin 

1998; Furano 2000; Khan, Smit et al. 2006). Additionally, 5’UTR sequences of different L1 

families are not homologous. The acquisition of novel 5’UTRs could be a mechanism to avoid 

host inhibition, competition between L1 elements, or to remove inactivating mutations (Adey, 

Schichman et al. 1994; Adey, Tollefsbol et al. 1994; Cabot, Angeletti et al. 1997; Saxton and 

Martin 1998; Furano 2000; Khan, Smit et al. 2006). It is thought that turnover of the 5’UTR may 

have aided in efficient transcription of L1 elements, but it may also have played a role in 

regulating ORF1p synthesis (Furano 2000).   

1.4.2 ORF1P: A BRIEF INTRODUCTION 

Human ORF1p is a 40-kDa non-sequence specific nucleic acid binding protein that also 

acts as a nucleic acid chaperone as it facilitates the annealing and melting of nucleic acids. The 

ORF1p monomers form a trimer via a coiled coil domain. Additional biochemical and structural 

details of ORF1p will be discussed in Section 1.6.  

The 5’-half of ORF1 evolves rapidly in direct contrast to the remaining 3’-half, most of 

which is highly conserved (Furano 2000). The 5’-half of ORF1 is divergent even between 

closely related species like rat and mouse (Pascale, Liu et al. 1993; Furano, Hayward et al. 

1994). In rabbit the 5’-half shares homology to type II keratin (Demers, Matunis et al. 1989). 

Furthermore, this region of ORF1 in both rat and mouse contains a region that accumulates a 
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high rate of substitutions that has been termed the hypervariable domain (Schichman, Severynse 

et al. 1992). The hypervariable domain is a site for deletions and duplications. A similar region is 

also present in human ORF1 that acquires many substitutions. It is possible that the substitutions 

in the 5’-half of ORF1 could be a response to evade host defense mechanisms (Furano 2000). 

1.4.3 ORF2P 

 The ORF2p is a 146-kDa highly conserved protein. Its function was first deduced from 

its sequence similarity to known apurinic / apyrimidinic endonucleases and reverse transcriptases 

and then confirmed biochemically (Hattori, Kuhara et al. 1986; Mathias, Scott et al. 1991; Feng, 

Moran et al. 1996). ORF2p shares homology to other non-LTR reverse transcriptases suggesting 

a common origin. In addition, it indicates that the mechanism of replication among non-LTR 

retrotransposons may be similar (Furano 2000).  

 The ORF2 encodes an endonuclease located on the N-terminal side of the reverse 

transcriptase domain and a cysteine rich domain at the C-terminus that has an unknown function 

(Fanning and Singer 1987).  The first structure of an endonuclease domain from a 

retrotransposon-encoded protein involved in target primed reverse transcription (TPRT) was 

solved for the L1 ORF2p by x-ray crystallography (Weichenrieder, Repanas et al. 2004). The L1 

endonuclease preferentially cleaves the sequence 5’ TTTT-AA 3’, where the hyphen represents 

the cleaved bond on the nicked strand (Jurka 1997; Weichenrieder, Repanas et al. 2004). 

Interestingly, it was demonstrated that the endonuclease domain is not essential for L1 

retrotransposition as it was shown that an L1 can integrate into DNA lesions in an endonuclease-

independent manner (Morrish, Gilbert et al. 2002).  

 However, the reverse transcriptase activity of ORF2p is absolutely required for L1 

retrotransposition activity (Moran, Holmes et al. 1996). Based on sequence identity, the reverse 
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transcriptase domain of ORF2p is expected to resemble the many solved structures for retrovirus 

reverse transcriptases, however, the structure of L1 ORF2p has not been solved. These domains 

typically resemble a right hand where the fingers, palm and thumb serves to clasp the DNA. The 

fingers and thumb domains form the walls of a nucleic acid binding cleft with the palm as the 

base containing the DNA polymerase active site.  

The L1 reverse transcriptase is indiscriminate in that it non-specifically can generate 

cDNA from non-L1 transcripts (Furano 2000). This lack of specificity supports its role in 

pseudogene formation and the retrotransposition of non-autonomous elements like SINEs 

(Schmid and Maraia 1992; Luan, Korman et al. 1993; Pascale, Liu et al. 1993; Smit, Tóth et al. 

1995). However, despite the fact that the reverse transcriptase lacks specificity the L1 proteins 

are largely cis acting meaning that they preferentially bind to the L1 transcripts from which they 

were translated.  

Furthermore, a human L1 reverse transcriptase expressed and purified from baculovirus 

infected insect cells is highly processive; i.e. it has a low rate of dissociation from the RNA 

template. Thus, it synthesizes a cDNA five times longer than the Moloney murine leukemia virus 

reverse transcriptase (Piskareva, Denmukhametova et al. 2003; Piskareva and Schmatchenko 

2006). The high processivity exhibited by non-LTR retrotransponons (Bibillo and Eickbush 

2002; Piskareva and Schmatchenko 2006) is likely explained by the biological demands of the 

replication reaction, which requires copying thousands of nucleotides and takes places in the 

nucleus (see Chapter 1.5). In contrast, retroviral reverse transcriptases, which function within the 

viral particle, have moderately to low processivity; however, DNA synthesis is efficient 

(DeStefano, Buiser et al. 1991; Whitcomb and Hughes 1992; Avidan, Meer et al. 2002; Bibillo 
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and Eickbush 2002; Goff 2004). Thus, the higher processivity among non-LTR retrotranspsons 

might reconcile the unfavorable conditions for the reverse transcriptase reaction.   

1.4.4 3’UTR 

The mammalian 3‘UTR uniquely contains a highly conserved G-rich polypurine tract that 

forms intrastrand tetraplexes (Howell and Usdin 1997). The human and murine 3‘UTRs share no 

sequence identity and are different in length. The human 3’UTR is 200-bp and the is murine 670-

bp. Perhaps conservation of the G-rich polypurine tract within the 3‘UTR indicates that this 

structural motif is involved in L1 replication or L1 transcript stability (Howell and Usdin 1997). 

Although the presence of a high affinity binding site for nuclear export factor 1, NXF1, has been 

reported to be present in the L1 3‘UTR the functional significance of this sequence has yet to be 

reported (Lindtner, Felber et al. 2002).  

1.5 L1 REPLICATION: RETROTRANSPOSITION 

 A general overview of L1 retrotransposition is depicted in Figure 1.3. There are five main 

steps as briefly outlined: (A) The L1 RNA is transcribed and (B) exported to the cytoplasm 

where the L1 proteins are translated. (C) The L1 proteins then coat and assemble on the L1 RNA 

forming the L1 ribonucleoprotein complex or RNP. (D & E) L1 uses a mechanism called Target 

Primed Reverse Transcription (TPRT) to initiate the early steps in the replication process. The 

steps following TPRT are poorly understood, but involve synthesizing the second DNA strand 

and ligating the target site. I will now discuss what is known about the biochemistry of these 

steps in more detail. 
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Figure 1.3 L1 replication 
 

 

 

Figure 1.3 L1 replication. The outer circle represents a mammalian cell and the inner circle the 

nucleus. A segment of chromosomal DNA (red) is depicted that contains a retrotransposition 

competent L1 element. (A) The L1 element is transcribed and (B) the transcript (red line) is 

exported from the nucleus to the cytoplasm where (C) where the L1 proteins, ORF1p (green 

circles) and ORF2p (blue circles) are translated. The L1 proteins bind to the L1 RNA forming 

the L1 RNP. The L1 RNP gains access to genomic DNA. (D) The ORF2p nicks the target site. 

The L1 RNA invades the target site and reverse transcription by the ORF2p copies the L1 RNA 

into genomic DNA. By some unknown mechanism the top strand is copied resulting in a new L1 

insertion (blue). 

A
B
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1.5.1 L1 TRANSCRIPTION: STEP A  

Currently, it is not known what factors activate L1 transcription or if L1 is transcribed by 

RNA polymerase II or III (Furano 2000). The L1 5’UTR has promoter activity as a reporter gene 

driven by the L1 5’UTR can be transcribed by RNA polymerase III (Kurose, Hata et al. 1995). 

However, there are a few peculiarities that seem to make transcription by polymerase II more 

likely. For example, it is somewhat unusual for polymerase III transcripts to encode proteins 

(Ostertag and Kazazian 2001). Additionally, the L1 DNA template strand transcribed by RNA 

polymerase is T rich containing poly T regions (regions of 4 or more T residues). Transcription 

of T rich regions is known to cause RNA polymerase III termination, which may result in 

premature termination and thus be ineffective for transcribing the full-length L1 transcript 

(Bogenhagen and Brown 1981; Ostertag and Kazazian 2001). Additionally, the L1 element ends 

in a polyadenylation signal (AATAAA), a hallmark of RNA polymerase II transcription (Hirose 

and Manley 1998; Ostertag and Kazazian 2001). Furthermore, L1 retrotransposition expression 

was maintained in a cell culture-based assay when the L1 5’UTR was replaced with a known 

RNA polymerase II promoter (Moran, Holmes et al. 1996; Ostertag and Kazazian 2001). !

Transcription initiation involves assembly of the transcription machinery including the 

necessary transcription factors and polymerase. Typically transcription initiates by the TATA 

binding protein binding to a sequence in the promoter region on the DNA called the TATA 

motif, which is 25-30 base pairs upstream of the transcription start site. TFIIB then binds to the 

promoter region, which subsequently binds to TFIID. Additional transcription factors along with 

RNA polymerase II then bind to this complex to begin transcription (Zawel and Reinberg 1993; 

Nechaev and Adelman 2011).  
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There are some polymerase II promoters, including the 5’UTR from L1, which lack the 

typical TATA motif and are referred to as TATA-less promoters. The L1 5’UTR contains an 

YY1 (YingYang1) binding site for transcription factor binding at nucleotide positions +13 to +21 

(Becker, Swergold et al. 1993; Kurose, Hata et al. 1995; Athanikar, Badge et al. 2004). YY1 can 

initiate transcription independently of TFIID by binding directly to TFIIB, which facilitates 

binding of polymerase II (Seto, Shi et al. 1991).  

Additionally, The YY1 promoter is important for directing transcriptional initiation near 

the +1 site (Seto, Shi et al. 1991; Ostertag and Kazazian 2001). This is a critical feature for L1 

survival as it has been proposed that the presence of the YY1 site safeguards transcription of full-

length L1 RNA ensuring a retrotransposition competent L1 in subsequent generations. In 

contrast, L1 elements without an YY1-binding site may initiate transcription from internal sites 

within the 5!UTR. These transcripts and L1 resultant insertions will lack the internal promoter. 

This process of progressive truncation could eventually lead to inactivation of the element 

(Athanikar, Badge et al. 2004).  

L1 replication must occur early in embryonic development to be incorporated into germ 

cells or during gametogenesis. L1 products that are not incorporated into the germ cells are not 

passed on to progeny and will not accumulate in the genome. Evidence supporting this 

assumption includes detection of full-length L1 transcripts and ORF1p in NTera2D1 cells, which 

is an undifferentiated human embryonic carcinoma cell line, and studies in mice finding that L1 

expression is mainly in germ line cells (testis and ovary) (Skowronski, Fanning et al. 1988; 

Branciforte and Martin 1994; Ostertag, DeBerardinis et al. 2002).  

In addition to germ line L1 insertion, recent studies of L1 expression have detected 

activity in somatic cells including human brain, skin, and kidney as well as others cell types 
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(Ergun, Buschmann et al. 2004; Coufal, Garcia-Perez et al. 2009; Belancio, Roy-Engel et al. 

2010). L1 somatic activity is a source of genetic variation and instability. Somatic 

retrotransposition can result in oncogenesis. For example, it has been reported that an L1 element 

insertion into the last exon of the APC gene, a tumor suppressor gene, is associated with colon 

cancer (Miki, Nishisho et al. 1992).  

1.5.2 L1 TRANSCRIPT PROCESSING AND EXPORT: STEP B 

Typically RNA polymerase II transcripts are modified with a 7-methyl-guanosine cap to 

the 5’ end and a poly A tail to the 3’ end. Next, the transcripts are spliced. Whether the L1 

transcript is modified with a 7-methly-guanosine cap is unknown (Furano 2000). The L1 RNA 

has a polyadenylation signal (AATAAA) that is followed by its own poly A tail. Polyadenylation 

of the L1 transcript can occurs through two mechanisms: (i) by transcriptional termination 

followed by polyadenylation by the polyadenlate polymerase or (ii) by transcription by RNA 

polymerase II of the L1 polyadenylation signal (Ostertag and Kazazian 2001).  

The L1 transcript does not contain introns and thus is not processed through the 

spliceosomal pathway. The mechanism for L1 RNA export from the nucleus to the cytoplasm is 

unknown. It has been reported that the NXF1 pathway may be involved, but the functional 

significance of this finding is unknown (Lindtner, Felber et al. 2002). The L1 transcript is 

exported from the nucleus to the cytoplasm where the L1 proteins are then translated by the 

ribosomes.  

1.5.3 L1 PROTEIN TRANSLATION AND RIBONUCLEOPROTEIN ASSEMBLY: STEP C 

L1 translation is unusual in two aspects. First, the 5‘UTR is long and has predicted 

secondary structures that may pose an obstacle for translation by scanning ribosomes. 
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Nonetheless, several laboratories provide experimental evidence that human ORF1p translation 

can be initiated and translated by scanning ribosomes (McMillan and Singer 1993; Dmitriev, 

Andreev et al. 2007). The scanning model postulates that the ribosome binds to the 5’ end of the 

mRNA migrating until it locates an AUG codon in a favorable context at which point it initiates 

translation (Kozak 1978; Kozak 1989).  

Second, translation from a dicistronic transcript is rare in eukaryotes. The genes of 

eukaryotes are generally considered to be monocistronic, that is, each has its own promoter at the 

5! end and a transcription terminator at the 3! end. Translation of the second open reading frame 

from L1 presumably occurs by one of three possible mechanisms: (i) internal ribosome entry 

sites (IRES), (ii) some form of translational re-initiation following the ORF1 stop codon or (iii) a 

splicing event occurs generating a monocistronic ORF2 transcript from which ORF2p can be 

translated. This latter option seems highly unlikely because of L1’s strong cis preference, in 

which the L1 proteins preferentially bind to the same transcript from which they were translated 

(Wei, Gilbert et al. 2001). It is unknown if translation is cap-dependent. The exact mechanism 

for L1 protein translation from the dicistronic transcript is not yet understood, and is a point of 

contention in the field (Ilves, Kahre et al. 1992; McMillan and Singer 1993; Alisch, Garcia-Perez 

et al. 2006; Li, Li et al. 2006; Dmitriev, Andreev et al. 2007).  

Whatever the mechanism for L1 protein synthesis, translation of ORF1p is much more 

efficient than ORF2p synthesis (McMillan and Singer 1993). Cis preference of the L1 proteins 

ensures that the actively translated L1 transcript is favored over non-L1 RNAs and non-

retrotransposition competent L1 transcripts, an essential property for L1 survival.  

The L1 proteins, L1 RNA, and perhaps host proteins form a ribonucleoprotein complex, 

the L1 RNP. The L1 RNP is an important intermediate step in L1 retrotransposition (Kulpa and 
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Moran 2005). Proteins larger than 60-kDa require transport through the nuclear pore (Gorlich 

and Kutay 1999). Since the ORF1p trimer is approximately 120-kDa and the ORF2p is 

approximately 150-kDa, passage of L1 RNP into the nucleus either requires transport through the 

nuclear pore or by accessing chromosomal DNA during cell division when the nuclear envelope 

is disassembled (Ostertag and Kazazian 2001). A requirement for division would provide a 

mechanism to prevent L1 retrotransposition in non-dividing differentiated cells.  

1.5.4 TARGET PRIMED REVERSE TRANSCRIPTION (TPRT): STEP D  

 Our current understanding of L1 retrotransposition is based on the TPRT reaction 

proposed by Eickbush and colleagues for the L1-like element R2Bm from the silkworm, Bombyx 

mori (Xiong, Burke et al. 1988; Luan, Korman et al. 1993; Luan and Eickbush 1995; Yang and 

Eickbush 1998). Subsequent biochemical studies using the purified human L1 ORF2p 

recapitulated many aspects of the TPRT reaction (Cost, Feng et al. 2002). The biochemical steps 

for R2 replication have been examined using E. coli-expressed protein from the single ORF of an 

R2 element that has both reverse transcriptase and endonuclease domains. The R2 ORF binds to 

the 5’ and 3’ ends of the R2 transcript assembling the RNP complex. The RNP then binds to the 

target DNA whereby cleavage of the bottom strand occurs, releasing a 3’ end that primes reverse 

transcription generating the bottom strand of cDNA. The R2 ORF then cleaves the top strand, 

releasing a 3’ end that primes DNA synthesis of the second strand. It is thought that the 

mechanism of first and second strand cleavage as well as the mechanism for DNA synthesis are 

shared by non-LTR elements including L1 (Eickbush, Ye et al. 2008).  

 Many of the mechanistic details of L1 replication are modeled on the one described for 

R2 as depicted in Figure 1.4A-E. Once the L1 RNP localizes to an insertion site on chromosomal 

DNA, the endonuclease domain of ORF2p nicks the bottom strand of genomic DNA at the target 
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site. The endonuclease prefers to nick the bottom strand at sites that are 3' AA-TTTT 5' (Cost 

and Boeke 1998). Presumably, the 3’ poly-A tail of the L1 mRNA invades the DNA duplex and 

anneals to the poly T at the target site.  

It is hypothesized that ORF1p nucleic acid chaperone activity plays a role in the strand 

exchange reaction required for first strand synthesis (Martin and Bushman 2001; Martin 2010; 

Evans, Peddigari et al. 2011). Specifically, it may be involved in melting the DNA at the 

insertion site and annealing the L1 RNA with the single strand DNA. Reverse transcription by 

ORF2p is primed presumably through a similar mechanism as described for R2, although it has 

not yet been definitively determined. The second strand is copied by an unknown mechanism. 

The ORF2p generates a staggered break at the insertion site that results in a new L1 element 

insert with target site duplications varying in length (Jurka 1997). 
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Figure 1.4 Schematic of the L1 Target Primed Reverse Transcription Reaction 
(TPRT) 

 
 

Figure 1.4 Schematic of the L1 Target Primed Reverse Transcription Reaction (TPRT) (A-E). 

(A) 1) the ORF2p endonuclease (EN) nicks the bottom strand (arrow) at the insertion site on the 

genomic DNA (black lines) releasing a 3’ hydroxyl. (B) 2) the L1 RNA anneals (red line) to 

nicked host strand at the poly T primer. (C) 3) ORF2p reverse transcribes the L1 RNA 

generating the cDNA (green line). 4) ORF2p nicks the top strand (arrow). (D) 5) The second 

strand is synthesized. The steps involved in resolution of the new L1 insertion into the target site 

are unknown. (E) 6) The new L1 insertion is often flanked by target site duplications (TSDs, 

Modified from Ostertag, E.M. and H.H. Kazazian 2001.
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pink boxes) that contain variable length duplications of genomic DNA. Due to the errors in L1 

replication the insertions are frequently 5’ truncated. Schematic model of twin priming (F-I). (F) 

Similar to the TPRT reaction, 1) The EN cleaves the bottom strand. (G) 2) The L1 RNA anneals 

to the poly T primer at the insertion site. 3) The L1 ORF2p reverse transcribes the L1 RNA 

generating cDNA. 4) ORF2p cleaves the second strand before reverse transcription has 

completed, which produces an internal primer. (H) 5) The internal primer is used to prime 

reverse transcription. (I) 6) The L1 RNA is removed 7) and DNA synthesis is completed. The 

process results in L1 inversions and target site duplications. This figure was modified from 

Figure 1 ref. (Ostertag and Kazazian 2001). 

1.5.5 CONCLUDING STEPS OF L1 REPLICATION: STEP E 

 The final steps of the L1 replication process are not understood. These involve second 

strand cleavage of the target DNA, synthesis of the second strand of DNA, and ligation of the 

newly retrotransposed DNA into the genomic site (Kazazian and Moran 1998). It is uncertain if 

these steps involve ORF2p or the DNA repair machinery (Gasior, Wakeman et al. 2006).  

There are two hallmarks of non-LTR retrotransposon inserts that are explained by the 

TPRT model: (i) the insertion products have 5‘ truncations but intact 3‘ ends, and (ii) they are 

often inverted (Kazazian, Wong et al. 1988; Hutchison III, Hardies et al. 1989; Miki, Nishisho et 

al. 1992; Holmes, Dombroski et al. 1994). If the L1 sequence is 5’ A-B-C-D-E 3’ what is often 

observed in the genome is 5’ C-B-D-E 3’ (Ostertag and Kazazian 2001). The 5’ termini of the L1 

inserts are often 5’ truncated despite the progenitor L1 element being full length. Low 

processivity of the ORF2p or cleavage of the RNA template could account for these 5’ 

truncations (Farley, Luning Prak et al. 2004; Eickbush, Ye et al. 2008). However, a more likely 

explanation is premature priming of second strand cDNA synthesis by base pairing with the 
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target site through regions of microhomology with the point of truncation in the L1 element 

(Martin, Li et al. 2005). Variable length target site duplications can be explained by independent 

cleavage of the bottom and top strands at the insertion site (Eickbush, Ye et al. 2008).  

A twin priming model has been proposed to explain inversions (Ostertag and Kazazian 

2001). The twin priming model is depicted in Figure 1.4F-I. Similar to the TPRT mechanism, in 

this model reverse transcription initiates on the bottom strand, but is shortly followed by second 

(top) strand cleavage. This produces an primer that is able to invade the L1 RNA due to 

microhomology and that is used to prime reverse transcription at a second internal site within the 

L1 RNA. After cDNA synthesis, resolution of this structure results in target site duplications, 

inversions, and deletions.  

1.5.6 CELL CULTURE ASSAY FOR RETROTRANSPOSITION 

The development of a cell culture-based retrotransposition assay (Moran, Holmes et al. 

1996) was crucial for identifying several important biological findings regarding L1 elements 

including cis preference, the absolute requirement for both L1 proteins in retrotransposition, and 

for discovering transposition competent L1s in both the human and mouse genomes (Moran, 

Holmes et al. 1996; Sassaman, Dombroski et al. 1997; DeBerardinis, Goodier et al. 1998; Naas, 

DeBerardinis et al. 1998; Wei, Gilbert et al. 2001; Kulpa and Moran 2006). In this assay, which 

is schematically depicted in Figure 1.5, a full length L1 element is modified with a reporter gene 

(neomycin) in the 3'UTR. The reporter gene is in the opposite transcriptional orientation relative 

to the L1 transcription start site and interrupted with an intron, which can be spliced out of the 

L1 transcript. Either the L1 5’ UTR promoter or a constitutive promoter drives transcription of 

the L1 RNA. The L1 transcript is spliced to remove the intron, it is then reverse transcribed and 
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integrated into genomic DNA. After integration of the new L1 insert, expression of the reporter 

gene denotes a retrotransposition event. 

Figure 1.5 L1 cell culture retrotransposition assay 

 

Figure 1.5 L1 cell culture retrotransposition assay. A full length L1 element is modified with a 

reporter cassette in the 3'UTR (mneoI). The neomycin phosotransferase gene (purple) in the 

opposite transcriptional orientation and interrupted with the gamma-globin IVS2 intron (black 

line) in the forward orientation. L1 transcription is driven by the L1 5'UTR or SV40 early 

promoter (pink, Pr). The transcript is spliced. The splice donor (sd) and splice acceptor (sa) sites 

are indicated. The spliced transcript is the template used by the L1 proteins to generate the L1 

insertion by reverse transcription and integration into genomic DNA. After integration, 

expression of neomycin, which in mammalian cells confers G418 resistant cells from the mneoI 

cassette promoter (rP). 
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Yet, despite the usefulness of this assay many aspects of L1 biology are unknown 

including how the L1 activity is regulated, how the L1 proteins are translated and assembled into 

the RNP, and many steps involved in the TPRT reaction. Additionally, the assay has several 

drawbacks. The reporter cassette is located in the middle of the 3‘UTR, which may destroy any 

conserved secondary structures that are involved in L1 RNA export, regulation, or additional 

functions. Furthermore, the reporter cassette contains an intron, which forces the L1 transcripts 

into the splicesomal pathway and so that they are exported in a similar fashion to cellular RNAs.  

L1 transcripts are not typically exposed to the splicesomal pathway and the transcript 

may encounter an array of host factors with which it typically would never interact. Thus, 

directing the transcript through the splicesomal pathway maybe non-physiological.  

1.6 ORF1P 

1.6.1 ORF1P IS REQUIRED FOR L1 RETROTRANSPOSITION  

 In 1996 Moran and colleagues demonstrated that ORF1p is required for L1 

retrotransposition (Moran, Holmes et al. 1996). They made two ORF1p mutants. One mutant had 

a stop codon at serine 119, in the coiled coil domain of human ORF1p. In the other mutant, two 

highly conserved arginines in the C-terminus were converted to alanine (RR261:262AA) 

(Moran, Holmes et al. 1996). In both cases, retrotransposition frequencies were below 0.06% of 

the wild type. These experiments indicated that ORF1p is essential for retrotransposition and 

supports a role in RNP assembly.  

 Comparison of both the opening reading frame coding sequences from mouse and human 

show that even the most highly conserved part of ORF1, the C-terminus, is less conserved than 

the ORF2 sequence. However, despite the lack of sequence conservation in ORF1p, inactivating 
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mutations to ORF1 knock down L1 activity to an equal extent as ORF2. For example, mutating 

aspartic acid at residue 702 to tyrosine in the reverse transcriptase domain of ORF2p abolished in 

vitro enzymatic activity but did not completely knock down retrotransposition frequency as 

levels were measured at 0.15% of wild type. Similar frequencies were measured with mutations 

to residues to the ORF2p endonuclease. For example, it was demonstrated that mutations to 

aspartic acid at residue 205 to glycine resulted in activity that is 0.7% of wild type (Morrish, 

Gilbert et al. 2002). Mutations to ORF1p, like those described with the RR261:262AA mutant, 

are just as severe (0.06%) as mutations to ORF2p (0.7%) as they are within experimental error. 

The precise role ORF1p plays during L1 replication is unknown. It has been proposed to 

be involved in regulating the expression or recruitment of ORF2p to the L1 RNP, delivering the 

L1RNP to the chromosomal DNA, and/or facilitating the strand exchange reaction required for 

TPRT (Basame, Wai-lun Li et al. 2006; Martin 2006; Martin 2010). 

1.6.2 THE DOMAINS OF ORF1P 

 ORF1p is a nucleic acid binding protein required for L1 retrotransposition and is 

composed of 338 residues in the human element with a molecular weight of 40,083 Daltons 

(Figure 1.6). Since ORF1p is not homologous to any known protein, the published literature has 

not been useful for identifying its function (Martin 2006). It is highly basic and binds nucleic 

acids in a sequence non-specific manner and acts as a nucleic acid chaperone promoting the 

melting and annealing of nucleic acids. Atomic force microscopy of the mouse ORF1p indicated 

that the full-length protein forms a trimer resembling a dumbbell (Martin, Branciforte et al. 

2003). The non-conserved N-terminus and conserved C-terminus form asymmetric globular ends 

that are connected by a long bar-like domain, the coiled coil (Basame, Wai-lun Li et al. 2006). 

ORF1p is the only known trimeric nucleic acid chaperone protein. 
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 The N-terminus of ORF1p is required for L1 retrotransposition; however, the exact 

function of this domain is unknown. It is interesting to note that the N-terminal half of ORF1 

including the coiled coil domain has rapidly turned over during L1 evolution as discussed above. 

  The human ORF1p is predicted to contain a coiled coil domain between residues 52-146 

(Figure 1.6) (Wolf, Kim et al. 1997). A coiled coil motif is a conserved feature of ORF1 from 

fish to mammals, but the sequence is not conserved. The coiled coil domain of human ORF1p 

contains a leucine zipper that is likely involved in mediating protein-protein interactions 

(Holmes, Singer et al. 1992; Hohjoh and Singer 1996).  

 

Figure 1.6 Schematic representation of ORF1 from human and mouse 

 

Figure 1.6. Schematic of ORF1p from human and mouse. The top diagram shows an active 

L1Pa1 element and the bottom show a diagram from the mouse TF family. The amino acids 

corresponding to the predicted coiled coil domain (CC, in red, ref. Wolf, Kim et al. 1997) the 

RNA recognition motif (RRM, in dark green, ref., ref. Khazina and Weichenrieder 2009) and the 

C-terminal domain (CTD, in light green, ref. Januszyk, Li et al. 2007) are shown. The brackets 

highlight the RNP1 and RNP2 within the RRM.  

RRMCC CTD
1 33853 146 157 252 253 317

1 37145 169 275 361179 274

Mouse Tf CC CTDRRM

RNP2 RNP1

RNP2 RNP1

Human

Coiled Coil DomainN-terminus

N-terminal "half" C-terminal "half"
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The C-terminus of ORF1p is highly conserved from fish to mammals and contains a 

highly basic nucleic acid binding domain (Martin, Li et al. 2000; Basame, Wai-lun Li et al. 

2006). The C-terminus of ORF1 can be divided into two structural domains: a noncanonical 

RNA recognition motif (RRM) domain and the C-terminal domain (CTD, Figure 1.6). The 

crystal structure of the RRM domain, residues 157-252, was solved for the human ORF1p 

(Khazina and Weichenrieder 2009). The structure shows a classic RRM fold where two "-helices 

are packed against a four-stranded anti-parallel #-sheet. It is hypothesized that the anti-parallel #-

sheet is involved in nucleic acid binding, although the RRM does not bind nucleic acids with 

high affinity. 

The C-terminus of ORF1p is highly conserved from fish to mammals and contains a 

highly basic nucleic acid binding domain (Martin, Li et al. 2000; Basame, Wai-lun Li et al. 

2006). The C-terminus of ORF1 can be divided into two structural domains: a noncanonical 

RNA recognition motif (RRM) domain and the C-terminal domain (CTD, Figure 1.6). The 

crystal structure of the RRM domain, residues 157-252, was solved for the human ORF1p 

(Khazina and Weichenrieder 2009). The structure shows a classic RRM fold where two "-helices 

are packed against a four-stranded anti-parallel #-sheet. It is hypothesized that the anti-parallel #-

sheet is involved in nucleic acid binding, although the RRM does not bind nucleic acids with 

high affinity.  

The structure of the mouse CTD, mouse residues 275-361 corresponding to human 

residues 253-317, was solved by NMR (Januszyk, Li et al. 2007). The secondary structure 

topology of the CTD contains three "-helices packed against a three-stranded #-sheet ("###"") 

forming a cleft. It was suggested that nucleic acid binding might occur at this cleft between "-

helix-1 and the three-stranded #-sheet.  
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However, the monomeric CTD does not bind RNA with high affinity (Januszyk, Li et al. 

2007). Complex formation between single strand nucleic acid requires both the RRM and CTD 

domains on the same polypeptide indicating a close cooperation between these two domains for 

nucleic acid binding (Khazina and Weichenrieder 2009). It is important to note that the RRM-

CTD polypeptide is monomeric and binds RNA with lower affinity than the full-length protein 

(Kolosha and Martin 2003; Khazina and Weichenrieder 2009).  

Recently, the crystal structure was determined for a N-terminally truncated human 

trimeric ORF1p corresponding to amino acids 106-330 (Figure 1.7) (Khazina, Truffault et al. 

2011). The structure illustrates that ORF1p trimerizes through an ion-containing coiled coil. The 

coiled coil is the organizational scaffold for the RRM and CTD domains. A hinge with an almost 

90º turn tethers the RRMs to the coiled coil domain in that their ß-sheets, i.e., the potential 

nucleic acid binding surfaces, are facing the CTD. The CTDs are suspended over the RRMs via 

another hinge such that their ß-sheets are facing the ß-sheets from the RRM. Three crystal forms 

were identified that showed distinct orientations of the RRM and especial flexibility of the CTD. 

The structural framework with the trimer is somewhat rigid, but has precise domain flexibility 

that may prove important for nucleic acid binding and retrotransposition activity. Therefore, 

studies of the full-length trimeric protein with nucleic acid are essential for further understanding 

how this unique protein functions.  

1.6.3 AN INTRODUCTION TO COILED COIL DOMAINS 

 Coiled coils are versatile protein domains that mediate protein-protein interactions. 

Typically 2 to 5 "-helices wrap around each other burying their hydrophobic residues at the core 

forming a left-handed supercoil (Mason and Arndt 2004). A variety of hetero- and homo- coiled 

coil complexes exist. 
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 Coiled coils have distinct packing structure called knobs-into-holes where a residue 

(knob) from one helix packs into a space (hole) surrounded by four side chains of the facing 

helix (Crick 1952). Each helix has a periodicity of seven amino acids, a heptad, denoted [a-b-c-d-

e-f-g]n. in one helix and [a’-b’-c’-d’-e’-f’-g’]n. in another helix. Positions a and d are typically 

hydrophobic amino acids and positions e and g are polar or charged amino acids (Lupas, Gruber 

et al. 2005; Grigoryan and Keating 2008).  

It was shown that the multimerization state of the leucine zipper domain from the yeast 

transcription factor GCN4 was altered from that of a dimer by substituting the original residues 

at the a and d positions with either leucine, valine or isoleucine (Harbury, Zhang et al. 1993). 

These sets of substitutions resulted in dimers, trimers or tetramers as determined by x-ray crystal 

structures of the domain. Thus, substitutions of amino acids at positions a and d can drastically 

alter the oligomerization of a coiled coil.  

Despite the well-organized overall uniform structure of coiled coils, most have 

irregularities or interruptions. The most common interruption is an insertion of one to four amino 

acids (Lupas, Gruber et al. 2005). A single amino acid insertion is called a skip, two amino acid 

insertions are called stammers, and three amino acid insertions are called stutters.  

 The ordered packing of coiled coils has prompted extensive investigation into their 

structure and stability. In addition, it has lead to the development of coiled coil prediction 

programs including Coils (Lupas, Van Dyke et al. 1991) and MultiCoil (Wolf, Kim et al. 1997). 

These prediction programs analyze amino acid sequences using parameters to detect the 

periodicity of heptads. The scores obtained from the Coils prediction program are scaled against 

a reference database to obtain probabilities. The Coils program predicts the human L1 ORF1p to 

have a discontinuous coiled coil with thirteen heptad repeats and a stutter between heptads V and 
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VI (Figure 1.7). The crystal structure of the N-terminally truncated human trimeric ORF1p 

revealed that there is a heptad XIV such that the coiled coil extends to valine 153 (Khazina, 

Truffault et al. 2011). 

Figure 1.7 ORF1p amino acid sequence 

 

Figure 1.7 ORF1p amino acid sequence. The coiled coil domain (yellow and green heptad 

repeats), the RNA recognition motif (RRM, purple), RNP1 and RNP2, and the C-terminal 

domain (CTD, red) are indicated. The Coils program predicts stutter between heptads V and IV 

of the 14 heptad coiled coil domain. 

 

LQDIIQENFPNLARQANVQIQEIQRTPQRYSSRRATPRHIIVRFTKVEMKEKMLRAARE

RNP1
180 - 200 - 220 -- - - - --

KGRVTLKGKPIRLTVDLSAETLQARREWGPIFNILKEKNFQPRISYPAKLSFISEGEIK
240 - 260 - 280 -- - - - --

120 - 140 - 160 -
SAMEDEMNEMKREGKFREKRIKRNEQSLQEIWDYVKRPNLRLIGVPESDVENGTKLENT

RNP2

- - - - --

XI XII XIIIX XIV

MGKKQNRKTGNSKTQSASPPPKERSSSPATEQSWMENDFDELREEGFRRSNYSELREDI
1 - 20 - 40 -- - - -

I

YFIDKQMLRDFVTTRPALKELLKEALNMERNNRYQPLQNHAKM
300 - 320 -- - - - -338

60 - 80 - 100 -
QTKGKEVENFEKNLEECITRITNTEKCLKELMELKTKARELREECRSLRSRCDQLEERV

- - - - - -

VIVIIIII - IXVIIIVIIVI
heptad repeats
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1.6.4 AN INTRODUCTION TO THE RNA RECOGNITION MOTIF 

 The RNA recognition motif (RRM) is one of the most common protein domains in 

eukaryotes (Clery, Blatter et al. 2008). The RRM is also called the RNA binding domain (RBD) 

or ribonucleoprotein domain (RNP). A common structural fold characterizes RRMs, but they are 

highly diverse in terms of their biological function, binding affinity, and specificity.  

A typical RRM is composed of 90 amino acids with conserved aromatic and positively 

charged amino acids that are located in the center of the domain and are involved in RNA 

binding (Maris, Dominguez et al. 2005). These conserved aromatic and positively charged amino 

acids comprise two subdomains termed RNP1 and RNP2 that are separated by 25-35 residues 

(Adam, Nakagawa et al. 1986; Query, Bentley et al. 1989; Burd and Dreyfuss 1994; Shamoo, 

Abdul-Manan et al. 1995). RNP1 is composed of eight amino acids: [Arg-Lys] [Gly] [Phe-Tyr] 

[Gly-Ala] [Phe-Tyr] [Ile-Leu-Val] [X] [Phe-Tyr] where X is any amino acid. RNP2 is located at 

the N-terminus of the domain and is composed of six amino acids: [Ile-Leu-Val] [Phe-Tyr] [Ile-

Leu-Val] [X] [Asn] [Leu] (Clery, Blatter et al. 2008). The aromatic amino acids that are often 

involved in RNA binding are highlighted in bold text.  

A typical RRM structure is characterized by two "-helices packed against a four stranded 

#-sheet with a fold topology of #1"1#2#3"2#4  (Clery, Blatter et al. 2008). In general, the #-

sheet interacts with the single stranded RNA making contact with a minimum of two (Calero, 

Wilson et al. 2002; Mazza, Segref et al. 2002; Clery, Blatter et al. 2008) and maximum of eight 

nucleotides (Price, Evans et al. 1998; Clery, Blatter et al. 2008). Aromatic residues of RNP1 and 

RNP2 interact with nucleic acid substrates through hydrophobic and base-stacking interactions 

(Clery, Blatter et al. 2008).  
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Additionally, the loops that connect #-strands and "-helices have been shown to be 

critically involved in nucleic acid binding (Clery, Blatter et al. 2008). Specifically, loops located 

in the #-sheet including L1 (#1 and "1), L3 (#2 and #3), and L5 ("2 and #4) can be involved in 

nucleic acid recognition. The binding contribution of the loops can increase both the binding 

affinity and the length of sequence that is recognized (Maris, Dominguez et al. 2005). 

A non-canonical RRM was identified in the C-terminus of ORF1p and the crystal 

structure was determined (Khazina and Weichenrieder 2009). The ORF1 RRM sequence 

deviates significantly from the consensus RRM. The human ORF1p RNP1 sequence is (P-R-H-I-

I-V-R-F) and RNP2 is (L-R-L-I-G-V). Typically the aromatic and positively charged residues 

are located in positions 3 and 5 of RNP1 and position 2 of RNP2. These positions are highlighted 

in bold text. Only RNP2 has a positively charge amino acid, arginine. The deviation in sequence 

from the consensus RRM might explain why the ORF1 RRM was not previously recognized.  

The non-canonical ORF1p RRM shown in Figure 1.8 has the classic topology of an RRM 

fold and the #-sheet has a strongly basic surface that potentially could be involved in nucleic acid 

binding (Khazina and Weichenrieder 2009). There are three distinct features of the ORF1p RRM 

structure. First, a small #-hairpin located between L5 ("2 and #4). Second, the protein also has an 

extra "-helix ("1’) within L2 ("1 and #2). Third, there are two salt bridges that stabilize the loops 

between L1 (#1 and "1) and L3 (#2 and #3). It is possible that L1, L3 and/or L5 could be 

important for nucleic acid binding. 

!
!
!
!
!
!
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Figure 1.8 Crystal structure of the RRM domain of human L1 ORF1p 

 

Copyright (2009) National Academy of Sciences, U.S.A. 

Figure 1.8 Crystal structure of the human ORF1p RRM domain. A ribbon representation of the 

ORF1p RRM structure with !-helices (!1-!2) are shown in yellow, "-strands ("1-"4) in green 

and loops (L1-L5) in grey. The side chains forming the conserved salt bridges are shown as 

sticks (blue). Figure 5 from ref. (Khazina and Weichenrieder 2009). Letter of permission to 

reproduce copyrighted material from publisher is in Appendix B.2.  

  

Tandem RRM domains (two or more) can interact to recognize a long nucleotide 

sequence, which often increases the binding affinity (Maris, Dominguez et al. 2005). One RRM 

domain can bind about six nucleotides; thus, recognition of longer substrates requires more than 

one RRM to provide a larger binding surface. Structures for hnRNPA1, PABP, and nucleolin 

have two consecutive RRMs. In these examples, an interdomain linker is involved in 

cooperatively binding the RNA contributing to high affinity and specificity in binding (Maris, 
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L4
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Dominguez et al. 2005). For example, in hnRNPA1 the two RRMs form a compact fold via 

protein-protein interactions that positions the #-sheets from both RRMs into an eight-stranded #-

sheet (Maris, Dominguez et al. 2005). These structures show that RRMs can be involved in 

protein-protein interactions that contribute to the formation of larger RNA binding interfaces that 

are critical for binding affinity and specificity, a feature that may be relevant in the context of the 

ORF1p trimer.  

Interestingly, the crystal structure of the N-terminally truncated human ORF1p revealed 

that the RRM domains make intermolecular contacts with their neighboring monomer at several 

interfaces (Khazina, Truffault et al. 2011). The structures did not reveal contacts between the 

CTD domain and neighboring monomers nor with the RRM domains of the same monomer. 

However, how inter-trimer RRM contacts contribute to nucleic acid recognition or binding is 

unknown.  

1.6.5 ORF1P BIOCHEMISTRY 

 Mouse ORF1p was shown to bind nucleic acids with high affinity and have nucleic acid 

chaperone activity, in that it promotes the melting and annealing of nucleic acids (Martin and 

Bushman 2001; Martin, Cruceanu et al. 2005). The nucleic acid chaperone activity of ORF1p has 

been proposed to play a role in L1 replication during assembly of the L1 replication complex 

(Martin 2006). ORF1p chaperone activity may also be involved in the strand invasion reaction 

that is required at the genomic insertion site. However, the mechanism by which ORF1p 

promotes these rearrangements is not understood.  

Residues in the C-terminus are known to affect both high affinity nucleic acid binding 

and nucleic acid chaperone activity (Kolosha and Martin 2003; Kulpa and Moran 2005; Martin, 

Cruceanu et al. 2005). Mutating two highly conserved arginines within the human RNA binding 
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domain, specifically the CTD, knock down retrotransposition to 0.6% in the RR261:262AA 

mutant (Moran, Holmes et al. 1996). These residues were shown to be involved in RNA binding 

and RNP assembly (Kulpa and Moran 2005). Studies were also done with the mouse ORF1p 

complementing and extending those done in the human protein by studying how the 

corresponding mutations in the mouse protein effected nucleic acid chaperone activity (Martin, 

Cruceanu et al. 2005). In mouse the RR261:262AA mutant was found to have a low level of 

activity in retrotransposition (0.02%) and has reduced RNA binding and nucleic acid chaperone 

activity. The inability of this mutant to bind RNA likely explains its loss of function. 

Additionally, the substitution of the arginines for lysines in RR261:262KK is also inactive in 

retrotransposition (0.03%). Yet, this mutant maintains RNA binding, but has disrupted nucleic 

acid chaperone activity. The model developed from these studies proposed that if ORF1p cannot 

bind RNA it neither assembles the L1 RNP nor acts as a nucleic acid chaperone. 

Interestingly, some mutations in the RNA binding domain knock down retrotransposition 

activity to 0.6-2.6% (mutants RR261:262KR and R261K), but do not affect RNP assembly 

(Kulpa and Moran 2005). These mutants likely have perturbed functions downstream of RNP 

assembly explaining their low activity in the retrotransposition assay. Hence, ORF1p might play 

additional roles during L1 replication besides binding to the RNA. Nucleic acid chaperone 

activity is likely one of these functions (Martin and Bushman 2001) although this activity has not 

been demonstrated for the human protein. However, ORF1p might also interact with host factors 

or play additional roles in the replication process that have yet to be identified.  

Most of the nucleic acid binding studies have focused on residues within the C-terminus. 

Recently however, a single amino acid substitution at residue H159D in the mouse coiled coil 

domain was shown to dramatically decrease retrotransposition and nucleic acid chaperone 
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activity (Martin, Bushman et al. 2008). In mouse, there is a known active L1 variant (L1spa) that 

is less active than the L1FC in the cell culture-based retrotransposition assay. The differences in 

retrotransposition activity are attributed to a single amino acid substitution at residue D159, 

which is the normal variant. In the less active variant the residue is a histidine (H159) while in 

the more active variant it is an aspartic acid (D159). The H159 promotes melting of a 

mismatched DNA duplex to completion while the D159 is capable of only partially melting the 

duplex. In this case, the efficacy of nucleic acid chaperone activity appears to be enhanced by 

slowing the melting kinetics (Martin, Bushman et al. 2008; Martin 2010). Interestingly, this 

finding extended the role of the coiled coil domain beyond simply mediating ORF1p 

trimerization by showing that a single substitution to the coiled coil domain can affect ORF1p 

biochemical activity without affecting trimerization, a consequence not previously considered.  

Recently, it was demonstrated that effective ORF1p chaperones balance the opposing 

annealing and melting activities (Evans, Peddigari et al. 2011). The nucleic acid chaperone 

activity was measured by a variety of methods including single molecule stretching, annealing, 

melting, and strand exchange. When comparing the kinetic ratio of melting and annealing, it 

revealed distinct differences between the active and inactive ORF1p variants. The discriminating 

property between ORF1p mutants showed that activity in the retrotransposition assay was 

dependent on the balanced ratio of energetic barriers to annealing and melting, key parameters of 

nucleic acid chaperone activity. This ratio will likely prove useful for examining additional 

mutations to ORF1p and their effects on nucleic acid chaperone activity.  

1.6.6 NUCLEIC ACID CHAPERONE PROTEINS  

RNAs have diverse yet essential functions in the cell not only serving as a necessary 

intermediate between DNA and protein, but they also catalyze many biological reactions, and 
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signaling pathways within the cell (Cristofari and Darlix 2002). Some viruses use RNA as their 

genetic material instead of DNA. Perhaps because RNA forms a variety of secondary and tertiary 

structures it is adaptable to these many different activities. Nevertheless, only a few 

conformations may be biological relevant. Often RNA binding proteins are needed to promote 

folding of the RNA into the biologically functional conformation. This is particularly true for 

large RNAs. These RNA binding proteins are called nucleic acid chaperones.  

Nucleic acid chaperone proteins facilitate the rearrangement of nucleic acids into their 

thermodynamically stable conformation (Rein, Henderson et al. 1998; Cristofari and Darlix 

2002; Levin, Guo et al. 2005). Typically, these functions are carried out by non-specific nucleic 

acid binding proteins. Once binding occurs, the protein disrupts internal bonds thus destabilizing 

the incorrectly folded RNA and stabilizing the biologically relevant conformation (Cristofari and 

Darlix 2002). RNA chaperones are different from other RNA binding proteins involved in RNA 

folding because once the RNA has been folded the protein can be removed without altering the 

RNA conformation (Zuniga, Sola et al. 2009). In addition, neither ATP nor GTP hydrolysis is 

required for their nucleic acid chaperone activity (Levin, Guo et al. 2005).   

Nucleic acid chaperones promote rapid annealing of complementary nucleic acid strands 

and catalyze strand exchange between a preformed duplex and single stranded molecule. It is 

thought that this is an iterative process whereby RNA reaches its biologically active 

conformation through repetitive interactions of annealing and melting allowing the RNA to reach 

its energy minimal conformation (Cristofari and Darlix 2002). 

 RNA binding proteins typically consist of basic and aromatic residues that interface with 

the RNA bases through base stacking or van der Waals interactions (Cristofari and Darlix 2002). 

These residues are most commonly found on a #-sheet surface and make contact with the single 
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stranded RNA. Typical nucleic acid chaperone binding motifs include the RRM (discussed in 

Chapter 1.6.4), as well as the double stranded RNA binding domain (dsRBD), the K homology 

motif (KH), the RGG box, the CSD motif, and the zinc finger domain. Multiple copies of these 

motifs are often found in RNA binding proteins as the increased binding site size increases the 

binding affinity (Cristofari and Darlix 2002). 

 Frequently, nucleic acid binding induces structural rearrangements of not only of the 

nucleic acid, but also the protein. For example in many RRM-containing proteins the inter-

domain linker that connects two RRMs is folded when bound to RNA, but appears disordered 

when unbound (Handa, Nureki et al. 1999; Cristofari and Darlix 2002). In addition, some 

residues within the inter-domain linker make contacts with the nucleic acids.  

Many viral genomes are RNA providing an evolutionary advantage in that they can 

rapidly mutate and confer different structural conformations (Zuniga, Sola et al. 2009). However, 

only certain conformations of the RNA may be of biological relevance. RNA chaperones are 

often required for efficient replication of the viral genome. Many viruses encode nucleic acid 

chaperones including the highly characterized nucleocapsid protein from HIV-1.  

The nucleocapsid (NC) protein from HIV-1 is a multifunctional nucleic acid binding 

protein that plays a critical role in the viral replication process (Levin, Guo et al. 2005). Many 

functions rely on NC nucleic acid chaperone activity including packaging of HIV’s viral 

genome, virus assembly, copying the viral genome, which involves placing primers on the viral 

RNA, initiating reverse transcription, and integration. As NC is the most extensively 

characterized nucleic acid chaperone protein it has been useful to make comparisons with 

ORF1p. ORF1p is distinct from NC in primary sequence and structure. Yet, both bind nucleic 

acids non-specifically in a stoichiometric manner and are ATP independent. The binding site for 
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NC is smaller, being approximately 5 nt (Levin, Guo et al. 2005), while ORF1p binds about 50nt 

(Basame, Wai-lun Li et al. 2006), but this could be accounted by differences in protein size as 

NC is 7-kDa while the ORF1p trimer is 120-kDa. 

1.6.7 ORF1P ADAPTIVE EVOLUTION 

Despite the success of L1 elements in mammals, there is negative selection (also called 

purifying selection) against full-length L1 insertions (Boissinot, Entezam et al. 2001; Boissinot, 

Davis et al. 2006). This implies that full-length L1 elements are deleterious constituting a genetic 

burden on their host and thus being subject to the negative selection. Therefore, L1 containing 

alleles will be lost from the population. There are several reasons for deleterious effects of full-

length L1 elements. L1 can inactivate or modify gene activity (Kazazian and Moran 1998), be 

involved in ectopic homologous recombination resulting in genetic rearrangements (Pasyukova, 

Nuzhdin et al. 2004), and L1 gene products can be toxic (Feng, Moran et al. 1996).  

Since full-length L1 elements are deleterious to their host, it seems likely that the host 

and L1 are interacting with each other: the host to minimize L1 activity, and L1 to retain activity 

by evading host repression. Additionally, competition between L1 elements for limited host 

resources could also drive L1 evolution.    

 L1 activity is dependent on the host for a variety of processes including transcription 

machinery, L1 RNA export from the nucleus, and translation. Additionally, L1 may co-opt host 

proteins for various steps in the retrotransposition process. At all of these interfaces competition 

could exist between L1 and its host.  

 In primates a single lineage of L1 families has existed for the last 60-80 million years 

(Myr) (Figure 1.1) where at a given time only a single L1 family is generally dominant 
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(Boissinot and Furano 2005). A single lineage of L1 may be explained by competition between 

L1 subfamilies for limited host factors. Presumably some host factors act to suppress L1 activity 

while some host factors may promote L1 activity. Competition between L1 subfamilies favors 

elements that evade host repression (Boissinot and Furano 2005). 

 In studying the sequence evolution of the active L1 lineage over the last twenty-five 

million years of human evolution ORF1p, it has been shown that ORF1p underwent an episode 

of positive selection (Boissinot and Furano 2001). Positive selection often indicates adaption or 

the adjustment of an organism to its environment. In this case, the environment is the human 

genome. Positive selection on a coding sequence was measured by comparing the synonymous 

(dS) and non-synonymous (dN) substitution rates (Yang and Bielawski 2000). A synonymous 

substitution does not modify the amino acid sequence while a non-synonymous substitution 

alters the amino acid sequence. The strength and type of selection is indicated by the value of the 

ratio # = dN / dS. If # = 1, then the non-synonymous substitution rate has no effect on the fitness 

and indicates neutral selection. If # < 1, it indicates the non-synonymous substitutions are 

deleterious and are fixed at a lower rate (i.e. cleared from the population) than the synonymous 

substitutions. This is indicative of negative or purifying selection. If # > 1, it indicates that the 

non-synonymous substitutions are advantageous and will be fixed faster than the synonymous 

substitutions. This is indicative of positive or adaptive selection.  

 The ORF1 consensus sequences from the following families were used: L1Pa1, L1Pa2, 

L1Pa3B, L1Pa4, and L1Pa5 in this analysis. To determine if the high rate of substitution in 

ORF1 was indicative of either chance mutation (i.e., neutral selection) or a results of positive 

selection the ratio # was examined. They calculated # for the coiled coil domain independently 

from the entire coding sequence.  
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 Pairwise comparison of coiled coil domain the between L1Pa5 and L1Pa4 gave a # value 

of 98.99, which is significantly higher than 1. Thus, indicating that non-synonymous 

substitutions are advantageous and are being fixed faster than expected by chance. Additionally, 

comparison between L1Pa4 and L1Pa3B gave the # value of 13.74, also significantly higher 

than 1. Similar to the comparison for L1Pa5 this # value indicates that the substitutions were 

indicative of positive selection. Thus, ORF1p has been evolving under positive selection since 

L1Pa5, which arose over 25 million years ago.  

 In contrast, pairwise comparison of the non-coiled coil region shows that it has undergone 

little change as the # value is well below 1. For example, comparing L1Pa4 to L1Pa3B the # 

value of 0.17, which is significantly less than 1. This indicates the non-synonymous substitutions 

are deleterious and subject to negative or purifying selection.  

1.7 STATEMENT OF PURPOSE 

Evolutionary and population genetic studies have shown that at times L1 has been 

deleterious enough to be subjected to negative selection. Nonetheless, L1 has thrived in 

mammalian genomes generating approximately 40% of mammalian DNA. Despite the profound 

effect of L1 on mammalian hosts, little is known about many aspects of L1 biology: How L1 

activity is regulated, the biochemical steps involved in L1 replication, and the interactions of L1 

with its host.  

 By studying the sequence evolution of the active L1 lineage over the last 25 million years 

of human evolution our laboratory identified that ORF1p underwent an episode of adaptive 

evolution (Boissinot and Furano 2001). Specifically, the coiled coil domain acquired more amino 

acid substitutions than would be expected by chance, a phenomenon that reflects positive 
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selection. Positive selection often indicates adaption or the adjustment of an organism to its 

environment (i.e. the host). It is possible that the biochemical properties of ORF1p were altered 

in response to changes in the host or competition between L1 families.  

The coiled coil domain is a highly conserved feature of ORF1p mediating trimer 

formation in all known species and yet is the most variable region in terms of the sequence being 

subject to continual evolutionary change (Furano 2000) and having undergone an episode of 

adaptive evolution in recent primates (Boissinot and Furano 2001). I wanted to examine what the 

biochemical consequences for the adaptive change mean for ORF1p function.  

Hypothesis:  

The coiled coil domain of ORF1p has acquired numerous amino acid changes during primate 

evolution and has been subject to positive selection. Therefore, ORF1p has likely improved its 

enzymatic activity as measured by its in vivo activity in a cell-cultured retrotransposition assay, 

its biochemical activity both in terms of high affinity nucleic acid binding and nucleic acid 

chaperone activity.  

 

Aim 1: Determine the biochemical properties of the currently active ORF1p. 

Aim 2: Investigate whether the modern protein has improved enzymatic activity as compared to 

the ancestral protein. 

Aim 3: Construct mosaic ORF1 proteins that contain regions from either the modern and/or 

ancestral coiled coil domain and characterize their biochemical properties. 
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Chapter II:  

Materials and Methods 
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2.1 ORF1P CONSTRUCTS 

2.1.1 MODERN ORF1P CONSTRUCT 

The modern ORF1 sequence was derived from the L1.3 element (Sassaman, Dombroski 

et al. 1997), an active member of the most recently evolved Ta-1 subfamily of the human-

specific L1Pa1 family (Boissinot, Chevret et al. 2000). A pUC18 vector was modified by the 

addition of NotI and XmaI sites to subclone the modern L1Pa1 ORF1 referred to as p111-mb18. 

In every case, the tobacco etch virus protease site (TEV) was inserted 5’ to the ORF1 sequence. 

The affinity tag could thereby be cleaved with the TEV protease, leaving just a glycine at the N-

terminus of the purified ORF1p.  

2.1.1.1 SITE-DIRECTED MUTAGENESIS TO GENERATE ORF1P M121A/F AND M125A/F 

MUTANTS  

The QuikChange Site-directed mutagenesis kit (Stratagene) was used to change both 

M121 and M125 to either phenylalanine or alanine. A list of the oligonucleotide primers for 

mutagenesis is available from the authors. Mutations were confirmed by DNA sequencing. 

2.1.2 ANCESTRAL AND MOSAIC ORF1P CONSTRUCTS 

L1 retrotransposition is error prone often producing defective L1 copies that remain in 

the genome that accumulate mutations at the pseudogene rate (Voliva et al. 1983; Hardies et al. 

1986; Pascale et al. 1993). L1 variants are also produced that can give rise to an L1 family, 

which shares diagnostic features to the progenitor element (Furano 2000). An L1 family can 

consist of several hundreds to thousands of copies. 

There is not an active ancestral L1Pa5 in the human genome because the element went 

extinct approximately 25 million years ago. The L1Pa5 ORF1 sequences in the genome over 
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time have acquired mutations at the neutral rate. The ancestral L1Pa5 ORF1 consensus sequence 

was derived from an alignment of 840 L1Pa5 ORF1 sequences using a 60% majority rule to 

determine the consensus base. One aspect that required attention is the potential problem of 

spontaneous deamination of methyl-CG to generate a T/G mismatch. Sites in the consensus 

sequence that contained TG (or CA) di-nucleotides could represent ancestral CG dinucleotides as 

these decay to TG (or CA) due to spontaneous deamination of methyl-CG to generate a T/G 

mismatch, which can be converted to a TG (or CA) depending on what strand the deamination 

took place (Coulondre, Miller et al. 1978; Bird 1980; Ehrlich and Wang 1981). Such sites were 

easily determined because different members of the alignment contain TG, CA, or CG at such 

sites. All such sites in the consensus sequence were restored to CG. Comparison of the L1Pa5 

consensus ORF1 sequence with that of its immediate predecessor L1 family, L1Pa6, verified the 

assignments of ancestral CG in L1Pa5 ORF1.  

The DNA sequence encoding the ancestral L1Pa5 ORF1 was synthesized in three steps. 

The first two steps involved the synthesis of the DNA sequence encoding the ancestral N-

terminus corresponding to residues 1-158, as depicted in Figure 2.1. The N-terminus was 

synthesized using oligonucleotides ranging from 17 to 50 nucleotides corresponding to both the 

top and bottom strands. A list of oligonucleotides is available upon request. The oligonucleotides 

were purified by PAGE and then annealed to generate the synthetic fragment.  

For the first step, the 5’ end of the synthetic fragment was synthesized so as to be 

compatible with the 3’ end of a digested NotI restriction site. The 3’ end of the synthetic 

fragment was similarly designed such that its 5’ end was compatible with the highly conserved 

BsmI restriction site in ORF1. The synthetic fragment without ligation was annealed to p111-

mb18 that had been digested with NotI and BsmI and purified from the released 5’ two thirds of 
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the ORF1 sequence by agarose gel electrophoresis. DH5" cells (Invitrogen) were transformed 

with the non-ligated annealed DNA to generate clone p511-18mb. The mosaic ORF1 were 

constructed using convenient restriction sites that divided the coiled coil domain approximately 

in half (refer to Figure 2.2, and its legend for the meaning of this nomenclature).  

 

Figure 2.1 Schematic of the N-terminal half of the ancestral ORF1 synthesis 

 

Figure 2.1 Schematic of the N-terminal half of the ancestral ORF1 synthesis. 5' to the N-

terminus of ORF1 is a NotI site, a highly conserved BsmI site divides the ORF1 coiled coil 

domain in half, there a highly conserved BsmFI site 3’ to the coiled coil domain, and XmaI 3’ to 

the ORF1 termination codon. The corresponding amino acid residue position is indicated (aa#). 

See Figure 4.1 for the amino acid sequence and corresponding restriction sites.  

 

BsmINotI BsmFI

5'3'
5' 3'

1 104 145
 

aa #
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Figure 2.2 Schematic of mosaic ORF1 

 

Figure 2.2 Schematic of mosaic ORF1.The numbering refers to the mosaic ORF1 that are 

described in Chapter IV, section 4.3.1. The mosaic ORF1 were constructed using convenient 

restriction sites that divided the coiled coil domain (CC) approximately in half. Figure 2.1 shows 

a schematic depicting the restriction enzymes used to generate the mosaic ORF1. Domains from 

the modern protein (white rectangle) are referred to a “1” denoting their origin from the L1Pa1 

family and those from the ancestral protein (green rectangle) are denoted with a “5” indicating 

their origin from the L1Pa5 family. For example, the mosaic referred to as 551 is composed of 

the N-terminal domain for the ancestral ORF1, the middle domain from the ancestral ORF1p and 

the C-terminal half of the protein is for the modern ORF1p.  

 

A similar technique to step one was used for the second step, which generated the p551-

18mb and p151-18mb clones. In these cases, oligonucleotides corresponding to just the DNA 

sequence spanning the aforementioned BsmI site and a highly conserved BsmFI site (Figure 2.1) 

was annealed to the gel purified BsmI and BsmFI digested derivatives of either p511-18mb or 

p111-18mb to generate clones p551-18mb and p151-18mb respectively.  

111

551
551
151
555

CC

NotI

BsmI BsmFI

XmaI
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The third step of the ancestral L1Pa5 ORF1 synthesis involved generating the C-terminus 

corresponding to residues 159-338. This final step was done by substituting the BsmF1 and 

XmaI fragment of the p551 clone with a BsmF1 and XmaI fragment that contained the ancestral 

DNA sequence corresponding to the 3’ terminal half of the ancestral sequence (synthesized by 

Retrogen, Inc.). This generated the fully ancestral p555-18mb clone. The structure of these and 

subsequent clones were verified by DNA sequencing. 

2.1.2.1 SITE-DIRECTED MUTAGENESIS TO GENERATE MOSAIC ORF1P 151 MUTANTS  

The QuikChange Site-directed mutagenesis kit (Stratagene) was used to change the 

ancestral nucleotides encoding the ancestral amino acid such that they encoded for their modern 

amino acid counterpart. To restore retrotransposition activity to 151p it was necessary to change 

some of the nine amino acids that differ between the modern and ancestral proteins. The amino 

acids that were mutated are depicted in Figure 4.8. Mutations were confirmed by DNA 

sequencing. Mutations were made to the p151-18mb holding vector. The ORF1 region was then 

subcloned into the retrotransposition holding vector, i.e., 19ep-rsv-mod, using the NotI and XmaI 

restriction sites. This vector contains the L1 retrotransposition cassette. The restriction enzymes 

BsiWI and SalI were used to subclone the L1 retrotransposition cassette into the pRTC vector, a 

modified version of the JM101.L1.3 vector (Moran, Holmes et al. 1996)  that drives expression 

of the L1 transcript by the SV40 promoter. In JM101.L1.3 the neo gene interrupts the 3’UTR. In 

the pRTC vector the neo gene is located downstream of the 3’UTR preserving any conserved 

structures that could be important (see Chapter 4.3.2). This generated p111RTC, p151RTC, 

p555RTC. Additionally, a version of the retrotransposition vector which lacks the 5’UTR such 

that transcription was driven only by the CMV promoter was used in experiments with constructs 

JM_111$5UTR, JM_151$5UTR, JM_Mut7$5UTR, and JM_Mut8$5UTR. 
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2.1.3 ORF1P EXPRESSION CONSTRUCTS 

2.1.3.1 E. COLI ORF1P EXPRESSION CONSTRUCTS 

For expression in E. coli: The GST affinity tag was fused to the N-terminus of TEV-

ORF1p (GST-TEV-ORF1p) in pGEX-5X (GE Lifesciences). An N-terminal ORF1p deletion 

mutant was subcloned by deleting its first 127 residues (Stratagene QuikChange deletion 

protocol) to generate M128p (arrow in Figure 3.1; residues 128-338, Figure 3.11). Thioredoxin 

(Trx) and a hexa-histidine (HIS) affinity tag were fused to the N-terminus of TEV-M128p (Trx-

HIS-TEV-M128p) in the pET32a vector (Novagen).  

2.1.3.2 BACULOVIRUS ORF1P EXPRESSION CONSTRUCTS 

Modern, ancestral, and mosaic ORF1p were expressed in insect cells. HIS was fused to 

the N-terminus of TEV-ORF1p (HIS-TEV-ORF1p) in the pFastBac1 vector (Invitrogen) for 

baculovirus infection. The modern ORF1p is referred to as HIS-ORF1 in Chapter III or 111p in 

Chapter IV. Expression of the ancestral 555p and mosaic 151p was in the same fashion whereby 

the appropriate ORF1 DNA sequence was subcloned using the restriction enzymes NotI and 

XmaI into the HIS-TEV-ORF1-pFastBac1 vector for baculovirus expression.  

2.1.3.3 HELA CELL ORF1P EXPRESSION CONSTRUCTS 

 To detect ORF1p expression in HeLa cells a T7 epitope tag was fused to the C-terminus 

(Kulpa and Moran 2005). First, the p111-mb18 and p151mb18 vectors were modified by PCR 

mutagenesis to encode eleven amino acids from the T7 bacteriophage gene also known as the T7 

epitope tag corresponding to residues: Met-Ala-Ser-Met-Thr-Gly-Gly-Gln-Gln-Met-Gly. The T7 

epitope tag was fused to the C-terminus of ORF1 generating p111-T7-mb18 and p151-T7-mb18. 
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The CMV-5 vector was a gift from the John Moran Laboratory, University of Michigan. 

The multiple cloning site (MCS) was modified using the restriction sites EcoRI and BamHI. The 

new MCS is 5’ BamHI-NotI-SalI-MluI-BstZ17I-EcoRI-XmaI 3’. We subcloned the ORF1-T7 

fusions from p111-T7-mb18 and p151-T7-mb18 using BamHI and MluI restriction enzymes to 

generate CMV-111-T7 and CMV-151-T7.  

We chose to monitor ORF1p expression using the CMV-5 vector as ORF1p could be 

detected 3-days post-transfection. ORF1p expression from the pRTC vector is very low even 14 

days post-transfection (Kulpa and Moran 2005). Thus, for our purposes since we only wanted to 

determine if the ORF1p and mutants could be expressed in HeLa cells the CMV-5 vector was 

suitable.  

2.2 ORF1P PURIFICATION  

2.2.1 PURIFICATION OF ORF1P AND M128P FROM E. COLI  

During this purification and the one described in the next section, the ORF1p- or M128p-

containing fractions were identified by SDS-PAGE. Both full-length GST-TEV-ORF1p and Trx-

HIS-TEV-M128p were expressed in Rosetta cells (EMD Chemicals) grown at 19°C for 16 hours 

after induction with 0.2 mM IPTG. Trx-HIS-TEV-M128p was purified as described in the 

purification of ORF1p from sf9 cells (refer to Materials and Methods section 2.2.2.2.1).  

GST-TEV-ORF1p was purified at 4°C as follows: the cell pellet from 1 liter of cells was 

resuspended in 200 ml GST lysis buffer (10 mM Na phosphate, pH 7.2, 650 mM NaCl, 2.5 mM 

DTT, and 0.5 mM EDTA) followed by sonication. The lysate was centrifuged at 24k x g for 30 

minutes and the supernatant incubated with 1.5 ml glutathione beads (EMD Chemicals) for 1 

hour. The slurry was washed in 100 ml GST lysis buffer for 5 minutes, the beads loaded into a 
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BioRad Glass Econo-column (1.5 x 10 cm) and GST-TEV-ORF1p was eluted with 40 ml lysis 

buffer supplemented with 10 mM glutathione; 3 ml fractions were collected for analysis. The 

GST-TEV-ORF1p-containing fractions were pooled and incubated with 650 nM TEV protease 

during overnight dialysis against 2 liters Tris storage buffer (20 mM Tris-HCl, pH 7.5, 500 mM 

NaCl, 1 mM EDTA, 10% w/v glycerol, 5 mM DTT). The protein was further purified as 

described in the purification of human ORF1p from sf9 cells. 

2.2.2 PURIFICATION OF ORF1P FROM SF9 CELLS 

2.2.2.1 AN OVERVIEW OF THE ORF1P BACULOVIRUS EXPRESSION SYSTEM  

An overview of the bac-to-bac® baculovirus expression system (Invitrogen) is depicted 

in Figure 2.3. This system rapidly generated recombinant baculoviruses through a site-specific 

transposition of the expression cassette, which contained the polyhedrin promoter (PPH) and 

HIS6-TEV-ORF1 (gene) into the baculovirus shuttle vector, which is a bacmid. This 

recombination event generates the recombinant bacmid. The recombinant bacmid was then 

transfected into insect cells, which after a few days start producing recombinant viral particles. 

The virus was harvested and propagated to a high titer preparation. The high titer virus was then 

used to infect sf9 cells whereby the HIS6-TEV-ORF1 fusion protein was expressed.  

I established the bac-to-bac® baculovirus expression system in our laboratory. However, 

after learning the techniques for viral production and determining the optimal conditions for 

protein expression, this work is now commercially performed by the Protein Expression 

Laboratory (PEL) ay NCI-Frederick.  
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Figure 2.3 Diagram of the Bac-to-Bac baculovirus expression system 
 

 

Figure 2.3 Diagram of the Bac-to-Bac baculovirus expression system. The figure outlines the 

steps involved in generating a recombinant baculovirus for recombinant protein expression. 

Modified from the Bac-to-Bac® Baculovirus Expression System Manual (Invitrogen). 

 

2.2.2.1.1 GENERATE THE RECOMBINANT BACMID  

 The HIS6-TEV-ORF1 pFastBac1 is referred to as the donor vector. The donor vector 

contains the polyhedrin promoter upstream of the transcription start site followed by the HIS6-
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TEV-ORF1 gene and a SV40 polyadenylation signal. The donor vector was used to generate the 

recombinant bacmid. Plasmid DNA was analyzed for the presence and correct orientation of the 

HIS6-TEV-ORF1 DNA in the pFastBac1 vector by restriction enzyme analysis and confirmed by 

DNA sequencing.  

 The recombinant bacmid was generated by transfection of the donor plasmid, which 

contained the mini-Tn7 sites flanking the polyhedrin promoter and SV40 polyadenylation signal, 

into Max Efficiency DH10BacTM (Invitrogen) competent E. coli. The DH10BacTM cells 

contained the bacmid, which has a lacZ gene and a target site for the bacterial transposon Tn7 

(mini-attTn7), and a helper plasmid that encodes the proteins required for Tn7 transposition. 

Transposition of the Tn7 element from the HIS6-TEV-ORF1 pFasBac1 donor to the target site, 

mini-attTn7, on the bacmid required a helper plasmid that supplied in trans the Tn7 transposition 

activity (Barry 1988).  

 The DH10BacTM E. coli chemically competent cells were transformed with 1ng of the 

HIS6-TEV-ORF1 pFastBac1 donor plasmid as described in the Bac-toBac® Baculovirus 

Expression System Manual except that 100, 200 and 300µl of the transformation reaction were 

plated onto LB agar containing 50µg/ml kanamycin, 7µg/ml gentamicin, 10µg/ml tetracycline, 

100ug/ml X-gal, and 40µg/ml IPTG.  

 Insertion of the mini-Tn7 along with the gene of interest disrupts expression of the LacZ" 

peptide allowing for blue white screening of recombinant bacmids, which is indicated by white 

colonies while the unaltered bacmids generate blue colonies. White colonies were re-streaked 

and the recombinant baculovirus was verified by PCR (Figure 2.4). Figure 2.4A is a schematic of 

the PCR screening method. Figure 2.4B shows the reaction products electrophoresed on a 1% 

agarose gel. The expected products were detected for each primer pair.  



!

! 56!

Figure 2.4 Analyzing the recombinant bacmid by PCR 
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Figure 2.4 Analyzing the recombinant bacmid by PCR. (A) Schematic of the Tn7 section of 

bacmid DNA (top) without and (bottom) with the recombinant gene of interest, which is flanked 

by TN7R / L sites. The antimoitic resistance gene, gentamicin, the polyhedrin promoter (PPH), 

and HIS-dNOT-111 sequences are highlighted. The PCR primers (black arrows) are shown along 

with the indicated PCR product size. (B) The PCR reaction products for each primer pair (as 

indicated above each lane) were electrophoresed on a 1% agarose gel as described in the 

Methods. Molecular weights for the marker (M) are shown on the left and PCR product sizes are 

noted on the right.  

 

2.2.2.1.2 GENERATE THE BACULOVIRUS  

 Once the HIS6-TEV-ORF1 gene was confirmed to be present in the recombinant bacmid, 

sf9 insect cells, which are derived from the pupal ovarian tissue of Spodoptera frugiperda, were 

transfected as described in the Bac-toBac® Baculovirus Expression System Manual to produce 

the recombinant baculovirus. Once the transfected cells showed signs of late to very late 

infection, the supernatant was collected and clarified by centrifugation at 500 x g for 5 minutes 

to remove large debris. Typically, virus buds are released into the medium about 72 hours post 

transfection and demonstrate characteristics of late infection including cessation of cell growth, 

granular appearance - a sign of viral budding, and detachments. Very late infection is noted by 

cell lysis. This was the P1 viral stock, which is of low-titer and must be amplified. To amplify 

the virus stock, sf9 cells were infected with the P1 viral stock and 48 hours post infection (hpi) 

the supernatant was collected. This P2 viral stock was clarified by centrifugation at 1k x g and 

stored in the dark at 4ºC because the baculovirus stock is light sensitive.  

 A plaque assay as described in the Bac-toBac® Baculovirus Expression System Manual 
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was used to determine the viral titer of the P2 viral stock was 0.95 x 107 pfu/mL (plaque forming 

units, pfu). To calculate the viral titer from the viral plaque assay the following equation was 

used: (titer in pfu/ml) = (number of plaques) x (dilution) x (1/ ml of inoculum per well).  

2.2.2.1.3 OPTIMIZE EXPRESSION OF THE RECOMBINANT PROTEIN  

 Various expression conditions were analyzed to determine optimal expression conditions 

including the optimal multiplicity of infection (MOI), time point at which to harvest the cells, 

and cell growth conditions (Figure 2.5). The first condition examined was the MOI or the 

number of viral particles per cell in the 1% fetal bovine serum (FBS) or in serum-free media 

(Figure 2.5A and B respectively). A range of MOIs was examined from 0-10, harvesting 48 and 

72 hours post infection (hpi). In this initial experiment, the levels of HIS-ORF1p expression were 

examined via western blot using an antibody to the HIS affinity tag. There was little difference 

detectable between the various MOIs. In future experiments an MOI of 5 was used. However, 

there were higher levels of HIS-ORF1p detected 72 hpi than 48 hpi and in media supplemented 

with 1% FBS. In Figure 2.5C, the whole cell and cleared lysate were examined by western blot 

after sf9 cells were infected at a MOI of 5 and harvested either 48 or 72 post infection. Cells 

were lysed as described below for sf9 cell lysis by resuspending the cell pellet in 100µL of lysis 

buffer and centrifuging at 17k x g for 10 minutes to pellet any debris. The whole cell lysate and 

cleared lysate were loaded onto the gel in 1X SDS loading buffer. More soluble ORF1p is 

detectable 48hpi in the cleared lysate than in the 72hpi cleared lysate. Optimal conditions were 

found to be growth of cells at 27 ºC in Sf-900 II SFM (Invitrogen) supplemented with 1% fetal 

bovine serum (FBS, Gibco) and a MOI of 5, harvesting 48hpi.   
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Figure 2.5 Western blot of cell extracts from sf21 cells infected with recombinant 
baculovirus
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Figure 2.5 Western blot of cell extracts from sf21 cells infected with recombinant baculovirus. 

(A, B) Cells were infected at the indicated MOI and harvested either 48 or 72 hours post 

infection (hpi). Cells were harvested and boiled in 1X SDS loading buffer then ran on a 10% 

SDS-PAGE. Proteins were transferred to nitrocellulose, blocked and incubated in mouse anti-

HIS antibody followed by goat anti-mouse-HRP conjugated antibody. After incubation in 

chemiluminescent substrate and exposed to film the membrane was incubated in mouse anti-"-

tubulin antibody followed by goat anti-mouse-HRP conjugated antibody. The membrane was 

incubated in chemiluminescent substrate before exposing the membrane to film. Cells were 

grown in (A) 1% serum and in (B) serum free media. (C) Sf9 cells grown in a suspension culture 

in media supplemented with 1% serum were infected with recombinant baculovirus at an MOI of 

5. Ten milliliters of infected cells were collected by centrifugation 48 and 72hpi. Cell pellets 

were frozen and later lysed in one-milliliter 1X lysis buffer (100mM Tris, 1mM #-

mercaptoethanol, 500 mM KCl, 2% NP-40). Five microliters of whole cell lysate (WC) was 

loaded on an SDS-PAGE. Lysate was then cleared by centrifugation at 17,000 x g for 30 

minutes. Five microliters of cleared lysate (CL) was loaded on an SDS-PAGE. Western blot 

using mouse anti-HIS antibody was performed as described above. "-tubulin is approximately 

50kDa and HIS-ORF1p is 42kDa. (D) The Protein Expression Lab at NCI-Frederick infected sf9 

cells with recombinant baculovirus. Samples were prepared and treated as described in C.  
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2.2.2.2 ALTERNATIVE SOURCE OF BACULOVIRUS EXPRESSED ORF1P 

Once conditions were established for optimal protein expression, both production of the 

baculovirus and expression of recombinant protein were performed by the Protein Expression 

Lab (PEL) at NCI-Frederick.  

PEL performed a small-scale expression experiment where sf9 cells were infected at an 

MOI of 3 and harvested at either 48 or 72 hpi (Figure 2.5D). For future experiments PEL 

expressed HIS6-TEV-ORF1p in sf9 cells in suspension at 27ºC infected with the recombinant 

baculovirus at a MOI of 3 then harvested 48 hpi. Cells were stored at -80ºC. In addition to 

expressing the modern ORF1p, PEL also expressed the ancestral and mosaic ORF1 proteins. 

ORF1 proteins in experiments discussed below are from this source. 

2.2.2.2.1 PURIFICATION OF ORF1P FROM SF9 CELLS  

The recombinant baculovirus was generated from HIS-TEV-ORF1p-FastBac1 using the 

Bac-to-Bac® baculovirus expression system (Invitrogen). Sf9 cells grown in suspension culture 

were infected at 27°C at a multiplicity of infection of 3 virions / cell, and harvested the cells 72 

hours post infection. The cells were collected by centrifugation at 500 x g and cell pellets stored 

at -80°C. HIS-TEV-ORF1p was then purified at 4°C as follows: the cell pellet from 1 liter of 

cells was resuspended in 250 ml 100 mM Tris-Cl, pH 8.0, 1 mM #-mercaptoethanol, 500 mM 

KCl, 2% NP-40, and after 30 min on ice the lysate was sonicated. The lysate was centrifuged at 

24k x g for 30 minutes, then incubated with 1 ml Ni-NTA HIS bind resin beads (Novagen) for 1 

hour. The slurry was centrifuged at 3k x g for 5 minutes. The resin were washed twice with 2.5 

ml buffer E (20 mM Tris, 500 mM NaCl, 5 mM DTT) supplemented with 40 mM imidazole, 

loaded into a BioRad Glass Econo-column (1.5 x 10 cm), and the HIS-TEV-ORF1p was eluted 

from the from the Ni-NTA resin with 10 ml Buffer E that contained 400 mM imidazole; 1 ml 



!

! 62!

fractions were collected for analysis. The ORF1p-containing fractions were pooled and dialyzed 

overnight against 1 liter Tris storage buffer in the presence of 650 nM TEV protease. The 

partially purified ORF1p (~5mL) was further purified on a HiLoad 26/60 Superdex-200 size 

exclusion column (GE Healthcare) that had been equilibrated in Tris storage buffer. The protein 

was concentrated by applying the pooled fractions to a 1 ml HiLoad heparin column (GE 

Healthcare) in Tris storage buffer and the protein was eluted Tris storage buffer adjusted to 2 M 

NaCl. The ORF1p-containing fractions were pooled and the eluate was dialyzed against Tris 

storage buffer overnight. The protein concentration was determined by A280 nm in a 1 cm cell 

using the following calculated extinction coefficients: 1 mg/ml ORF1p = 0.635 absorbance units; 

1 mg/ml M128p = 0.723 absorbance units. Protein samples were stored in aliquots at -80ºC. 

2.2.2.2.2 A REPRESENTATIVE ORF1P PURIFICATION FROM SF9 INSECT CELLS 

Sf9 cells were lysed and the HIS6-TEV-ORF1 fusion protein (HIS6-TEV-ORF1p) was 

purified on a nickel column as described in the Methods section. Fractions collected from the 

nickel column were electrophoresed on SDS-PAGE (Figure 2.6A). Most of the HIS-ORF1p 

eluted in Fractions E1-5. These fractions were pooled. We engineered the recombinant HIS-

ORF1p such that there is a TEV protease site that is adjacent to the N-terminus of ORF1p. Upon 

TEV protease cleavage the HIS6  affinity tag will be removed leaving a single gylcine residue 

from the TEV cleavage site at the N-terminus of ORF1p. The pooled HIS-ORF1p fractions were 

dialyzed overnight in 650 nM TEV protease. The eluate from the nickel column before and after 

treatment with TEV protease was analyzed (Figure 2.6B). The TEV protease successfully 

cleaved the ORF1p sample, as there is a slight change in the molecular weight of the migrating 

proteins before and after cleavage.   
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The ORF1p sample following TEV cleavage was further purified on a gel filtration 

column as described in the Materials and Methods Section 2.2.2.1.5. There are two major peaks, 

labeled 1 and 2, in the chromatogram shown in Figure 2.7. Fractions from peak 1 do not contain 

protein visible by SDS-PAGE analysis. The high A260 reading for peak 1 suggests that it 

contains mostly nucleic acid. The second major peak centered contains a ~40-kDa protein 

corresponding to ORF1p visible by SDS-PAGE analysis. Since it was shown that human ORF1p 

is trimeric (Khazina and Weichenrieder 2009), the recombinant ORF1p elutes as a multimer 

from the size exclusion column at 165ml which is well before a 40 kDa protein would be 

estimated to elute from the column around 130 ml. ORF1p runs as a monomer under denaturing 

conditions on SDS-PAGE. Fractions 6-16 were pooled from peak 2 for further analysis.  

Next the ORF1p samples (~20 ml) were concentrated to 1 mg/mL (~1.5 ml total volume) 

by binding to a heparin column and then eluting in 2 M NaCl (Figure 2.6C, samples 6 & 7) as 

described in the methods. This is a very quick and efficient method to concentrate ORF1p. 

Concentrating ORF1p using Centricon filtration units (Millipore) resulted in significant loss of 

protein sample (~30 - 40%) since the protein sample would bind to the cellulose membrane.  
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Figure 2.6 SDS-PAGE analysis of HIS-ORF1p purification 
 

 

Figure 2.6 SDS-PAGE analysis of HIS-ORF1p purification. (A) Cell lysates before and after 

purification on a nickel column were electrophoresed on a 4-12% Novex Gel under denaturing 

conditions. Molecular weights for the marker (M) are shown on the left. Whole cell lysate (WC), 

cleared lysate (CL) after centrifugation, flow through (FT) from sample loaded onto nickel 

column, wash (W) sample collected, elution from nickel column (E1-9). Elutions (E) 1-5 were 

pooled and cleaved overnight with TEV protease to remove the HIS6 affinity tag. (B) ORF1p 

sample not treated (-) and treated (+) with TEV protease. (C) Following gel filtration ORF1p 

samples were concentrated on a nickel column. Sample before loading onto the column is 

indicated (Load), samples 1 & 2 correspond to wash, samples 3-9 are elutions collected from the 

column.  
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Figure 2.7 Size exclusion chromatograph
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Figure 2.7 Size exclusion chromatography. (Top) Size exclusion chromatogram from ORF1p 

sample after TEV cleavage where red indicates A260 and blue A280. Protein samples were 

analyzed by SDS-PAGE. Load indicates the sample before loading onto the column; Peak 1 

indicates sample from peak 1, and 2mL fractions from peak 2 (lanes labeled 1-20). Dashed lines 

indicate region of the chromatogram that corresponds to the peak 2 protein samples.  

2.2.2.2.3 ORF1P SOLUBILITY 

In purifying ORF1p from both E. coli and baculovirus infected insect cells, it was 

observed that nucleic acid-free ORF1p solubility was sensitive to salt concentration. In 

conditions below 500 mM, ORF1p precipitated out of solution as a white aggregate. The addition 

of RNA of either 30nt or 10nt to ORF1p in 50mM NaCl retained soluble ORF1p Figure 2.8A 

and B respectively).  
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Figure 2.8 ORF1p solubility 
 

 

Figure 2.8 ORF1p solubility. 16uM ORF1p purified from baculovirus infected insect cells 

incubated with or without 40 uM RNA substrate for 5 minutes (A) 30mer RNA or r30_3’UTR-a 

or (B) 10mer or r10_PolyA RNA (see Table 2.1 for oligonucleotide sequences) in 50 mM NaCl 

and centrifuged at 17k x g for 10 minutes at 4ºC. The soluble fraction (S) and resuspended pellet 

(P) were analyzed by SDS-PAGE and stained with Coomassie blue SimplyBlue Safe Stain 

(Invitrogen). The kDa’s of the marker (M) bands are indicated on the left side of each gel image.   

 

2.4 OLIGONUCLEOTIDES  

Oligonucleotides were radiolabeled (Table 2.1 – Midland Certified Reagent Company) 

with $-[32P]-ATP (Perkin-Elmer) using T4 polynucleotide phosphorylase (Optikinase, 

Affymetrix) and unincorporated radiolabel was removed by chromatography on a G50 spin 

column (GE Healthcare). Radioactive duplex DNA was prepared by annealing 100 nM [32P]-
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oligonucleotide with 125 nM of its unlabeled complement in 50 mM NaCl. Oligonucleotides 

were stored at -20°C.  

2.5 ORF1P PROTEIN ASSAYS 

2.5.1 PROTEIN CROSS-LINKING  

ORF1p or M128p was dialyzed against Hepes storage buffer (20 mM Hepes, pH 7.5, 

10% w/v glycerol, 0.5 M NaCl); the proteins were then stored at -80ºC until needed for the cross-

linking assay. The protein (added last) was diluted into 10-20 µl reactions at room temperature in 

oligonucleotide binding buffer (20 mM Hepes, pH 7.5, 10 % w/v glycerol), adjusted to the 

desired concentration of NaCl (0.05-0.5 M) and various oligonucleotides as indicated in Figures 

3.2, 3.3, 3.4, and Appendix A.4. After various times (immediately to 20-30 minutes) 0.1 volume 

of 10 or 0.5 mM ethylene glycobis(succinimidylsuccinate) (EGS, Pierce Biotechnology) freshly 

made in dimethyl sulfoxide (DMSO, Sigma) was added. After 30 - 60 minutes at room 

temperature the reaction was quenched with one-tenth volume of 1 M Tris-Cl, pH 8.0, subjected 

the samples to SDS-PAGE, and the gels were stained with either colloidal Coomassie blue 

(PageBlue, Fermentas) or silver stain (Pierce).  

2.5.2 NUCLEIC ACID BINDING ASSAYS 

2.5.2.1 FILTER BINDING ASSAY  

A two-membrane filter-binding assay was modified (Wong and Lohman 1993) as 

follows: the use of a 96-well spot-blot apparatus (minifold I, Schleicher and Schuell) and the use 

of a zeta-probe GT (Bio-Rad) membrane which was layered beneath 0.45 micron nitrocellulose 

membrane. Binding reactions (prepared on ice) contained 0.2 nM single stranded DNA in 

binding buffer (20 mM Tris, 10% glycerol (w/v), 0.5 mM MgCl2, 0.1 mM DTT, and 100 µg/ml 
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BSA). 1/10th volume of the appropriately diluted ORF1p was added in 0.5 M NaCl (final [NaCl] 

= 0.05 M, 0.1, or 0.5M as indicated in Figure 2.9) and incubated the reaction at 37ºC for 1 hour. 

Thirty µl samples of the binding reaction were applied to the membrane layer under vacuum and 

washed with 200 ul binding buffer containing either 50 mM, 100 mM, or 500 mM NaCl as 

indicated in Figure 2.9 NaCl. Both dried membranes were exposed to Fujifilm BAS-MS 

Phosphor Imager screens and scanned on a Fuji FLA-5000 series Image Analyzer (Fuji Medical 

Systems). The Image Gauge software (version 3.0, Fuji Medical Systems) was used for 

quantitation. Fraction bound (FB) = [radioactivity bound to nitrocellulose / (radioactivity bound 

to nitrocellulose + radioactivity bound to zeta probe)]. The fraction bound as a function of 

protein concentration was plotted using KaleidaGraph version 4.1. Data points were fit using the 

following equation for a logistic function: y (fraction bound) = m1 + (m2-m1)/(1+(X/m3)^m4), 

where X = [ORF1p] added; m1 = [ORF1p] at maximal ligand bound; m2 = fraction ligand bound 

at 0 [ORF1p], m3 = [ORF1p] where half of the ligand is bound, i.e., [ORF1p0.5FB]; m4 = slope of 

the binding curve plotted as a function of the natural log of [ORF1p] (DeLean, Munson et al. 

1978). 

Figure 2.9 shows full-length ORF1p binding to single stranded DNA under different 

NaCl concentrations. Although this experiment was only conducted one time, the results were 

conclusive that ORF1p binds single stranded DNA with high affinity in buffer supplemented 

with 50 mM NaCl. High affinity binding was not measured in 100 mM nor 500 mM NaCl 

conditions. Future nucleic acid binding reactions were conducted in 50 mM NaCl. 
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Figure 2.9 Binding of single stranded DNA by ORF1p in 50 mM, 100 mM, and 
500 mM NaCl 
 

Figure 2.9 Binding of single stranded DNA by 

ORF1p in 50 mM, 100 mM, and 500 mM NaCl. 

Each binding assay was carried out for 1 hour at 

37ºC as decribed in the Materials & Methods 

(Chapter 2.5.2.1). A 33-mer single stranded DNA 

was used in these experiments. The sequence for 

oligonuclotide d33_c was 5’ 

GAAGCTTCAGGAGCCGATGCATCAACTGG

AAGA 3’. In this preliminary experiment, high affinity binding was measured in 50 mM NaCl.  

 

A two-membrane filter-binding assay was modified (Wong and Lohman 1993) as 

follows: a 47-mm zeta-probe GT (Bio-Rad) membrane was gridded into twelve equal squares 

(using a pre-inked stamp) and after soaking it in binding buffer (see below) layered a presoaked 

47mm diameter 0.45 micron nitrocellulose membrane on it. On a fritted glass filter support that 

had been inserted into a side arm flask connected to house vacuum the filter layer (nitrocellulose 

filter up) were placed. This apparatus was not only far easier to assemble than a traditional dot-

blot apparatus but unlike the latter provided a uniform vacuum across the membrane. Binding 

reactions (prepared on ice) contained 0.2 nM single stranded or 0.1 nM double stranded [32P]- 

oligonucleotides in binding buffer (20 mM Tris, 10% glycerol (w/v), 0.5 mM MgCl2, 0.1 mM 

DTT, and 100 µg/ml BSA). 1/10th volume of the appropriately diluted ORF1p was added in 0.5 

M NaCl (final [NaCl] = 0.05 M) and incubated the reaction at 37ºC for 1 hour. Five µl samples 
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of the binding reaction were applied in duplicate to the membrane layer under vacuum and 

washed with 2 ml binding buffer containing 50 mM. Both dried membranes, exposed to Fujifilm 

BAS-MS Phosphor Imager screens and scanned on a Fuji FLA-5000 series Image Analyzer (Fuji 

Medical Systems). The Image Gauge software (version 3.0, Fuji Medical Systems) was used for 

quantitation. Fraction bound (FB) = [radioactivity bound to nitrocellulose / (radioactivity bound 

to nitrocellulose + radioactivity bound to zeta probe)]. The fraction bound as a function of 

protein concentration was plotted using KaleidaGraph version 4.1. Data points were fit using the 

following equation for a logistic function: y (fraction bound) = m1 + (m2-m1)/(1+(X/m3)^m4), 

where X = [ORF1p] added; m1 = [ORF1p] at maximal ligand bound; m2 = fraction ligand bound 

at 0 [ORF1p], m3 = [ORF1p] where half of the ligand is bound, i.e., [ORF1p0.5FB]; m4 = slope of 

the binding curve plotted as a function of the natural log of [ORF1p] (DeLean, Munson et al. 

1978). 

2.5.2.2 ELECTROPHORETIC MOBILITY SHIFT COMPETITION ASSAY  

Radioactive nucleic acids were mixed to the gel shift buffer (20 mM Hepes, 0.5 mM 

MgCl2, 200 µg/ml BSA, 20 mM DTT) and ORF1p to dilution buffer (20 mM Hepes, 0.5 mM 

MgCl2, 500 mM NaCl) on ice. After equilibrating the [32P]-nucleic acid samples for 1 minute at 

30ºC, ORF1p was added such that the final concentration of NaCl in the binding reaction was 50 

mM and the reactions were incubated for 20 minutes at 30ºC. For competition experiments non-

radioactive nucleic acids were added either with, or 10 minutes after, addition of the protein. The 

same results were obtained either way. After adding loading buffer (15% glycerol, 50 mM NaCl, 

and bromophenol blue dye) the samples were electrophoresed for 65 minutes on 6% 

polyacrylamide gels in 20 mM Hepes, 10 mM sodium acetate buffer at 200V at 4°C. 

2.5.2.3 MELTING ASSAY  
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The radioactive duplex (1 nM) was mixed in binding buffer (see previous section) with 

ORF1p to a final concentration of 50 mM NaCl on ice. After 5 minutes at 37ºC 10 µl of the 

reaction were added to 10 µl of ice-cold stop mix (0.2% SDS, 3% glycerol, 400 ng/µl tRNA, and 

bromophenol blue) and resolved duplex and single stranded oligonucleotides by electrophoresis 

for 1.5 hours at 4°C as described for the gel shift experiments. The radioactivity of the dried gels 

was determined using a phosphorimager as described in the filter-binding assay. Fraction single 

stranded DNA = [radioactive single stranded DNA / (radioactive single stranded DNA + 

radioactive double stranded DNA)] – (fraction single stranded DNA at 0 protein). The fraction of 

single stranded DNA was plotted as a function of protein concentration.  

2.5.2.4 ANNEALING ASSAY  

 Unless, stated otherwise, 2 nM of d29 and 1.8 nM [32P]-d29_c oligonucleotides (Table 

2.1) were mixed in binding buffer with ORF1p at a final concentration of 50 mM NaCl, and after 

5 minutes at 37ºC the reactions were treated as described in the melting assay. Fraction double 

stranded DNA = [radioactive double stranded DNA/(radioactive double stranded DNA + 

radioactive single stranded DNA)]. The fraction of double stranded DNA was plotted as a 

function of protein concentration without subtracting the value for 0 protein. 

2.5.3 N-TERMINAL SEQUENCING  

The origin of the ~24-kDa protein that co-purified with GST-ORF1p expressed in E. coli 

was identified by N-terminal sequencing. After size exclusion chromatography, ORF1p fractions 

were analyzed on a 4-12% NuPage gel (Invitrogen). The two major proteins were transferred to a 

PVDF membrane with a Novex blotting apparatus. The 24-kDa band was excised from the 

membrane, and analyzed on an Applied Biosystems Procise protein sequencer.  
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2.5.4 ANALYTICAL ULTRACENTRIFUGATION  

Sedimentation velocity or sedimentation equilibrium of ORF1p or M128p (in Tris storage 

buffer – see Materials and Methods 2.2.1) was carried out in a Beckman Optima XL-A or a 

Beckman Coulter Proteome XL-I analytical ultracentrifuge. 2-channel, 12 mm path length cells 

were used for sedimentation velocity, whereas 6-channel, 12 mm path length cells were used for 

sedimentation equilibrium.  

2.5.4.1 CENTRIFUGATION VELOCITY 

2.5.4.1.1 ORF1P CENTRIFUGATION VELOCITY  

This was carried out at 6.5 and 13.0 µM, 20.0 ºC and 55k rpm. One hundred and sixty 

absorbance (280 nm) scans were collected at 6.2 minute intervals using a radial spacing of 0.003 

cm. Data were analyzed in SEDFIT 11.71 (Lebowitz, Lewis et al. 2002; Schuck 2003) in terms 

of a continuous c(s) distribution covering an s20,w range of 0.1 – 23 S with a resolution of 100 

and a confidence level (F-ratio) of 0.68. Good fits were obtained with root mean square 

deviations of 0.0047–0.0077 absorbance units. The solution density (%) measured at 20.00 ºC 

(Mettler Toledo DE51 density meter) corresponded to that calculated in SEDNTERP 1.09 

(Hayes 2008). Therefore the viscosity (&) was calculated based on the solvent composition in 

SEDNTERP 1.09 (Hayes 2008). The partial specific volume (v) for ORF1p was also calculated 

in SEDNTERP 1.09 and sedimentation coefficients s were corrected to s20,w.  

2.5.4.1.2 M128P CENTRIFUGATION VELOCITY  

This was carried out at 8.8 and 18.3 µM, 20.0 ºC and 50k rpm. One hundred and forty 

absorbance (280 nm) scans using a radial spacing of 0.003 cm (Lebowitz, Lewis et al. 2002; 

Schuck 2003) and analyzed in terms of a continuous c(s) distribution. 
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As in the case of ORF1p, the solution density (%) measured at 20.00 ºC corresponded to that 

calculated in SEDNTERP 1.09 (Hayes 2008). The sedimentation velocity data collected at both 

loading concentrations were also analyzed globally in terms of a Lamm equation describing a 

monomer-trimer self-association in SEDPHAT 7.03 (Schuck 2000; Dam and Schuck 2005) with 

the implementation of mass conservation. Excellent fits were obtained with 2 root mean square 

deviations ranging from 0.0033 – 0.0035 absorbance units. 

2.5.4.2 SEDIMENTATION EQUILIBRIUM 

2.5.4.2.1 ORF1P SEDIMENTATION EQUILIBRIUM  

Protein at 18.5 and 37.9 µM was centrifuged at 11, 14 and 17 krpm at 4ºC. The average 

of four absorbance measurements at 250 and 280 nm were collected with a radial spacing of 

0.001 cm. Equilibrium was achieved within 48 hours. Data were analyzed globally using 

SEDPHAT 6.21 (Schuck 2000; Dam, Velikovsky et al. 2005) in terms of a single ideal solute 

with excellent data fits. 

2.5.4.2.2 M128P SEDIMENTATION EQUILIBRIUM  

M128p at loading concentrations of 6.1, 12.2 and 18.8 µM was centrifuged at 12, 16, 20 

and 24 krpm at 4ºC. The average of four absorbance measurements at 280 nm and a radial 

spacing of 0.001 cm were collected for each speed. Sedimentation equilibrium was achieved 

within 48 hours. Data collected at different speeds and loading concentrations were analyzed 

globally in terms of a monomer-trimer self-association in SEDPHAT 7.03 (Schuck 2000; Dam 

and Schuck 2005) with the implementation of mass conservation. The partial specific volume v 

was calculated based on the amino acid composition in SEDNTERP 1.09 (Hayes 2008), together 

with the extinction coefficient at 280 nm. Errors in the equilibrium constants were determined 
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using the method of F-statistics with a confidence level of 68.3%. 

2.5.5 LIMITED PROTEOLYSIS 

 Protein at 0.1 mg/ml was incubated in protease digestion buffer (500mM Hepes, pH 7.6, 

250mM EDTA, 1.25% glycerol w/v, 4mM CaCl2) using sequential dilutions of protease for 1 

hour on ice. Protease concentrations were 2 mg/ml, 80 µg/ml, 3.2 µg/ml, and 128 ng/ml. 

Proteases included papain (Sigma-Aldrich), chymotrypsin (Sigma-Aldrich), and trypsin (Sigma-

Aldrich). Adding 2X SDS-PAGE buffer and immediately heating the samples to 95ºC for 5 

minutes quenched the reactions. The samples were analyzed on a 4-12% NuPage gel 

(Invitrogen). Specific protein bands were analyzed by N-terminal sequencing. The samples were 

analyzed on a 4-12% NuPage gel (Invitrogen). The major proteins were transferred to a PVDF 

membrane with a Novex blotting apparatus. The indicated bands from Figure 4.7 were excised 

from the membrane and analyzed by PTC-analyzer, ABI model 420A at the Facility for 

Biotechnology Resources, Center for Biologics Evaluation and Research, National Institutes of 

Health.  

2.6 CELL CULTURE 

2.6.1 HELA CELL CULTURE 

 HeLa cells were grown in a monolayer in 1X Dulbecco's Modified Eagle Medium 

(DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 100U/ml 

penicillin-streptomycin (Lonza). Cells were incubated at 37ºC at 100% humidity in 7% CO2 and 

subcultured using standard sterile cell-culture techniques.  

2.6.2 SF9 CELL CULTURE 

Sf9 cells were initially grown in a monolayer in Sf-900 II SFM (Invitrogen) 
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supplemented with 1% fetal bovine serum (FBS, Gibco) at 27ºC in a non-humidified incubator. 

Cells were then adapted to suspension cultures grown on an orbital shaker platform rotating at 

125 rpm. Cells were subcultured using standard sterile cell-culture techniques. 

 2.7 CELL CULTURE RETROTRANSPOSITION ASSAY 

 The cell culture-based retrotransposition assay was performed as described originally by 

(Moran, Holmes et al. 1996). HeLa cells were plated in a 6-well dish at 2 x 105 cells/well. Within 

24 hours of plating the cells, 1 µg p111RTC, p151RTC, p555RTC, JM_111$5UTR, 

JM_151$5UTR, JM_Mut7$5UTR, and JM_Mut8$5UTR prepared by Qiagen Midiprep were 

transfected using the FuGene®6 Transfection Reagent (Roche). Three days post-transfection 400 

µg/ml G418 antibiotic (Gibco) was added to the cell culture media to select for retrotransposition 

events. The cell culture media was exchanged every 2-3 days. After about 14 days of G418 

selection the cells were gently washed with cold 1X PBS, fixed (2% formaldehyde, 0.2% 

glutaraldehyde in 1X PBS), and stained with Karyo Max® Giemsa Stain Improved R66 Solution 

“Gurr” (Gibco) for 20 minutes at room temperature to visualize the retrotransposition foci. The 

stain was gently aspirated and the cells were washed with 1X PBS several times to remove the 

unincorporated stain. As a transfection control, 3-days post-transfection "-galactosidase activity 

was assayed from a CMV–lacZ reporter construct (Swergold 1990). Cells were fixed and then 

stained with X-gal solution (5 mM potassium ferricyanide, 5mM potassium ferrocyanide, 2 mM 

MgCl2, 4% X-gal (Sigma-Aldrich) in 1X PBS) overnight at 37ºC. X-gal stain was gently 

removed and cells were washed with 1X PBS several times.  
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2.8 ORF1P-T7 EXPRESSION 

 HeLa cells were plated at 6x106 cells per T-175 tissue culture flask. Within 24 hours of 

plating the cells, 30 µg CMV-ORF1 plasmid DNA and 2 ug CMV-B-Gal plasmid DNA prepared 

by Qiagen Midiprep were co-transfected using the FuGene®6 Transfection Reagent (Roche). 

Three days post-transfection the cells were gently washed with cold 1X PBS. Whole cell lysates 

were prepared by harvesting the cells from the flask by scraping them and colleting in a 15 ml 

falcon tube. Cells were centrifuged at 500 x g for 2 minutes and the supernatant was aspirated. 

The cells were resuspended in 6.5 ml lysis buffer (2.5 M sucrose, 0.01M Tris, 0.01 M EDTA, 1X 

Complete Protease Inhibitor Cocktail (Roche), pH 7.4), frozen in a dry ice bath, thawed. 

Freezing and thawing was repeated three times. Lysate was cleared centrifugation at 12k x g for 

10 minutes. Cell lysates were frozen in an ethanol dry ice bath and stored at -80ºC.   

2.9 WESTERN BLOT 

 The Bradford assay (Bio-Rad) was used to determine the protein concentration of all 

whole cell protein samples. Prior to loading the samples onto the gel the samples were 

normalized for total protein. Protein samples were prepared in 1X Tris-Glycine SDS sample 

buffer (Invitrogen) and run on 10% polyacrylamide gels under denaturing conditions using the 

Invitrogen Xcel SureLockTM Mini-Cell in 1X Tris-Glycine SDS running buffer. Gel running 

conditions were 125V for 90 minutes. Gels were transferred to a nitrocellulose membrane using 

the iBlot® (Invitrogen) dry transfer system at 20V for 7 minutes. After the transfer, the 

membranes were blocked for 1 hour at room temperature in 5% non-fat milk, 1X TBST (0.01% 

Tween-20 and 1X TBS). 
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2.9.1 ANTIBODIES 

2.9.1.1 T7 ANTIBODY 

 Membranes were incubated in 5% non-fat milk, 1X TBST, and 1:50,000 dilution of the 

T7-HRP conjugate mouse monoclonal antibody (Novagen) for 1 hour at room temperature. The 

membranes were washed with fives times with 10 ml 1X TBST for two minutes each wash. Then 

the membrane was developed using the SuperSignal West Femto Chemiluminescencent 

Substrate (Pierce).  

2.9.1.2 !-TUBILIN ANTIBODY  

 Membranes were incubated in 5% non-fat milk, 1X TBST, and 4:5,000 dilution of the !-

tubulin mouse monoclonal antibody (Sigma) for 1 hour at room temperature.  After the 

membranes were washed with fives times with 10 ml 1X TBST for two minutes each wash. Then 

the membranes were incubated in 5% non-fat milk, 1X TBST, and 1:5,000 dilution of the 

secondary antibody goat-anti-mouse IgG-HRP conjugate (PerkinElmer) for 1 hour at room 

temperature. The membranes were washes as described above after incubation with the primary 

antibody. The membrane was developed using the SuperSignal West Pico Chemiluminescencent 

Substrate (Pierce). !-tubulin migrates at approximately 50-kDa. 

2.10 YEAST TWO-HYBRID ASSAY 

2.10.1 OVERVIEW OF YEAST TWO-HYBRID ASSAY 

Yeast two-hybrid assay was performed using the CytoTrap Vector Kit (Stratagene). In 

this assay, the temperature-sensitive mutant yeast strain cdc25H, which has a point mutation at 

residue 1328 of the cdc25 gene. The mutation prevents growth at 37ºC, but allows normal 

growth at 25ºC. The cytotrap system is based on the ability of the human Sos protein to 
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complement the cdc25 growth defect by activating the yeast Ras signaling pathyway. The 

localization of Sos to the plasma membrane activates the Ras signal transduction pathway, 

permitting the cdc25H yeast to grow at 37ºC. The localization of Sos to the plasma membrane 

occurs through the interaction of the target and bait proteins in the two-hybrid screen.  

2.10.2 CONSTRUCTION OF PSOS-ORF1P YEAST EXPRESSION VECTOR 

 The ORF1 sequence was subcloned into the pSos vector using BamHI-MluI restriction 

sites from the p111-mb18, p151-mb18, p511-mb18, and p551-mb18 to generate p111-Sos, p151-

Sos, p511-Sos, and p551-Sos respectively. The multiple cloning site of the pMyr vector was 

modified by the addition of a NotI restriction site. This modified vector is referred to as pMyn. 

The ORF1 sequence was subcloned into the pMyn vector from p111-mb18 using NotI-XmaI 

generating p111-Myn.   

2.10.3 PREPARATION OF CDC25 YEAST COMPETENT CELLS AND YEAST TRANSFORMATION  

   The temperature-sensitive phenotype of cdc25H host yeast strains was obtained from the 

glycerol stock by scraping off splinters of solid ice with a sterile inoculating stick and then the 

splinters were streaked onto YPAD agar plate. The plate was incubated at 25°C for 4 to 6 days. 

The yeast competent cells were prepared using the CytoTrap yeast two-hybrid system 

(Stratagene) using the manufactures directions. A DNA mixture containing 65% PEG-3350, 

100mM lithium acetate, pre-boiled sheared salmon- sperm DNA (2 mg/ml), 500 ng pORF1-Sos 

plasmid, 500 ng p111-Myn. Competent cells were added to the DNA mixture, vortexed for 1 

minute, then incubated at 42ºC for 40 minutes. The cells were then centrifuged for briefly to 

pellet the cells, the supernatant was aspirated, and the cells were resupsended in 500 µL water. 

The cells were then plated onto SD/glucose ('UL) plates incubated at 25°C for 4–6 days.  
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2.10.4 EVALUATION OF TRANSFOMATION PREPARED TO DETECT PROTEIN-PROTEIN 

INTERACTIONS 

After 4-6 days a control plate at 37ºC was evaluated for the quality of the cdc25H 

competent cell preparation by determining the frequency of temperature-sensitive revertants. To 

test for protein-protein interactions, at least three colonies from each of the transformations 

reactions was picked for transfer to either SD/glucose (–UL) or SD/galactose (–UL) plates and 

grown at either 37°C or at 25ºC. 
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Table 2.1 Oligonucleotide sequences 
 
N name L sequence 
1 d120_c 12

0 
AGCGAGTTGATGTTAGACTGTGTACTTTTTGCGAGTTGATGTT
AGACTGTGTACTTTTTAAGCGAGTTGATGTTAGACTGTGTACT
TTTTGCGAGTTGATGTTAGACTGTGTACTTTTTA 

2 d60_c 60 AGCGAGTTGATGTTAGACTGTGTACTTTTTGCGAGTTGATGTT
AGACTGTGTACTTTTTA 

3 d29 29 AAAAAGTACACAGTCTAACATCAACTCGC 
4 d29_c 29 GCGAGTTGATGTTAGACTGTGTACTTTTT 
5 d29_cmm 29 GCGAGTTGACGTCAGACCGTGCACTTTTT 
6 d25_c 25 GAGTTGATGTTAGACTGTGTACTTT 
7 d20_c 20 GTTGATGTTAGACTGTGTAC 
8 d15_c 15 TTGATGTTAGACTGT 
9 d10_c 10 TTGATGTTAG 
10 d5_c 5 TTGAT 
11 d53_pT-b 53 GAGAGATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

CCAGAGC 
12 d58_pT-b 58 GAGAGATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTCCAGAGC 
13 d60_orf1 60 GATCATGCAGGACAGTCGGATCGCAACCTGATTTACTGTGTC

ATATAGTACGTGATTCAG 
14 r60_U 60 UUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUU

UUUUUUUUUUUUUUUUUUUU 
15 r30_3'utr-a 30 ACCUGCACAAUGUGCACAUGAAAAAAAAAA 

 
16 r26_3'utr 26 ACCUGCACAAUGUGCACAUGAAAAAA 
17 r22_3'utr 22 ACCUGCACAAUGUGCACAUGAA 
18 r10_poly-a 10 AAAAAAAAAA 
 

Each oligonucleotide has a prefix (d or r, for DNA or RNA) followed by its length and, in some 

cases, additional identifying information. Oligonucleotides 1–10 are based on the d29 (or its 

complement d29_c) oligonucleotide, which are identical to the ones called 29linear and c29linear 

respectively by Martin and Bushman (Martin and Bushman 2001); likewise, d29_cmm is 

identical to the cmm29linear (Martin and Bushman 2001), which when paired with d29 results in 

four mismatched positions (underlined). Oligonucleotide 2, d60_c, is a dimer of d29_c with an 

additional 50 and 30 A. d120_c (oligonucleotide 1) is a dimer of d60_c. Oligonucleotides 6–10 

are each subsets of the d29_c sequence. Oligonucleotides 11–14 are arbitrary sequences, and gel 
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shift assays like those shown in Figure 3.6 showed little difference between these and d60_c in 

their ability to form shifted products with ORF1p (personal communication with Charles E. 

Jones). The sequence of oligonucleotides 15–17 corresponds to positions 5980–6000 of the 30 

UTR of L1.3 (Sassaman, Dombroski et al. 1997) followed respectively by 10, 6 and 2 A’s.
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CHAPTER III:  

POLYMERIZATION AND NUCLEIC ACID BINDING PROPERTIES OF HUMAN L1 ORF1 PROTEIN 
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3.1 PREFACE 

This chapter has been published in Nucleic Acids Research on August 23, 2011: 

Callahan, Kathryn E., Alison B. Hickman, Charles E. Jones, Rodolfo Ghirlando, Anthony V. 

Furano “Polymerization and nucleic acid binding properties of human L1 ORF1 protein.” We 

appreciate the skill and efficiency of the Protein Expression Laboratory, Advanced Technology 

Program, SAIC-Frederick for preparing baculovirus and infected insect cells. We also thank Dr. 

John Moran for the JCC8 clone that contained the L1.3 element. The NIH Intramural program 

supported this work. 

I purified the full-length ORF1p (see Figures 2.6 and 2.7) and M128 protein used for 

biochemical analysis in this chapter. I conducted the ORF1 protein assays including the filter-

binding assays (Figures 3.5, 3.7A, 3.8,), melting and annealing assays (Figure 3.9 and 3.10). 

Alison Hickman generated the Trx-HIS-TEV-M128-pET32a plasmid construct. Alison Hickman 

also made the point mutations to the full-length ORF1p (Appendix, Figure A.1). Charlie Jones 

conducted the electrophoretic mobility shift assays (Figures 3.6 and 3.7B). Rodolfo Ghirlando 

performed the analytical centrifugation experiments (Appendix Figures A.2 and A.3). Anthony 

Furano performed the protein cross-linking experiments (Figures 3.2-3.4 and Appendix A, 

Figure A.4). 

3.1.1 RATIONALE FOR STUDYING HUMAN ORF1P 

A hallmark of ORF1p evolution is that the amino terminal-half is hypervariable caused 

by a rapid rate of amino acid replacement or more drastic changes such as insertions, deletions, 

and even complete replacement (Furano 2000). Despite being hypervariable, a coiled coil motif 

is conserved, e.g., from fish to mammals (Martin, Branciforte et al. 2003; Furano, Duvernell et 

al. 2004; Khazina and Weichenrieder 2009). Therefore a critical question in understanding the 
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biochemical function and biological properties of ORF1p is what drives the recurrent and rapid 

evolution of its coiled coil domain 

The coiled coil domain mediates trimerization of ORF1p monomers in both human and 

mouse (Martin, Branciforte et al. 2003; Khazina and Weichenrieder 2009). Additionally, 

examination of ORF1p coiled coil sequences from other species, including zebrafish, mouse, rat, 

pig, and marmoset by MultiCoil, (Wolf, Kim et al. 1997) a coiled coil prediction program, 

indicated a high probability that these sequences would also form a trimer (unpublished data, 

Walser and Furano).  

Thus, rapid evolutionary change in the coiled coil of ORF1p may be required for the 

survival of L1 elements in various species, and perhaps represents an adaptive response by the 

L1 retrotransposon. Evolution of the coiled coil could be a response to changes in the host 

environment or competition between L1 elements. It could also represent compensatory changes 

to mutations elsewhere in the L1 element (Adey, Schichman et al. 1994; Adey, Tollefsbol et al. 

1994; Cabot, Angeletti et al. 1997; Saxton and Martin 1998; Furano 2000; Khan, Smit et al. 

2006).   

The function of the coiled coil domain extends beyond mediating trimerization. For 

example, a single amino acid change (H159D) in the mouse coiled coil domain dramatically 

affected both retrotransposition and nucleic acid chaperone activity but had no effect of trimer 

formation (Martin, Bushman et al. 2008). Additionally, results presented in Chapter IV similarly 

show that changes to only a few amino acid in the C-terminal half of the coiled coil domain 

affect neither trimer formation nor the biochemical properties of human ORF1p, yet abolish 

retrotransposition activity.  
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It thus seems paradoxical that such subtle sequence changes in the coiled coil, which 

otherwise is subject to dramatic and rapid evolutionary turnover, would have such a profound 

effect on the biological activity of the ORF1p. Perhaps the coiled coil domain somehow serves as 

sensitive modulator of ORF1p activity or of its interaction with other components of the L1 

element or its host. 

In an attempt to address the biological role of evolutionary change of the coiled coil, I 

hypothesized that such changes improved the evolutionary fitness of the L1 element. A 

prediction of this hypothesis is that the modern human ORF1p might be better adapted to the 

environment of its modern host than the ancestral version of ORF1p. If this were true, than I 

could conclude that ORF1p had undergone an adaptive change. However, this conclusion would 

have to be supported by evolutionary evidence for positive selection, which is a hallmark of 

adaptive evolution.  

As detailed below the most robust methods for making this determination rely on 

determining whether the nucleotide changes that underlie individual amino acid substitutions in a 

homologous coding sequences are consistent with the expectations of positive selection (Yang 

and Bielawski 2000). The insertions and deletions that account for most of the evolutionary 

change between ancestral and modern murine ORF1p coiled coil domains are not readily 

amenable to this analysis. In contrast, the evolutionary changes in the primate ORF1p sequences 

consisted almost solely of amino acid substitutions are ideally suited to the methods described by 

Yang and Bielawski. 

Previous work in the Furano laboratory showed that more amino acid changes occurred 

than expected by chance during the evolution of the now extinct L1Pa5 family than compared to 
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the currently active L1Pa1 family (Boissinot, Entezam et al. 2001). This is an unambiguous 

signal for positive selection.  

To test the hypothesis that the presumed adaptive change in ORF1p generated a more fit 

protein I carried out two types of analysis: In one, I compared the in vitro biochemical activities 

of the ‘adapted’ modern L1Pa1 ORF1p and the ‘pre-adapted’ ancestral L1Pa5 ORF1p (which our 

laboratory had reconstructed for other purposes).  

In the other, I examined the biological consequences of positive selection by determining 

if the ancestral pre-adapted L1Pa5 ORF1p could substitute for its modern counterpart in an 

otherwise modern L1 element in a human cell culture-based retrotransposition assay. To further 

explore the nature of the adaptive changes, I examined the activity of mosaic proteins that consist 

of modern and ancestral regions. However to make these comparisons it was first necessary to 

examine the biochemistry of the modern ORF1p, which are presented in Chapter III.  

 This chapter describes for the first time the biochemical properties of the full-length 

modern (adapted) human ORF1p expressed and purified from eukaryotic cells. While our results 

are consistent with work published on the mouse protein, we have significantly extended our 

understanding of this protein as summarized in the Abstract of our published paper, which 

immediately follows.  

3.2 ABSTRACT 

The L1 (LINE-1) retrotransposable element encodes two proteins, ORF1p and ORF2p. 

ORF2p is the L1 replicase, but the role of ORF1p is unknown. Mouse ORF1p, a coiled coil 

mediated trimer of ~42-kDa monomers, binds nucleic acids and has nucleic acid chaperone 

activity. We purified human L1 ORF1p expressed in insect cells and made two findings that 

significantly advance our knowledge of the protein. First, in the absence of nucleic acids, the 
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protein polymerizes under the very conditions (0.05 M NaCl) that are optimal for high (~1nM) 

affinity nucleic acid binding. The non-coiled coil C-terminal half mediates formation of the 

polymer, an active conformer that is instantly resolved to trimers, or multimers thereof, by 

nucleic acid. Second, the protein has a biphasic effect on mismatched double stranded DNA, a 

proxy chaperone substrate. It protects the duplex from dissociation at 37ºC before eventually 

melting it when largely polymeric. Therefore, polymerization of ORF1p seemingly affects its 

interaction with nucleic acids. Additionally, polymerization of ORF1p at its translation site could 

explain the heretofore-inexplicable phenomenon of cis preference – the favored 

retrotransposition of the actively translated L1 transcript, which is essential for L1 survival. 

3.3 INTRODUCTION 

The non-LTR L1 clade of autonomously replicating retrotransposons is ubiquitous in 

eukaryotic genomes (Malik, Burke et al. 1999; Eickbush and Malik 2002) and is now the 

dominant transposable element in most mammalian lineages where L1 activity has generated 

~40% of their genomic DNA (e.g., ref. IHGS-Consortium 2001). L1 elements remain active in 

most modern mammalian species, including humans (Boissinot, Chevret et al. 2000; Boissinot, 

Entezam et al. 2004). They were sufficiently deleterious in early hominids to have been subject 

to negative selection (Boissinot, Davis et al. 2006), and may well still be in modern humans for 

they are a significant source of genetic diversity, defects and rearrangements (Boissinot, Entezam 

et al. 2004; Beck, Collier et al. 2010; Ewing and Kazazian 2010; Huang, Schneider et al. 2010; 

Iskow, McCabe et al. 2010), and perhaps a source of neuronal cell mosaicism (Singer, 

McConnell et al. 2010). 

Despite their profound effects, little is known about the regulation or biochemistry of L1 

replication (most recently reviewed by` Martin 2010). L1 elements contain a 5’ untranslated 
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region (UTR), which has a poorly understood regulatory role, two protein-encoding regions, 

ORF1 and ORF2, and a 3‘UTR of unknown function. The L1 encoded proteins, ORF1p and 

ORF2p, are essential for retrotransposition in a cell culture based assay (Moran, Holmes et al. 

1996). 

ORF2p is the L1 replicase (Mathias, Scott et al. 1991; Feng, Moran et al. 1996; Moran, 

Holmes et al. 1996), catalyzing a reaction similar to the template primed reverse transcription 

(TPRT) reaction first described for the L1-like non-LTR retrotransposon R2 (Luan, Korman et 

al. 1993; Luan and Eickbush 1995; Bibillo and Eickbush 2002). This reaction relies on nicked 

genomic DNA to prime cDNA synthesis of the retrotransposon transcript, and has been partially 

recapitulated using extracts or ribonucleoprotein (RNP) particles isolated from cell cultures 

transfected with L1 retrotransposition vectors (Cost, Feng et al. 2002; Kulpa and Moran 2005; 

Kulpa and Moran 2006). 

In contrast, the role of ORF1p in retrotranposition is largely unknown. Human and mouse 

embryonic cell tumors that synthesize L1 products contain ORF1p-containing RNPs, presumed 

intermediates of L1 retrotransposition as they also contain L1 transcripts (and other constituents) 

(Martin 1991; Hohjoh and Singer 1996). However, ORF1p is neither homologous to retroviral 

gag proteins nor any other protein (Martin 2006; Martin 2010). Thus, the published literature 

offers few clues to its function.  

Nonetheless, studies on mouse ORF1p in vitro, (Martin 2006; Martin 2010), and more 

recently on the human protein (Khazina and Weichenrieder 2009), revealed structural and 

biochemical properties that are undoubtedly related to its role in vivo. Purified mouse ORF1p 

expressed in insect cells is a trimer of the ORF1-encoded 42-kDa primary sequence (monomer) 

(Martin, Branciforte et al. 2003), which is mediated by a coiled coil domain in the N-terminal 
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half of the protein (Martin, Li et al. 2000). Figure 3.1 shows schematic versions of the ORF1p 

primary sequence and trimer. 

The C-terminal half of the mouse and human proteins contains highly conserved residues, 

some of which have correlated with the activity of the purified protein or when examined using 

cell culture- or L1 RNP-based assays (Moran, Holmes et al. 1996; Kulpa and Moran 2005; 

Martin, Cruceanu et al. 2005; Basame, Wai-lun Li et al. 2006; Januszyk, Li et al. 2007; Khazina 

and Weichenrieder 2009). However, high affinity nucleic acid binding and chaperone activities 

in vitro, both of which have been correlated with retrotransposition, are properties of the trimer, 

not the isolated C-terminal region of the protein, which cannot form trimers (Kolosha and Martin 

2003; Martin, Cruceanu et al. 2005; Martin, Bushman et al. 2008; Khazina and Weichenrieder 

2009; Martin 2010). 

  

Figure 3.1 Schematic representation of ORF1p 

 

ctdRRM CTD

coiled coil
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Figure 3.1 Schematic representation of ORF1p. The top diagram shows the location of the major 

domains in the ORF1p of an active L1Pa1 element (the L1.3 member of the Ta-1 subfamily, 

respective refs: Sassaman, Dombroski et al. 1997; Boissinot, Chevret et al. 2000). The amino 

acids corresponding to the predicted coiled coil domain (Wolf, Kim et al. 1997), the RNA 

recognition motif (RRM, ref. Khazina and Weichenrieder 2009), and the C-terminal domain 

(CTD, ref. Januszyk, Li et al. 2007) are shown in Appendix A, Figure A.1. The arrow indicates 

the start of the N-terminal deletion mutant, M128p (see text and Appendix A, Figure A.1). The 

middle diagram depicts the trimer modeled on the relative sizes of the N-terminal region, coiled-

coil domain, and C-terminal half of the mouse protein as revealed by atomic force microscopy 

(Martin, Branciforte et al. 2003). The areas of the ovals corresponding to the N-terminal region 

and C-terminal half are proportional to their masses. The bottom diagram depicts the M128p 

protein monomer. 

 

Additionally, strong conservation of a coiled coil domain in ORF1p throughout L1 

evolution from fish to mammals (Walser and Furano, unpublished data, refs. Furano 2000; 

Martin 2006), suggests that the trimer configuration of the C-terminal halves imbues them with 

properties essential for retrotransposition. Thus, a coiled coil domain persists even though it is 

far more variable than any other region of ORF1p, and is often subject to adaptive evolution and 

even complete replacement (Demers, Matunis et al. 1989; Hohjoh and Singer 1996; Furano 

2000; Boissinot and Furano 2005; Martin 2006). 

Nonetheless, trimer formation per se does not ensure retrotransposition. For example, a 

single amino acid change in the coiled coil of the mouse protein, which drastically reduces 
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retrotransposition, does not impair trimer formation (Martin, Bushman et al. 2008). Furthermore, 

coiled coil mutations in human ORF1p that have no discernable effect on the trimer can 

completely destroy retrotransposition (Callahan, Perez-Gonzalez, and Furano, unpublished 

observations).  

Although the full-length human protein is also a trimer, essentially all of the structural 

and biochemical work on this protein has been carried out on the monomeric carboxy-terminal 

half of the protein (Khazina and Weichenrieder 2009). Here we examined the properties of 

purified full-length human ORF1p trimers expressed in insect cells and made two novel 

observations that significantly advance our knowledge of this protein: 

First, ORF1p trimers readily polymerize when present in molar excess of nucleic acid 

under the very conditions (0.05 M NaCl) that support high affinity (~1 nM) nucleic acid binding. 

Second, ORF1p polymerization seemingly affects the nature of its interaction with nucleic acid. 

Thus, while the protein protects mismatched duplexes from dissociation (melting), at sufficiently 

high molar excess and largely polymeric, the protein melts the duplex. 

Although earlier studies noted the propensity of ORF1p to aggregate (Hohjoh and Singer 

1996; Kolosha and Martin 1997), our findings show that that ORF1p polymers are an active 

conformer of the protein.  Additionally, ORF1p polymerization at its site of translation, where it 

could preferentially bind its transcript, could account for a heretofore-inexplicable feature of L1 

biology, namely cis preference – the strongly favored retrotransposition of the actively translated 

L1 transcript over non-L1 transcripts, a property critical for the survival of L1 elements (Furano 

2000; Wei, Gilbert et al. 2001). 
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3.4 RESULTS 

3.4.1 ORF1P EXPRESSION IN E. COLI AND BACULOVIRUS-INFECTED INSECT CELLS 

We found that expression of human ORF1p in E. coli produces trimers consisting of both 

full-length and N-terminal truncated monomers. The truncated monomers result from initiation 

of translation at conserved methionines near the C-terminus of the coiled coil domain (see 

Appendix A, Figure A.1 and Results section A.1.1). 

In contrast, expression in baculovirus infected sf9 insect cells produced trimers that 

contain only full-length human ORF1p monomers (see Figure 3.2A, lanes 14 and 15; Appendix 

A, Figure A.2 and Results section A.1.2). Sedimentation equilibrium at 4.0ºC and sedimentation 

velocity at 20.0ºC showed that ORF1p sediments as a single species with a molecular mass of 

122-kDa in 0.5 M NaCl (Appendix A, Figure A.2 and Results section A.1.2), which corresponds 

to a trimer of the predicted molecular weight of the primary gene product (monomer).  

We constructed an N-terminal deletion mutant of ORF1p that retains 2.5 heptads of the 

predicted 13 heptads (Wolf, Kim et al. 1997) of the coiled coil (M128p, residues 128-338, Figure 

3.1; Appendix A, Figure A.1). Sedimentation velocity and sedimentation equilibrium analysis of 

this protein shows that it forms a strongly temperature-dependent trimer (Appendix A, Figure 

A.3 and Results section A.1.3). These results showed that the Kd for the monomer-trimer 

equilibrium is ~3.4 µM at 4ºC but ~35 µM at 20ºC. Thus, M128p would be largely monomeric in 

the experiments reported here, which were carried out at >20ºC.  

3.4.2 ORF1P FORMS POLYMERS 

While purifying ORF1p, we found that although ORF1p trimers were soluble in 0.5 M 

NaCl they immediately aggregated into a sedimentable form (~17k x g) at < 0.1 M NaCl in the 
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absence of nucleic acid (see Figure 2.8). However, preliminary experiments also showed that 

ORF1p bound nucleic acids maximally at 0.05 M NaCl, and not at all at 0.5 M NaCl (Figure 

2.9).  

Therefore, before determining the parameters of nucleic acid interaction with ORF1p in 

0.5 M NaCl, we examined the nature of the ORF1p aggregate and its relationship to the soluble 

form by reacting the protein under various conditions with the bifunctional chemical cross-

linking reagent, ethylene glycobis(succinimidylsuccinate) (EGS). Preliminary experiments have 

shown that EGS was the most efficient of various bifunctional reagents in producing completely 

cross-linked ORF1p trimers (personal communication with Dr. Anthony V. Furano). 
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Figure 3.2 ORF1p polymers and the effect of oligonucleotides and NaCl  
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Figure 3.2 ORF1p polymers—effect of oligonucleotides and NaCl. Cross-linking with EGS was 

carried out as described in the Materials & Methods (Chapter 2.5.1). (A) Cross-linked ORF1p 

products generated by 0.05 mM and 1.0 mM EGS at 0.05 and 0.5 M NaCl in the absence and 

presence of a molar excess of oligonucleotides. The 29-mer single stranded DNA is d29_c; the 

53-mer is d53_pT-b (Table 2.1). The numbers to the left of the arrowheads at lane 1 indicate the 

estimated number of monomers in each species. The estimated kDa’s for bands 1-7 are 

respectively: 41, 85, 127, 163, 216, 229, & 298. The kDa of the marker bands (mk) are: 200, 

116, 97, 66, 55, & 37. Estimated kDa >200 are extrapolated values and therefore only 

approximations. The arrowheads to the right of lane 13 indicate the position of the trimer and a 

putative dimer of the trimer (trimer2).  (B) Effect of time of addition of oligonucleotide or 0.5M 

NaCl on cross-linked products generated by 1 mM EGS. The reactions with oligonucleotides 

were in 0.05 M NaCl. The single-stranded DNA is d29; the double-stranded DNA is a duplex of 

d29 and d29_c (Table 1). The marker bands are 200, 116 and 97-kDa. One millimolar EGS was 

added immediately after NaCl or oligonucleotides were added to the reactions electrophoresed in 

lanes 9–14. (C) Effect of oligonucleotide length on ORF1p polymerization. Cross-linking was 

with 1 mM EGS. The oligonucleotides used in these experiment are all of the dN_c set shown in 

Table 2.1 where N is the length (L) of the oligonucleotide. Each oligonucleotide was tested at 1 

and 0.5 mM, as indicated in the major header (length/mM) for lanes 3–13 in reactions that 

contained 0.05M NaCl. The marker bands are 200, 116 & 97-kDa. 

 

Figure 3.2A (lanes 14 and 15) shows that ORF1p that had been incubated in 0.05 M 

NaCl, in the absence or presence of nucleic acid, migrated as the expected ~40-kDa monomer 

after being denatured and subject to PAGE under denaturing conditions.  
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However, if the protein in 0.5 M NaCl was first cross-linked with 1 mM EGS and then 

subjected to denaturing PAGE almost all the protein was recovered in a band that migrated with 

the molecular weight of the trimer (lane 11). The results in lane 4 showed that this band was 

indeed a trimer. Here, partial cross-linking of ORF1p in 0.5 M NaCl with 0.05 mM EGS, which 

would reveal the constituent components of a trimer, did generate the expected mixture of 

monomers, dimers, and trimers. Thus, in 0.5 M NaCl, ORF1p is largely a trimer. 

In contrast, carrying out this pair of cross-linking reactions in 0.05 M NaCl produced 

dramatically different results. Incomplete cross-linking of ORF1p (lane 1) generated an 

ascending series of discrete multiples of the monomer that extended to the top of the gel. This 

result would be expected if the ORF1p trimers had polymerized into large aggregates. The 

results of lane 8 indicate that these polymers must be quite large because, after complete cross-

linking, no protein was recovered on the gel. 

To determine if nucleic acids affected the polymerization of ORF1p trimers, we 

compared the effect of a molar excess of nucleic acids on the cross-linked products obtained 

after partial or complete cross-linking. Lanes 2 and 3, and 9 and 10 of Figure 3.2A show that 

ORF1p is largely a trimer on 0.05 M NaCl in the presence of an excess of either a 29-mer or a 

53-mer (d29_c, d53_pT-b respectively, Table 2.1). As ORF1p does not bind nucleic acids in 0.5 

M NaCl we would expect the results in lane 5 and 6 to not materially differ from those in lane 4, 

or those in lane 12 and 13, to differ from those in lane 11.  

Figure 3.2B shows the important result that ORF1p polymers are not denatured or 

inactive, but can bind nucleic acids. First, lanes 1-7 show the results of reactions carried out 

similarly to those shown in Figure 3.2. Herein ORF1p was incubated with either 0.5 M NaCl 

(lane 1) or varying concentrations of single stranded (lanes 2-4) or duplex (lanes 5-7) DNA for 



!

! 98!

20 mins and then cross-linked with 1 mM EGS. As expected, ORF1p trimers were recovered 

from both the 0.5 M NaCl reaction, and those oligonucleotide-containing reactions that contained 

a sufficient concentration of DNA. A sufficient concentration of nucleic acid, i.e., % equimolar 

the concentration of ORF1p is required for recovery of ORF1p trimers (lanes 4 and 7). When 

substoichiometric amounts of nucleic acid relative to ORF1p concentration are added the ORF1p 

polymers predominant (lanes 2-3 and 5-6). 

However, lanes 9–14 show that essentially the same results were obtained if 0.5 M NaCl 

or the oligonucleotide were added to ORF1p after it had been incubated for 20 min in just 0.05 

M NaCl. By this time, all of the ORF1p would have polymerized (e.g., Figure 3.2A, lane 8). The 

addition of either 0.5 M NaCl (lane 9) or DNA (lanes 10-14) yields the same amounts of trimer 

as the reactions displayed in lanes 1-7. Lanes 12 and 14 show that the addition of excess DNA 

relative to ORF1p concentration to the pre-formed polymer results in its depolymerization. 

Therefore, the polymers are an active form of the protein capable of binding nucleic acid.  

The addition of either 0.5 M NaCl or DNA depolymerized the pre-formed polymer, 

which occurred very rapidly for we added EGS immediately after adding the NaCl or 

oligonucleotides. Other experiments (personal communication with Dr. Anthony V. Furano) had 

shown that the cross-linking is >90% complete within 5 mins. 

Although a perfectly matched duplex DNA both prevents polymerization (lane 7) and 

deploymerizes the polymer (lane 14), it is not as effective as the single stranded nucleic acid 

(lane 4). Additionally, the perfectly matched duplex DNA is not as effective as the single 

stranded DNA at depolymerizing the polymer (cf. lanes 14 and 12). In contrast, a mismatched 

duplex is as efficient as the single stranded oligonucleotide (personal communication with Dr. 
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Anthony V. Furano). The mismatched duplex (a hybrid of d29 and d29_cmm, Table 2.1) was the 

same one used for the experiments shown in 3.8B.  

The foregoing experiments showed that interaction of ORF1p with a molar excess of 

single stranded DNA (with respect to the trimer content of ORF1p polymers) generated mainly 

cross-linked trimers. To determine whether nucleic acid binding and polymer formation were 

mutually exclusive properties of ORF1p, we determined if cross-linkable multimers of ORF1p 

trimers could assemble on sub-stoichiometric amounts of single stranded DNA.  

To examine this issue, we first determined the minimal length of DNA that prevented 

polymerization of ORF1p when the oligonucleotide was present in molar excess of, or 

stoichiometric with, the protein. Figure 3.2C shows that this is a 20-mer as judged by the 

recovery of cross-linked protein relative to that cross-linked in 0.5 M NaCl. We then determined 

if sub-stoichiometric amounts of oligonucleotides that were integer multiples of the 20-mer could 

prevent the polymerization of ORF1p trimers into aggregates too large to be recovered by gel 

electrophoresis. 

Figure 3.3A shows that this can be the case. We obtained similar recoveries of cross-

linked protein by gel electrophoresis from reactions wherein 0.67 mM ORF1p been incubated 

with 0.1 mM 120-mer (lane 1), 0.6 mM 20-mer (lane 3) or 0.5M NaCl (lane 8). Additionally, 

higher order cross-linked multimers of ORF1p trimers prevail on the 120-mer (lanes 1 and 2), 

even in the presence of a molar excess of the 20-mer (lanes 4 and 5). These multimers 

correspond to dimers of trimers (trimer2) and larger trimer complexes (>trimer2, which we 

presume is a trimer of the ORF1p trimer; see legend to Figure 3.3A and B). If we assume that 

there are three ORF1p trimers bound to the 120-mer then each trimer binds to about 40-nt. This 



!

! 100!

finding agrees with the results with the mouse ORF1p where each trimer was estimated to bind 

to about 50-nt of RNA (Basame, Wai-lun Li et al. 2006). 

Thus, binding to nucleic acid does not preclude the formation of cross-linkable multimers 

by the ORF1p trimers. Also, when maximally packed on the 120-mer (lane 2), each trimer 

occupies ~40 nt. Binding of ORF1p to nucleic acids that permit trimer–trimer interactions is 

apparently favored over those that do not (lanes 3–6). These results suggest that trimer–trimer 

contacts enhance the stability of nucleic acid binding. However, the recovery of ORF1p 

polymers on sub-stoichiometric amounts of DNA can be variable (see Appendix A, Figure A.4 

and Results section A.1.4), which suggests that the geometry that favors maximal packing is not 

always attained. 

Even though the foregoing results suggest that a 60-mer DNA would only have ‘room’ 

for a single trimer, Figure 3.3A (lanes 14 and 15) shows that higher order cross-linkable trimer 

complexes can also assemble on 60-mer DNAs. Thus, the propensity for ORF1p to polymerize 

can force tighter packing of ORF1p trimers on the 60-mers than observed on the 120-mer DNA. 

Our finding that this phenomenon occurred in a similar fashion on distinct 60-mer DNAs (lanes 

14 and 15, see Table 2.1) indicates that it is not sequence specific.  
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Figure 3.3 ORF1p polymers - effect of oligonucleotide length and concentration 

 

Figure 3.3 ORF1p polymers - effect of oligonucleotide length and concentration. (A) Cross-

linking with 1 mM EGS was carried out as described in the Materials & Methods (see Chapter 
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2.5.2) and all of the oligonucleotide-containing reactions were at 0.05 M NaCl. The arrows 

indicate the position of the trimer, and higher multiples thereof, i.e., trimer2, >trimer2, the latter 

of which we presume is a trimer of the ORF1p trimer. While the mobility of the trimer band 

corresponds to its expected molecular (127-kDa), the higher trimer multimers correspond to 

molecular weights of 223 and 294-kDa, respectively, less than expected and likely the result of 

extrapolation error (see legend to Figure 3.3A). The marker bands are 200, 116 & 97-kDa. 

Samples were examined by SDS-PAGE under denaturing conditions and the gel was stained 

with colloidal Coomassie Blue. We determined the relative recovery of protein in each lane 

staining with by densitometry using ImageJ (Abramoff 2004) on a tiff file of the gel image 

captured by a Qimaging® Micropublisher 5.0 RTV camera. The “% in gel” indicates the percent 

recovery of total protein in the various bands normalized to the amount recovered as trimer cross 

linked in 0.5 M NaCl, which we set to 100%. As noted in the text, the distribution of total protein 

among the various bands depends on the length and concentration of the oligonucleotide. (B) 

Schematic representation of possible ORF1p species and their cross-linked products generated in 

the experiments shown in Figures 3.2 and 3.3A. The numbers to the left of the cartoons of the 

cross-linked species indicate their monomer content. 

 

Fewer and smaller higher order trimer complexes assemble on 60-mer than 120-mer 

DNA. This would explain why less ORF1p was recovered on the gels using sub-stoichiometric 

amount of the 60-mer than the 120-mer DNA (cf. protein recovery on lanes 14 and 15 with lanes 

1 and 2). The addition of 0.1 mM 120-mer to 0.2 mM 60-mer (d60_c) DNA (lane 10) increased 

the overall recovery of ORF1p to about that found with the 120-mer supplemented with the 20-

mer (lanes 4). However, as Figure 3.3A reveals (and densitometry confirmed; personal 
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communication with Dr. Anthony Furano), the relative abundance of trimer and trimer2 in lanes 

4 and 10 are reversed. Thus the 60-mer more efficiently competes for trimer than the 20-mer, 

perhaps because it can make more contacts with the protein than the 20-mer.  

In contrast to the 60-mer DNA, few if any higher order ORF1p trimer complexes 

assembled on sub-stoichiometric concentrations of the 60-mer RNA (Figure 3.3A, lanes 11– 13). 

This difference could result from the RNA assuming a more compact structure than DNA upon 

binding to the protein. In contrast to DNA, RNAs can form highly folded structures via non-

canonical base pairing, including U:U pairs, often abetted by protein contacts (e.g. ref. , Heus 

and Hilbers 2003). Whatever the explanation, our results with the RNA agrees with the findings 

that one mouse ORF1p trimer was bound per 50 nt of RNA (Basame, Wai-lun Li et al. 2006). 

However, our results with the DNA oligonucleotides show that as few as 20 nt are sufficient for 

productive nucleic acid–ORF1p interactions (Figure 3.3A, lanes 3-5). 

Figure 3.3B shows a schematic representation of ORF1p trimers and their cross-linked 

products consistent with the gel patterns in Figures 3.2 and 3.3. As the trimer is very stable (see 

Appendix A1.2; Furano, A.V., unpublished data and ref. (Martin, Branciforte et al. 2003), it is 

unlikely that the coiled coil domain dissociates and reforms as four-stranded or higher order 

coiled coils. However, sequences in the C-terminal half of the protein could mediate 

polymerization as it contains an RNA recognition motif (RRM), Figure 3.1; Appendix A, Figure 

A.1; and ref. (Khazina and Weichenrieder 2009). Although the ORF1p RRM is non-canonical 

(Khazina and Weichenrieder 2009), some RRMs mediate protein–protein interactions in addition 

to nucleic acid–protein interactions (Kielkopf, Lucke et al. 2004; Clery, Blatter et al. 2008). 

Additionally, studies on fusion proteins of both the human and mouse ORF1p synthesized in E. 
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coli indicated that this region of the protein could form aggregates (Hohjoh and Singer 1996; 

Kolosha and Martin 1997). 

Therefore, we determined if the M128p deletion mutant, which contains the entire C-

terminal half of ORF1p (Figures 3.1 and Appendix A, Figure A.1) and is largely a monomer at 

>20ºC (see previous section) could form polymers. Figure 3.4 (lanes 1 and 2) shows that 

incomplete cross-linking generates protein bands that migrate as approximate integer multiples 

of the 24-kDa M128p monomers. 

The polymerization is almost completely prevented by oligonucleotide (cf. lanes 2 and 6), 

but markedly less so by 0.5 M NaCl (cf. lanes 2 and 8). Note the relatively equal amounts of 

band 2 in lanes 6 and 8, and the absence of higher order bands in lane 6 (+ nucleic acid) but their 

presence in lane 8 (+ 0.5 M NaCl; also see legend to Figure 3.4). In contrast, 0.5 M NaCl almost 

completely inhibits polymerization of the ORF1p trimer (cf. lanes 3 and 9). Thus, subjecting the 

N-terminal half of the protein to high ionic strength inhibits cross-linkable interactions between 

the C-terminal regions of different trimers. 

Although ORF1p trimers readily polymerize with each other (Figure 3.4, lane 3, also 

Figure 3.2A, lane 1) they co-polymerize poorly with the free M128p monomers. The banding 

pattern of cross-linked mixtures of M128p and ORF1p (lane 5, panels A and B) does reveal some 

novel bands (a, b and c). Their sizes are consistent with that of cross-linked hybrid products 

between a 24-kDa M128p monomer and respectively a monomer (40-kDa), dimer, and trimer 

(expected partially cross-linked products of ORF1p polymers, Figure 3.2A). 

However, as the bottom trace of panel B illustrates, hybrid products account for only a 

minority of the cross-linked species generated when mixtures of the two proteins are cross-linked 

(lane 5). The relative concentrations of the M128p and ORF1p monomers and their major cross-
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linked products (panel B, ORF1p + M128p) are essentially the same as when the proteins were 

cross-linked separately. This is indicated by the nearly perfect superimposition of the 

densitometric traces of lane 2 (M128p alone) and lane 3 (ORF1p alone) on the densitometric 

trace of the mixture (lane 5, bottom panel, Figure 3.4B). 

Figure 3.4 Polymer formation by the M128p monomer 

 

Figure 3.4 Polymer formation by the M128p monomer. (A) Effect of oligonucleotide (in 0.05M 

NaCl) or of 0.5M NaCl on cross-linked products generated by reaction with 0.05mM EGS with 

M128p (lanes 1 and 2), ORF1p (lane 3), or mixtures thereof (lanes 4 and 5). The protein was 

visualized using silver stain. The numbers indicate the estimated kDa of the indicated band as 

integer multiples of the kDa of the respective monomer band (#1) for M128p (between lanes 1 

and 2) and ORF1p, (between lanes 2 and 3). For M128p, the respective values for bands 1–5 are: 

27, 48, 75, 101 and 123-kDa. For ORF1p, the respective values bands for 1–6 are: 40, 86, 123, 

155, 186, and 221-kDa. The dashed arrow indicates the band (#4) in the M128p pattern (lane 2), 
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which is missing in the mixed cross-linking experiment displayed in lane 5 [cross-hatched in the 

superimposed traces shown at the bottom of (B)]. The letters, a, b and c indicate the novel bands 

that appear in the mixed cross-linking experiment, bottom two traces of panel B. Band #1 in lane 

8 is a doublet (more obvious on the original gel) with an additional faster migrating band which 

likely represents internal cross-links of the 24-kDa monomer. An extra marker lane was removed 

from the gel image between lanes 6 and mk indicated by the broken dark line. The minor band at 

about 40-kDa in lane 11 (asterisks) is undigested Trx-HIS-TEV-M128p (see Materials and 

Methods, Chapter 2.1.3.1). The other bands are unknown contaminants. (B) ImageJ densitometry 

traces of the indicated lanes. The numbers under letters a, b and c are the estimated kDa of the 

indicated bands. Note that the signal produced by silver staining, though quite sensitive and 

reproducible, not only is notoriously non-linear with respect to the amount of protein but also has 

a limited dynamic range. For example, the relative intensity of the bands in lanes 1 and 2 do not 

reflect the 2-fold difference in the amount of protein loaded in these lanes. Additionally, the 

expected increase in monomer intensity in instances where it would be expected because of a 

decrease in the amounts of the higher molecular weight multimers (e.g. lanes 6 versus 2, lanes 9 

versus 3) is not obvious. However, the near-perfect superimposition of the density traces of the 

major protein species in lanes 2, 3 and 5 (B), indicates that little of these species were consumed 

by the formation of hybrid M128p / ORF1p products. 

 
3.4.3 BINDING OF SINGLE STRANDED NUCLEIC ACIDS BY ORF1P  

Work on mouse ORF1p showed that this protein exhibits both nucleic acid binding and 

nucleic acid chaperone activities. However, the activity of the full-length human protein had not 

been examined in this regard. Therefore, we felt it important to examine these properties of 

human ORF1p, particularly in the context of ORF1p polymer formation. 
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Figure 3.5 shows the results of independent filter-binding assays of various nucleic acids 

to a molar excess of ORF1p in 0.05 M NaCl. As the foregoing experiments showed, under these 

conditions the protein would be polymeric. Thus, the concentration of the species that is binding 

the nucleic acid is not known – it could be free trimer (or short oligomers thereof) in equilibrium 

with polymer, or fully polymer-bound trimers. Accordingly, we cannot determine Kds from these 

data and instead compare the relative affinities in terms of the concentration of total ORF1p that 

binds half the total nucleic acid ([ORF1p]0.5FB).  

The affinities of ORF1p for RNA and DNA are length dependent, but the length that 

produces maximal affinity (~1 nM) differs: a 30-mer for RNA but a 60-mer for DNA. In 

addition, Figure 3.3A had shown that higher order trimer complexes assemble on 60-mer DNA 

but not on 60-mer RNA. Although differences between the extent of compaction of the protein-

bound RNA and DNA could explain these differences, they might also reflect distinct binding 

sites for the two nucleic acids. We examined this possibility by performing ORF1p-mobility 

shifts of [32P]-RNA or [32P]-DNA in the absence and presence of respectively, non-radioactive 

DNA or RNA. 
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Figure 3.5 Binding of single stranded nucleic acids by ORF1p 

 

Figure 3.5 Binding of single stranded nucleic acids by ORF1p. Each panel shows the results of 

independent filter-binding assays carried out for 1 hour at 37ºC as described in the Materials and 

Methods (see Chapter 2.5.2.1). The insert on each plot shows the [ORF1p]0.5FB (the 

concentration of protein at which half of the nucleic acid is bound) for each reaction along with 

the mean. The sequences of the oligonucleotides are given in Table 2.1. (A) 22-mer and 26-mer 

RNAs are respectively, r22_3’utr and r26_3’utr. The 30-mer and 60-mer RNAs are respectively 

(B) r30_3’utr-a, and (C) r60_U. The single stranded DNAs are respectively (D)-(F): d20_c, 

d29_c, d60_c and d120_c. In panel A the diamond symbols represents binding data collected 
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with a 22-mer and the square symbols a 26-mer single stranded DNAs. The symbols in panels B-

G represent independent filter-binding assays for each of the single stranded DNAs listed in the 

lower left hand corner of the plot. Some of the substrates were analyzed independently in 

duplicate (panels B, D, F, and G) and others in triplicate (panels C and E). 

 

Lanes 1-4 and 5-8 of Figure 3.6A respectively show the binding of [32P]-RNA and [32P]-

DNA in the absence of non-radioactive competitor. Lanes 9-13 and 14-18 show that the non-

radioactive competitors displaced their respective counter parts. Mixing the non-radioactive 

competitors and radioactive nucleic acids prior to adding ORF1p produced the same results, 

indicating rapid equilibrium between all of the reactants (personal communication with Dr. 

Charles E. Jones). Thus, the binding sites for RNA and DNA are either the same or overlap. 

Figure 3.6B shows the effect of different molar ratios of ORF1p/DNA on mobility shifts 

of 60-mer and 120-mer DNA. In both cases two shifted bands were seen (white arrowheads). A 

four-fold molar excess of ORF1p hardly changed the relative amounts of the shifted bands with 

the 60-mer. In contrast, excess ORF1p dramatically increased the amount of the slower 

migrating band with the 120-mer (Figure 3.6B, lanes 7 & 8). Thus, the 120-mer can 

accommodate more of the higher order trimer complexes than the 60-mer. These results are 

consistent with those in Figure 3.3A, even though the results shown in Figure 3.6B were 

produced in the absence of cross-linker and at ~40 fold lower concentrations of nucleic acid and 

protein. 
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Figure 3.6 Electrophoresis of ORF1p-nucleic acid complexes 

 
 
Figure 3.6 Electrophoresis of ORF1p-nucleic acid complexes. We carried out these 

electromobility shift assays of RNA or DNA by ORF1p as described in the Materials and 

Methods (see Chapter 2.5.2.2). The sequences of oligonucleotides are given in Table 2.1. 

Brackets indicate the shifted and un-shifted oligonucleotides. (A) ORF1p electromobility shifts 

in the absence (lanes 1-8) and presence of non-radiolabeled competitor (lanes 9-18). (B) 

Comparison of ORF1p electromobility shifts with 60-mer (d60_c, lanes 1-4) and 120-mer 

(d120_c, lanes 5-8) oligonucleotides. The white triangles indicate the slower and faster migrating 

bands mentioned in the text.  
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Figure 3.7 Nucleic acid binding by M128p 

 

Figure 3.7 Nucleic acid binding by M128p. The sequences of the oligonucleotides are given in 

Table 2.1. (A) Replicate filter binding assays are shown in each panel. (A1) The 30-mer RNA is 

r30_3’utr-a (A2) The 29-mer single strand DNA is d29_c. (A3) The 29-mer mismatched duplex 

is d29:[32P]-d29_cmm. (B) Results of an EMSA with ORF1p or M128p and 58-mer single strand 

DNA [32P]- d58_pT-b. Protein concentrations are in terms of monomer. 
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does not bind nucleic acids with the same affinity as the ORF1p trimer. Monomeric M128p 

bound RNA with much lower affinity than the full-length ORF1p: the [ORF1p]0.5FB for RNA is 

~47 nM (Figure 3.7, panel A1) Vs ~1 nM for full-length ORF1p (Figure 3.5B). These RNA 

binding data are analogous to those found with the carboxy-terminal 1/3 (C-() of the mouse 

ORF monomer, although our measured affinity is ~10 fold lower than the apparent Kd for the 

mouse protein. The fact that the mouse C-( protein lacks the amino-terminal half of the RRM 

(Martin, Li et al. 2000) could contribute to this difference. M128p either inconsistently bound 

DNA or produced complexes that were not stable enough to survive either the filter-binding 

(Figure 3.7, panels A2 and A3) or gel shift assays (Figure 3.7, panel B). A similar difference 

between the binding by the full-length ORF1p trimer and M128p monomer was found using an 

EMSA to measure the binding of a single strand 53-mer DNA (Appendix A, Figure A.5, panel 

B). Nonetheless, as the next section shows the M128p monomer and ORF1p were equally 

effective in the reactions required of a nucleic acid chaperone: annealing and melting nucleic 

acids.  

3.4.4 BIPHASIC EFFECT OF ORF1P ON MISMATCHED DUPLEX DNA 

Mismatched double stranded DNA is a proxy substrate for ORF1p chaperone activity, an 

activity likely required for one or more steps of the retrotransposition process (Martin and 

Bushman 2001; Martin 2010). Figure 3.8A shows that while ORF1p has an ~8 fold lower 

affinity for a perfectly matched duplex than a mismatched duplex (Figure 3.8B), it binds the 

latter with about same affinity as single stranded DNA (cf. Figure 3.8B and C). These results are 

quite reproducible - each assay in Figure 3.8 represents an independent binding reaction. 

Mouse ORF1p can lower the melting temperature of mismatched duplexes (Martin and 

Bushman 2001). Therefore, we initially thought that the similar affinities of the human protein 
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for single stranded and mismatched duplex DNA reflected dissociation of the duplex and 

subsequent binding to the resultant single strands. To examine this possibility we determined the 

fate of the mismatched double stranded DNA for each of the binding reactions shown in Figure 

3.8B. 

Figure 3.9A illustrates one such determination. Samples at different protein 

concentrations (enlarged triangles) from a binding assay (Figure 3.8B, triangles) were denatured 

in SDS and held on ice until electrophoresis on non-denaturing polyacrylamide gels at 4ºC. The 

lower part of Figure 3.9A shows the nature of the mismatched duplex at the selected points. Lane 

10 shows that all of the nucleic acid is double stranded at the outset, and lane 1 shows the extent 

of melting without protein after 1 hour at 37ºC.  
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Figure 3.8 Comparison of single stranded and double stranded DNA binding by 
ORF1p 

Figure 3.8 Comparison of single stranded and double stranded DNA binding by ORF1p. Each 

panel shows independent filter-binding assays carried out at 37ºC as described in the Materials 
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and Methods (see Chapter 2.5.2.1). The insert shows the [ORF1p]0.5FB for each assay along with 

the mean. (A) The perfect duplex, d29:[32P]-d29_c. (See Table 2.1.) (B) The mismatched duplex, 

d29:[32P]-d29_cmm. (C) The single stranded 29-mer, d29_c, the same data presented in Figure 

3.5E. The vertical dashed line marks the [ORF1p]0.5FB for ORF1p binding to the mismatched 

duplex (panel B). 

 

In contrast to our expectations, lanes 2 and 3 show there is less single stranded DNA in 

the presence of the protein than in its absence. Thus, rather than melting the mismatched duplex, 

the protein protected it from dissociating. Whatever the state of the protein-bound duplex, we 

presume that the two strands are ‘sensed’ as single strands, yet are recovered as a duplex when 

the protein is denatured. For want of a better term, the two strands are ‘caged’. As the protein 

concentration increases, the duplex is recovered as separate strands upon denaturation of the 

protein. At these molar ratios of protein to nucleic acid, ORF1p would be largely polymeric. The 

result is that at low protein concentrations the protein stabilizes the mismatched duplex and at 

high protein concentrations it destabilizes the duplex. Thus, ORF1p has a biphasic effect on 

mismatched duplex. 

The densitometric analysis of the fraction single stranded DNA from this experiment is 

plotted in Figure 3.9, panel B1 (triangles) after correcting for the amount dissociated without 

protein. Doing so produced negative values at concentrations of the protein that caged the 

duplex. However, we could thereby readily compare the results of each of the other binding 

reactions shown in Figure 3.8B which we also present in Figure 3.9, panel B1. In some cases we 

determined the fate of the mismatched duplex over the entire range of protein concentrations 
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(e.g. empty circles). We note that the ‘window’ in the binding curve at which caging occurs is 

rather narrow and can be missed unless sufficient samples are examined. 

Figure 3.9 Fate of the mismatched duplex 
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Figure 3.9 Fate of the mismatched duplex. (A) Binding curve of ORF1p with the mismatched 

duplex, d29:[32P]-d29_cmm, from the experiment shown in Figure 3.8B (plot with filled 

triangles), which was also plotted here as filled triangles. Large triangles indicate the samples 

that were examined by PAGE in the lower part of the panel. The image of the dried gel shows 

the [32P]-d29_cmm products, double stranded (ds) and single stranded (ss) DNA, at the indicated 

ORF1p concentrations. Lane 10 shows the sample at 0 time in the absence of protein. (B1) The 

fraction single stranded DNA was plotted after correcting for the amount of melting that 

occurred without protein after incubation for 1hr at 37ºC. This plot shows the results from the 

four independent binding experiments shown in Figure 3.8B using the same symbols in both 

cases. As shown in lanes 6 – 9 in the lower part of panel A, all of the duplex eventually melted. 

However the fraction of single stranded DNA is <1 due to subtraction of the fraction single 

stranded DNA that occurred in the absence of protein. (B2) A duplicate of the plot shown in B1 

annotated to depict ORF1p caging (red) and melting (blue). (B3) The results from two 

independent binding assays using 1 nM of the mismatched duplex, d29:[32P]-d29_cmm. These 

reactions were incubated at 37ºC for just 5 min instead of 60 min for the other binding assays.  

 

Caging is not due to the 50-fold molar ratio of ORF1p to the mismatch duplex shown in 

panel B1, for it also occurred using 1 nM mismatched duplex and near stoichiometric amounts of 

ORF1p (Figure 3.9, panel B3). However, under these conditions too, dissociation of the duplex 

only occurred at high molar excesses of protein to nucleic acids. That caging is seemingly 

independent of ORF1p concentration supports the idea that it may be an intra-trimer 

phenomenon.  
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This contention is consistent with the dramatic difference between the melting of the 

mismatched duplex by ORF1p and the M128p monomer (Figure 3.10A). Despite the relatively 

low affinity of the M128p monomer for the mismatched duplex (Figure 3.7, panel A3), it readily 

melts it, but does not cage it. (Neither protein melted the perfect duplex – personal 

communication with Charles E. Jones.) Additionally, despite its relatively low affinity for single 

stranded DNA (Figure 3.7, panel A2), M128p is just as effective as ORF1p in promoting the 

annealing of DNA (Figure 3.10B). Therefore, the M128p monomer exhibits both the annealing 

and melting activities of a nucleic acid chaperone, but unlike the full-length trimeric protein it 

does not cage the mismatched duplex DNA (Figure 3.9A and B). 

These results suggest that caging is more than a function of the relative kinetics of 

annealing and melting, but rather a property of the trimeric arrangement of the C-terminal halves 

of the protein. Thus, caging is a property of the full-length trimeric protein. The same is true for 

high affinity binding for nucleic acids by full-length ORF1p, which is only exhibited by the 

trimer (Figures 3.5 and 3.6), and which is essential for retrotransposition (Kolosha and Martin 

2003; Martin, Cruceanu et al. 2005; Martin, Bushman et al. 2008; Khazina and Weichenrieder 

2009; Martin 2010). 
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Figure 3.10 DNA melting and annealing by ORF1p and M128p  

 
 

Figure 3.10 DNA melting and annealing by ORF1p and M128p. These experiments were carried 

out as described in the Materials and Methods (see Chapter 2.5.2.3 and 2.5.2.4). The indicated 

amounts of protein (in terms of monomer) were incubated with the appropriate substrates for 5 

min at 37 ºC, whereupon the fractions of single stranded or double stranded DNA were 

determined by gel electrophoresis as described for the experiments in Figure 3.9. (A) The ORF1p 

data are taken from the lower plot of Figure 3.9B (open squares in both cases). The mismatched 
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duplex DNA (1 nM) used for M128p was (d29:[32P]-d29_cmm). The differences in the ultimate 

fraction of single stranded DNA produced reflect the different values for the fraction of single 

stranded DNA generated at 37ºC in the absence of protein, which were subtracted from these 

values (see text). (B) A duplicate of the plot shown in panel A is annotated to depict ORF1p 

caging (red). Both the M128p and ORF1p melt (blue) the mismatched duplex. (C) Annealing 

assays with 2 nM d29 and 1.8 nM [32P]-d29_c (filled circles) or 1.8 nM [32P]-d29 and 2 nM 

d29_c (the other symbols). All of the assays in panels A and C were the result of independent 

reactions. 

 

3.5 DISCUSSION  

Here we revealed two novel properties of the purified human L1 ORF1p trimer that have 

important implications for its function in retrotransposition:  

First, in the absence of nucleic acid, ORF1p exists as a polymer under the very conditions 

(0.05 M NaCl) that are optimal for high (~1 nM) affinity nucleic acid binding. In this state 

ORF1p can be cross-linked into large aggregates of indeterminate size (Figure 3.2A and 3.3B). 

However, the polymeric form of ORF1p is an active conformer of the protein for it is 

immediately resolved to trimers, or multimers thereof, by nucleic acids (Figures 3.2C, 3.3A and 

3.6B).  

Multiple mouse ORF1p trimers were also found to bind nucleic acids of sufficient length 

(see Figure 3 in ref. , Basame, Wai-lun Li et al. 2006). But our finding that the trimer multimers 

can be cross-linked indicates that nucleic acid binding and the protein-protein interactions that 

mediate polymerization are not mutually exclusive (Figure 3.3A). This finding may be related to 
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our second novel finding; i.e., the biphasic effect of the protein on mismatched duplex DNA, a 

proxy substrate for nucleic acid chaperone activity. 

ORF1p not only can protect the duplex from dissociation (melting) at 37ºC but also 

eventually melt the duplex when present at sufficient molar excess and thus largely polymeric 

(Figure 3.9). As the protein binds the mismatched duplex and single stranded DNA with the 

same affinity (Figure 3.8), it presumably ‘senses’ the duplex as single strands. However, the 

complementary strands must be held in such close approximation (‘caged’) that they are 

recovered as a duplex upon denaturation of the protein.  

As caging is relatively insensitive to the molar ratio of protein to nucleic acid (Figure 

3.9), we presume that it is an intra-trimer phenomenon; e.g., the two nucleic acid strands could 

be bound to the juxtaposed C-terminal halves of a given trimer. That caging is solely a property 

of the trimer supports this contention. The M128p monomer does not cage the mismatched 

duplex even though it exhibits robust melting activity (Figure 3.10), two activities required of a 

nucleic acid chaperone 

Mismatched double stranded DNA is a proxy for a chaperone substrate for a chaperone 

substrate that ORF1p could encounter during retrotransposition. Thus, understanding the 

biochemical mechanism of the hand off between the two states of the ORF1p-bound mismatched 

duplex could not only reveal how the ORF1p nucleic acid chaperone functions in 

retrotransposition, but also provide a biochemical rationale for its uniquely trimeric structure. We 

currently do not understand the biochemical features of ORF1p-nucleic acid complexes or 

trimer-trimer interactions in sufficient detail to speculate on how these processes might be 

related or to the role of ORF1p in retrotransposition.  
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However, the results in Figure 3.4 do provide an important starting point for 

understanding trimer–trimer interactions as well as the effect of the coiled-coil domain on the 

structure of ORF1p. These results showed that polymerization of full-length ORF1p trimers is 

apparently mediated by interactions between the C-terminal halves of different trimers. 

Furthermore, inhibition of polymerization by 0.5 M NaCl is likely the result of alterations in the 

orientation of the C-terminal halves so as to mask the surfaces that mediate inter-trimer 

interactions. 

Given the dependence of coiled coil structures on inter-helical salt bridges (e.g. ref. , 

Burkhard, Ivaninskii et al. 2002), we suggest that this change in orientation is due to a salt-

induced conformational change in the coiled-coil domain. The possibility that the configuration 

of the C-terminal halves of the trimer is sensitive to structural change in the coiled coil domain is 

consistent with the findings that showed that minimal amino acid changes in the coiled coil, 

which have no discernible effect on trimerization, can profoundly affect the activity of ORF1p in 

retrotransposition assays (Callahan, Perez-Gonzalez, Furano, unpublished data and ref. , Martin, 

Bushman et al. 2008).  

Despite the sensitivity that ORF1p activity can exhibit in response to minor amino acid 

changes in the coiled coil domain, this domain, paradoxically, is the most variable region of the 

L1 encoded proteins (Demers, Matunis et al. 1989; Hohjoh and Singer 1996; Furano 2000; 

Boissinot and Furano 2005; Martin 2006) and a strongly conserved feature of ORF1p evolution 

(Walser and Furano, unpublished observations and refs. Furano 2000; Martin 2006). Thus, even 

though preservation of trimer formation is essential for the survival of L1, the coiled-coil domain 

is continually being remodeled perhaps as an adaptive response to changes elsewhere in the L1 

element or the host environment. 
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Although role of ORF1p polymerization in retrotransposition awaits clarification, it could 

explain several phenomena related to L1 biology. For one, it could account for the accumulation 

of the protein in stress granules and other intra-cellular foci in cells transfected with L1-

expression vectors (e.g. refs. , Goodier, Zhang et al. 2007; Doucet, Hulme et al. 2010). 

More provocatively, that polymeric ORF1p is an active form of the protein could provide 

a mechanism for cis preference - the assembly of ORF1p on the transcript from which it was 

translated (Furano 2000; Wei, Gilbert et al. 2001). Cis preference is essential to the survival of 

L1 elements, for without it, ORF1p, which interacts non-specifically with nucleic acids, would 

be consumed by non-productive interactions with non-L1 nucleic acids. However, to date no 

mechanism to explain cis preference has been forthcoming. 

We suggest that polymerization of newly synthesized ORF1p would prevent it from 

diffusing into the cytoplasm. Thus, it would likely accumulate near the translational apparatus. 

When the L1 transcript is released from the ribosomes, perhaps even mediated by ORF1p 

polymers, it will be incorporated into the L1 ribonucleoprotein particle, the putative 

retrotransposition intermediate. Kroutter et al. (2009) have also suggested that ORF1p could 

compete with the translational machinery for the L1 transcript. 
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CHAPTER IV:  

THE EFFECTS OF ADAPTIVE EVOLUTION ON THE BIOCHEMISTRY OF ORF1P FROM THE HUMAN 

LINE-1 RETROTRANSPOSON 
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4.1 PREFACE 

This chapter is in preparation for publication: Callahan, Kathryn E., Cesar Perez-

Gonzalez, Anthony V. Furano (2011) “The effects of adaptive evolution on the biochemistry of 

ORF1p from the human LINE-1 retrotransposon.” We appreciate the skill and efficiency of the 

Protein Expression Laboratory, Advanced Technology Program, SAIC-Frederick for preparing 

baculovirus and infected insect cells. The NIH Intramural program supported this work. 

All the biochemical and cell-culture experiments presented in this chapter were 

conducted by Kathryn E. Callahan. Cesar Perez-Gonzalez modified the JM101.L1.3 vector used 

for the retrotransposition assays. In this chapter and in the Materials and Methods the modified 

vector is referred to as pRTC (Chapter 2.1.2.1). The ancestral L1Pa5 ORF1 DNA sequence was 

synthesized in three steps as described in the Materials and Methods (Chapter 2.1.2). The first 

two steps were carried out by Anthony V. Furano who generated the clone p551-18mb. The third 

step was synthesized by Retrogen, Inc. generating clone p555-18mb.  

4.2 SUMMARY 

One of the most compelling, but inexplicable features of ORF1p is its rapid evolution due 

to the hypervariability of the coiled coil domain. Non-synonymous base substitutions (those that 

results in amino acid replacement), insertions, and deletions of the coiled coil can cause this 

hypervariability (Furano 2000). A more drastic change, that of complete replacement of the 

coiled coil has been suggested for rabbit ORF1p where the N-terminal half of ORF1p was found 

to be similar to type-II kerratin (Demers, Matunis et al. 1989). Thus, it seems that the rapid 
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evolutionary change of the coiled coil domain might correspond with the survival of L1 elements 

in various species.  

Robust methods for examining evolutionary change rely on determining whether in 

homologous coding sequences the nucleotide changes (i.e., those that underlie the amino acid 

substitutions) are consistent with the expectations for positive selection (Yang and Bielawski 

2000). Under these criteria positive selection is demonstrated when the rate of non-synonymous 

substitution, i.e., amino acid replacement, is higher than the synonymous substitution rate; thus, 

indicating that more amino acid changes occurred than expected by chance. Positive selection is 

often taken as evidence for adaptive evolution. 

In studying the evolution of L1 retrotransposons in the primate lineage, the Furano 

laboratory previously showed that more amino acid changes occurred than expected by chance 

between the now extinct L1Pa5 ORF1p and the currently active L1Pa1 ORF1p (Boissinot and 

Furano 2001). This indicated that ORF1p underwent an episode of positive selection during the 

last 25 million years of primate evolution. Positive selection is often indicative of adaptive 

evolution or the adjustment of an organism to its environment. The amino acid changes occurred 

mainly in the coiled coil domain and thus presumably the coiled coil domain underwent an 

episode of adaptive evolution (Boissinot and Furano 2001). The results from the Boissinot and 

Furano 2001 manuscript are summarized in Chapter 1.6.7.  

Adaptive evolution often indicates an interaction between an organism and its 

environment. In this case the organism is L1 and the environment is the primate host. As one 

would expect interplay between the host to minimize L1 activity and for L1 to preserve its 

activity, perhaps the adaptive response in ORF1p reflects this interaction. This hypervariability 

could also be from ORF1p compensating in response to mutations elsewhere in the L1 element.  
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A critical issue then is to determine the biochemical and functional consequences of the 

positive selection. Possibly, the numerous amino acid changes to the coiled coil domain 

enhanced the retrotransposition activity, nucleic acid binding and chaperone activity of the 

protein. Thus, I examined if the ancestral ‘pre-adapted’ L1Pa5 protein could replace the modern 

‘adapted’ L1Pa1 ORF1p in an otherwise modern L1 element in a human cell culture-based 

retrotransposition assay. Furthermore, to examine the biochemistry of the adaptive changes, I 

examined the activity of mosaic proteins that consist of regions from both the modern and 

ancestral proteins.  

4.3 RESULTS 

4.3.1 ADAPTIVE EVOLUTION OF ORF1P  

Figure 4.1 shows an alignment of the ancestral and modern protein amino acid sequences. 

The ancestral ORF1p was reconstructed from 840 L1Pa5 elements as described in the Materials 

and Methods (Chapter 2.1.2). The modern ORF1p is from the L1.3 element, an active member of 

the most recently evolved Ta-1 subfamily of the human-specific L1Pa1 family (Boissinot, 

Chevret et al. 2000). Additionally, versions of the protein that contained a mosaic coiled coil 

domain consisting of modern (adapted) and ancestral (pre-adapted) regions were also examined. 

Figure 4.1 shows the restriction sites, BsmI and BsmFI, used to modularize the coiled coil 

domain. The regions from the modern L1Pa1 protein are denoted with a ‘1’ and regions from the 

ancestral L1Pa5 protein are denoted with a ‘5’. The modern or adapted protein is referred to as 

111p and the ancestral or pre-adapted protein is referred to as 555p. The mosaic 151p, which is 

composed of the N-terminal domain from the modern ORF1, the middle domain from the 

ancestral protein, and the C-terminal half of the protein is from the modern ORF1p.  
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Figure 4.1 Alignment of ORF1p sequences 111p, 151p, and 555p  

Figure 4.1 Alignment of ORF1p sequences 111p, 151p, and 555p. The coiled coil domain 
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(brackets, heptad repeats), RNA recognition motif (RRM, purple), RNP1 and RNP2, and the C-

terminal domain (CTD, red) are indicated. Heptad repeats are numbered (I) to (XIV). The dark 

green and white bars under the amino acid sequence highlight the regions that denote the mosaic 

ORF1 proteins shown in Figure 4.2B. Highly conserved restriction enzymatic sites BsmI and 

BsmFI are noted that divide the coiled coil domain. Proteolytic fragments from experiments 

shown in Figure 4.7 labeled 1-4 are noted as colored lines corresponding to regions within the 

ORF1p primary sequence.   

Analysis of the ORF1 nucleotide sequence revealed that the coiled coil region had 

acquired more substitutions than expected by chance, demonstrating that this domain was 

evolving under positive selection, which is often indicative of adaptive evolution (Boissinot and 

Furano 2001). To study the presumed adaptive response, the Furano laboratory reconstructed the 

ancestral (pre-adapted) L1Pa5 ORF1. I then examined if (i) the now extinct ancestral ORF1p 

could substitute for its currently active counterpart in an otherwise modern L1 element and in a 

modern host cell and examined if (ii) the ancestral ‘pre-adaptive’ changes affected the proteins 

biochemical properties compared to the modern ‘adapted’ protein. Additionally, I (iii) examined 

the adaptive changes by studying mosaic proteins that contained regions from the modern and 

ancestral proteins.  

4.3.2 ANCESTRAL ORF1P IS ACTIVE IN L1 RETROTRANSPOSITION, BUT THE MOSAIC (151P) IS 

INACTIVE   

I used a cell cultured-based retrotransposition assay to examine if the ancestral ORF1p 

was active in transposing an otherwise modern L1 element. This assay has been critical for 

identifying biochemical and genetic properties related to L1 retrotransposition. One such finding 

was the absolute requirement for ORF1p in L1 retrotransposition (Moran, Holmes et al. 1996). In 
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this assay depicted in Figure 1.5, a full length L1 element contains a reporter cassette (mneoI) in 

its 3’UTR. The neomycin!phosphotransferase reporter gene (Neo) is in the reverse orientation 

relative to the L1 transcription start site (+1) and is inactive as it is interrupted by an intron in the 

same transcriptional orientation as the L1. Generation of neomycin resistance requires splicing of 

the transcript, its reverse transcription and insertion of the cDNA into genomic DNA. Neomycin 

resistant cells generate G418 resistant foci. Whether this assay recapitulates any of the regulatory 

phenomena that affect endogenous L1 elements is undetermined (Furano 2000).  
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Figure 4.2 The ancestral ORF1p is active in L1 retrotransposition, but the mosaic 
(151p) is inactive 
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Figure 4.2 The ancestral ORF1p is active in L1 retrotransposition, but the mosaic (151p) is 

inactive. (A) Diagram of the cell culture retrotransposition assay. A full length L1 element is 

modified with a reporter cassette (neo) downstream of the 3'UTR. The neomycin 

phosphotransferase gene (white) is in the opposite transcriptional orientation and interrupted by 

the gamma-globin IVS2 intron (grey), which is in the forward orientation. CMV (yellow) or L1 

5'UTR (blue) promoter drives L1 transcription. The transcript is spliced. The splice donor (sd) 

and splice acceptor (sa) sites are indicated. The spliced transcript is the template used by the L1 

proteins to generate the L1 insertion by reverse transcription and integration into genomic DNA. 

After integration, expression of neomycin confers G418 resistant cells by expression of the neo 

cassette driven from its promoter (P’). (B) Schematic of ORF1p constructs: modern (111), 

ancestral (555) and mosaic (151). The red box indicates the region corresponding to the coiled 

coil domain (CC). The mosaic ORF1s were constructed using convenient restriction sites that 

divide the coiled coil domain approximately in half. Domains that come from the modern protein 

are referred to a ‘1’ because the come from the L1PA1 family (white) and those that come from 

the ancestral ORF1p are denoted as a ‘5’ from the L1PA5 family (green). (C) Cell culture 

retrotransposition results with the three ORF1 proteins within the context of a modern L1 

element. HeLa cells were transfected with the indicated L1 constructs containing either the 

modern (111), ancestral (555), or mosaic (151) ORF1 coding sequence. As a control, HeLa cells 

were  also transfected with the indicated empty vector (pRTC). Percent retrotransposition 

activity is relative to the modern (111) ORF1. In these constructs both the CMV promoter and 

the L1 5’UTR were present. Each well shows an independent retrotransposition assay as 

described in the Materials and Methods (see Chapter 2.7).  
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The L1 3‘UTR contains a highly conserved G-rich polypurine tract that forms intrastrand 

tetraplexes (Howell and Usdin 1997). In the original retrotransposition vector the reporter gene 

interrupted these highly conserved structures. Therefore, the our laboratory modified the 

retrotransposition vector such that the reporter gene was located downstream of the 3’UTR 

preserving any conserved secondary structures that could be important for L1 RNA export, 

regulation, or additional functions (Figure 4.2A).  

Cells that are resistant to G418 develop cellular foci over 12-14 days of antibiotic 

selection, which are detected by fixing the foci and then staining them with Giemsa. Figure 4.2B 

depicts the various ORF1p constructs that were examined in retrotransposition using our 

modified retrotransposition vector. Retrotransposition was readily observed in cultures 

expressing 111p. Moreover, G418 resistant foci were not obtained with cells expressing the 

empty pRTC vector (Figure 4.2C). These data indicate that our modified retrotransposition 

vector containing the L1-mneoI is capable of autonomous retrotransposition in HeLa cells.  

I determined if the reconstructed ancestral version of the L1Pa5 ORF1p (555p) (see 

Chapter 2.1.2) was active in retrotransposition. Figure 4.2C shows that an L1 element that 

contains the ORF1p, which has 41 amino acid substitutions compared to its modern counterpart, 

is as active in retrotransposition in the cell culture-based assay as an L1 element that contains the 

modern ORF1p (cf. 555p and 111p, Figure 4.2C).  

This result indicated that the L1Pa5 family probably did not go extinct because its ORF1p 

was defective in the modern ‘environment’ provided by either the modern L1 element or its host. 

Thus, the presumed adaptive changes that occurred during the evolution of L1Pa5 to L1Pa1 were 

not likely in response to mutations elsewhere in the L1 element or alterations in the host (Adey, 

Schichman et al. 1994; Adey, Tollefsbol et al. 1994; Cabot, Angeletti et al. 1997; Saxton and 
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Martin 1998; Furano 2000; Khan, Smit et al. 2006). 

For many reasons, this assay may not accurately model the regulatory events that 

endogenous L1 elements encounter during L1 retrotransposition. These include the fact that 

expression of the L1 transcript is enhanced by the CMV promoter, that the L1 transcript is 

processed through the spliceosomal pathway in this assay but that the normal L1 transcript is not 

spliced, and that the assay uses a fibroblast tumor cell line whereas L1 retrotransposition is 

normally confined to germ cells, or early progenitor cells. Thus, while this assay is useful for 

determining the biochemical competence of a particular ORF1p for retrotransposition, the assay 

is of little use for investigating host regulatory mechanisms.  

Most of the amino acid changes that resulted from positive selection occurred within the 

coiled coil domain. Thus, I was interested in examining how the adaptive changes affected L1 

retrotransposition activity. The mosaic protein (151p) is shown in Figure 4.2B and differs from 

the modern ORF1p (111p) by nine amino acids (Figure 4.1). Retrotransposition activity of a L1 

element that contains a mosaic ORF1p (151p) where the coiled coil domain is derived from the 

ancestral and modern proteins is shown in Figure 4.2C. Despite the fact that both 111p and 555p 

are able to transpose a modern L1 in this assay, surprisingly the 151p is inactive.  

4.3.2.1 THE MOSAIC (151P) IS EXPRESSED AND IS STABLE IN HELA CELLS 

To determine if the lack of retrotransposition activity of 151p is because the protein is not 

expressed or stable in HeLa cells, an eleven residue T7 gene10 epitope tag was fused onto the C-

terminus of 111p or 151p that were under the control of the CMV promoter (Figure 4.3A). 

Expression of 111-T7 and 151-T7 fusion proteins were examined by western blot (Figure 4.3B). 

Whole cell lysates were harvested three days post-transfection and protein expression was 

detected by anti-T7 antibody as described in the Materials and Methods (see Chapter 2.8). Both 
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fusion proteins were detected in HeLa cells, which are the same cell type used in the 

retrotransposition assay. Thus, the 151-T7 fusion protein is expressed and stable in HeLa cells.  

 

Figure 4.3 Mosaic protein (151p) is expressed and stable in HeLa cells 

 

Figure 4.3 Mosaic protein (151p) is expressed and stable in HeLa cells. (A) A schematic of the 

ORF1 T7 fusion protein construct. The CMV promoter (yellow) drives expression of ORF1 111 

or 151 (white with coiled coil domain highlighted in red box), and the T7 epitope tag (red) is 

fused to the C-terminus. (B) Whole cell lysates harvested three days post-transfection and protein 

expression detected by T7 western blotting as described in the Materials and Methods (see 

Chapter 2.8. The western blot shows the ~40-kDa 111-T7 and 151-T7 fusion proteins (arrow). 

(C) ORF1 proteins purified from baculovirus infected sf9 cells as described in the Materials and 

Methods. Proteins were electrophoresed on 4-12% SDS-PAGE and the gel was stained with 
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colloidal Coomassie blue (SimpleStain, Invitrogen). The molecular weight standards are shown 

to the left of the gel.  

 

The difference in observed mobility in the western blot between 111-T7 and 151-T7 is 

also observed in the by SDS-PAGE of the recombinant purified proteins shown in Figure 4.3C. 

The 111p migrates at a slightly higher molecular weight than both 151p and 555p. There are two 

possible explanations for the observed differences in mobility between the 111-T7 and 151-T7 

bands migrating in the SDS-PAGE. First, there is a slight difference in the amino acid 

composition between the two proteins. The estimated molecular weight of 111p is 40084 Da and 

of 151p is 40105 Da. Alternatively, protein tertiary structure can affect the amount of SDS that 

can ‘load’ onto a polypeptide (Rath, Glibowicka et al. 2009). The proteins need to adopt similar 

shapes when treated with SDS for comparison of molecular weights by SDS-PAGE. Thus, the 

difference in mobility observed by SDS-PAGE between 111p and both 151p and 555p may 

indicate a relationship between protein structure and SDS loading. 

Preliminary experiments in which cytoplasmic extracts from the mouse embryonal 

carcinoma F9 cell line were metabolically labeled with [35S]-methionine and detected three 

forms of mouse ORF1p with apparent molecular weights of 41.3, 43, and 43.5-kDa (Kolosha and 

Martin 1995). The proteins were detected by immunoprecipitation using ORF1 antibody 

followed by SDS-PAGE. Upon treatment of the extract prior to immunoprecipitation with potato 

acid phosphatase, the 43.5-kDa band was no longer detected suggesting that it was a 

phosphorylated form of the protein.  

It is possible that the differences in molecular weight observed between 111p and 151p 

could also be accounted for by phosphorylation at residues T105 and S108. Perhaps there are 
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differences in the phosphorylation of 111p, 151p, and 555p. Many enzymes within the cell are 

regulated by phosphorylation as could be the case for ORF1p. The 151p may be inactive if its 

activity is dependent on phosphorylation. As both 151p and 555p contain the residues T105 and 

S108, which are potential phosphorylation sites, it is plausible that the context of these residues 

within the protein affects the phosphorylation. Perhaps within the 151p the T105 and/or S108 

residues are not accessible to the kinase due to the structural conformation of the coiled coil. It 

would thus be interesting to examine the phosphorylation state of 151p compared to 111p and 

555p.  

Performing a western blot with monoclonal phospho-specific antibodies could detect if 

there are specific residues within ORF1p like tyrosine or serine that are phosphorylated. 

Alternatively, mass spectrometry could be used to determine sites of protein 

phosphosphorylation. 

4.3.3 THE BIOCHEMICAL PROPERTIES ARE INDISTINGUISHABLE BETWEEN MODERN (111P), 

ANCESTRAL (555P), AND THE MOSAIC (151P) 

4.3.3.1 HIGH AFFINITY BINDING – MISMATCHED DOUBLE STRAND DNA 

To determine whether the adaptive changes had any effect on the biochemical properties 

of the modern protein compared to the ancestral and mosaic ORF1p, required expression and 

purification of the recombinant ancestral and mosaic proteins in eukaryotic cells using the same 

conditions we had used for the modern human protein (Chapter 3.4.1 and Materials and Methods 

Chapter 2.2.2).  

After purifying the modern, ancestral, and mosaic ORF1p, I used a filter-binding assay to 

examine their affinity for nucleic acid. Figure 4.4A shows the results of independent filter-
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binding assays incubated with a mismatched double strand DNA and a molar excess of the 

indicated ORF1p in 0.05 M NaCl. Due to the salt and nucleic acid concentrations, under these 

conditions the proteins would be polymeric. Thus, the concentration of the protein species that is 

binding the nucleic acid is not known. It could be free trimer or short oligomers thereof, in 

equilibrium with polymer, or fully polymer-bound trimers. Accordingly, the Kd from these data 

cannot be determined. Instead, the relative affinities in terms of the concentration of total ORF1p 

that binds half the total nucleic acid ([ORF1p]0.5FB) are reported.  

Interestingly, all three proteins bind the mismatched double strand DNA with near 

identical binding affinities (Figure 4.4A): 8.5 nM for 111p, 4.6 nM for 151p, and 8.1 nM for 

555p, well within the normal variation for such experiments (see Chapter 3.4.3). Thus, the 

substitutions in the mosaic protein have not affected nucleic acid binding.  
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Figure 4.4 111p, 151p, and 555p bind and melt the mismatched double strand 
DNA at 37ºC 

 
Figure 4.4 111p, 151p, and 555p bind and melt the mismatched double strand DNA at 37ºC. (A) 

Independent filter-binding assays carried out at 37ºC as described in the Materials and Methods 

(see Chapter 2.5.2.1) with the mismatched duplex, d29:[32P]-d29_cmm. 37ºC with 111p (red), 

151p (blue) and 555p (black). The large triangles represent the samples that were examined by 
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PAGE. A similar gel is shown in Figure 3.9B for 111p. (B) The fraction single stranded DNA 

was plotted after correcting for the amount of melting that occurred without protein after 

incubation for 1hr at 37ºC. As shown in Figure 3.9, all of the duplex eventually melted. However 

the fraction of single stranded DNA is less than 1 due to subtraction of the fraction single 

stranded DNA that occurred in the absence of protein. A replicate of this experiment produced 

similar results (also see Chapter III, Figure 3.9 for replicate assays with the 111p). 

 

4.3.3.2 CHAPERONE ACTIVITY  

4.3.3.2.1 MELTING 

As described in Chapter III, a mismatched double stranded DNA oligonucleotide is a 

proxy substrate for ORF1p chaperone activity, an activity likely required for one or more steps of 

the retrotransposition process (Martin and Bushman 2001; Martin 2010). ORF1p has a similar 

binding affinity for single strand DNA and mismatch double strand DNA of the same length 

(Figure 3.8). This was also observed for the mouse protein (Martin, Bushman et al. 2008). I 

previously showed that modern human ORF1p has a biphasic effect on mismatched duplex DNA 

(Figure 3.9). Specifically, modern human ORF1p is able to protect the two strands from 

dissociating before eventually melting the duplex when the protein is largely polymeric. To 

examine if the ancestral and mosaic proteins also function in a similar fashion, I determined the 

fate of the mismatched double stranded DNA for each of the binding reactions shown in Figure 

4.4A.  

As described in Chapter III, refer to Figure 3.9 for a detailed analysis of this assay; the 

fate the mismatched duplex was examined at different protein concentrations from points along 
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the binding curves (Figure 4.4A). The samples were denatured in SDS and held on ice until 

electrophoresis on non-denaturing polyacrylamide gels at 4ºC.  

The densitometric analysis of the fraction single stranded DNA from these experiments 

are plotted in the Figure 4.4B after correcting for the amount of the duplex that dissociated in the 

absence of protein. This produced negative values at concentrations of protein that caged the 

mismatched double strand. However, this analysis allowed comparison between the results of 

each of the other binding reactions shown in Figure 4.4A. The ‘caging’ effect is reproducible 

among all three proteins. 

As noted in Chapter III, the ‘window’ in which caging occurs is narrow and can be 

missed unless sufficient protein concentrations are examined. Also as observed with the modern 

protein (Figure 3.9), there is some variability in the experimental data as some data points (90 

nM) differ by as much as 30%. However, the biphasic effect of caging followed by melting the 

duplex is consistent in each independent experiment. The data in Figure 4.4B are within this 

experimental error and demonstrate this same trend, i.e., first ORF1p protects then melts the 

duplex. Thus, the biphasic effect is evolutionarily conserved. Additionally, the substitutions to 

the 151p do not disrupt either caging or melting. 

4.3.3.2.2 ANNEALING 

Nucleic acid chaperone activity requires a balance between melting and annealing 

properties (Evans, Peddigari et al. 2011). The ORF1 proteins have similar melting kinetics as 

demonstrated in Figure 4.4. The next question I asked was whether the adaptive changes had an 

effect on the ability of ORF1p to promote the formation of duplex DNA (Figure 4.5A). 
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The experiment was to compare the annealing activities of 111p with 555p and 151p. 

Reactions at different protein concentrations were denatured in SDS and held on ice until 

electrophoresis on non-denaturing polyacrylamide gels at 4ºC. Lane 1 shows that all of the 

nucleic acid is single stranded at the beginning of the reaction, and lane 2 shows that after 5 

minutes at 37ºC about 40% of the sample has been annealed without protein. The addition of 

ORF1 protein enhances the annealing in a concentration dependent manner.  

 
Figure 4.5 ORF1p promotes DNA annealing 

 

Figure 4.5 ORF1p promotes DNA annealing. (A) Schematic of annealing assay with 2 nM d29 

and 1.8 nM [32P]-d29_c. The sequences of the oligonucleotides are given in Table 2.1. 
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Reactions were incubated at 37ºC for 5 minutes (B) Samples were subjected to PAGE. Lane 1 

shows the sample at time 0. (C) Results from independent annealing experiments with 111p and 

555p are shown. (D) Results from independent annealing experiments with 111p and 151p are 

shown. 

 

Densitometric analysis of the fraction annealed DNA is plotted in Figure 4.5C & D. Both 

the 555p (Figure 4.5C) and 151p (Figure 4.5D) facilitate annealing of the single strands with 

similar kinetics to the 111p. However, for the 555p there is a noticeable decrease in annealing 

ability as compared to 111p between protein concentrations ranging from 0 to 15 nM. These 

experiments need to be repeated to confirm if such a difference is relevant. Similar to that 

observed for both TF- and A-types of the mouse ORF1p, at higher concentrations of primate 

ORF1p single strand DNA begins to predominate over the duplex DNA (Martin and Bushman 

2001). Not surprisingly, the ancestral ORF1p conserves the annealing properties of ORF1p. The 

substitutions to the 151p do not disrupt annealing. Thus, the 151p has the required properties to 

act as a nucleic acid chaperone in that it can both promote the melting and annealing of nucleic 

acids.  

4.3.4 ORF1 PROTEIN-PROTEIN INTERACTIONS DO NOT DISTINGUISH THE MODERN, ANCESTRAL 

AND MOSAIC PROTEINS 

4.3.4.1 YEAST TWO-HYBRID ASSAY 

ORF1p monomers self-associate to form a 120-kDa trimer and trimerization is mediated 

through the coiled coil domain (Martin, Li et al. 2000). In Chapter III, I showed that modern 

ORF1p trimers form large polymers in 50 mM NaCl (Figure 3.2A). Additionally, the C-terminal 
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half of the protein mediates ORF1p polymerization, suggesting that it involves the RNA 

recognition motif (RRM) (Figure 3.4). Thus, ORF1p is capable of interacting with itself both 

through the coiled coil domain and through residues in the C-terminus.  

The next question I asked was whether the modern and mosaic proteins can interact with 

each other using a yeast two-hybrid assay. The ancestral ORF1p (555p) was not examined in this 

system because at the time we performed this assay we had not synthesized the fully ancestral 

coding sequence.  

Figure 4.6 The yeast two-hybrid assay 

 

Figure 4.6 The yeast two-hybrid assay. (A) The CytoTrapTM two-hybrid system indentifies 

protein-protein interaction in the cytoplasm based on reestablishment of the Ras pathway using a 

yeast strain that is temperature sensitive for Ras. The target protein is anchored to the cell 

membrane through the myrstylation signal. The bait protein binds the target protein localizing 

hSos to the membrane. Then, hSos activates Ras by promoting GDP/GTP exchange. Ras 
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activates a signaling cascade that permits the mutant yeast cdc25H to grow at 37ºC. The 

promoter driving expression of the hSos-bait fusion is constitutively expressed. The Gal1 

promoter drives expression of the Myr-target fusion protein, which is induced by the addition of 

galactose in the growth medium. (B) Results from the yeast two-hybrid screen. Plates grown at 

the indicated temperatures 25ºC or 37ºC in absence or presence of galactose, which induces the 

Myr promoter. (C) Schematic that illustrates expression of ORF1p in the CytoTrapTM two-hybrid 

system. Co-expression of 111-hSos and either 111-Mry, 151-Myr, or 551-Mry results in mixed 

ORF1p trimers. In this figure we depict the co-expression of 111-hSos and 551-Myr.    

 

Unlike most yeast two-hybrid assays, the CytotrapTM system (Stratagene) identifies 

protein-protein interaction in the cytoplasm instead of the yeast nucleus (Figure 4.6A). I used the 

CytotrapTM system because ORF1p is known to be expressed in the cytoplasm of eukaryotic cells 

(Kulpa and Moran 2005; Goodier, Zhang et al. 2007) and thus this system was ideal for detecting 

possible ORF1p-ORF1p interactions. Additionally, the CytotrapTM system was used previously 

to study interactions with the mouse ORF1p (Martin, Li et al. 2000). In this assay both the bait 

and target proteins are an ORF1p monomer. Any one of the ORF1p monomers serving as bait 

was fused to the human Sos gene (hSos). In every case the modern ORF1p monomer served as 

the target, which fused to a myrstylation signal and thereby anchored to the cell membrane. This 

fusion protein is only expressed in the presence of galactose. All strains are expected to grow at 

25ºC. However, provided that the target and bait proteins interact, they can activate the Ras 

pathway via hSos allowing the mutant yeast strain to survive and grow at 37ºC.  

Figure 4.6B shows six independent transformants that were screened for growth at the 

permissive (25ºC) temperature followed by screening at the non-permissive (37ºC) temperature. 
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All transformants grew at 25ºC on medium containing glucose. However, only transformants 

expressing modern, mosaic, or ancestral ORF1p were able to grown on medium containing 

galactose at 37ºC indicating that any combination of the ORF1p monomers were able to form 

multimers with a modern ORF1p as depicted schematically in Figure 4.6C. The proteins are not 

distinguishable in their ability to form multimers with the modern ORF1p as all the interactions 

appear to be of the same magnitude.  

4.3.5 PARTIAL PROTEOLYSIS DISTINGUISHES THE ANCESTRAL PROTEIN FROM THE MODERN 

AND MOSAIC PROTEINS 

Partial proteolysis can be useful for determining structural domains of a protein. Suitable 

proteases are those with broad specificity (Fontana, de Laureto et al. 2004). For this reason 

papain was used because it is an enzyme that cleaves non-specifically. Additionally, I also 

compared the tryptic and chymotyptic patterns of ORF1p. Trysin cleaves peptides on the C-

terminus of lysine and arginine residues (Brown and Wold 1973; Brown and Wold 1973). 

Chymotrypsin preferentially cleaves on the C-terminal side of large hydrophobic residues 

(tyrosine, phenylalanine, and typtophan) (Hedstrom, Szilagyi et al. 1992).   

The structure of the full-length ORF1 proteins from the modern, mosaic, and ancestral 

ORF1 proteins were investigated by limited proteolysis followed by N-terminal sequencing. The 

products were separated by SDS gel electrophoresis (Figure 4.7A). The major protein bands 

were transferred to a PVDF membrane as described in the Materials and Methods for N-terminal 

sequencing (Chapter 2.5.3). The fragments corresponding to 1-4 were identified. It is possible 

that these fragments have deletions at their C-terminus, which were not identified by N-terminal 

sequencing.  

N-terminal sequencing of fragment 1a for the 111p sample revealed a strong signal 
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corresponding to GMGKKQNRKT, which corresponds to the first nine amino acids of ORF1p 

(region underlined, Figures 4.7A and B and location of the sequence within the context of the 

ORF1p primary sequence in Figure 4.1). The N-terminal glycine residue remains from the 

affinity tag that was cleaved by TEV protease (see Materials and Methods, Chapter 2.1.1). 

Similarly, the fragment 1b corresponding to the 555p sample corresponds to the N-terminus of 

the 555 protein. N-terminal sequencing of this fragment revealed a strong signal corresponding 

to GMGKKQSRKA (Figures 4.7A and B and 4.1).   

Figure 4.7 Limited proteolysis of ORF1p from the modern (111p), mosaic (151p), 
and ancestral (555p) 

 
 

Figure 4.7 Limited proteolysis of ORF1p from the modern (111p), mosaic (151p), and ancestral 
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(555p). (A,B) SDS-PAGE of partial proteolysis of full length ORF1p. The protease, ORF1 

proteins are indicated in the figure. (A) Three gels are shown for each of the three proteins with a 

white space separating each gel and the gels have been cropped, but all visible bands have been 

retained. The proteins were incubated with the indicated amount of protease as described in the 

Materials and Methods (see Chapter 2.5.5). The position of the proteolytic fragments (1, 3, & 4) 

and molecular weight marker (M) are indicated on the left side of the figure. The position of 

proteolytic fragment 2 is indicated between gels 151 and 555. Proteolytic fragments labeled 1-4 

are denoted in Figure 4.1 within the ORF1p primary sequence. (B) For ease of comparing the 

partial protease experiments the gel images from the papain, chymotrypsin, and trypsin shown in 

(A) were merged. The black dashed line indicates where the gels were merged. The original 

images are shown in panel A. (C) The fragments corresponding to ORF1p limited proteolysis. 

Fragment 1 corresponds to the full-length ORF1p with an N-terminal domain (N), a coiled coil 

domain (CC), RNA recognition motif (RRM), C-terminal domain, and terminating in a sequence 

with unpredicted structure. N-terminal sequencing of the ORF1p fragments 1-4 identified the 

constructs depicted in this figure. 

 

111p and 151p appear very similar in their protease digestion pattern and were not 

distinguishable in this assay. 111p and 151p differ by only nine amino acids all of which are in 

the coiled coil domain. These residues may be tightly packed within the coiled coil domain 

structure and not accessible to proteases. 

However, differences in the protease digestion pattern are evident between 111p and 

555p. The major pattern that emerged from these experiments is that the 555p is less sensitive to 

protease digestion than the 111p. For example, in 80 ng trypsin both the 111p and 151p are 
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digested into small fragments while the 555p remains mostly full length. This is also observed 

with 2000 ng papain where full length 555p is evident (fragment 1b), but for the 111p it is 

entirely digested into smaller products (fragments 3 and 4). 

Additionally, at this same concentration of papain, 555p has a fragment labeled 2 in 

Figure 4.7. This fragment is not present in the 111p sample at this concentration or at any 

concentration of papain. Fragment 2 is a broad band likely containing multiple fragments of the 

555p, which complicated the N-terminal sequencing. Sequencing of this band resulted in a 

tentative sequence in which the first two cycles read QS (i.e. glutamine and serine), but failed to 

identify the species. Based on the band size it likely corresponds to an almost full length ORF1p, 

as the N-terminus of 555p contains di-glutamine serine residues at positions 16/17 and 33/34 

(Figure 4.1). Thus, it seems likely that fragment 2 has been digested from one of these positions. 

All three proteins 111p, 151p, and 555p share fragments 3 and 4 (Figure 4.7 A and B), which 

correspond to N-terminal sequencing products for 111p of NYSELEDIQ and ITNTEKQLKE 

respectively (Figure 4.1). The band corresponding to fragments 3 from 555p did not result in 

identifiable N-terminal sequencing. The N-terminal sequencing product for 555p from the band 

corresponding to fragment 4 was EKSLNDLME.  

I attribute the difference in protease digestion patterns between 111p and 555p to 

differences in their structural features at their N-termini. I postulate that there are slight 

differences in the folding patterns of 111p and 555p at their N-termini likely attributed to 

differences in the protein primary sequence.  

In 2007, the mouse ORF1p domains were characterized using limited proteolysis and 

mass spectrometry (Januszyk, Li et al. 2007). The mouse coiled coil domain was the most stable 

domain being completely insensitive to protease treatment. However, in this publication the 
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researchers only examined mouse ORF1p protease digestion by trypsin. I obtained results similar 

to those from this study. For example, I also observed that the coiled coil domain is a very stable 

structure. However, my data with papain shows that the coiled coil domain is subject to protease 

digestion. Furthermore, the researchers identified a protease sensitive region between the RRM 

and CTD that was not evident in the partial protease experiments I conducted.  

4.3.6 RESTORING RETROTRANSPOSITION ACTIVITY TO THE MOSAIC PROTEIN 

4.3.6.1 BACKGROUND OF MULTICOIL 

Coiled coils are a protein motif characterized by the twisting of two or more alpha-helical 

strands around one another (Wolf, Kim et al. 1997). They are versatile protein domains that 

mediate protein-protein interactions between two, three, four or five strands (Mason and Arndt 

2004). The ordered structure of the coiled coil is composed of repeated packing of the side-

chains within the polypeptide backbone. This tight packing is referred to as knobs-into-holes 

packing (Crick 1952). Their well organized uniform structure is composed of a heptad denoted 

[a-b-c-d-e-f-g]n, where a and d are the hydrophobic positions often occupied by isoleucine, 

leucine or valine.  

The tested biochemical properties of ORF1p did not distinguish the proteins that are 

active in retrotransposition (111p and 555p) from the mosaic 151p, which was inactive. 

Additionally, all three proteins form robust coiled coils. I then set out to determine what set of 

amino acid within the 151p would have to be changed from the ancestral to their modern 

counterpart to achieve activity in retrotransposition. There are only nine amino acid differences 

between the mosaic 151p and the modern 111p (Figure 4.1). All the amino acid differences are 

within the C-terminal half of the coiled coil domain. Using site-directed mutagenesis, I 
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investigated whether activity could be restored to the mosaic protein by changing the amino 

acids to that of its modern counterpart. 

To aid in determining which amino acid to change, a coiled coil prediction program was 

used. Programs have been successful in predicting the probability of a protein sequence to form a 

coiled coil because the domain is composed highly organized heptads (Mason and Arndt 2004). 

These program model the heptad repeat and preferentially occurring amino acids within 

particular heptad repeat positions (Lupas, Van Dyke et al. 1991).  

One such program, MultiCoil predicts the probability of two or three stranded coiled coils 

based on an established database of known coiled coil proteins (Wolf, Kim et al. 1997). The 

database consists of only 6,319 residues in proven trimer forming trimeric coiled coils while in 

stark contrast there are 58,191 residues from proven dimer forming coiled coils. MultiCoil 

derives pairwise residue frequency tables from the database that are used to then deduce both 

dimer and trimer propensities. MultiCoil classifies the multimerization states of many known 

dimeric and trimeric coiled coils accurately. For this reason MultiCoil was used for analysis of 

the coiled coil domain from ORF1p.  

4.3.6.2 MODERN ORF1P HAS A NON-CANONICAL COILED COIL STRUCTURE 

The results of the MultiCoil predictions are shown in Figure 4.8 (111p). For the modern 

ORF1p, MultiCoil predicts that residues 84 to 133 have higher probability of forming a dimer 

than a trimer. However, modern human ORF1p is a trimer (refer to Appendix A, Figure A.2 and 

results A.1.2). Thus, I conclude based on the MultiCoil prediction that the modern ORF1p forms 

a non-canonical trimer coiled coil. 
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4.3.6.3 THE ANCESTRAL AND MOSAIC ORF1P HAVE A CANONICAL COILED COIL STRUCTURE 

In contrast to its prediction for 111p, MultiCoil predicts that both 151p and 555p have a 

higher probability of forming trimers than dimers (Figure 4.8, 151p & 555p). Similar to the 

modern ORF1p, both the mosaic and ancestral ORF1 proteins are trimers after recombinant 

expression and purification. Therefore, I conclude based on the MultiCoil program prediction the 

mosaic and ancestral proteins forms canonical trimer coiled coils. There is little difference in the 

region identified by the MultiCoil program predicted to be trimeric. For the mosaic protein this 

region corresponds to amino acid residues 99 to 132 and for the ancestral protein residues 106-

132. Interestingly, comparison of the MultiCoil program prediction between 111p and 151p, 

despite only nine amino acid differences between the two proteins, reveals drastically different 

probability patterns.   
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Figure 4.8 MultiCoil Probabilities 
 

 

Figure 4.8 MultiCoil Probabilities. MultiCoil predicts potential two (blue) or three (red) stranded 

coiled coils. The total coiled coil probability is shown in black. Only a portion of the ORF1p 

amino acid sequence is depicted. The indicated ORF1p is listed in the top left of each plot and 

activity in retrotransposition is listed in the top right of each plot. The green bar indicates the 

middle domain corresponding to the ancestral region of 151p (amino acids 104-145). In the 

bottom panel the amino acid alignment for this region is shown. This corresponds to heptads VIII 

– XIII. The amino acids in 151p that were substituted by their modern counterparts are 

highlighted in red.  
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4.3.6.4 RESTORATION OF AMINO ACIDS THAT PRODUCE THE NON-CANONICAL COILED COIL 

STRUCTURE TO THE MOSAIC ORF1P ARE CORRELATED WITH RETROTRANSPOSITION 

ACTIVITY  

To restore retrotransposition activity to 151p, we hypothesized that it would be necessary 

to change some of the nine amino acids such that the MultiCoil prediction resembles that of the 

111p prediction, i.e., mostly dimer. Changing a single amino acid at a time was not sufficient, 

but rather retrotransposition activity depended on changing multiple amino acids at a time within 

two helical turns corresponding to heptads VIII and IX.   

I made a series of mutations to the nine amino acids that differ between 151p and 111p in 

conjunction with the MultiCoil prediction analysis. Only a subset of the data is shown in Figure 

4.8. The corresponding MultiCoil predictions are shown in the upper panel in Figure 4.8. In the 

bottom panel of Figure 4.8 is an alignment of the middle domain from the 151p corresponding to 

the ancestral sequence and highlights the amino acids that were substituted for the modern 

counterpart in each mutant. So far 8 mutants where I converted the ancestral amino acid to the 

modern counterpart were examined for retrotransposition activity (Figure 4.9).  

In the proceeding experiments I used a version of the retrotransposition vector which 

lacks the 5’UTR, such that transcription was driven only by the CMV promoter (Moran, Holmes 

et al. 1996). The 5’UTR is not required for L1 retrotransposition and constructs lacking the 

5’UTR transpose at about 45% compared to constructs with a 5’UTR. In Figure 4.9, L1 

retrotransposition was readily observed in cultures expressing 111p in constructs lacking the 

5’UTR.  
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Figure 4.9 Restoration of 151p retrotransposition activity 

 

Figure 4.9 Restoration of 151p retrotransposition activity. L1 retrotransposition without and 

with a 5’UTR. Retrotransposition using ORF1 mosaic proteins within a modern L1 element 

lacking the 5’UTR. HeLa cells were transfected as described in the Materials and Methods 

(Chapter 2.7) with the indicated L1 constructs containing either the modern ORF1 (111) that 
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lacks the 5’UTR (plasmid: JM_111$5UTR) or with a 5’UTR (plasmid: JM101.L1.3). There are 

an average of a 128 foci for the JM_111$5UTR transfection and over a 1000 foci for the 

JM101.L1.3 transfection. There is considerable difference in activity between our construct that 

lacks the 5’UTR in (111) and JM101.L1.3 that contains the 5’UTR. Similar, but less dramatic 

differences were reported by others (Moran, Holmes et al. 1996). Additionally, HeLa cells were 

transfected as described in the Materials and Methods (Chapter 2.7) with the indicated L1 

constructs that lack the 5’UTR containing mosaic (151), mutant 7 or mutant 8 as listed. Percent 

retrotransposition activity was calculated relative to the modern ORF1 (JM_111$5UTR). The 

two samples shown from the 151 mosaic were from the same 6-well plate, but were not adjacent 

to one another as for the other samples. The dashed line indicates where the images were 

merged. Each well shows an independent retrotransposition assay as described in the Materials 

and Methods (Chapter 2.7). All experiments were repeated in duplicate and similar results were 

obtained. 

 

Of the eight mutants I made and tested for retrotransposition, only in one case did the 

mutations result in activity in the retrotransposition assay. The eight mutants I made included 

single and multiple amino acid changes to the region of interest. The single amino acid changes 

did not result in activity in the retrotransposition assay nor did they make any significant change 

to the MultiCoil prediction. As shown in Figure 4.8, Mutant 7 (Mut 7), which has multiple amino 

acid changes to heptads IX and X, is predicted to be mostly trimer and this mutant is inactive in 

retrotransposition (Figure 4.9). In contrast, mutant 8 (Mut 8) closely resembles the MultiCoil 

prediction for the modern ORF1p as it is predicted to be mostly dimer (Figure 4.8). This mutant 
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is active in retrotransposition (Figure 4.9). Mutant 8 restores heptads VIII and IX of the coiled 

coil domain to that of its modern counterpart.  

I am currently investigating which amino acids within heptads VIII and IX are essential 

for restoring retrotransposition activity to 151p. It appears from the mutant 9 MultiCoil 

prediction that at a minimum three amino acids are required for retrotransposition activity as this 

mutant has a similar MultiCoil prediction to that of 111p. I am currently testing whether this 

mutant is active in retrotransposition. 

 

4.4 DISCUSSION 

Here I tested the hypothesis that the presumed adaptive evolution of ORF1p produced a 

more fit protein. In an attempt to experimentally examine the biological role of evolutionary 

change of the coiled coil domain I compared the ‘adapted’ modern L1Pa1 ORF1p and the ‘pre-

adapted’ ancestral L1Pa5 ORF1p. Interestingly, the reconstructed ancestral version of ORF1p 

from the L1Pa5 family was able to substitute for its modern counterpart in an otherwise modern 

L1 element in a cell culture-based retrotransposition assay. I also compared the biochemical 

properties of the modern ‘adapted’ and the ancestral ‘pre-adapted’ ORF1p. However, the 

adaptive changes did not affect the measurable biochemical properties of the protein. These vital 

properties are highly conserved and changes could have drastic effects on the fitness of the L1 

element.  

We did identify differences in the partial protease digestion patterns between the modern 

and ancestral proteins. What these differences mean for the function of ORF1p or why they are 
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important for the evolution of L1 remains to be defined. Perhaps there are functional differences 

between both proteins that our biochemical assays failed to identify.  

We found that the mosaic ORF1p (151p) is inactive in the retrotransposition assay. 

However, it is not distinguishable from either the modern or ancestral ORF1p; each exhibit high 

affinity nucleic acid binding activity and are equally proficient facilitating activities of a nucleic 

acid chaperone: annealing and melting nucleic acids. The prevailing model in the L1 field has 

been that chaperone activity is required for retrotransposition activity (Martin, Cruceanu et al. 

2005). However, we have shown that chaperone activity is not sufficient for L1 

retrotransposition, a critical finding that opens a new set of questions regarding what is 

sufficient.  

I found that changing single ancestral amino acid of the 151p to its modern counterpart 

was not sufficient to restore its activity in the retrotransposition assay. At least five amino acid 

substitutions were required, most of which are within two helical turns of the coiled coil domain 

(heptads VIII and IX, Figures 4.8 and 4.9).  This result suggests that the positive selection for 

multiple amino acid changes during the evolution of the modern ORF1p could have been driven 

by the need to compensate for random deleterious amino acid substitutions within the coiled coil 

domain.  

For example, a single amino acid change in one position of the heptad may have 

decreased the activity of ORF1p sufficiently to provide selective pressure for compensatory 

amino acid changes elsewhere in the coiled coil. The fact that the different heptads (and amino 

acids within a heptad) are not strictly independent of each other (Harbury, Zhang et al. 1993) in 

determining the overall properties of the coiled coil could provide selective pressure for the 

accumulation of multiple compensatory amino acid changes.  
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The occurrence of concerted amino acid changes is a hallmark of adaptive evolution. 

Adaptive evolution of the coiled coil domain may reflect the structural and organizational 

demands of the coiled coil domain, rather than a response to external factors such as host 

repression. As adaptive responses are often interpreted in the latter sense, our findings indicate 

that such interpretations should be made with caution. 

 A single amino acid substitution to the mouse coiled coil domain was shown to 

dramatically decrease retrotransposition and nucleic acid chaperone activity (Martin, Bushman et 

al. 2008). Interestingly, this finding extended the role of the coiled coil domain beyond simply 

mediating ORF1p trimerization by showing that a single substitution to the coiled coil domain 

can affect ORF1p biochemical activity without affecting trimerization, a consequence not 

previously considered by most.  

Here I found an example where seemingly inconsequential amino acid mutations, i.e., 

where I substituted the modern amino acid for the ancestral counterpart in the 151p mosaic, have 

no measureable impact on the biochemical properties or ORF1p trimerization of the protein, but 

profoundly effected retrotransposition activity. Thus, subtle sequence changes in the coiled coil 

domain, which undergoes rapid evolutionary change, paradoxically can have a profound effect 

on the biological activity of ORF1p. This suggests that the coiled coil can modulate ORF1p 

activity or its interaction with other component of the L1 element or its host.  

The “caging” phenomenon is observed with all three proteins and the mismatch duplex 

DNA, a proxy nucleic acid chaperone substrate. The “caging” phenomenon was first presented in 

Chapter 3.4.4 and summarized here within. The ORF1 proteins protect the duplex from 

dissociation or “cages” the mismatch duplex prior to melting it. We do not know the state of the 

protein-bound duplex; however, we presume that the two strands are separate to be ‘sensed’ as 
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single strands when ORF1p binds the nucleic acid. When the protein is denatured the strands are 

close in proximity to one another. They are recovered as a duplex on the acrylamide gel. As the 

protein concentration increases and likely forms a polymer, the duplex is recovered as separate 

strands upon denaturation of the protein.  

These results suggest that caging is an evolutionarily conserved feature of ORF1p that 

was not affected by the numerous amino acid substitutions between the L1Pa5 and L1Pa1 

families. Additionally, whatever the biochemical function caging serves its conservation suggests 

that it is critical for ORF1p function perhaps playing a role in nucleic acid chaperone activity. 
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CHAPTER V: 
DISCUSSION AND FUTURE DIRECTIONS 
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5.1 OVERVIEW 

L1 retrotransposons are genetic elements that replicate by copying their RNA transcript 

into genomic DNA. In addition, they can copy other cellular transcripts. By doing so, L1 has had 

a major impact on genomic evolution generating approximately 40% of mammalian DNA 

(Lander, Linton et al. 2001). Furthermore, current L1 transposition activity can cause disease 

(Kazazian, Wong et al. 1988) and promote genetic diversity (Lupski 2010). Thus, of 

considerable interest is to understand the biochemical mechanism for L1 replication and the 

evolutionary forces that ensure the persistence of parasitic L1 elements in mammalian lineages 

despite their deleterious effects. 

The hypothesis of this thesis was that positive selection acting on the coiled coil domain 

of human ORF1p resulted in a protein better suited to the modern environment of its human host 

than the pre-adapted ancestral ORF1p. To address this hypothesis I compared L1 

retrotransposition activities of L1 elements that contained either the adapted modern ORF1 

sequence or the reconstructed pre-adapted ancestral ORF1 from the extinct L1Pa5 family. 

Additionally, I carried out biochemical comparisons using purified preparations of both proteins 

by assaying all of the known biochemical properties of ORF1p.  

Contrary to my expectations, I found no compelling differences between the modern 

adapted and ancestral pre-adapted proteins. However, I did reveal several heretofore-unknown 

properties of ORF1p, shared by both the modern and ancestral proteins. In this chapter, I will 

briefly describe each and suggest how future experiments could elaborate these findings. 
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5.2 POLYMER FORMATION 

In purifying ORF1p, I found that in the absence of nucleic acid the protein trimers were 

soluble in 0.5 M NaCl; however, the protein would immediately aggregate in <0.05 M NaCl, the 

very condition that was optimal for high affinity nucleic acid binding. The parameters for ORF1p 

polymerization were examined under these conditions using a chemical cross-linker in the 

presence or absence of nucleic acid. In 0.05 M NaCl and in the presence of nucleic acid, ORF1p 

was recovered as trimers or multimers thereof depending of the length of nucleic acid (see Figure 

3.3A). In the absence of nucleic acid, ORF1p is cross-linked into polymers of indeterminate size 

(see Figure 3.2A). The polymers are an active form of the protein as they are immediately 

resolved to trimers in the presence of nucleic acid (see Figure 3.2B). The role of ORF1p 

polymers in retrotransposition needs further study, but could be explain several aspects of L1 

replication including cis preference (discussed in Chapter 5.2.1) and nucleic acid chaperone 

activity (discussed in Chapter 5.3.2). 

5.2.1 CIS PREFERENCE 

L1 replicates through an RNA intermediate that is reverse transcribed into genomic DNA 

through a process that requires both of the L1-encoded proteins to bind to and replicate the very 

same full-length retrotransposition competent transcript from which they were translated. This 

enables L1 elements to remain active and not be co-opted by non-functional L1 and non-coding 

L1 RNAs that can hijack the L1 replication machinery. This process is called cis preference and 

has been demonstrated experimentally (Wei, Gilbert et al. 2001; Kulpa and Moran 2006).  

Data from the chemical cross-linking experiments presented in Chapter III provide results 

that could explain cis preference. Since ORF1p has a high affinity for RNA and for other ORF1p 

trimers, one possible role for ORF1p polymerization in the cell could be L1 RNP assembly. As 
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ORF1p is translated from the ribosomes it may start to polymerize with other ORF1p molecules 

preventing it from diffusing into the cytoplasm such that ORF1p would accumulate near the 

translation machinery. Thus, the polymerized ORF1p would be accessible so that upon 

translation termination the ORF1p molecules could bind to and coat the L1 transcript, 

assembling the L1 RNP. Others have also suggested a similar mechanism involving ORF1p 

competing for the L1 RNA with the translation machinery (Kroutter, Belancio et al. 2009).  

5.2.2 FUTURE DIRECTIONS  

Our studies with the monomeric M128p indicate that it also is able to form polymers (see 

Figure 3.4) mediated by sequences in the C-terminal half of the protein, perhaps the RRM. 

RRMs are versatile protein motifs that mediate protein-nucleic acid interactions, protein-protein 

interactions and sometimes both (Kielkopf, Lucke et al. 2004; Clery, Blatter et al. 2008). It 

would be of interest to identify the region involved in ORF1p polymer formation and how 

polymerization relates to the biochemical mechanism of L1 replication. One could make ORF1p 

deletion mutants and analyze their ability to form polymers in the cross-linking assay. Once the 

minimal region for ORF1p polymerization was identified, point mutants to this region within a 

full-length ORF1p could be examined. Then an ORF1p with these point mutations could be 

examined for both biochemical and retrotransposition activities.  
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Figure 5.1 Schematic of the L1 Target Primed Reverse Transcription Reaction 
(TPRT)  

 

Figure 5.1 Schematic of the L1 Target Primed Reverse Transcription Reaction (TPRT). (A) The 

ORF2p nicks the bottom strand (arrow) at the insertion site on the genomic DNA (black lines) 

releasing a 3’ hydroxyl. (B) The L1 RNA anneals (red line) to nicked host strand at the poly T 

primer. ORF1p nucleic acid chaperone activity may be involved in this step resulting in the 

*Modified from Ostertag, E.M. and H.H. Kazazian 2001.
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exchange of a DNA-DNA duplex and forming a more stable RNA-DNA hybrid. (C) ORF2p 

reverse transcribes the L1 RNA generating the cDNA (green line). ORF2p nicks the top strand 

(arrow). (D) The second strand is synthesized. ORF1p may be involved in facilitating strand 

exchange reactions in steps C and D. (E) Resolution of the new L1 insertion is often flanked by 

target site duplications (TSDs, pink boxes) that contain variable length duplications of genomic 

DNA flanking the L1 insertion at the 3’ end and are frequently 5’ truncated. 

5.3 ORF1P NUCLEIC ACID CHAPERONE ACTIVITY 

In addition to binding nucleic acids with high affinity, mouse ORF1p was shown to have 

nucleic acid chaperone activity in that it promotes the melting and annealing of nucleic acids 

(Martin and Bushman 2001; Martin, Cruceanu et al. 2005). The chaperone function has been 

proposed to be involved in various stages of the L1 replication process including assembly of the 

L1 RNP and target primed reverse transcription or TPRT (Martin 2006). ORF1p nucleic acid 

chaperone functions have been proposed to be involved in two steps of TPRT (Martin and 

Bushman 2001) as depicted in Figure 5.1: (i) ORF1p may facilitate strand exchange during 

TPRT, as in step B, by annealing the L1 RNA to the genomic target site which primes cDNA 

synthesis. During this step of TPRT, a DNA-DNA duplex is exchanged at the target site for an 

RNA-DNA duplex, which results in the formation of a more stable hybrid. (ii) During reverse 

transcription and the late stages of the TPRT reaction, depicted in steps C and D, ORF1p nucleic 

acid chaperone activity could be involved in promoting primer extension and second strand 

transfer. The nucleic acid chaperone activity may also be involved in the second annealing event 

and base pairing interactions. However, the mechanism by which ORF1p promotes these 

rearrangements is poorly understood.  
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5.3.1 ORF1P BINDS SINGLE STRAND DNA AND MISMATCHED DUPLEX DNA WITH EQUAL 

AFFINITY 

In experiments using a proxy chaperone substrate, a mismatched duplex, I uncovered a 

novel property of ORF1p that is undoubtedly related to its chaperone activity. ORF1p binds the 

mismatched duplex with the same affinity as single strand DNA (see Figure 3.8). At the 

appropriate ORF1p to duplex ratio the protein protects the mismatched duplex from melts or 

‘cages’, before eventually melting the duplex when the protein is in sufficient excess. At these 

ratios of ORF1p to nucleic acid the protein is largely polymeric. Thus, polymerization of ORF1p 

seems to affect the interaction with the nucleic acid and presumably plays a role in melting the 

mismatched duplex DNA. Interestingly, ORF1p binds a perfect duplex with 1/8 the affinity of 

the mismatched duplex DNA and does not melt the duplex at any concentration. 

5.3.2 MECHANISM OF CAGING  

After numerous discussions within our laboratory of how ‘caging’ could occur, we 

decided to depict the results pictorially. Dr. Furano was kind enough to provide the schematic 

shown in Figure 5.2. This figure shows the ORF1p trimer without the N-terminus and only a few 

heptads of the coiled coil domain along with the C-terminus of the protein.  

The mismatched duplex is positioned within the trimer as we assume the two strands 

must be in close proximity to account for recovering them as a duplex upon denaturation of the 

protein. However, doing so prevents a problem in terms of how ORF1p accommodates a double 

strand molecule within its binding site without sequence specificity. Particularly, how ORF1p 

accommodates the bi-directional, i.e., 5’ to 3’ and 3’ to 5’, double strand within this site remains 

unknown. To illustrate this problem, in Figure 5.2A we have shown that the C-terminus of 
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monomer A is bound the 3’ end of one strand of the duplex and the C-terminus of monomer B is 

bound the 5’ end of the other strand of the duplex.  

Our data suggest that ORF1p trimers interact with the mismatched duplex through intra-

trimer interactions to protect or cage the duplex as shown in Figure 5.2A. This figure depicts the 

mismatched duplex such that one strand of the duplex is binding to monomer A of a trimer and 

that the other strand of the duplex is binding to monomer B of the same ORF1p trimer. Monomer 

C may be free to interact with other ORF1 proteins or bind free nucleic acid. Perhaps this 

arrangement causes the mismatched duplex to be partially single stranded and is thereby sensed 

as a single strand DNA. But when the protein is denatured in SDS and the nucleic acid is 

examined by non-denaturing polyacrylamide gels, the nucleic acid migrates as a double strand 

DNA.  
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Figure 5.2 Schematic of ORF1p intra-trimer and inter-trimer interactions with the 
mismatched duplex, a proxy substrate for nucleic acid chaperone activity 

 
Figure 5.2 Schematic of ORF1p intra-trimer and inter-trimer interactions with the mismatched 

duplex, a proxy substrate for nucleic acid chaperone activity. A schematic representation of a 

trimeric ORF1p is drawn. The N-terminus is hidden for simplicity and only a few heptads of the 

coiled coil domain along with the C-terminus of the protein are shown. For the purpose of 

discussion, a mismatch duplex is drawn within the C-terminal half of the trimer. However, it is 

not known how the nucleic acid binds to ORF1p. (A) Intra-trimer ORF1p interactions may be 

involved in caging the mismatch double strand DNA. For discussion purposes, the mismatched 

duplex is depicted such that one strand of the duplex is bound to Monomer A of the trimer and 

the other strand bound to Monomer B of the same trimer. Monomer C is free to interact with 

other ORF1 proteins or bind nucleic acid. When the protein is denatured and electrophoresed 
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under non-denaturing conditions the nucleic acid migrates as a double strand. (B) Inter-trimer 

interactions are likely involved in melting the mismatched duplex. The caged nucleic acid 

complex is depicted in grey. Excess ORF1p is shown in yellow. As ORF1p concentration 

increases it competes for the single strand DNA. Under these conditions, when the protein is 

polymeric it is able to melt the duplex. Denaturing the protein in SDS and then examining the 

nucleic acid by non-denaturing polyacrylamide gels reveals that the nucleic acid migrates with 

the molecular weight of a single strand DNA. Dr. Anthony Furano provided this figure. 

 
 

At ratios of ORF1p to nucleic acid that result in polymer formation, the mismatched 

duplex is recovered as single stranded DNA. As modeled in Figure 5.2B, the excess ORF1p 

trimers (shown in yellow) are able to compete for the single strand DNA preventing the DNA 

from re-annealing upon denaturation of the protein. 

The caging phenomenon is a property of the ORF1p trimer, as the monomeric M128p 

does not exhibit this property despite having robust melting and annealing properties (see Figure 

3.9). Furthermore, the result that the trimeric protein is required for caging and is a property of 

both the modern and ancestral proteins provides a rationale for the strong evolutionary 

conservation of a coiled coil domain in ORF1p (see Figure 4.4). We are only just beginning to 

appreciate the role of the coiled coil domain in ORF1p biochemistry as related to caging and 

nucleic acid interactions. Single amino changes that do not affect trimerization can have critical 

effects on ORF1p activity (Chapter IV and ref. , Martin, Bushman et al. 2008). Ultimately, 

examining how the ORF1p trimer interacts with its substrate including how it promotes both 

melting and annealing reactions should reveal the biochemical mechanism regarding the role of 

ORF1p in retrotransposition. 
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5.3.3 FUTURE DIRECTIONS  

It is of interest to know the ORF1p residues involved in nucleic acid binding. A high-

resolution structure of ORF1p with nucleic acid has yet to be resolved. Thus, biochemical 

analysis for ORF1p has proven to be the most useful too to study the residues involved in nucleic 

acid binding. One can mutate amino acids within ORF1p and examine their biochemical 

properties. However, as discussed in Chapter III, full-length trimeric ORF1p is only produced in 

the baculovirus expression system, which is experimentally cumbersome. Since we currently 

have full-length ORF1p on hand, one method to examine ORF1p – nucleic acid complexes is to 

form the complex and irradiate with UV-light to crosslink the nucleic acid and protein. Digestion 

with proteases would generate nucleic acid peptide-complexes. Mass spectrometry should reveal 

which amino acid residues are cross-linked to nucleic acid.  

As ORF1p binds the perfectly matched duplex with a lower affinity than mismatched 

duplex, but binds the mismatched duplex with the same affinity as single strand DNA, it would 

be interesting compare the residues that are cross-linked by each nucleic acid. ORF1p binds 

DNA and RNA with high affinity and in a length dependent manner. The length that results in 

maximal affinity differs for RNA (a 30-mer) and DNA (a 60-mer; see Figure 3.5). What explains 

this difference? There could be multiple ORF1p trimers involved or different residues within an 

ORF1p trimer involved in binding. Furthermore, M128p acts as a nucleic acid chaperone despite 

having low affinity binding. Examining how the ORF1p trimer differs from the M128p monomer 

by comparing the amino acid residues involved in nucleic acid binding could reveal contacts 

important for high affinity binding that are distinct for chaperone activity.  
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5.4 THE PROFOUND EFFECT OF SUBTLE CHANGES IN THE COILED COIL 

Until recently the coiled coil domain had been thought to only mediate trimerization of 

ORF1p monomers. However, in experiments with the mouse ORF1p it was shown that a single 

amino acid substitution to the coiled coil domain dramatically decreased retrotransposition and 

nucleic acid chaperone activity without affecting trimerization, a new view of the function of this 

domain (Martin, Bushman et al. 2008).  

Within mammals the presumed adaptive changes are associated with the evolutionary 

success of the currently active L1 family. Given that a single amino acid change in the mouse 

protein coiled coil domain profoundly affected its activity, what are the biochemical 

consequences in the case of human ORF1 protein evolution, where the ancestral ORF1p differs 

from the modern protein by forty-seven amino acids, most of which are in the coiled coil 

domain? Could these adaptive changes also alter the activity of the protein? Since the changes 

are associated with the evolutionary success of the L1 family, it seems likely that the changes 

might have resulted in a protein better suited to the modern host environment.  

To examine this hypothesis, I compared the activity of the modern and ancestral proteins 

in L1 retrotransposition and compared their biochemical properties. The proteins are equivalent 

in retrotransposition activity and are biochemically indistinguishable in that they form stable 

trimers, bind nucleic acids with high affinity and act as nucleic acid chaperones. Structural 

differences at their N-termini were observed by limited proteolysis, but no functional differences 

could be detected. It is possible that the proteins are biochemically distinguishable, but we have 

not yet used an assay that is able to reveal these properties.  



!

! 173!

5.4.1 A STRUCTURAL BASIS FOR ADAPTIVE EVOLUTION 

In Chapter IV, I further examined the functional consequences of adaptive changes in the 

coiled coil domain by constructing mosaic proteins that contained regions from either the 

modern and/or ancestral coiled coil domain. One of the mosaic proteins (known as 151p) is 

inactive in the cell culture-based retrotransposition assay (Figure 4.2). However, the mosaic 

protein (151p) is not biochemically distinguishable from either the modern or ancestral ORF1p 

as each exhibit high affinity nucleic acid binding activity and are equally proficient promoting 

nucleic acid chaperone activities, i.e., facilitating melting and annealing of nucleic acids (Figure 

4.4 & 4.5). The prevailing model in the L1 field has been that nucleic acid chaperone activity is 

required for L1 retrotransposition (Martin, Cruceanu et al. 2005), but I have shown that nucleic 

chaperone activity is not sufficient for retrotransposition, a critical finding that leads to questions 

about what ORF1p functions are necessary for activity.   

I further examined the inactive 151p mosaic protein to investigate which particular amino 

acids were vital for retrotransposition activity. There are only nine amino acid differences 

between this mosaic protein and the modern protein, and all the amino acid differences are 

within the C-terminal half of the coiled coil domain. Using site-directed mutagenesis, I 

investigated whether activity could be restored to the mosaic protein by changing the amino 

acids to that of its modern counterpart.  

Restoration of retrotransposition activity was not dependent on a single amino acid 

change. Rather retrotransposition activity required the concerted effect of five amino acid 

changes within two helical turns of the coiled coil domain, corresponding to heptads VIII and IX. 

The occurrence of concerted amino acid changes is a hallmark of adaptive evolution. It is 

possible that a single amino acid change in one position of the heptad may sufficiently decrease 
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the activity of ORF1p providing selective pressure for compensatory amino acid changes 

elsewhere in the coiled coil. The fact that the different heptads (and amino acids within a heptad) 

are not strictly independent of each other in determining the overall properties of the coiled coil 

domain (Harbury, Zhang et al. 1993) may provide selective pressure for the accumulation of 

multiple compensatory amino acid changes.  

Adaptive responses are often interpreted as a response to external factors such as host 

repression. However, multiple amino acid changes within two adjacent heptads of the coiled coil 

domain suggested that the adaptive evolution of the coiled coil domain between L1Pa5 to L1Pa1 

ORF1p was in response to structural constraints of the coiled coil. Thus, our findings indicate 

that one must be cautious when interpreting such findings as they can often be mistaken for the 

latter.  

5.4.2 FUTURE DIRECTIONS 

An important conclusion of my work is that nucleic acid chaperone activity is not 

sufficient for retrotransposition activity. Thus, ORF1p likely has additional functions essential 

for L1 retrotransposition. Such functions could be revealed by determining why the 151p is 

inactive in retrotransposition, yet is fully active by all the biochemical tests we have for 

examining ORF1p function.  

A recent study on mouse L1 showed melting and annealing activities of ORF1p had to be 

finely balanced using a novel assay to ensure retrotransposition activity (Evans, Peddigari et al. 

2011). It would be of interest to examine the ancestral, modern, and mosaic (151) proteins to 

perhaps distinguish retrotransposition activity from nucleic acid chaperone properties. Perhaps 

using this newly developed assay to examine chaperone activity would reveal a biochemical 

basis for understanding why the 151p is inactive in retrotransposition.  
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5.5 CONCLUSIONS 

My thesis examines biochemical consequence for the human ORF1p adaptive changes. 

Despite acquiring many substitutions during the last 25 million years of primate evolution, 

ORF1p, in the assays used here, underwent little measurable biochemical change. Furthermore, 

the ancestral protein is able to retrotranspose an otherwise modern L1 element in our modified 

retrotransposition assay. My conclusion is, thus, that the biochemical functions including high 

affinity binding and nucleic acid chaperone activities are vital for ORF1p survival.  

We determined that amino acid substitutions in the coiled coil domain in heptads IIIV 

and IX have critical effects on retrotransposition without affecting the known biochemical 

properties of ORF1p. This compelling finding indicates that ORF1p was likely adapting to 

constraints within its coiled coil structure and not to an external factor. Furthermore, this 

compelling finding demonstrates that high affinity binding and nucleic acid chaperone activity, 

although required, are not sufficient for retrotransposition. Thus, we are left to question what, 

perhaps yet unknown, activity is necessary for ORF1p activity in retrotransposition.  

Additionally, in studying the biochemistry of the ORF1p adaptive changes, I made 

several unanticipated findings related to nucleic acid chaperone activity. Together, these findings 

have advanced our understanding of the ORF1p nucleic acid chaperone mechanism, namely its 

biphasic effect on a chaperone substrate that likely is mediated in part by ORF1p polymerization. 

ORF1p polymerization could explain a heretofore-inexplicable feature of L1 biology, the 

highly favored retrotransposition of the actively translated L1 transcript over that of other nucleic 

acids. L1 polymers are a fully active conformer of the protein and potentially could compete with 

the translation apparatus for the L1 RNA. We suggest that polymerization may prevent ORF1p 

from diffusing from the site of protein synthesis. Thus, ORF1p could gain access to the transcript 
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upon its release from the translation apparatus. Together, these results contribute to our 

understanding of ORF1p nucleic acid chaperone activity and its role in L1 retrotransposition. 
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A.1 RESULTS  

RESULTS FROM ANALYTICAL CENTRIFUGATION AND POLYMERIZATION EXPERIMENTS WITH 

FULL-LENGTH ORF1P AND M128P  
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A.1.1 HUMAN ORF1P PRODUCTS SYNTHESIZED IN E. COLI  

 Full length human ORF1p expressed in E. coli co-purified with a 24-kDa protein. N-

terminal sequencing of this protein revealed two signals: a strong signal corresponding to 

MEDEMNEM and a weak one, XNXMK (where X represents an unidentifiable amino acid) 

(Figure A.1, panel A). These results indicated that the 24-kDa band consists of two proteins 

fragments derived from ORF1p, one beginning with Met121 and the second with Met125. As 

non-canonical Shine-Dalgarno sequences (Figure A.1, panel B) are 5’ of these methionines, it 

seemed likely that internal initiation at these sites accounted for the 24-kDa ORF1p fragments. 

The fact that mutation of Met121 and Met125 to phenylalanine or alanine reduced the amount of 

internally initiated ORF1p (Figure A.1, panel C) supports this conclusion. However, even for 

these double mutants some 24-kDa fragment persists, the product of a third internal initiation 

product at Met128. 
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Figure A.1 ORF1p products synthesized in E. coli 

 

Figure A.1 ORF1p products synthesized in E. coli. (A) The human ORF1p amino acid sequence. 

The heptads (yellow and green rectangles) of the predicted (Wolf, Kim et al. 1997) coiled coil 

domain (red), and Edman degradation products (blue and green) are highlighted. The RNA 

recognition motif (RRM) and C-terminal domain (CTD) are also indicated (respectively refs., 

Januszyk, Li et al. 2007; Khazina and Weichenrieder 2009). (B) Amino acid residues 114-128 

ORF1p
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from human ORF1p and the corresponding DNA sequence. Non-canonical Shine-Dalgarno sites 

are indicated. (C) SDS PAGE of purified preparations (described in the Experimental 

Procedures) of wild type ORF1p and both double methionine mutant ORF1p proteins, M121F & 

M125F, and M121A & M125A. The lanes correspond to sequential fractions eluted from a 

HiLoad 26/60 Superdex-200 size exclusion column. The full-length 40-kDa ORF1p and 

internally initiated 24-kDa products are indicated. 

 

A.1.2 HUMAN ORF1P IS A TRIMER 

 Others recently showed that human ORF1p expressed in E. coli is a trimer (Khazina and 

Weichenrieder 2009). Here we determined that human ORF1p expressed in eukaryotic cells is 

also trimeric. Sedimentation velocity experiments indicated the presence of a major species 

having an average s20,w of 4.60 ± 0.05 S, which accounted for at least 90% of the soluble material 

loaded (Figure A.2, panel A). Sedimentation equilibrium experiments confirm that the ORF1p is 

a mono-disperse species and an analysis in terms of a single ideal solute returns a molecular 

mass of 122.4 ± 1.3 kDa (n = 3.05 ± 0.03), which corresponds to an ORF1p trimer, with 

excellent data fits (Figure A.2, panels B & C). Assuming a hydration contribution of 0.3 g water 

per g of protein, the measured sedimentation coefficient corresponds to a frictional ratio, f/fo, of 

1.76, indicating that the protein is asymmetric in shape. This finding is consistent with results 

previously reported for the mouse protein that has a frictional ratio of 1.69 (Martin, Branciforte 

et al. 2003) and with atomic force microscopy data that showed the mouse protein resembles an 

asymmetric dumbbell (Basame, Wai-lun Li et al. 2006).  

Figure A.2 Analytical ultracentrifugation of ORF1p 
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Figure A.2 Analytical ultracentrifugation of ORF1p. The protein purified from baculovirus 

infected insect cells as described in the Experimental Procedures is a monodisperse trimer. (A) 

The c(s) distributions obtained for ORF1p (at 6.5 µM - green, and 13.0 µM -red) are based on 

sedimentation velocity absorbance data collected at 55 krpm and 4.0 ºC. (B & C) Sedimentation 

equilibrium profiles for ORF1p at 4ºC plotted as a distribution of the absorbance at 280 nm vs. 

radius at equilibrium. Data were collected at 11 (orange), 14 (yellow) and 17 (brown) krpm and 

loading concentrations of 18.5 µM (B) and 37.9 µM (C). The solid lines show the best-fit 

analysis in terms of a single ideal solute with the corresponding residuals shown in the plots 

above.  
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A.1.3 THE CARBOXY TERMINAL HALF OF ORF1P (M128P) FORMS A TEMPERATURE SENSITIVE 

TRIMER  

 M128p retains 2.5 heptads of the predicted (Wolf, Kim et al. 1997) 13 heptad coiled coil 

domain (see Figures 3.1 and Appendix Figure A.1), too few to form a coiled coil per the 

prediction program. Nonetheless, M128p elutes as a multimer during size exclusion 

chromatography (see Material and Methods, Chapter 2.2.1) at 4ºC (data not shown). 

Sedimentation velocity experiments at 20°C at two different protein concentrations revealed the 

presence of two species (Figure A.3). The slower sedimenting species observed at 2.0 S 

represents the M128p monomer as the f/fo obtained from the analysis returned molecular masses 

of 20 – 24 kDa (the calculated mass of the monomer M128p is 24-kDa). The faster sedimenting 

species at 2.9 – 3.2 S represents an M128p oligomer. As the relative amount of this species 

increases at the higher protein concentration, we presume that the monomer and oligomer are in 

equilibrium. Analysis of the sedimentation equilibrium data (Figure A.3, panels B-D) in terms of 

a reversible monomer-trimer returned a Ka of 8.4 x 1010 M-2 (range of 5.9 – 12.8 x 1010 M-2) 

corresponding to a Kd of 3.4 ± 0.7 µM. This analysis allowed us to deconstruct the raw 

equilibrium data in terms of mixtures of monomers and trimers (Figure A.3, panels E-G). 

 Based on these results, we then modeled the sedimentation velocity data in terms of a 

Lamm equation describing a self-associating monomer-trimer. We obtained a Ka of 8.3 x 108M-2. 

This corresponds to a Kd of 35 µM, ~10 times that of the Kd obtained at 4ºC from the 

sedimentation equilibrium data (see above). This result indicates that the monomer-trimer 

equilibrium is strongly temperature dependent greatly favoring the monomer at 20ºC. In 

addition, the data fit returns sedimentation coefficients of 2.0 S and 4.0 S for the M128p 
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monomer and trimer, respectively. The data are additionally consistent with fast reaction kinetics 

as an estimated koff of 7 x 10-4 s-1 is determined for the M128p trimer.  

Figure A.3 Analytical centrifugation of M128p 

 

Figure A.3 Analytical centrifugation of M128p. The protein purified from E. coli as described in 

the Experimental Procedure self-associates reversibly to form a trimer. (A) The c(s) distributions 

obtained for M128p (8.8 µM – blue, and 18.3 µM - red) are based on sedimentation velocity 

absorbance data collected at 50 krpm and 20.0ºC. (B-D) Sedimentation equilibrium profiles 

obtained for M128p shown in terms of A280 versus the radius (R) for data collected at loading 

concentrations of 6.1 µM (B, E), 12.2 µM (C, F) and 18.8 µM (D, G). Orange, yellow, green, 

and red symbols (B-E) represent the data collected at 12, 16, 20 and 24 krpm respectively. The 
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black lines are the results of fitting these data in terms of a reversible monomer-trimer self-

association with mass conservation and the corresponding residuals are shown above their 

respective sedimentation equilibrium profile data. (E-G), the contributions to the absorbance 

profiles calculated for the M128p trimer (solid lines) and monomer (dashed lines)  

 

A.1.4 THE EFFECT OF OLIGONUCLEOTIDE LENGTH AND CONCENTRATION ON THE RECOVERY 

OF CROSS-LINKED ORF1P BY GEL ELECTROPHORESIS 

This experiment was carried similarly to that shown in Figure 3.3A. ORF1p was 

incubated with different concentrations of d120_c or d60_c (Table 2.1) or with 0.5 M NaCl for 

20 minutes, and then incubated with 1 mM EGS for one hour before being subject to gel 

electrophoresis under denaturing conditions. The results are shown in Figure A.4 and discussed 

in the Results section of the Chapter III in the context of the results shown in Figure 3.3A. 
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Figure A.4 ORF1p polymerization as a function of oligonucleotide length and 
concentration 

 

Figure A.4 ORF1p polymerization as a function of oligonucleotide length and concentration. 

The stated molecular weights (kDa) of the commercial protein markers, Mark12™ (Invitrogen) 

are indicated. The percent protein recovered on the gel was determined by densitometry using 

NIH ImageJ and normalized to the amount recovered as trimer cross linked in 0.5 M NaCl, 

which was set to 100%. These values are given as “% on gel relative to 0.5 M NaCl”. 
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