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Abstract

INSERTION MECHANISM OF LONG INTERSPERSED ELEMENTS (LINEs) AND THE ROLE OF THE

LINKER DOMAIN

Monika Pradhan, PhD

The University of Texas at Arlington, 2018

Supervising Professor: Shawn M. Christensen

Long Interspersed Elements (LINEs), also known as non-Long Terminal Repeat (non-LTR) retrotransposons
are major group of transposable elements ubiquitous in eukaryotic genomes and are known to altogether influence the
structure and function of the host genome. LINEs encode a multifunctional protein that reverse transcribes its mRNA
to DNA at the insertion site by a process called Target Primed Reverse Transcription (TPRT) which involves two half
reactions involving DNA cleavage followed by DNA synthesis. TPRT is the first half of the integration reaction. The
second half of LINE integration, second strand cleavage and second strand synthesis, has remained poorly understood.
Also, poorly understood is the role of the nearly universally conserved linker domain of the LINE encoded protein.
The unknown aspects of the integration mechanism and the protein domains were studied in vitro by using a site-
specific R2 LINE from Bombyx mori (R2Bm). A Holliday junction-like 4-way target DNA structure was identified to
be an essential integration intermediate and the gateway into the second half of the integration reaction. The 4-way
junction cleaved at the proper second-strand cleavage site and upon cleavage created a primer-template that led to
second-strand DNA synthesis. The Linker region of the R2Bm protein was found to be important for recognizing the
4-way junction and for positioning the DNA relative to the endonuclease and the reverse transcriptase active sites.
The linker region is located just after the reverse transcriptase and harbors a conserved set of predicted a-helices,
thought to be an a-finger, followed by gag-like zinc knuckle. In addition to binding and positioning the 4-way junction,
the a-finger residues were found to control target DNA cleavages and new strand synthesis at every step of the
integration mechanism. The zinc knuckle residues also showed similar function but were more prominent for the
second half of integration. Finally, the role of specific residues in the N-terminal RT-1 region and the endonuclease

R-box region were also explored. A unique residue has been identified in the RT-1 region that is able to distinguish
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between 3 PBM RNA and 5’ PBM RNA. The endonuclease R-box region appeared to be important for second strand

DNA cleavage.
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Chapter 1

Introduction

1.1 Long INterspersed Elements (LINEs)

LINEs, also known as non-Long Terminal Repeat (non-LTR) retrotransposons are an important group of
retrotransposable elements. The major clades of LINEs date back at least to the Pre-Cambrian era, approximately 600
million years ago, putting the origin of LINEs to around the origin of eukaryotes . LINEs get transcribed into mRNA
which then gets translated into a multifunctional protein with DNA endonuclease, reverse transcriptase, and nucleic
acid binding activity. The endonuclease is used to nick the target DNA. The liberated chromosomal 3’-OH is used by
the reverse transcriptase to prime cDNA synthesis in a process called Target Primed Reverse Transcription (TPRT)
13 Short Interspersed Elements (SINEs) are a type of non-autonomous retrotransposons that are known as parasites
of LINEs. They do not encode their own protein but highjack the protein machinery of LINEs for their reverse

transcription and integration into a new genomic site *°.

1.2 Groups of LINEs

Based on structural features and phylogeny of reverse transcriptase, LINEs are classified into two major
groups °. The early branching group is characterized by single open reading frame (ORF) encoding restriction-like
endonuclease (RLE) (Figure 1-1), and most clades under this group insert into a specific site during integration
(reviewed in "). The late branching group is hallmarked with two ORFs, the second of which encodes Apurinic-

9-11

Apyrimidinic like endonuclease (APE) (Figure 1-2) (reviewed in = ). Majority of APE bearing LINEs retrotranspose

site- nonspecifically '

. The early branching group of LINEs are also called RLE bearing LINEs and late branching
group of LINEs are called APE bearing LINEs.

RLE and APE bearing LINEs are divided into 6 groups which are further sub-divided into more than 28
clades (Figure 1-1) . The 6 groups of LINEs are R2, Randl, L1, RTE, I, and Jockey. RLE bearing LINEs are
composed of the most ancient R2 group and includes Genie, CRE, NeSL, R2, Hero, and R4 clades. APE bearing

LINEs are composed of L1, RTE, I, and Jockey groups and includes all other clades except for Randl (Figure 1-2).



Randl (Dualen) group of LINEs encode both APE and RLE endonuclease flanking on either side of RT domain on a

single ORF and are considered as progenitors of late branching APE bearing LINEs '*'°.
Sub-clade/
Type of Endonuclease Group Clade Element ORF 1 ORF 2
- N-terminal C-terminal
R2-A RLE
R2
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R2:C 1T® ]
R2
RLE R2-D @ 6 [ TRE
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Figure 1-1: Open reading frame (ORF) structure of RLE bearing LINEs from different clades. Open boxes represent
ORF and shaded boxes represents the element encoded enzymatic domains. All elements have centrally located
reverse transcriptase (RT) and a C-terminal region with zinc knuckle CCHC motif (thin vertical line) and a restriction
like endonuclease (RLE). N-terminal region has variable number of zinc finger (ZF) CCHH motif (thick vertical lines),
a Myb-like (Myb) domain (black oval), a RNA binding domain (RB), and a cysteine protease domain (PRO) '""°.
This figure is adapted from .
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Figure 1-2: Schematic ORF(s) structure of APE bearing LINEs from different clades. The ORF1 and ORF2 are
shown as short and long open boxes, respectively. ORF1 have variable number of zinc finger motif (thick vertical
lines), RNA recognition motif (RRM) and esterase (diamond and open ovals). ORF2 have Apurinic-apyrimidinic
endonuclease (APE), bioinformatically predicted myb domain (black oval), PCNA interacting protein domain
(PIPbox) (dotted oval), Reverse transcriptase (RT), RNase H (RNH), and Zinc knuckle CCHC motif (think vertical
lines). The ORF1 for RTE element is putative and only 43 amino acids. The dotted open box in Rex1 indicates that

the 5' end of this element has not been identified yet. The ORFs are not drawn to scale. This figure is adapted from
14,20

1.3 Lifecycle of LINE and basic integration mechanism

LINE retrotransposition cycle is shown in Figure 1-3. The 5’ untranslated region (UTR) of some LINEs
encode an internal promoter that initiates transcription by RNA polymerase II to generate mRNA transcript > . There
are also LINEs with no endogenous internal promoter like R2 elements that are cotranscribed with their host rRNA
genes >*. Following transcription, nuclear export of mRNA into the cytoplasm occurs where the LINE ORF(s) are
translated into protein *°. ORF1 of elements transcribed by RNA Polymerase II, like human L1 elements, is
translated in a cap-dependent manner *’. RNA Polymerase I transcribed elements like R2 are most probably translated

via Internal ribosomal entry site (IRES) **. LINE encoded protein(s) show cis-preference and binds with the mRNA

25,28

from which it is translated to form a ribonucleoprotein (RNP) complex . The RNP complex is transported back

into the nucleus where they bind the chromosomal target site and get integrated by a mechanism termed as target

6,29

primed reverse transcription (TPRT) ™. Integration by TPRT mechanism into a new site occurs in four steps (Figure

1-3): i) First strand DNA cleavage, ii) First strand synthesis by TPRT, iii) Second strand cleavage, iv) Second strand

30,31

synthesis . First and second strand cleavages are catalyzed by LINE encoded endonuclease, whereas first and

9,31-

second strand synthesis are catalyzed by LINE encoded reverse transcriptase 3. Detailed integration mechanism

is discussed later.
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~ =~ .
ya Nucleus N eig?rt 5 " Translation

N\
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Protein
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(i) (ii) (iii) |v) \'\

First strand cleavage First strand synthe5|s Second strand cleavage Second strand synthesis

Figure 1-3: Schematic representation of LINE retrotransposition cycle. During a complete life cycle, an LINE
element is transcribed and the resulting mRNA is exported out of the nucleus into the cytoplasm. Then, the RNA is
translated into protein(s), which bind the element RNA in cis to form ribonucleoprotein (RNP) particles. Finally, RNP
complexes are imported into the nucleus where the RNA can be integrated at a new genomic location by the process
of TPRT. Integration mechanism is zoomed in: (i) LINE encoded endonuclease cleaves the first (antisense) target
DNA strand to expose 3’-OH group. (ii) The 3’-OH group is used to prime first strand synthesis by element encoded
reverse transcriptase (TPRT). (iii) LINE encoded endonuclease make another cleavage on the second (sense) DNA

strand. (iv) Reverse transcriptase catalyzes the second strand synthesis thus completing element integration. Adapted
from 3034

1.4 OREF structure of RLE LINEs

OREF structure of all RLE bearing R2 group of LINEs encode one to three Zinc finger(s) (ZF(s)) at the N-
terminal end (except R4 clade); a centrally located RT domain; a linker region containing presumptive a -finger
(H/RINALP residues in R2 elements), a zinc knuckle like cysteine/histidine rich (CCHC) motif; and an RLE domain
at the C-terminal end of ORF (Figure 1-1). The major differences between the different clades of RLE bearing LINEs
lie on the N-terminal region of ORF. Specifically, R2 clade of LINEs encodes an additional Myb domain located in
between ZF and RT domain. RNA binding (RB) motif preceding the reverse transcriptase domain has been identified

in R2 elements from R2-D clade. NeSL clade contains Ulp!-like cysteine protease (PRO) domain in the N-terminal



region between ZF and RT domain "°. R4 clade lack both ZFs and Myb motifs in the N-terminal region. The most
extensively studied RLE bearing elements are the R2 clade elements, especially the R2 element from Bombyx mori
(R2Bm). The protein encoded by R2Bm RLE LINEs has been identified to form two globular-domains: the reverse
transcriptase, linker, and RLE together form a single large globular-domain and the N-terminal region forms a smaller

globular domain *°,

1.4.1  Zinc fingers and Myb motif

The N-terminal ZF and Myb domain of site-specific RLE LINEs has been identified to contribute to target
DNA binding, i.e., to load the LINE protein onto the target DNA. They interact with target DNA by binding to either
upstream or the downstream sequences relative to the insertion site. The ZF of R2 clades is comparable to that of the
DNA binding cysteine-histidine ZF motif of a eukaryotic transcription factor, TFIIIa *°. The ZF motif of TFIIIa forms
an alpha-helix initiating from the second cysteine to first histidine residue of the motif. Three amino acids within the
helix contacts three consecutive bases of the target DNA, thus providing binding in a sequence-specific manner 3,
The Myb motif of R2 clade is comparable to the DNA binding region of c-Myb protein which consists of three tandem
repeats. The second and third repeats each contain three helices, the third of which are called recognition helices, and
package in the major groove to directly contact specific DNA bases *”. R2 clades have conserved amino acid sequences
that correspond to the first and the third helix.

Elements belonging to NeSL, CRE, and Genie clades typically encode two N-terminal ZFs while HERO

173839 Elements from R4

clade encodes one **. R2 clade encodes a variable number of ZFs along with a Myb domain
clade lack both ZFs and Myb domain. R2 clade can be further divided into four sub-clades: R2-A, R2-B, R2-C, and
R2-D—based on reverse transcriptase phylogeny '’. R2-A clade encodes three N-terminal ZFs (ZF1, ZF2, and ZF3),

the first one being just upstream to the Myb domain, and with a consensus cysteine and histidine spacing of

CX,CX,FXT/SX,GX,HX H, CX,CX ,HX,C and CX,CX HX H, respectively 173839 The amino-terminal structure

of R2-B subclade has not yet been determined '’. R2-C subclade encodes two ZFs, while it lacks the ZF2
corresponding to R2-A subclade '". R2-D encodes only one ZF while it lacks ZF2 and ZF3 corresponding to R2-A
subclade.

There appears to be a variability on how ZFs and Myb motifs bind to target DNA. R2-D elements (R2Bm)

uses the ZF and Myb-motifs to bind downstream of the target insertion site while R2-A elements (R2Lp, R9AvV) uses



these motifs to bind upstream of the target insertion site **. NeSL-1 has been reported to use its two ZFs to perform
the upstream target DNA binding implying its similar role in CRE and Genie clades since they all have two ZFs "°. In
some cases, ZF was closest to the insertion site and in other cases, Myb was closest to the insertion site. The variability
in binding modes suggests plasticity in how binding domain functions are wired into integration mechanism *'.
Between the ZF and Myb motif, the latter is used to attain major specificity in the target binding and DNA contact. In
R2Bm, ZF motif was found to make contacts with 1 to 3 bases upstream of the insertion site and Myb motif makes

contact with the 10 to 15 bases downstream relative to the insertion site **.

1.4.2  Cysteine Protease domain

Only elements of NeSL clade contain Ulp1-like cysteine protease domain immediately after N-terminal ZFs
" The best characterized members of cysteine proteases related to NeSL-1 domain are Smt-3 and -4 proteases of
yeast that removes ubiquitin-like linkages from proteins **. The exact function of this domain is unknown; however,
two possible roles have been postulated '°. The protease could possibly process RT domain of protein from DNA
binding and/or RLE domain, and this domain would be like the RNase H domain found in some LINEs. It has also
been speculated that the protease domain might not be required for NeSL-1 activity but for one or more cellular

functions of the host.

1.4.3  RNA binding domain

The protein encoded by R2 elements are known to bind two distinct folded structures located at the 5° and 3’
untranslated regions of R2 mRNA ***. Very recently, in R2 elements, two conserved motifs in RT-1 and RT0 domains
located immediately upstream to the RT domain have been identified to be involved in RNA binding '®*. These motifs
are termed as 0 and -1 because they are encoded just before the motifs 1 to 7 domains of the RT. Mutations created in
these motifs greatly reduced the ability of the protein to bind both 3” and 5’ regions of R2 RNA '®. In addition, the
ability of the protein to synthesize the first strand using RNA as a template was significantly reduced, so was the
ability of the protein to cleave the second strand in the presence of 5° region of R2 RNA '®. These motifs are known
to be involved in all activities of the protein that require specific RNA binding. Sequence similarity in 0 motif has

10,45,46

been found in all lineages of LINEs , implying a possibility of similar RNA binding activity.



144 RT domain

The centrally located RT domain is functionally the most important and universally present domain in the
protein encoded by all LINEs '. Classification of LINEs into different clades have reliably based upon the phylogeny
of RT domain. There are seven blocks of amino acids that bear high sequence similarity among all LINEs and are
named as RT1 to RT7 domains *. Detailed enzymatic studies of RT have been conducted for R2Bm elements. R2 RT
is characterized by several enzymatic activities that differentiate it from RTs encoded by Long terminal repeat (LTR)
retrotransposons and retroviruses. They show higher processivity on DNA and RNA templates generating longer
product lengths *’. R2 RT can end-to-end template jump from 5’ end of one RNA template to the 3’ end of the second

RNA template in the absence of sequence identity between the two templates ***°

. They do so by adding non-templated
(overhanging) nucleotides to the cDNA when it reaches the end of the donor RNA and annealing the overhanging
nucleotides to the sequences at the 3’ end of the acceptor RNA *. Also, a distinct property of R2 RT is the ability to
use the 3’ end of RNA or single-stranded DNA to prime reverse transcription **. There is no requirement of sequence
complementarity between the template and the primer. The RT can displace an annealed RNA strand while using a
DNA strand as a template. In R2Bm, the synthesis reaction at the 28S target site is more efficient if the RNA contains
3° UTR as a template . If this RNA template ends at the precise 3' end of the R2 element, then non-templated
nucleotides are added to the target before cDNA synthesis °'. The presence of downstream 5 to 10 nucleotides of the
28S sequence are used most efficiently in vitro TPRT reaction >'. The R2Bm RT domain has recently been 3D
modeled and it assumes a canonical hand-like configuration, with fingers, palm, and thumb regions, and was overall
similar to RNA dependent RNA polymerase (RARP) *>**. The index finger of the RT and the -1 regions were the most

accessible areas for proteolytic cleavages to occur, and the thumb region of RT is found to be highly protected from

35
cleavages ™.

1.4.5 Linker region with conserved predicted a-helices and zinc knuckle
The linker region located between the RT and EN domains of RLE LINEs remain as one of the less explored
areas. The linker region harbors an important zinc-knuckle like cysteine/histidine rich (CCHC) motif with a spacing

of CXy_3CX7_gHX4C 3 The zinc knuckle like CCHC motif is found to be universally conserved, and hence

common to both RLE and APE LINEs, however, its role in LINE mobilization remains ambiguous and understudied.

In a previous in vivo study using APE bearing human LINE-1 elements, mutating the first two cysteines to serine in



the CCHC motif significantly reduced LINE-1 retrotransposition *°. Mutating the third cysteine to glycine in zinc
knuckle of APE bearing LINEs called SART1 from Silk moth lost the ability to retrotranspose in vivo . These studies
called attention to the significance of the zinc knuckle for LINE retrotransposition. Diminished amount of protein
bound RNP complex formation was observed in vivo with human LINE-1 elements where the first two cysteines were
substituted to serine, implying its possible role in RNA binding **. When the zinc knuckle structure was altered by
substituting four cysteines (three cysteines in CCHC motif and one immediately before the motif) into serine, no
reduction in RNA binding activity was reported for human LINE-1 elements in vitro *°. Although the cysteine-histidine
rich zinc knuckle of the linker has shown to be indispensable for retrotransposition, and formation of RNP complexes,
the actual biochemical role of this region is yet to be dissected. Our previous study has discussed structural similarity
of zinc knuckle of LINEs to the BBa structure formed by non-zinc knuckle found in the linker region of Prp8, a
eukaryotic splicing factor *°. Like RLE LINEs, Prp8 protein also has very similar RT and RLE domains connected by
a long linker region, which suggest a possibility of RLE LINEs and Prp8 sharing a common ancestor during their
evolution. The amino acid sequences corresponding to the Bfa structure of Prp8’s non-zinc knuckle aligns well with
that of LINEs. In Prp8, the residues in the knuckle form a part of the pocket to sequester G nucleotide of the intron 5’
splice site ®. Also, two residues in this region are known to coordinate G nucleotide via putative hydrogen bonds °'.
In addition to being structurally equivalent to the Prp8 knuckle, the zinc knuckle is also speculated to be functionally
similar.

Immediately upstream of the zinc knuckle like CCHC motif, lies a set of a-helices predicted to be conserved
in both RLE and APE LINEs. This region contains highly-conserved residues in RLE LINEs (R/HINALP motif in R2
clade elements) which aligns very well in sequence with the APE bearing LINEs in multiple sequence alignments *°.
While this presumptive a-helices shows sequence and structure conservation among LINEs, this region remains totally
unexplored. Mutating HMKK and SSS residues located 14 and 10 amino acids upstream of the RYHLTP sequences
in human LINE-1 that aligns well to R2Bm R/HINALP residues, was reported to reduce LINE-1 retrotransposition in
vivo *°. In multiple sequence alignment and 2D structural alignments, the presumptive o-helices of LINEs aligns very
well with an important motif in Prp8 called the 1585 loop and helices. The 1585 loop and helices also found in the
linker region of Prp8 was found to be dynamic, and interacts with nucleic acid and other proteins in the spliceosome

35,6265

complex . The conserved helical region of LINEs could be structurally, and if possible functionally equivalent

to the 1585 loop and helices region of Prp8. This makes the residues in the a-helices of LINEs prime candidates to be



investigated for their possible role in integration mechanism of LINEs.

1.4.6  R-box
In a subset of type II restriction type endonuclease enzyme (e.g. EcoRIl, Dpnll, Mbol, PspGI and Sso II),
there is an arginine-rich region consisting of RXXR or NXRXXR found within or in front of the first o -helix of the

6668
endonuclease fold

. This region is named as “R-box” in the restriction enzyme and is known recognize DNA, and
correctly position the DNA at the active site for cleavage. In a PD- (D/E)XK family of Holliday junction resolvases
(Hjc, Hje), similar DNA binding residues were found at the beginning of the resolvase ®*”'. RLE LINEs also have
similar R-box region with conserved “RH” residue at the beginning of a-helix1 of the RLE domain. Mutating both
the “RH” residues to alanine reduced the ability of the protein to bind to the target DNA at the upstream and
downstream sequences from the insertion site by ~40% and 30%, respectively ">. The binding activity of RH motif
does not seem to be site or sequence specific. In addition, the ability of the protein to synthesize the first strand by
TPRT was also reduced. Reduction in DNA binding was not observed when only the H residue was mutated '*. There

is another arginine preceding the RH residue which is also speculated to be involved in the DNA binding, however,

further analysis is required.

1.4.7 RLE domain
RLE encoded by members of R2 clade belongs to a superfamily of the PD-(D/E)XK endonucleases and is

shown to have PD-(D/E) restriction endonuclease . R2 RLE includes highly conserved residues of PD-X, . .-D-X .

12-13
15-K. The first of PD-(D/E)XK endonucleases to be identified were the type II restriction enzymes (e.g. EcoRI, BamHI,
and FokI) . R2 RLE bears a conserved core of four-stranded mixed B-sheet flanked by o-helix on each side (apppap)
2 Mutating the two catalytic D residues abolished the cleavage activity, but not binding or the subsequent TPRT
process . The catalytic residues D-(D/E) are at the beginning of B-strand 2 and within B-strand 3, respectively. The
catalytic K has been identified to be located in a non-canonical position in the a-helix 2 *. There is a second K residue
located within a-helix 2 immediately after the first catalytic K which could also be catalytic. R-box residues that are

involved in DNA binding are located at the beginning of a-helix 1. Mutating the residues located beyond the B-strand

4 (R/AG.W) was shown to reduce DNA binding and cleavage "°.
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1.5 OREF structure of APE LINEs
APE bearing LINEs typically have two open reading frames that encode for ORF1 and ORF2 proteins both

of which are required for L1 retrotransposition **"

. The ORF1 usually encodes one to three zinc fingers, and ORF 2
typically encodes APE domain always preceding the RT domain followed by a cysteine/histidine rich gag knuckle
(CCHC motif). Some of the clades of APE LINEs (Tadl. R1, LoA, I, and Ingi) encode ribonuclease H (RNH) domain
in the C-terminal domain of ORF 2 preceding the CCHC motif. The most well-studied elements of APE bearing LINEs
are the L1 and I elements. An active human L1 element is ~6 kb in length and contains two ORFs flanked by 5> UTR
and 3’ UTR. The ~910 bp long 5* UTR contains RNA polymerase II sense strand promoter and antisense promoter
along with cis-acting binding sites for few transcription factors necessary for LINE-1 transcription (57). The 3 UTR
includes a functional RNA polymerase II polyadenylation signal 7°.
151 ORF1

Human L1 ORF1 encodes a 40 kDa protein (ORF1p) that is translated from mRNA in a cap-dependent
mechanism *’. Biochemical studies have that mouse and human L1 ORF 1p resides in cytoplasmic RNP and binds to
single-stranded DNA *°. Structural studies have identified a coiled-coil domain at the N-terminal region that assists in
the trimerization of ORF1p . Centrally located is an RNA recognition motif (RRM) followed by a basic C-terminal
domain. The central RRM along with the C-terminal region of ORF1p is required for ORF1p RNA binding in human
L1 elements ””°. ORF1p of many APE bearing LINEs encode one to three CCHC motifs generally represented by
CX,CXHX,C 3680 The spacing of the second CCHC motif in some and the third motif in most APE LINEs is less
conserved. In SART1 elements, each of the three CCHC motifs was important for its reptrotransposition, and
packaging on ORF1p into RNP in a sequence-specific manner *’. Similar CCHC motifs in the C-terminal region are
also found in ORF1 of many other APE bearing LINEs '*. In addition, the 13 amino acids, VARIGECPPDIVK found
just upstream of CCHC motifs in the ORF1 of SARTI, was found to be crucial for ORF1p-ORF1p and ORF1p-
ORF2p interactions **. Human, mouse and non-mammalian ORF1p also has nucleic acid chaperone activity and can
facilitate re-annealing of single-strand DNAs in vitro *'. Nucleic acid chaperone activity has also been hypothesized
to facilitate initial steps of L1 integration in vivo. However, deleting ORF1 does not abolish ZfL.2-1 retrotransposition
activity in cultured human cells **. Also, Alu retrotransposition only requires protein encoded by L1 ORF2 ®. These

data raise the question as to how ORF1 nucleic acid chaperone activity plays a part in LINE retrotransposition.
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152 ORF2

The ORF2 of members of the L1, RTE, I, and Jockey groups encode the apurinic-apyrimidinic endonuclease
(APE), which is always N terminal to the RT domain *. Although the ORF2 APE shares similarity with apurinic-
apyrimidinic endonuclease, the APE has lost its ability to cleave apurinic/apyrimidinic site except for endonuclease

of L1Tc from Trypanosoma cruzi *** Human L1 ORF2 encodes a 149 kDa multifunctional protein (ORF2p) critical
ryp

for L1 retrotransposition ***>%

. The human L1 APE makes a nick at the consensus sequence of 5'-TTTT/A-3’ in
genomic DNA exposing a 3° hydroxyl group at the cleaved site *.

A c-myb like three helix motif has been predicted in an area between APE and RT in TRAS, R1Bm, SARTI,
RT1Ag, TARTDm, and L1Hs element using secondary structure prediction program, implying its possible role in
binding the target DNA during integration *"**.

PCNA, which is the sliding clamp protein essential for DNA replication was found to be directly interacting
with a conserved sequence in the ORF2p ¥. The interaction was via a PCNA interaction protein domain called PIP
box was found in a region between the APE and RT domain of L1. Mutating the residues in PIP box abolished L1
retrotransposition 89, however, the exact role of PIP box in L1 retrotransposition is unknown.

Centrally located in ORF2p is the RT domain that shares sequence similarity with RT encoded by telomerase,
Penelope-like retrotransposons, group II introns, other LINEs, LTR retrotransposons, and retroviruses B399 The RT
exhibit both RNA dependent and DNA dependent polymerase activity °>. Like RT encoded by R2Bm, L1 RT shows

high processivity and lacks RNase H activity *>*’

. The ORF2p exhibits cis-preference and preferentially reverse
transcribes its own mRNA *. Point mutation on the ORF1 and APE domain adversely affects L1 retrotransposition
but the ability of the protein to reverse transcribe is not affected >*. The RT can also extend terminally mismatched
primer-template complexes ****. ORF2p has been shown to co-localize with ORF1p and mRNA in cytoplasmic foci
> Although ORF1p is found to be in abundance compared to ORF2p in L1 RNPs **, the exact stoichiometry of ORFIp
and ORF2p bound to a single mRNA is not yet elucidated.

The C-terminal region of ORF2p in most APE LINEs contain at least one zinc knuckle like cysteine/histidine
rich (CCHC) motif similar in spacing to that found in the C-terminal region in the protein encoded by RLE LINEs
(mostly CX1-3 CX7-8 HX4 C or CX2 CX12 HX3-5 H) ***°. Ingi element being a special case carry five degenerate

cysteine/histidine rich regions. Elements of the Jockey group lack a zinc-finger domain in ORF2p *°. Mutating the

cysteine residues to serine in human L1 affects the ability of the protein to form RNP, and adversely affects L1
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retrotransposition in cultured cells ****. Studies using the recombinant protein containing 180 amino acids at the C-
terminal end of ORF2 have shown non-sequence specific RNA binding in vitro, however, mutating the cysteines to
serine do not adversely affect RNA binding *°. The exact function of this highly conserved CCHC motif found in
almost all LINEs remains to be elucidated.

ORF1 and/or ORF2 protein encoded by APE LINEs have shown to act in #rans to mobilize non-autonomous

83,97,98

retrotransposons like human Alu and SVA elements, and mouse B1 and B2 elements . They are also capable of

mobilizing cellular mRNAs to generate processed pseudogenes *°.

1.6 Target Site specificity of LINEs

The target insertion sites for most of the target site-specific LINEs are repetitive sequences found in the host
genome. Most of the RLE LINE elements from R2, NeSL, and R4 clades, and some elements from HERO, CRE, and
Genie clades are found to be site-specific during insertion. Elements from R2 cades were found to be inserted at a

17,100,101

specific sequence in the 28S rDNA locus of many vertebrates and invertebrates . Elements from NeSL clades

like NeSL-1 in nematodes were found to target the spliced leader exons, while NeSL-1 Aca form the

19,102

amoeba Acanthamoeba castellanii were found to target U2 snRNA gene . Dong and R4 elements that belong to

193104 While most

R4 clade were found in microsatellite TAA repeats, and another location of 28S rDNA, respectively
of the elements belonging to HERO clade is found to be non-specificc HERO-1 HR was recently found in a

microsatellite, (ATT),, repeats 105, Site-specific elements in CRE clades are CRE1, CRE2, SLACS, and CZAR in

trypanosomes that were also found in the spliced leader exons '°*'"” Genie-1 elements of Genie clade was found to be
inserted into the 771-bp repeat near the telomere, however, Genie-2 elements were found to be non-specific in insertion
1% Some of the representative elements of each if the RLE bearing LINE group with their specific site of insertion is
presented in Table 1.

Out of more than 20 clades of APE LINEs, only Tx1 and R1 clades contain elements that are site specific
during integration (Table 1). Site-specific elements belonging to Tx1 clade targets IRNA genes (Mutsu), tRNA genes
(Dewa), snRNA genes (Keno), telomeric repeats (Tx1-1_ACar), and microsatellites (Kibi and Koshi) . Tx1 and Tx2

elements have been in other retrotransposons Tx-1D and Tx-2D '

. R1 clade elements integrate in a sequence-specific
manner and target rDNA (R1/R6/R7/RT), telomeric repeats (TRAS/SART), and microsatellites (ACAY or AC

repeats) (Waldo) '''. Phylogenetic analysis of target sequences of R1 clade elements has shown that the target
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specificity has been altered several times independently over the course of evolution '''. Some of the site-specific R1
elements like HOPE, Hal, Hida, Kaga, and Noto have now lost their specificity of integration '''. Remaining of the
clades of the APE LINEs do not integrate non-specifically, however, they show weak sequence specificity (human

LINE-1 show specificity for TAAA repeats) '>"°.

Table 1- 1: Target site specificity of RLE and APE bearing LINEs. Adapted from **"'"%,

Group Clades Representative elements Target insertion site
R2-A R2Lp, R8HmM, R9AV rRNA gene (28S R2, 18S, 28S R9)
R2-D R2Bm rRNA gene (28S R2, 18S, 28S R9)
NeSL R5, NeSL-1Ce, R5-2_ SM rRNA gene, Spliced leader,
RLE LINEs Transposon
R4 R4Al, R4-2_Sra, Dong rRNA gene (28S R4), tRNA-Asp
gene, Microsatellite
HERO HERO-1_HR Microsatellite
CRE CRE2Cf, MoTeR, CRE-1 NV Spliced leader, Telomeric repeat,
Microsatellite
Genie Genie-1Gl 771 bp repeat near telomere
Tx1 Mutsu, Dewa, Keno, Tx1- TRNA (55), tRNA, snRNA,
1_ACar, Kibi, Koshi, Tx1, Tx2 Telomeric repeats, microsatellites,
APE LINEs other transposons (Tx1D, Tx2D).
R1 R1/R6/R7/RT, TRAS/SART, rRNA genes, Telomeric repeats,
Waldo microsatellites,

Abbreviations: R9 element from Adineta vaga (R9Av), R8 from Hydra magnipapillata (R8Hm), R2 from Limulus
polyphemus (R2Lp), R2 from Bombyx mori (R2Bm), R4 from Ascaris lum- bricoides (R4Al), R4 from Strongyloides
ratti (R4-2_Sra), NeSL from Caenorhabditis elegans (NeSL-1Ce), NeSL from Schmidtea mediterranea (R5-2_SM)
CRE2 from Crithidia fasciculata (CRE2Cf), CRE from Nematostella vectensis (CRE-1_NV), HERO from Helobdella
robusta (HERO-1_HR), Genie-1 from Giardia lamblia (Genie-1Gl).

1.7 Transcription of LINEs

LINEs are transcribed into mRNA either by an internal promoter or they rely upon their upstream cellular
promoter to be transcribed as a co-transcript which later gets processed into LINE mRNA in the nucleolus. Human
L1 elements, which is an APE bearing LINE, encode an internal RNA polymerase II promoter in the 5° UTR ***’. R2

elements, which is a site-specific RLE bearing LINE, rely on the transcription of host rRNA gene using RNA
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polymerase I to be transcribed as 28S/R2 co-transcript '*. The conserved 5° end of R2 RNA can be folded into a
double pseudoknot structure encodes an autocatalytic self-cleaving ribozyme which is similar in sequence and
structure of Hepatitis Delta Virus (HDV) ribozyme ''*'"*. The HDV ribozyme is a self-cleaving RNA that folds into
a conserved double pseudoknot structure and catalyze transesterification reaction leading to cleavage of RNA sugar-
phosphate backbone ''*. The 5’ ribozyme encoded by R2 RNA enables processing of R2 RNA from the 28S co-
transcript. In contrast to most eukaryotic mRNAs, the self-scission of ribozyme yields a transcript with 5°- OH group
that cannot be capped at the 5” end. HDV like self-cleaving ribozymes has also been reported in APE bearing LINEs
13116 - Structure-based bioinformatics searches have identified the presence of HDV like 5’ ribozyme in other
promoterless RLE LINE including rDNA-specific R4 elements, and also in APE LINEs ''°. The site of self-cleavage
by the Drosophila simulans R2 ribozyme differs from that of the other diverse animals. In Drosophila simulans, the
cleavage occurs precisely at the 28S/R2 5’ junction while in others the cleavage occurs in the GC-rich area 13 or 28

nucleotides upstream of the 5° end and the R2 transcript includes the upstream 28S sequences "'’

. The upstream 28S
sequence co-transcribed at the 5° end in R2 transcript has been suggested to play a role in priming second strand
synthesis ''”. It is not known how the 3” end of the R2 transcript is processed from the 28S rRNA co-transcript. The
~250nt long 3° UTR only is necessary and sufficient for TPRT but appears to add non-templated nucleotides before
¢DNA °!. The presence of 5 to 10 nucleotides from the downstream 28S sequence was found to be used most efficiently
in TPRT assays in vitro and help initiate TPRT at an accurate position in vivo °'. The requirement for downstream 28S
rRNA sequences probably explains why R2 RNA does not contain an A-rich repeat at their 3' junction with the target
DNA.

Transcription of APE bearing human L1 is controlled by an internal RNA polymerase Il promoter located
within the first 100-150 bp at the 5> UTR which initiates their transcription within a small region of -9 to +4 *>**''¥,
The L1 transcript starts with ~910 bp 5> UTR followed by ORF1, a 63-nt spacer, ORF2, ~210 bp 3’UTR and ends
with a poly(A) tail '"*. The ORF1 and ORF2 of the bicistronic L1 transcript of is separated by a 63-nt inter ORF

spacer which contains two in-frame stop codons and one out of frame AUG codon '*’

. Most L1 transcripts contain a
5’ end 7-methyl guanosine cap structure which facilitates their translation >’. A binding site for a Ying Yang-1(YY1)
transcription factor was identified in the 5> UTR (+13 to +21) of the human L1 element, and mutational studies have

identified that YY1 binding sites direct precise transcript initiation at the +1 site of the L1 element '*'. Additional cis-

acting transcription factor binding sites for Runx3, Sp1, and SRY-related (Sox) proteins have been identified in the 5’
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UTR that must be involved in L1 transcription """, SART-1 which belongs to R1 clade of APE LINEs requires
both 3° UTR and poly (A) tail for its retrotransposition while in human L1, the 3° UTR seems to be dispensable **°".
R1 elements which belong to R1 clade of APE LINE, do not harbor an A- rich tract at its 3’ end but requires a 3’
structure for its retrotransposition '>*. The APE LINEs that lack RNA polymerase promoter encodes a HDV like
ribozyme at the 5° end of their RNA transcript like the ones found in rDNA specific R6, and telomere-specific SART,

Baggins, and RTE elements ''®

. L1 elements from Trypanosoma cruzi also contains HDV like ribozyme at the 5’
terminus along with an internal promoter that generates L1 transcript ''°. However, it is shown that L1 ribozyme was

lost from a lineage of L1 called L1PA suggesting that L1 ribozyme is not beneficial for retrotransposition (64).

1.8 Translation of LINEs

After transcription of LINEs, the RNA transcript is transported to the cytoplasm where it gets translated into
protein. The self-cleaving HDV like ribozyme found in 5’ end of LINE RNA adopts a complex pseudoknot structure
which is also integral to the activity of some Internal ribosome entry sites (IRESes) seen in viruses and some cellular
mRNAs that can interact with translational machinery to initiate protein synthesis. R2 ribozyme has shown to act like
an IRES both in vitro and in vivo ''°. In addition to liberating the 5° terminus of the LINE transcript via self-scission,
the ribozyme also acts similarly to an IRES and presumably binds the translation machinery, allowing translation of

the downstream ORF to occur 2+!23126

. This mechanism bypasses the need for 5’-methylguanosine cap on the RNA
and explains the absence of AUG codon in the R2 LINEs ',

The ORF1 of the APE LINEs bearing internal RNA polymerase II promoter is translated in a cap-dependent
manner >, In human L1 elements, two in-frame stop codons are located between ORF1 and ORF2 that are involved
in the termination of ORF1 translation and re-initiation of ORF2 translation. L1 ORF2 was translated independently
not as ORF1-ORF2 fusion protein ''*'*’. In mouse, the IRES located at the 3’ end of L1 ORF1 has shown to participate

in ORF2 translation initiation '*®

. However, in human L1, ORF2 has been proposed to be translated by an
unconventional termination/ re-initiation mechanism, and it is possible that host translation machinery is used '*’.
Also, ORF1 or ORF1 protein is not required for ORF2 translation. According to the unconventional mechanism, when

the ribosome reaches the stop codon in the inter-ORF region, ORF1 protein is released, and the ribosome gets

dissociated. The 40S subunit remains associated with the L1 RNA and scans the inter-ORF region until it reaches the
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first in-frame AUG in ORF2. The ribosome then gets reassembled for ORF2 translation '*’. Experiments have shown
that a non-specific translatable upstream ORF is required for ORF2 translation, and ORF?2 translation can initiate from
a non-AUG codon ", It has also been speculated that binding of L1 RNA to ORF2 (or even ORF1) protein inhibits
ORF2 translation which would lead to greater amounts of ORF1 protein to coat the transcript. In SART1 elements
from the silkworm, mutagenesis studies on the UAAUG overlapping stop-start codon revealed that they follow
translational coupling where ORF2 is translated exclusively by the ribosome that translates ORF1 as observed in

129

prokaryotes and virus . In addition, the downstream RNA secondary structure is found to be necessary for efficient

ORF? translation in SART1 '%°.

1.9 RNA binding and ribonucleoprotein formation

The protein translated from LINE elements have a strong cis preference and binds to the mRNA from which
they were translated to form a ribonucleoprotein (RNP) complex essential for TPRT. The cis preference of R2 protein
for R2 RNA has been well established. Binding of R2 protein to R2 RNA increases the ability of R2 protein to find
the target insertion site by ~150 fold **. The 5’ and 3° UTRs of R2 mRNA can be folded into precise structures that
are responsible for binding R2 protein and are named as 5’ and 3’ protein binding motifs (PBM). 5’ PBM is formed
by a 300 nt segment that starts within the 5’ UTR and ends just before the N-terminal ZF, and adopts a distinctive
pseudoknot structure found to be conserved across silk moths **'*°. 3> PBM constitute the 250 nt of the 3 UTR of
R2 transcript. The RNA motif (3’ PBM or 5’ PBM) bound by the R2 protein determines its function in the integration

mechanism %

. R2 protein bound to 3’ PBM adopts a conformation that allows it to bind to the 28S gene upstream
of the insertion site, and this upstream subunit is responsible for first strand cleavage and first strand synthesis by
TPRT. R2 protein from Bombyx mori could recognize the R2 RNA 3’ UTR from Drosophila melanogaster and other

0130 This indicated that R2 protein binding

distantly related arthropods that has minimum primary nucleotide identity
to RNA was not sequence-specific, rather it is mediated by the secondary and tertiary structures at the 3’ UTR of the
transcript. The secondary structure shared by the two RNA (Bombyx mori and Drosophila melanogaster) are the three
helical regions and the sequence AAC/UAUC in the loop generated by one of these helixes '*'. RNA is considered to
contact R2 protein via this conserved region of the transcript. R2 protein bound to 5’ PBM binds downstream of the

28S rDNA and this downstream subunit is responsible for second strand cleavage and possibly second strand synthesis

to complete LINE integration >!. The stoichiometry of the reaction suggests a single subunit is involved in either
p g y gg g
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upstream or downstream binding.
Recently, RNA binding motifs in R2 protein has been mapped. One motif in RT-1 region and another motif

in RTO region located immediately N- terminal to the RT domain, have been identified to have both 3’ and 5° PBM

10,45,46

binding ability '*. Sequence similarity in 0 motifs has been found in all lineages of LINEs , implying a similar

RNA binding domain.

Human L1 ORF1 and ORF?2 protein act in cis to bind to their mRNA to form RNP complex that is essential

25,132

for L1 retrotransposition . The exact stoichiometry of ORF1: ORF2 protein bond to a single mRNA is not yet

elucidated. However, it has been postulated that the RNP complex contains single L1 mRNA bound to multiple ORF1

58,127

trimers, and at least one ORF2 protein . In addition, it is likely that the RNP includes other cellular proteins and

RNAs ¥3*B34 Immunofluorescence microscopy studies have shown that L1 RNA, ORF1, and ORF2 protein

58,89,135
©72° In another

accumulate in dense cytoplasmic foci which are closely associated with stress granule proteins
study with yeast retrotransposon, localization of transposon-encoded protein in cytoplasmic foci called processing
bodies (P-bodies) is important for RNP assembly, and possibly represents a host mechanism that regulates

136-138

retrotransposition .In TART and HeT-A, ORF1p has been implicated in intracellular targeting (e.g., localization

in Het dots) *>'*

. How L1 RNP enters the nucleus is not fully understood.
Biochemical studies have shown that L1 ORF1 protein binds the L1 mRNA in a sequence-dependent manner
*_ A coiled-coil domain located at the N-terminus of the ORF1 protein has shown to facilitate trimerization of ORF1

protein 77,141,142

In telomere-specific SART1 elements, that amino acid residues 555 to 567 and 285 to 567 in the ORF1
protein are crucial for the ORF1-ORF1 protein and ORF1-ORF2 protein interactions, respectively **. The central
region of ORF1 protein encodes a canonical RNA recognition motif, which along with the basic C- terminal domain
(CTD) is involved in binding L1 mRNA """ Recent studies done with a recombinant protein containing the last
180 amino acid (aa) of ORF2 protein has shown to bind non sequence-specific RNA in vitro . When cysteines were
mutated to serine in the cysteine/histidine rich (CCHC) motif that has been suggested to function like zinc knuckle

like domain, RNA binding ability was not severely affected . The domain of L1 ORF2 protein that is involved in

specific L1 RNA binding is yet to be elucidated.
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1.10 DNA recognition and binding

The active site of the endonuclease encoded by all RLE LINEs shares similarity to that of the type II
restriction like endonuclease. The active site and DNA binding site of type II restriction endonuclease are located
apart from each other, and hence the enzyme binds the DNA few distances from the cleavage site . Protein footprint
analysis on R2 RLE LINE from Bombyx mori (R2Bm) has shown similar separation of DNA binding site from the
cleavage site, as the protein was found to bind the upstream and downstream sequences from the insertion site **'*.
The N-terminal region of RLE LINEs encodes a CCHH ZFs and a Myb nucleic acid binding domain. DNA binding
and DNAase footprint analysis of mutant polypeptide containing 150 amino acid at the N-terminal end have shown
that the ZF motif binds the target DNA 1 to 3 base pairs upstream of the cleavage site and Myb motif binds 10 to 15
base pairs downstream of the insertion site **. Complete R2 protein protects the target DNA 10-14 base pairs upstream
of the cleavage site, however, the domain that binds these upstream sequences remains unknown **. The C-terminal
end of the of almost all LINEs encode a zinc knuckle like CCHC motif which has been shown to be indispensable for
human L1 retrotransposition and is speculated to be involved in the upstream target DNA binding ***°. Analysis of
the N-terminal DNA binding motifs of RLE LINEs has shown considerable flexibility in their binding to the target
site. While, R2-D elements (R2Bm) uses the DNA binding ZF and Myb-motifs to bind downstream of the target
insertion site while R2-A elements (R2 from Limulus Polyphemus (R2Lp), R9 from Adineta vaga (R9Av)) uses these

40,42

motifs to bind upstream of the target insertion site . NeSL-1 has been reported to use its two ZFs to perform the

upstream target DNA binding implying its similar role in CRE and Genie clades since they all have two ZFs *'.
Between the ZF and Myb motif, the latter is used to attain major specificity in the target binding and DNA contact.
Among the APE bearing LINEs that are not site-specific, human L1 inserts randomly with a slight preference
for 5-TTTT/ AA-3' (slash indicates the scissile phosphate), exposing a 3’ hydroxyl and a 5° phosphate group *. The
L1 APE has specificity for the DNA structural features found at the TpA junction of T,A, homopolymeric stretches

%% The crystal structure has shown that the L1 APE encoded BB6- BB5 forms a DNA contacting hairpin loop that

145

inserts into the wide minor groove at the TpA junction . L1 APE recognizes the extrahelical flipped adenine residue

3' of the scissile bond to mediate the cleavage '*

. APE LINEs like I and Jockey elements also gets integrated into the
AT-rich regions of the genome '**'*’. Substitution mutation in a similar DNA contacting loop in R1 and TRASI clades

of LINE (Tyr-98 and N-180 for RIBm EN and Asp-130 for TRASI) affects the sequence specificity during integration
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'8 Swapping the APE domain of TRASI into SART1 changes the insertion specificity into TRAS1 *’. This shows
that the primary determinant of the DNA specificity of integration is the APE domain itself '*>'*!%,

In some APE LINEs (TRAS, R1Bm, SART1, RT1Ag, TARTDm, and L1Hs), a putative myb like domain
were identified in between APE and RT domain using secondary structure prediction program *’. TRAS and SART
which are telomeric repeat specific LINEs were found to insert at specific but different nucleotide positions in opposite
orientation into the telomeric repeats, (TTAGG)n ''"""*°. In TRASI and SART]1 elements, the myb like domain has
been postulated to be responsible for the general targeting into the telomeres, while their APE determines the insertion

position .

28sd
28Su 1
upstream <—|—sdownstream

S RN

o .

3 -40 -20 | +20 5
v_j Cg.?

2 5 PBM

Figure 1-4: R2 integration mechanism. 1. DNA cleavage of the first/ antisense strand. 2. First strand DNA synthesis
by TPRT. 3. DNA cleavage of the second/ sense strand. 4. Second strand DNA synthesis. Grey hexagons represent
R2 encoded protein. Protein bound to 3’ protein binding motif (PBM) RNA binds upstream of the insertion site (28Su)
protecting from -20 to -40 base pairs upstream of the insertion site, and protein bound to 5 PBM RNA binds
downstream of the insertion site (28Sd) protecting up to 20 base pair downstream of the insertion site in DNA
footprinting assay '**. Black straight line represents doubles stranded target DNA. Adapted from .

1.11 First strand cleavage and first strand synthesis by TPRT

In R2 RLE LINEs, the integration process is catalyzed by upstream and downstream protein subunits (Figure
1-4). The R2 protein bound to 3° PBM RNA binds 20 to 40 bp upstream from the cleavage site, thus forming the
upstream subunit *°. The regions of the protein that contact the upstream sequences are yet to be elucidated. The
integration mechanism begins when the endonuclease encoded by the upstream subunit cleavages the first strand, i.e.,
the antisense strand with respect to the 28S rRNA gene promoter (Figure 1-4 step 1) 3. At the site of cleavage, a 3’-
OH is exposed which then acts as a primer for first strand synthesis by TPRT, where reverse transcriptase of the
upstream subunit catalyzes reverse transcription of R2 mRNA into cDNA (Figure 1-4 step 2). Annealing of RNA
template to the target DNA for initiation of TPRT is not required. R2 RNA template that has the 3* end corresponding

to the precise boundary of R2 elements with the 28S gene was found to be most efficiently used for TPRT *°. R2 RNA
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that were polyadenylated at the 3° end (8 nt) or had a truncated 3’ end (3-6 nt) were not efficiently used for TPRT.
The utilization of 3’ truncated RNA or the one ending at precise 3’ end of R2 element resulted in the addition of non-

templated nucleotides on the target DNA by the reverse transcriptase >

. The ability of reverse transcriptase to add
extra non-templated nucleotides on target DNA before engaging the RNA template for TPRT could possibly explain
the mechanism for generating poly(A) tail or simple repeat sequences at the 3’ end of many LINEs. The presence of
28S downstream sequences in the R2 transcript could yield accurate R2 target- 3’ junction in reactions in vitro as
found in endogenous R2 of many insects °'. While non-specific RNA could position the R2 protein at the insertion
site, they were unable to initiate TPRT °. 3° PBM corresponding to the 3° UTR region was required and sufficient for
these steps of the integration mechanism.

In APE LINESs, the ORF2p encoded EN interacts with DNA via the BB6- BB5 loop and makes a single-strand
endonucleolytic nick in genomic DNA at a degenerate consensus sequence (e.g., 5'-TTTT/A-3’ or variants of that

8519 The resultant 3’ -OH group at the nick site is used by the ORF2 RT to prime L1 first strand synthesis,

sequence)
which generally begins within the L1 RNA 3’ poly(A) tail '*'. The L1 reverse transcriptase has shown to act in cis,
and preferentially reverse transcribe their encoding transcript *°. The 3’ poly(A) tract in L1 RNA is required for
efficient L1- mediated retrotransposition in vitro. When the L1 RNA polyadenylation signal is replaced by sequences
derived from a non-polyadenylated long noncoding RNA, the RNA could stably accumulate in cells and could be
translated, however, they were unable to retrotranspose in cis '~ Addition of 26 to 20 poly(A)tract downstream of
this construct increased their retrotransposition. Also, the poly(A) is found to be essential to allow ORF2 to bind and

*2. However, poly(A) tail is shown to be not required for L1 retrotransposition in assays using

mobilize RNA in trans '

cultured cells *°.
Retrotransposition assay using cell lines lacking one or more components of the cellular non-homologous

end joining (NHEJ) mechanism, a principal form of DNA double-strand break (DSB) repair, has suggested

153-155

endonuclease independent L1 retrotransposition . Double strand break created in the DNA could initiate L1

reverse transcription.

1.12 Second strand cleavage and second strand synthesis
For R2 RLE LINEs, at the end of first strand synthesis, the 5° PBM bound to the downstream subunit is

removed by the reverse transcriptase of upstream subunit which triggers second strand cleavage 2 bp upstream relative
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to the first strand cleaved site and is catalyzed by the endonuclease of the downstream subunit (Figure 1-4 step 3) *'.
However, it is unclear how a ‘site-specific’ DNA endonuclease cleaves two different sites on the target DNA
specifically. Also, it is unclear if second strand cleavage requires a protein dimer. After second strand cleavage occurs,
the reverse transcriptase of downstream subunit is thought to synthesize the second strand thus completing element
integration (Figure 1-4 step 4). In Bombyx mori and many other animals, a uniform R2 5’ junctions were observed
within species, and in some cases, a particular length of the 28S gene sequence was found to be duplicated at the 5’
junction '°°. However, in species of Drosophila, there is a variable addition of non-templated nucleotides and variable

deletions of the 28S target site at the R2 5° junctions "’

. This difference in uniformity at 5’ junctions could be
explained by whether the 5> end of the RNA processed form 28S co-transcript had the 28S gene sequence or not . If
the RNA template contained the 28S sequence, the first strand cDNA generated by reverse transcription could anneal
to the top strand to allow precise priming for second strand synthesis, and hence uniform 5’ junctions. If the RNA
does not have the 28S sequences, then random 3-5 non-templated nucleotides are added to the cDNA and the varying
microhomologies between the added nucleotides and the upstream target DNA sequences are used to prime second
strand synthesis '. This gives rise to different length deletions of 28S sequences and/or non-templated nucleotide
additions observed in some species.

Analysis of L1 elements that are flanked by target site duplication (TSD) did not show strict consensus second
strand cleavage site, however weak preference was observed for the sequence 5-TYTN/R in few inversion/deletion

158

and inversion/duplication events in L1s ~°. The formation of inversion/duplication product could be explained by an

alternative form of L1 retrotransposition called as “Twin priming” '’

. During this process, the second strand cleavage
occurs before the completion of TPRT which generates an overhang that anneals primes the second strand synthesis.
While the 3’ poly(A) tail end of L1 RNA is getting templated for the first strand synthesis, internal region towards the
5’ region of the same RNA anneals to the generated top strand overhang and gets templated for second strand synthesis.
When the RNA is removed, the single-stranded cDNA pairs at the region of microhomology to complete remaining
DNA synthesis '*°. This explains the L1 inversion flanked by TSD. Sequence analysis of L1 (L1Ta) insertions shows
that only about 30-35% of them are full-length insertions '°’. About 40-45% of the insertions were truncated at the 5°

ends and about 25% showed inversion/deletion events. The 5’ truncations could be because of L1 reverse transcriptase

falling off the RNA template before the complete strand synthesis '°'. The RNA template could also be degraded by
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cellular enzymes that could result in truncated copies. Details in the different steps of L1 integration requires further

investigation.

1.13 Regulation of LINEs

Although many LINEs are parasitic and have evolved a mechanism to limit host genome damage, their
mobility still poses a potential threat to the host. Host organisms have evolved mechanisms to combat LINE activity,
however, the host must be able to discriminate LINE sequences from host genes. R2 elements are controlled by
transcriptional repression rather than by post-transcriptional or post-translational degradation. Out of the hundreds of
rDNA units present in the rDNA loci, host activates only ~40 rDNA units that contain the fewest R2 insertions '**'®,
The remaining rDNA units are inactivated by heterochromatin formation. If the area that is activated for transcription
contains R2 insertions, then R2 transcripts are produced. However, if a region free from R2 insertions are unavailable
to be transcriptionally activated, the cell is required to include the R2 inserted units in their transcription domain. New
copies of R2 by retrotranspositions are formed by the transcribed rDNA unit with R2 insertions '. It is not known if
the host can differentiate between the inserted and un-inserted rDNA units or not. However, it is speculated that the
small RNA silencing pathway that induces heterochromatin formation of the R2 inserted units could possibly be a
likely identifying mechanism '°*'. Also, crossovers that are characteristic to the rDNA locus could change the
boundary of transcriptionally active rDNA blocks to exclude or include the expression of R2 inserted units '*'*®, The
long-term stability of R2 in rDNA loci is the ability of R2 to reside in the rDNA units outside of the transcriptionally
active domain for many generations.

Cytosine methylation (5-methylcytosine) is an important DNA modification in eukaryotes that are correlated
with the transcriptional repression of LINEs in somatic and germline cells. Methylation of CpG sites inactivates the
LINE promoter and is one of the mechanisms involved in suppression of LINE-1 expression in a variety of cells '®.
Deletion of the cytosine-5-methyltransferse 3-like gene (Dnmt3L) in mice leads to loss of de novo cytosine

methylation in LINEs, which has led to reactivation of spermatocytes and spermatogonia '"°

. 5-hydroxymethylation
of cytidine which is a mark in L1 5 UTR in pluripotent cells, could also be involved in regulation of L1 transcription
"1 Members of the human APOBEC3 gene family (APOBEC3A (A3A) and APOBEC3B (A3B)) catalyze the
deamination of cytidine to uridine residues in single-strand DNA substrates several members of the APOBEC3 family

172-175

and robustly inhibit LINE-1 and Alu retrotransposition in cultured cells . PIWI proteins that belong to Argonaute
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family of proteins bind 26-31 nucleotide piwi-interacting RNAs (piRNA). The piRNA directs the PIWI protein to
cleave the LINE transcript thus forming a defense system against LINEs. Several RNA based mechanism to control
LINEs have also been implicated '®. 5 UTR of L1 LINEs includes an antisense promoter that results in antisense
RNA which binds to the L1 mRNA to form a substrate for siRNA biogenesis and the siRNA created cleaves target L1

transcripts '’

.5” UTR of L1 also harbors binding sites for cis-acting transcription factors like Runx3, Sp1, and SRY-
related (Sox) proteins, and host factors can recognize these sites to control L1 expression. Recent studies have revealed
that members of the Kriippel- associated box (KRAB) zinc-finger (KZNF) protein family can recruit KRAB-
associated protein-1 (KAP1) and its associated repressive complex to L1 and SVA LINEs, which, in turn, inhibits

their expression in embryonic stem cells """,

1.14 Gap in the knowledge and dissertation work

Characterization of reverse transcriptase and endonuclease domain of LINEs have yielded important insights
into the understanding of retrotransposition. However, a complete understanding of integration mechanism is yet to
be achieved. Functional investigation of additional motifs/domains within the ORF structure of the protein encoded
by both RLE and APE LINEs needs to be done to uncover the details of TPRT mechanism. R2Bm RLE LINE is
extensively used as a LINE model system, and have facilitated a great part of the in vitro biochemical studies to
advance the knowledge of RLE LINE integration, and by analogy, also of APE LINE integration. The first half of the
integration mechanism that involves first strand cleavage and first strand synthesis by TPRT is well understood, but
the second half of the integration remains obscure and uncharacterized. Second strand cleavage is very anemic and
can only be achieved in a very narrow window of protein-RNA-DNA ratios in our in vitro assays. Second strand
synthesis has not yet been biochemically demonstrated in vitro and we just speculate that the reverse transcriptase
from the downstream subunit catalyzes second strand synthesis.

The functional role of the overall R2Bm ORF structure is not fully comprehended. While the ZF and Myb
domains in N-terminal region of R2 protein have shown to bind downstream of R2 target DNA insertion site *, the
DNA binding motifs responsible for upstream binding is yet to be identified. It is also unclear which regions of the
protein coordinate the activity of reverse transcriptase and endonuclease domain at each step of the integration
mechanism which would possibly modulate protein’s conformational change. The function of the conserved zinc

knuckle CCHC motif and the upstream a-helices, located in the linker region between RT and RLE, is unknown. The

24



zinc knuckle is universally conserved in all LINEs, and so is the upstream predicted a-helices. It is likely that these
two motifs provide at least some of the missing nucleic acid binding and protein structure coordination functions in
LINEs.

A highly basic region immediately before RT domain including the RT-1 and RTO motifs have been recently
identified to be involved in RNA binding '®, however, it is unknown how the protein differentiates between 3’ and 5°
PBM RNA. It is also not clear how the same residues could be involved in binding two distinct RNA regions. Given
the different secondary structures at the 3’ and 5’ regions of RNA and the different conformational changes they
induce when bound to the protein *'; we speculate that there must be different residues in the protein that are involved
in binding 3° and 5> PBM RNA with some extent of overlap. The specific 3’ and 5> PBM binding residues of the R2
transcript remains to be identified. Based on the sequence similarity of reverse transcriptase domain, the telomerase
and group II introns are speculated to share a close evolutionary relationship with LINEs **'”’. RNA binding domain
for telomerase and group II introns are also located upstream of the RT domain, and the 0 motif of R2 and group II

90,180-182

intron bear sequence identity . Mobile group II introns and Telomerase have their RNA binding residues

limited not only to N-terminal regions but also involve residues in the finger, palm and thumb regions of Reverse

transcriptase for complete element integration '**'*>

. We believe that a complete picture of domains involved in RNA
binding is not yet known for RLE LINEs.

Chapter 2 of my dissertation addresses the unknown aspects of second half of the integration reaction. A 4-
way junction intermediate DNA structure has been identified that leads to second strand cleavage followed by
successful second strand synthesis in our in vitro assays. The reverse transcriptase from the downstream protein
subunit has been shown to primarily catalyze second strand synthesis. The findings from this study had led to an
updated R2 integration model.

Chapter 3 of my dissertation work focuses on identifying the exact biochemical function of the universally
conserved a-helices and zinc knuckle of the linker region. The functional relevance of the linker region in terms of
integration mechanism of LINEs have been explained. Double point mutations were generated in the highly conserved
amino acid residues across the linker region. The effects of these mutations were analyzed through a series of
biochemical assays. Both the a-helices and zinc knuckle were identified to be essential for accurate nucleic acid

positioning and protein conformational change required for effective reverse transcriptase and endonuclease activity

at different steps of integration mechanism. In addition, the a-helix was found to be crucial in binding an intermediate
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DNA structure required to proceed to the second half of the integration mechanism. The results could be implied not
only to other RLE LINEs but also to APE LINEs given their universal presence.

Chapter 4 and Chapter 5 includes the results of mutational studies carried out to probe the nucleic acid binding
function of conserved residues in the R-box region and the N-terminal RT-1 region, respectively. Two motifs are
already identified in the N-terminal region to be involved in binding both 3’ and 5° PBM RNA '®. An additional
residue in the RT-1 region is identified that distinguishes between the two structurally different PBM regions and
preferentially bind to 3° PBM RNA. While R-box has been identified to be involved in DNA binding ", T have assayed
the function of two highly conserved R-box arginine residue which are speculated to participate in DNA binding

function. Chapter 4 includes conclusions of my dissertation work along with limitations and future directions.
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2.1 Abstract

Long INterspersed Elements (LINEs), also known as non-LTR retrotransposons, encode a multifunctional
protein that reverse transcribes its mRNA into DNA at the site of insertion by target primed reverse transcription
(TPRT). The second half of the integration reaction remains very poorly understood. Second-strand DNA cleavage
and second-strand DNA synthesis were investigated in vitro using purified components from a site-specific LINE.
DNA structure was shown to be a critical component of second-strand cleavage. A hitherto unknown and unexplored
integration intermediate, a 4-way junction, was recognized by the element endonuclease and cleaved in a Holliday
junction resolvase-like reaction. Cleavage of the 4-way junction resulted in a natural primer-template pairing used for

second-strand DNA synthesis. A new model for LINE integration is presented.

2.2 Introduction

Long interspersed elements (LINEs) are an abundant and diverse group of autonomous transposable elements
(TEs) that are found in eukaryotic genomes across the tree of life. LINEs also mobilize the non-autonomous short
interspersed elements (SINEs). SINEs appropriate the protein machinery of LINEs to replicate. The movement of
LINEs and SINEs have been implicated in progression to cancer and in genome evolution including modulating gene
expression, genome rearrangements, DNA repair, and as a source of new genes. LINEs replicate by a process called
target primed reverse transcription (TPRT) where the element RNA is reverse transcribed into DNA at the site of
insertion using a nick in the target DNA to prime reverse transcription '°. LINEs encode protein(s) that are used to
perform the critical steps of the insertion reaction. LINE proteins bind their own mRNA, recognize target DNA,
perform first-strand target-DNA cleavage, and perform TPRT. The proteins are also hypothesized to perform second-
strand target-DNA cleavage and second-strand element-DNA synthesis, although the evidence for this is sparse ' '*.
The early branching clades of LINEs encode a restriction-like endonuclease (RLE) while the later branching LINEs

19-22

encode an apurinic-apyrimidinic DNA endonuclease (APE) . Both types of elements are thought to integrate

through a functionally equivalent integration process > >°.
Second-strand DNA cleavage has remained puzzling because the cleavage sites are generally not
palindromic: The sequence around the second cleavage site is often unrelated to the sequence around the first strand

site. In addition, the cleavages can produce blunt or staggered that lead to either a target site duplication or a target

site deletion depending upon the stagger of the cleavage events for that element. The staggered cleavages can be a few

35



bases away (e.g., 2 bp in R2Bm) or quite distant, e.g., 126 bp in R9 ***’. In APE LINEs, the cleavages are generally

2830 The endonuclease from APE

staggered such as to generate a modest 10-20 target site duplication upon insertion
bearing LINEs (APE LINEs) appears to have some specificity for the first DNA cleavage site but much less so for the
second strand on a linear target DNA 2128293132 The endonuclease from the RLE bearing LINEs (RLE LINEs) is
similarly involved in target site recognition °. In both cases, however, additional specifiers for cleavage have been
invoked to account for the different specificity of the first and second strand cleavages including the endonuclease
being tethered to the DNA by unidentified DNA binding domains in the protein. Another complicating factor is that
the first cleavage event should occur in the presence of element RNA while the second cleavage event, according to
a priori reasoning, should occur in the absence of element RNA, but this has been difficult to demonstrate in vitro '*.

Second-strand DNA synthesis has remained unresolved for over 20 years and it has never been directly
observed in vitro >'>*****Second-strand synthesis is hypothesized to be primed off of the free 3'-OH generated by
the second-strand cleavage event and synthesized by the element encoded reverse transcriptase. It is unknown how
the proposed primer-template association is generated as the target (ds)DNA ends drift away from each other post
second strand DNA cleavage in in vitro reactions *'®.

The R2 element from Bombyx mori, R2Bm, is one of a number of model systems that have been used to
study the insertion reaction of LINEs *°. R2 elements are site specific, targeting the "R2 site" in the 28S rRNA gene
*_The R2 element encodes a single open reading frame with N-terminal zinc finger(s) (ZF) and myb domains (Myb),
a central reverse transcriptase (RT), a restriction-like endonuclease (RLE), and a C-terminal gag-knuckle-like CCHC
motif (Figure 1a). The R2Bm protein has been expressed in E. coli and purified for use in in vitro reactions.

In vitro studies of the R2Bm protein and RNA have led to the current model of integration for R2Bm (Figure
1b) '*. Two subunits of R2 protein, one bound to the 3’ protein binding motif (PBM) of the R2 RNA and other to the
5’ PBM, are thought to be involved in the integration reaction. The 5’ and 3 PBM RNAs dictate the roles of the two
subunits and coordinate a series of DNA cleavage and polymerization steps resulting in element integration by TPRT
(Figure 1a). The protein subunit bound to the element's 3' PBM interacts with 28S rDNA sequences upstream of the
R2 insertion site. The upstream subunit’s RLE cleaves the first (bottom/antisense) DNA strand. After first-strand
target-DNA cleavage, the subunit’s RT performs TPRT using the 3’-OH generated by the cleavage event to prime

first-strand cDNA synthesis. The protein subunit bound to the 5' PBM RNA interacts with 28S rDNA sequences

downstream of the R2 insertion site by way of the ZF and Myb domains. The downstream subunit’s RLE cleaves the
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second (top/sense) DNA strand. Second-strand DNA cleavage, however, is not thought to occur until after the 5° PBM
RNA is pulled from the subunit, presumably by the process of TPRT, putting the protein in a "no RNA bound"
conformation. Confusingly, second-strand DNA cleavage does not occur in the absence of RNA in our in vitro
reactions. Second strand cleavage had, until this report, required a narrow range of R2 protein, 5' PBM RNA, and
target DNA ratios to be observed '*. Additionally, second-strand cleavage divorced the upstream target-DNA from
the downstream target-DNA making initiation of second-strand DNA synthesis from the upstream target-DNA to the
TPRT product attached to the downstream target-DNA problematic *'®.

The DNA endonuclease plays a central role in the integration reaction of LINEs. The RLE found in the early
branching LINEs is a variant of the PD-(D/E)XK superfamily of endonucleases **°. In a previous paper, we had
reported the similarity of the LINE RLE as having sequence and structural homology to archaeal Holliday junction
resolvases °. Our previous paper left open the question as to whether or not R2 protein could function as a Holliday
junction resolvase and to what, if any, relevance this putative function might play in the insertion mechanism. In this

paper, the ability to of R2 protein to perform integration functions on branched DNAs is explored.
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Figure 2- 1: R2Bm structure and integration reaction.

(a) R2Bm RNA (wavy line) and open reading frame (ORF) structure (gray box). The ORF encodes conserved domains
of known and unknown functions: zinc finger (ZF), Myb (Myb), reverse transcriptase domain (RT), a cysteine-
histidine rich motif (CCHC), and a PD-(D/E)XK type restriction-like endonuclease (RLE). RNA structures present in
the 5" and 3’ untranslated regions that bind R2 protein are marked as 5’ and 3’ protein binding motifs (PBMs),
respectively. Brackets indicate the individual segments of the R2Bm RNA used in this paper: 5 PBM RNA (320 nt),
3’ PBM RNA (249 nt), RNA at the 5' end of the element (25 or 40 nt) and RNA 3' end (25 or 40 nt).

(b) The four-step integration model is depicted on a segment of 28S rDNA (black parallel lines). An R2 protein subunit
(gray hexagon) is bound upstream of the insertion site (vertical bar) and an R2 protein subunit is bound downstream
of the insertion site. The upstream subunit is associated with the 3' PBM RNA while the downstream subunit is
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associated with the 5' PBM RNA. The footprint of the protein subunits on the target DNA are indicated. The upstream
footprints from -40 bp to -20 bp, but grows to just over the insertion site (verticle line) after first-strand DNA cleavage.
The downstream subunit footprints from just prior to the insertion site to +20 bp *'®. The four steps of integration are:
(1) DNA cleavage of the bottom/first-strand of the target DNA, (2) TPRT, (3) DNA cleavage of the top/second-strand
of the target DNA, and (4) second strand DNA synthesis. The fourth step has not been directly observed in vitro. The
overlapping portions of the target site used in this paper are indicated with brackets.

2.3 Results
2.3.1 R2 protein binds preferentially to a nonspecific 4-way junction DNA over nonspecific linear DNA
Holliday junction resolvases bind to and symmetrically cleave 4-way DNA junctions (Holliday junctions), resolving
the junctions into linear DNAs. Holliday junction resolvases recognize DNA structure rather than DNA sequence. The
R2 RLE, which shares structural and amino acid sequence homology to Archael Holliday junction resolvases, may
exhibit similar DNA binding and cleavage activities. The potentiality of R2 protein to recognize and bind to a 4-way
DNA branched structure was tested by comparing the relative ability of R2 protein to bind to nonspecific linear and
nonspecific 4-way junction DNA—individually and in competition (Figure 2). The linear and junction DNAs were
formed by annealing complementary oligos. The linear and the junction DNA shared a common DNA oligo that had
been radioactively labeled prior to annealing. Sharing a common labeled DNA strand allowed radioactive decay counts
to be a proxy for equalizing the DNA concentrations between the linear and junction DNAs and for similar DNA
sequences to be probed. DNA binding was analyzed by electrophoretic mobility shift assay (EMSA). In the absence
of RNA (Figure 2a), the R2 protein bound to both nonspecific linear and nonspecific 4-way junction DNAs with
roughly equal efficiency when individually examined across a protein concentration series. In competitive binding
reactions, however, R2 protein had a clear preference for binding to the 4-way junction over the linear DNA. It should
be noted that the junction DNA contained a greater number of total base pairs (100 bp; each arm being 25 bp) while
the linear DNA was less (50 bp). It is unlikely, however, that the difference in DNA “length” had a significant effect
on the observed binding affinity in the competition reaction as the R2 protein did not bind to the linear DNA until
most of the junction DNA had been bound: A difference greater than two-fold.

The migration patterns for both linear and junction DNA were quite similar. A portion of the signal was stuck
in the well with a smear that ran down from the well to faint protein-DNA complexes in the gel. The gel running
protein-DNA complexes for the linear and junction DNAs migrated to roughly the same position within the gel. In the

case of the linear DNA, the smear continued from well all the way to the free DNA. The migration pattern, particularly
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that of R2 protein bound to junction DNA, was similar to that of R2 protein bound to its own target DNA in the
absence of RNA prior to DNA cleavage **'.

In the presence of nonspecific RNA (abbreviated as nsRNA, Figure 2b), R2 protein still bound preferentially
to junction DNA as it had in the absence of RNA. Again, there was a smear running from the well to the major
complex(es) in the gel. The junction and linear protein-RNA-DNA complexes migrated to similar but distinct positions
within the gel. In the presence of R2 3> PBM RNA, R2 protein bound to junction DNA mostly as it did with nonspecific
RNA and again 4-way junction DNA was preferred over non-specific linear DNA (Supplemental File 1). Interestingly,

in the presence of 5 PBM RNA, the behavior was different (see next section).
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Figure 2- 2: R2 protein binds preferentially to a nonspecific (ns) 4-way DNA junction over a linear nsDNA.
(a) Diagrams of the nonspecific 4-way junction and linear DNA DNA constructs. The design and sequence of the 4-
way junction was from and formed by annealing the b, x, h, and r DNA oligos. Each arm of the resulting junction was
25 bp. The linear DNA was generated by annealing oligo b to an oligo that was a combination of the x and h oligos.
Thus junction and linear DNAs shared a common DNA oligo (oligo b). The shared DNA oligo was 5’ end-labeled
(star) with **P prior to formation and purification of the linear and junction DNAs.

(b) R2BM protein bound to 4-way nsDNA junction and to linear nsDNA, separately and in competition, in the absence
of RNA. Gray triangles represent an R2Bm protein titration series. The bracket indicates the region of the gel where
DNA, junction and linear, bound by protein migrate to. The DNA only (no R2Bm protein) lanes are marked with a @.
The migration position of the unbound junction and linear DNAs are indicated.

(¢) Same as in panel b, except that the binding reactions were in the presence of nonspecific RNA (nsRNA).

2.3.2 5’ PBM RNA, but not 3’ PBM RNA, is inhibitory to binding a nonspecific 4-way DNA junction

A direct comparison of R2 protein bound to 4-way junction DNA across a range of RNA concentrations for
nonspecific RNA, 3° PBM RNA, and 5° PBM RNA is reported in Figure 3. For each RNA titration set, the amount of
protein used was sufficient to bind most of the junction DNA in the reaction that lacked RNA. In general, the addition

of any of the three RNAs pulled material out of the well and into the gel. The R2 RNAs were more efficient at pulling

39



material out of the well and into the gel. A similar phenomenon is observed when R2 protein is bound to its normal
(linear) 28S target DNA in the presence of R2 RNA *'®27_ Unlike binding to linear 28S target DNA, the presence of
5’ PBM RNA greatly inhibited the binding of R2 protein to the 4-way junction DNA. Only the presence of 5> PBM
RNA greatly affected the binding of R2 protein to junction DNA and inhibition scaled with 5> PBM RNA
concentration. Binding to nonspecific linear DNA and 3-way junction was less affected by the presence of 5° RNA
but still reduced in its presence (Supplemental Figure 2). This inhibition is not observed if downstream 28S rDNA
sequences are present in any of the DNA constructs 818,
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Figure 2- 3: The R2 5> PBM RNA is inhibitory to R2 protein binding to a nonspecific 4-way DNA junction.
EMSA gels showing a decrease in the ability of the R2 protein to bind to 4-way nsDNA junction in the presence of
R2 5° PBM RNA is presented. The migration positions of junction bound by protein as well as unbound junction in
the EMSA are indicated. The DNA binding reactions where such that nearly 100% of the junction DNA was bound
in the absence (@) of RNA. A titration (white triangles; 18 pmole, 675 fmole, and 75 fmole) of nsRNA, 3' PBM RNA,
and 5' PBM RNA were added to the DNA binding reactions.

2.3.3  The R2 protein does not resolve nonspecific 4-way junction DNA

DNA from reactions of R2 protein bound to nonspecific linear and non-specific 4-way junctions across a
range of protein concentrations in the absence of RNA were analyzed for DNA cleavage events by denaturing
polyacrylamide gel electrophoresis (Supplemental Figure 3). Each strand of the junction and linear DNAs was tracked
independently for DNA cleavage events by sequentially radiolabeling the 5° ends of the different DNA strands. A
complicated pattern of random low intensity background cleavages occurred, particularly in protein excess. A similar
phenomenon of background cleavages occurs for R2 protein bound to its normal 28S target DNA in the absence of
RNA when R2 protein is in excess. The background cleavages on the non-specific junction were not structure driven

as the cleavages occurred in identical positions in the linear DNA of the same sequence. The presence of any of the
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three RNAs (5° PBM RNA > 3° PBM RNA > nonspecific RNA) abolished the random background DNA cleavage.

2.3.4  Linear target DNA and TPRT product are poor substrates for second-strand cleavage

R2Bm inserts into a specific site in the 28S rDNA. In previous studies, it was determined that the protein
subunit bound to target sequences downstream of the insertion site provides the endonuclease involved in second-
strand (i.e., top-strand) DNA cleavage. Second-strand cleavage, however, has always been tricky to achieve and study.
Second-strand cleavage has, until this paper, required a narrow range of 5 PBM RNA, R2 protein, and DNA ratios.
The prior data indicated that first-strand DNA cleavage is probably required before the second-strand can be cleaved
and that the downstream subunit must be bound to the DNA (which required 5° PBM RNA), and that the 5> PBM
RNA must then dissociate from the downstream subunit for second-strand cleavage to occur. /n vivo, with a full length
R2 RNA, the process of TPRT would be expected to pull the 5> PBM RNA from the downstream subunit putting the
downstream subunit into the "no RNA bound" state and thus initiating second-strand DNA cleavage.

Given the R2 protein is able to bind branched DNAs (Figures 2 and 3) in the absence of RNA, we investigated
the role of DNA structure on the downstream subunit's ability to cleave DNA in the absence of RNA. The DNA
constructs contained the binding site for the downstream R2 protein subunit but not binding site for the upstream-
binding R2 protein subunit in order to isolate activities associated with the downstream subunit. The upstream DNA
sequence was replaced by non-specific DNA derived from the 4-way junction used in the previous figures.
Interestingly, linear DNAs containing downstream 28S DNA were not substrates for second strand cleavage regardless
of the presence or absence of a first strand DNA cleavage event (Figure 4a, constructs iii, and iv). Neither was a post-
TPRT analog (construct v) able to be cleaved by the R2 protein. The TPRT analog was a 3-way junction containing
downstream 28S DNA that was precleaved at the first (bottom) strand cleavage site and covalently linked to cDNA
sequences corresponding to the 3' end of the R2 element, as would be expected from a TPRT reaction. Annealed to
the cDNA portion of the construct was either 25 bp of R2 RNA or a DNA version of the same 25 bp. The R2Bm
protein was unable to cleave the top-strand of these 3-way junctions. It did not matter if the R2 3' sequence containing

arm was in the form of an RNA-DNA duplex or a DNA duplex.

2.3.5 Specific 4-way junction(s) are cleaved by R2 protein

Unlike the linear and TPRT-junction (Figure 4a, constructs iii-v) DNAs, a 4-way junction that included target
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sequence and R2 sequences was found to be cleavable by R2 protein (Figure 4a and 4b, construct viii). Construct viii
was similar to the TPRT-junction (construct v) but with an additional arm: the 5' R2 arm. Both the R2 5' arm and the
R2 3'arm were 25 bp in length and consisted of a RNA-DNA duplex. Construct viii mimics a hypothetical association
between the cDNA and the target DNA. The 5' end of the R2Bm mRNA is believed to contain rRNA sequence

333337 The reverse transcribed cDNA could then hybridize to the top strand

corresponding to the upstream target DNA
of the target to form the 4-way junction. A completely covalently closed all DNA version of the same junction was

also able to be cleaved, albeit to a lesser degree (see construct vi, Figure 4a and 4b) as was a construct lacking the R2

3" arm (construct vii).
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Figure 2- 4: A 4-way DNA junction involving 28S rDNA and R2 sequences is a substrate for second-strand
DNA cleavage.

(a) Several linear, 3-way, and 4-way branched DNA constructs are diagramed. Straight lines represent DNA and wavy
lines represent RNA. Thin lines represent non-specific DNA derived from the constructs depicted in Figure 2. Thick
lines represent 28S rDNA as well as R2 element derived sequences. The R2 sequences are from the 5' and 3' ends of
the element. The 28S sequence is the downstream DNA (28Sd) plus 7 bp of upstream DNA. The "arms" in each
construct are 25 bp in length. Each construct is numbered for discussion purposes. The star indicates that the strand
was end labeled as in previous figures. Two variations of construct v were tested, one having a DNA duplex in the R2
3' arm and the other having the RNA/DNA hybrid that would have been the result of TPRT. No detectable second-
strand DNA cleavage was found on constructs i-v. Second-strand DNA cleavage was detectable on constructs vi-viii.
(b) Denaturing gel analysis of DNA cleavage reactions on constructs vi, vii, and viii. The band resulting from second-
strand cleavage (SSC) at the R2 site is indicated.

2.3.6  Further exploration of second-strand DNA cleavage

To further explore the structure requirements for second-strand cleavage, a number of structural-variants (i.e.,
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partial-junctions) of Figure 4 construct viii were tested for cleavability (Figure 5a, constructs i-viii). Figure 4 construct
viii is identical to Figure Sa construct i except that the 28S downstream arm was increased to 47 bp in length instead
of the original 25 bp used in Figure 4 construct viii. This adjustment was to set the downstream DNA in the Figure 5a
constructs equal to the amount of downstream DNA included in our historical linear DNA constructs used in previous
publications °. The reason for testing the cleavability of partial junctions (Figure 5a, junctions ii-viii) was to determine
to what extent, if any, the DNA cleavage signal observed in Figure 4 may have been coming from the minor, but
present, contaminating partial junctions in the binding and cleavage reactions. It was also to determine if constructs
mimicking cellular removal of the RNA component (e.g., by cellular RNases; construct vi-viii) faired better or worse
at being cleaved by the R2 protein than constructs with intact RNA-DNA duplexes. It appears that several of the partial
junctions (complexes ii and iii) can be cleaved and thus likely partially contribute the overall cleavage in reactions
containing the full junction (complex i). The 4-way junction that lacked both RNA components (complex vi) was
nearly uncleavable indicating the need for double stranded R2 arms. The 4-way junction that lacked the 5' end RNA
but contained the 3' end RNA; construct vii) also failed to appreciably cleave indicating the importance of the presence
a RNA-DNA duplex in R2 5' arm. The 4-way junction that lacks the 3' end RNA but contained the 5' end RNA
(construct viii) cleaved well. Indeed, it was more efficiently cleaved than construct i indicating that the presence of
duplex in the R2 3' arm is partially inhibitory but that the presence of duplex in the 5' arm is stimulatory.

In order to investigate the relative importance of upstream target sequences on second-strand DNA cleavage,
73 bp of upstream 28S DNA was incorporated into the 4-way junction Figure Sb; constructs ii-iv). In construct ii the
47 bp of downstream 28S DNA was replaced with nonspecific DNA and construct iii contained the full target DNA
sequence (73 bp of upstream 28S DNA and 47 bp of downstream 28S DNA). Unexpectedly, construct ii was able to
be cleaved, albeit much less efficiently that construct i which contained the downstream target DNA but not upstream
as in previous figures. The fact that construct ii is able to be cleaved indicates that perhaps the 12 bp (7 bp of upstream
and 5 bp of downstream DNA) common to both constructs i and ii might be involved in helping to direct DNA
cleavage. Paradoxically, construct iii, which contains the full target sequence, was less efficient at being cleaved than
even construct ii. Adding the flap, or displaced strand (construct iv), expected to occur during template jumping

noticeably increased cleavability of the junction.
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Figure 2- 5: Further exploration of second-strand DNA cleavage.

Various R2Bm/28S derived 4-way junctions were tested for DNA cleavage across a range of protein concentrations
and analyzed by EMSA and denaturing gel electrophoresis. A diagram of each construct is given as a graph of the
fraction cleaved (f cleaved) as a function of the fraction bound (f bound) for each set of constructs. All other
abbreviations and symbols are as in other figures.

(a) Testing derivatives of the 4-way junction from Figure 4 to test for cleavage on partial junctions. The constructs
have been numbered. The 28S downstream (28Sd) DNA arm was increased 47 bp so as to equal to the amount of
downstream DNA historically used in our linear 28S target DNA *'®. Diameter of the red dot depicts relative
cleavability of the construct by R2Bm. Abbreviations and symbols are as in previous figures.

(b) Constructs designed to test DNA cleavage on 4-way junctions that include upstream 28S DNA. The 28S upstream
(28Su) DNA arm is 73 bp and corresponds to the amount of upstream DNA normally used in our linear target DNA
*27 Black lines are DNA with thin lines being non-specific DNA and thick line being either 28S or R2 derived DNA.

2.3.7  Second-strand cleavage leads to second-strand synthesis in the presence of dNTPs

To test if second-strand cleavage could progress to second-strand synthesis ANTPs were added to the DNA
cleavage reaction. The construct used to test for second-strand synthesis was construct i of Figure 5a as it cleaved
relatively well and we had more experience with it compared to the other junctions presented in Figure 5, some of

which had yet to be tested for DNA cleavage at the time. A range of R2 protein concentrations was used and the
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reactions were analyzed by denaturing (Figure 6a) and native (Figure 6b) polyacrylamide gel electrophoresis. The
labeled strand of the 4-way junction was 72 nt uncleaved and 24 nt in length upon second-strand DNA cleavage
(marked as SSC on the denaturing gel). Second-strand synthesis (SSS), i.e., extension of the labeled strand post DNA
cleavage, would generate a 50 nt product when analyzed on a denaturing gel. Second-strand DNA synthesis was
observed only at the higher end of the protein titration series in the denaturing gels (Figure 6a). The reason for this
becomes obvious in the native (EMSA) gels (Figure 6b). Upon cleavage, the 4-way junction is resolved into two linear
DNAs: one DNA containing the downstream and R2 3' arms and one DNA containing the "upstream" and R2 5' arms.
The R2 protein appeared to remain bound to the DNA that contained the downstream 28S DNA after DNA cleavage
while DNA with the DNA containing the non-specific "upstream" DNA was released. The release DNA primer-
template is extended by the R2 RT only when protein is in excess. The migration positions of product of second-strand
cleavage and second-strand synthesis are indicated next to the EMSA gels.

The signal above full length oligo on the denaturing gels in the presence of ANTPs results from the original

full-length oligo being extended by R2. R2 can take almost any 3’ end and extend it given a template in cis or in trans

38,39
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Figure 2- 6: Second-strand DNA cleavage followed by second-strand DNA synthesis.

(a) Diagram of the 4-way junction and denaturing gel analysis of DNA cleavage (-ANTP) and cleavage plus second-
strand synthesis (+dNTP) reactions across a range of protein concentrations (gray triangle). The bands resulting from
second-strand cleavage (SSC) and second-strand synthesis are marked. The junction used in the analysis is the same
junction as Figure 5, construct i.

(b) The companion EMSA gels to the denaturing gel presented in panel a. Bands resulting from SSC and SSS are
indicated.

2.3.8 Second-strand synthesis on precleaved DNA constructs

Although the primer-template is released from the protein-DNA complex when the upstream DNA is not
present in the 4-way junction, one might expect that this would not occur in vivo with in a junction that contained the
full target sequence. In part, this expectation is because it is hypothesized that the downstream subunit performs
second-strand synthesis *. Unfortunately, junctions with full target sequence do not cleave well (Figure 5b) and
second-strand synthesis is below the detection level when tested in vitro. For this reason, a post-second strand cleavage
analog was generated. In order to keep the second-strand cleavage products tethered together, the R2 3' and 5' end

"RNAs" were covalently linked, although instead of RNA DNA was used for convenience. The upstream 28S DNA
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containing second-strand cleavage product was able to undergo primer extension (i.e., second-strand synthesis) in the
tethered configuration. The 5' end cDNA strand was used as the template (Figure 7a and 7b).

In order to determine which R2 protein subunit is used for second-strand synthesis, linear (Figure 7c,
complexes iv and v) and tethered (Figure 7c, complexes i and iii) post-second strand cleavage products were tested
for their relative ability to undergo second-strand synthesis (Figure 7d). The results are consistent with the downstream
subunit being responsible for second-strand cleavage as complex iii was the most efficient substrate for second-strand

synthesis and complex v is the least efficient substrate.
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Figure 2- 7: Second-strand synthesis on precleaved DNA constructs.
(a) Constructs designed to hold the pre-cleaved products close proximity and to test which arm is used as a template.
The length of 5' and 3' arms were varied (40 bp vs 25 bp). The 28S downstream arm was 47 bp and the 28S upstream
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arm was 73 bp.

(b) Denaturing gel analysis of DNA synthesis reactions on the constructs presented in panel a.

(c) Constructs designed to test whether the upstream or the downstream protein subunit is likely responsible for second
strand synthesis.

(d) A graph of the fraction synthesized (f synthesized) as a function of the fraction bound (f bound).

2.4 Discussion
2.4.1 R2 protein is not a general Holliday junction resolvase but does cleave its own integration intermediate
in a resolvase-like reaction.

R2 protein was found to bind nonspecific 4-way DNA junctions, Holliday junctions, in preference to
nonspecific linear DNA. The R2 protein appears to have a large surface for binding junction DNA when in the minus
RNA conformation. This makes mechanistic sense in the context of R2 integration as it would be the minus RNA
conformation of the R2 protein that would be expected to carry out second strand DNA cleavage. The presence of 5'
RNA abolished binding to the nonspecific junction DNA (and nonspecific DNA in general). It is not known what part
of the R2 protein binds the 4-way DNA junction, it may not be the endonuclease. It is also unknown whether the 5'
PBM binding site overlaps the junction binding surface or if the lack of RNA promotes protein conformational changes
that then reveal the junction binding surface. The binding surfaces for the 5' and 3' PBM RNAs are likely to be
distributed across a large portion of the R2 protein, although currently the only identified RNA binding area is domain
-1 and domain 0 *. The CCHC zinc-knuckle has also been hypothesized to bind to element RNA, but its true function
remains unknown. It could be that the 5' PBM RNA forms a 4-way junction like mimic. The DNA binding surfaces
of Holliday junction resolvases are large and highly positively charged, so it would make sense that R2 protein might
make some use of this positive surface to bind help bind R2 RNA *'.

Although R2 binds to nonspecific DNA junctions in the absence of RNA, it was not able to subsequently
resolve those junctions; DNA cleavages, particularly symmetrical DNA cleavages, did not occur. Therefore, R2
protein is not a Holliday junction resolvase in the strictest sense. However, with a more specific 4-way junction
containing 28S rDNA and R2 sequences, the second/top-strand 28S rDNA cleavage event was nearly symmetrical
with the bottom/first-strand cleavage that had been engineered into the 4-way junction. This DNA cleavage activity
is very Holliday junction resolvase-like.

The presence of the template jump and the 5' arm being double stranded appeared to be the most important
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junction determinants, beyond the presence of target sequence in the downstream 28S rDNA arm, for cleavability.
Interestingly, unless the R2 protein exists as a dimer in solution (of which there is no convincing evidence of), the
bound versus DNA activity graph is linear and thus consistent with the endonuclease being monomeric *'*. If the
second protein subunit was required for cleavage and the protein was not already dimeric, large amounts of protein
would be expected to be needed to drive the second protein subunit, whose binding site is missing, into the protein-
DNA complex for DNA cleavage to occur. Given this line of thought, however, it is difficult to envision how the 4-
way junction lacking the much of the binding site for the downstream R2 subunit is cleaved, unless it is largely
structure driven. The DNA sequence at the center of the junction also might be important, but the constructs tested do
not address this prospect as all of the R2 specific junctions contained 5-7 bases of 28S sequence to either side of the
insertion site. In addition, each junction contained at least 25 bp of R2 5' end sequence and 25 bp of R2 3' end sequence.
The R2 3' arm appeared to be less important. Having the R2 3' arm duplexed was even inhibitory. Removal of the R2
3' arm, in an all DNA version was still cleavable, although only just. The presence of the first strand cleavage event
appeared to also play a role in cleavability as a covalently closed all DNA version of the 4-way junction also had a
difficult time being cleaved by R2 protein, although the lack of a RNA-DNA hybrids, especially in the 5' arm, may
have contributed to the reduced cleavability.

The presence of a full target site in the 4-way junction was inhibitory towards DNA cleavage. There are
several possible reasons for the reduced cleavability: (1) the upstream arm is competing for R2 protein subunits, (2)
the presence of the upstream DNA causes protein subunits into suboptimal position or conformation to cleave, and (3)
steric clash between subunits bound to both arms. When a displaced strand is included on the upstream 28S arm,
cleavability is increased. The increase may be due to increase flexibility of the upstream arm because of the gap or the
need for a specific stability/size of the invading strand segment. The presence of just a flap on the upstream (linear)

DNA is not sufficient for driving DNA cleavage (unpublished data).

2.4.2 A new model for R2ZBm Integration

The deeper understanding of the second half of the insertion reaction for R2Bm has allowed for an improved
R2Bm integration model to be put forth (Figure 8A). The first half of the integration reaction is identical to steps 1
and 2 in Figure 1. After TPRT, however, the new model proposes a template-jump or recombination event from the

5’ end of the R2 RNA to the top-strand of the 28S rDNA upstream of the R2 insertion site forming a 4-way junction
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(step 3). It is this step that, to date, does not occur in vitro and may require host factors to form, if it exists at all. An
association of the cDNA to the upstream target DNA is, however, consistent with a lot of previous data and a 4-way
junction presents a simple unified mechanism for 5' junction formation, second strand DNA cleavage, and second
strand DNA synthesis leading to full length element insertions.

The model makes sense of earlier in vivo experiments in which 'upstream' ribosomal RNA sequence attached

3637 More

to 5' end of the R2Bm element RNA had been noted as a requirement for full length element insertion
recently, bioinformatics and in vitro studies of the R2 RNA transcript have determined that R2 RNA is co-transcribed
with ribosomal RNAs as part of the same large transcript *>**. The R2 RNA is then processed from bulk of the
ribosomal RNA by an HDV-like ribozyme found near the 5' end of the R2 RNA ****. For a number of R2 elements,
however, the final processed R2 RNA retains some ribosomal RNA on the 5' end, 27 nt of ribosomal RNA in the case
of R2Bm **. For elements that retain this much ribosomal RNA, the template jump may be more of a strand invasion

or recombination event rather than a template jump **’

. For other R2 elements, however, the ribozyme leaves no
ribosomal sequence on the processed R2 RNA (e.g., Drosophila simulans R2) and a template jump, as diagramed in
Figure 8A, is envisioned to occur '****** The RT of both APE LINEs and RLE LINEs has been shown to have the
ability to jump from the end one template to the beginning of another without any homology *°. Template jumps have

14333539 15 addition to

long been hypothesized to be involved in 5' junction formation for both types of elements
template jumping, LINE reverse transcriptases are able to use both DNA and RNA as a template during DNA synthesis
and to displace a duplexed strand while polymerizing '*.

Recently the R2 RLE's reported similarity to Archaeal Holliday junction resolvases begged the question as

to whether or not R2 can bind and cleave branched DNAs >+

. It turns out that the R2 protein can indeed bind to and
cleave 4-way junctions in the absence of RNA. Second-strand DNA cleavage is step 4 in Figure 8A. Second-strand
cleavage occurs across from first-strand cleavage on R2 specific 4-way junctions, a reaction reminiscent of Holliday
junction resolvase. Second-strand cleavage is dependent on both structure and sequence as sequences from the
immediate insertion site area and downstream of the insertion site helped to drive cleavage.

The south arm, i.e., the R2 5' arm, was a critical cleavage determinant. The presence of 5' PBM RNA prevents
binding to non-specific 4-way junctions and prevents DNA cleavage of specific junctions. The R2 protein only cleaves

in the absence of RNA. The three-way TPRT junction was not a good substrate for DNA cleavage.

For elements with rRNA sequences at the 5' end, like R2Bm, it is not clear what happens to the displaced
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RNA strand from the heteroduplex or the displaced 'bottom strand' target DNA flap while the cDNA strand is forming
the junction depicted in Figure 8A step 3, and what role, if any, the displaced strands plays in DNA cleavage. The
displaced RNA was not included in the R2Bm integration 4-way junction constructs and the flap was non-specific
DNA. In addition, it remains to be investigated as to whether or not the jump/recombination dislodges the upstream
protein subunit as the 27 nt of ribosomal sequence encroaches on the minimal DNAse footprint observed of the
upstream subunit when the subunit is bound to linear 28S rDNA **’. The construct in Figure 5 that contained the full
target sequence along with a displaced target DNA strand behaved much more like the junctions lacking upstream
target sequences than did junctions with full target sequence and no displaced target DNA. The recombined
cDNA/target DNA duplex was 27 bp in these constructs matching that expected for R2Bm .

The fifth and final line of evidence in support of the model is that cleavage of the 4-way junction generates
natural primer-template for second-strand DNA synthesis. The 'downstream bound' subunit appears prime second-
strand DNA synthesis (Figure 8A, step 5). In vivo host factors may help keep junction halves held together long
enough to prime second-strand synthesis. /n vitro, the primer-template is released, at least when the upstream target

DNA arm consists of nonspecific DNA.

2.43  Extrapolating the R2 model to LINEs with different cleavage staggers.

The position of the second-strand DNA cleavage site relative to the first-strand cleavage site is quite variable
across species even more so across the R2 clade. The stagger of the first and second DNA cleavage events in R2Bm
is a small 5' overhang of 2 bp that leads to 2 bp target site deletion upon insertion of the element. In Drosophila, the
R2 endonuclease produces blunt cleavages >°. Other R2 elements produce small 3' overhangs. The model presented in
Figure 8 A works equally well for elements with any of these small staggers. The model can be adapted for elements
with moderate 3' overhang staggers by hypothesizing a local melting or displacement of the TSD region followed by
template switch to generate the 4-way junction. APE LINEs tend to produce a moderate 3' overhanging stagger in the
range of 10-20. It remains to be determined if APE LINEs use 4-way junction structure to drive second-strand DNA
cleavage and synthesis. Bioinformatic analysis of 5' junctions of full length L1 and Alu elements is suggestive of
template jumping to the upstream target sequence and that DNA repair process might be an alternative path to 5'

13,15,44-46

junction formation for abortive insertion events . Twin priming in L1 might be a related, albeit aberrant,

phenomenon to second-strand synthesis *’. An association between the cDNA and the upstream target DNA has been
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hypothesized for some R1 elements *°. Ribosomal sequences are also important for element-RNA/target-DNA
interactions during first strand synthesis for RIBm as well as several other site-specific LINEs but do not appear to
be as important for R2Bm *****_ A few LINEs have very larger staggers. The R9 Av element, an R2 clade member,

produces a 126 bp stagger *°. For large staggers, a D-loop opening allows for the template jump and formation of the

4-way junction.
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Figure 2- 8: A new model of integration.
(a) R2 integration. The R2 28S target site is diagramed with the positions of the first and second-strand cleavages that
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will lead to insertion of a R2 new element. The initial steps of the integration reaction (i, ii) are as in Figure 1 except
that the target site is bent 90° near the second strand insertion site for diagrammatic purposes. Step iii depicts a template
jump/recombination event near the second-strand cleavage site that generates the 4-way junction. Step iv depicts
second-strand cleavage. Finally, step v depicts second-strand DNA synthesis. Abbreviations: up (target sequences
upstream of the insertion site), dwn (target sequences downstream of the insertion site).

(b) L1 integration. A target site is diagramed with the first and second-strand cleavages staggered such that a target
site duplication (tsd) would occur upon element insertion. The steps are as in R2 except that the template jump
displaces/melts the tsd region of the target to generate the 4-way junction.

2.5 Materials and Methods
2.5.1 Protein purification

R2Bm protein expression and purification were carried out as previously published °. Briefly, BL21 cells
containing the R2 expression plasmid were grown in LB broth and induced with IPTG. The induced cells were pelleted
by centrifugation, resuspended, and gently lysed in a HEPES buffer containing lysozyme and triton X-100. The
cellular DNA and debris were spun down and the supernatant containing the R2Bm protein was purified over Talon
resin (Clontech #635501). The R2Bm protein was eluted from the Talon resin column and stored in protein storage
buffer containing 50 mM HEPES pH 7.5, 100 mM NacCl, 50% glycerol, 0.1% triton X-100, 0.1 mg/ml bovine serum
albumin (BSA), and 2 mM dithiothreitol (DTT) and stored at —20°C. R2 protein was quantified by SYPRO Orange
(Sigma #S5692) staining of samples run on sodium dodecyl sulphate-polyacrylamide gel electrophoresis prior to

addition of BSA for storage. All quantitations were done using FIJI software analysis of digital photographs >,

2.5.2  Nucleic acid preparation

Oligos containing 28S R2 target DNA, non-target (non-specific) DNA, and R2 sequences were ordered from
Sigma-Aldrich. The upstream (28Su) and downstream (28Sd) target DNA designations are relative to the R2 insertion
dyad within the 28S rRNA gene. The oligo sequences are reported in Supplemental Table 1.

All the linear DNAs were 50 bp in length. Each arm of most of the three-way and four-way junctions were
25 bp in length except for junctions tested for cDNA synthesis, for which the 28S DNA arm lengths were strategically
varied to observe second-strand syntheses products. Diagrams of the constructs are provided in the main figures.
Oligos with 28Sd sequence contained either 25 bp or 47 bp of post R2 insertion site 28S rDNA. Seven base pairs of

upstream sequence were also included in these “downstream" oligos to span the insertion site. Oligos with 28Su
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sequence contained 72 bp prior to the insertion site as well as 5 bp of post R2 insertion site 28S rDNA. The largest
oligo contained 72 bp of upstream and 47 bp of downstream 28S rDNA. Several oligos incorporated 25 bp of sequence
complementary to either the 3* or the 5 RNA. Shorter oligos (25 bp) of sequence corresponding to the first and last
25 bp of R2Bm were also used in many of the constructs. The sequence for the x, h, b, and r strands of the nonspecific
4-way junction were obtained from Middleton et al. °'. The constructs were formed by annealing the component
oligos procedure: 20 pmole of the labeled oligo was mixed with 66 pmol of each cold oligo. The primers were annealed
in SSC buffer (15 mM sodium citrate and 0.15 M sodium chloride) for 2 minutes at 95° C, followed by 10 minutes at
65° C, 10 minutes at 37° C and finally 10 minutes at room temperature. One of component oligos had been 5’ 32P end
labeled, prior to annealing the other component oligos. The annealed junctions were purified by polyacrylamide gel
electrophoresis, eluted in gel elution buffer (0.3 M Sodium acetate, 0.05% SDS and 0.5 mM EDTA pH 8.0),
chloroform extracted, ethanol precipitated, and resuspended in Tris-EDTA. Junctions that shared a common labeled
oligo were equalized by counts DNA, otherwise equal volumes of purified constructs were generally used in R2
reactions. R2 3° PBM RNA (249 nt), 5° PBM RNA (320 nt), and a non-specific RNA (180 nt) were generated by in

vitro transcription as previously published (16).

2.5.3 R2Bm reactions and analysis

R2 protein and target DNA binding and cleavage reactions were performed largely as previously reported °.
Briefly, each DNA construct was tested for its ability to bind to R2 protein and to undergo DNA cleavage in the
presence and absence of 5' PBM RNA, 3' PBM RNA, and non-specific RNA. All the reactions contained excess cold
competitor DNA, dIdC. The reactions were loaded onto electrophoretic mobility shifting assays (EMSA) gels and
companion denaturing gels for analysis. The ability to bind to branched and linear DNA was obtained from the EMSA
gels and the ability to cleave DNA, as well as cleavage position, were obtained from the denaturing urea gels. A+G
ladders were run alongside the reactions in the denaturing gels to aid in mapping cleavages. Second-strand synthesis
assay was performed by the addition of dNTPs to the DNA cleavage reactions in the absence of RNA. All gels were
dried, exposed to a phosphorimager screen, and scanned using a phosphorimager (Molecular dynamics STORM 840).
The resulting 16-bit TIFF images were linearly adjusted so that the most intense bands were dark gray. Adjusted TIFF

files were quantified using FIJI >,
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2.6 Supplemental file
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Supplemental Figure 2-1: R2 binds preferentially to a 4-way junction.
nonspecific 4-way junction DNA and nonspecific linear DNA analyzed by electrophoretic mobility shifting assays
(EMSA). a) R2BM protein bound to nonspecific 4-way junction DNA and to nonspecific linear DNA, separately and
in competition, in the presence of 5' RNA. Triangles represent an R2Bm protein titration series. The DNA only (no
R2Bm protein) lanes are marked with a @. The 4-way junction and linear DNAs shared a common DNA oligo. The
shared DNA oligo was 5’ end-labeled prior to formation and purification of the structures. b) Same as in a), except in

the presence of 3' RNA.
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b. In the presence of 3' RNA
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Supplemental Figure 2-2: Effect of 5' PBM RNA on binding to linear and 3-way junctions (EMSA gels). DNA
Cleavage in the absence of RNA on linear and 3-way junctions (Denaturing gels). Panels a through g shows either
linear or 3-way junction DNA constructs. Non-specific DNA is a straight thin line. R2 DNA and 28S rDNA are thick

lines. R2 RNA strand is a squiggly line. Cleavages are shown as a black circle.
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Supplemental Figure 2-3: Non-specific four-way junction exhibiting structure independent cleavages. a) Lanes
show each of the labeled strand of non-specific four-way junction in the presence of R2 protein and excess RNA in a
denaturing condition. Uncleaved strand is the slowest running band and anything below that is considered as cleaved.
new junctions were built with local sequence modification being made on b, r and x strands and they are represented
with a suffix m. b) Lanes show each of the labeled strand of non-specific linear DNA, sharing the sequence with that
of the non-specific junction and R2 target DNA in the presence of R2 protein and excess RNA in a denaturing
condition. Arrow represents cleavage at R2 insertion site. ¢) Junction and linear DNA constructs are represented in
lines. Thin lines are non-specific sequences and thick lines are R2-specific sequences. Cleavages are placed as solid
black circle in the corresponding locations and circle diameter roughly correlates to cleavage intensity. Broken lines
represent local sequence changes being made in that region. (See table x for sequence information). Solid black star
represents 5' p32 labeling and arrows indicate 5' - 3' directionality. Cleavages are preserved whether they are in a four-
way junction (a) or in a duplex form (b), but changes when the local sequences are altered.

Supplemental Table 1. Table presenting the DNA and RNA oligonucleotides used to build the linear and junction
DNAs. ‘Comp’ stands for complementary strand.

Oligo Name Sequence

b-strand CCTCGAGGGATCCGTCCTAGCAAGCCGCTGCTACCGGAAGC
TTCTGGACC

h-strand GGTCCAGAAGCTTCCGGTAGCAGCGAGAGCGGTGGTTGAAT
TCCTCGACG

r-b strand CGTCGAGGAATTCAACCACCGCTCTCGCTGCTACCGGAAGCT
TCTGGACC

Pre-cleaved r-b 1) CGCTGCTACCGGAAGCTTCTGGACC

2) CGTCGAGGAATTCAACCACCGCTCT

r-strand CGTCGAGGAATTCAACCACCGCTCTTCTCAACTGCAGTCTAG
ACTCGAGC

x-strand GCTCGAGTCTAGACTGCAGTTGAGAGCTTGCTAGGACGGAT
CCCTCGAGG

h-x strand GGTCCAGAAGCTTCCGGTAGCAGCGGCTTGCTAGGACGGAT
CCCTCGAGG

by,-strand CCTGCAGTGATCCGTCCTAGCAAGCCGCTGCTACCGGAAGCT
TCTGGACC

Iy-strand CGTCGAGGAATTCAACCACCGCTCTTCTCACCGATAAGTACG
ACTCGAGC

Xm-strand GCTCGAGTCGTACTTATCGGTGAGAGCTTGCTAGGACGGATC
ACTGCAGG

Ns/28Sd 25 bp TCCAGAAGCTTCCGGTAGCTTAAGGTAGCCAAATGCCTCGTC
ATCTAATT

Comp ns/28Sd 25 bp AATTAGATGACGAGGCATTTGGCTACCTTAAGCTACCGGAA
GCTTCTGGA

Pre-cleaved comp ns/28Sd 25 bp 1) AATTAGATGACGAGGCATTTGGCTA

2) CCTTAAGCTACCGGAAGCTTCTGGA
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Xm-b strand GCTCGAGTCGTACTTATCGGTGAGACGCTGCTACCGGAAGCT
TCTGGACC
R2 3 DNA/ns TGGCATGATGATCCGGCGATGAAAACCTTAAGCTACCGGAA

GCTTCTGGA

Comp 28Sd 25 bp / Comp R2 3’ DNA

AATTAGATGACGAGGCATTTGGCTATCTCACCGATAAGTAC
GACTCGAGC

R2 3° DNA 25

TGGCATGATGATCCGGCGATGAAAA

R2 3’ RNA 25

UGGCAUGAUGAUCCGGCGAUGAAAA

Comp R2 5’DNA/ comp 28Sd 25 bp

AAATTAAAATTATGCGTATCGCCCCCCTTAAGCTACCGGAAG
CTTCTGGA

R2 5’RNA 25 bp

GGGGCGAUACGCAUAAUUUUAAUUU

R2 3°-5° DNA

TGGCATGATGATCCGGCGATGAAAAGGGGCGATACGCATAA
TTTTAATTT

R2 5’DNA 25 bp

GGGGCGATACGCATAATTTTAATTT

Ns/28Sd 47 bp

TCCAGAAGCTTCCGGTAGCTTAAGGTAGCCAAATGCCTCGTC
ATCTAATTAGTGACGCGCATGAATGGATTA

Comp 28Sd 47 bp/comp R2 3° RNA

TAATCCATTCATGCGCGTCACTAATTAGATGACGAGGCATTT
GGCTATTTTCATCGCCGGATCATCATGCCA

28Su 73 bp/ns

GCTCTGAATGTCAACGTGAAGAAATTCAAGCAAGCGCGGGT
AAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGGGTCCA
GAAGCTTCCGGTAGCAGCGAGAGCGG

Comp ns/ comp R2 3° RNA

CCGCTCTCGCTGCTACCGGAAGCTTCTGGACCCTATTTTCAT
CGCCGGATCATCATGCCA

Comp R2 5’ RNA/ Comp 28Su 73 bp

AAATTAAAATTATGCGTATCGCCCCCCTTAAGAGAGTCATAG
TTACTCCCGCCGTTTACCCGCGCTTGCTTGAATTTCTTCACGT
TGACATTCAGAGC

28Su 73bp/28Sd 47bp

GCTCTGAATGTCAACGTGAAGAAATTCAAGCAAGCGCGGGT
AAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGCCAAAT
GCCTCGTCATCTAATTAGTGACGCGCATGAATGGATTA
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3.1 Abstract

Non-LTR retrotransposons, or Long Interspersed Elements (LINEs), replicate by Target Primed Reverse
Transcription (TPRT). Insertion involves two half reactions. Each half reaction involves DNA cleavage followed by
DNA synthesis. The linker region, located just beyond the reverse transcriptase in the LINE open reading frame,
contains a conserved set of predicted helices followed by a gag-like zinc knuckle. Point mutations in the helices reduce
binding to a Holiday junction-like integration intermediate known to be the entry point into the second half of the
integration reaction. These mutations also severely impair the DNA endonuclease and reverse transcriptase activities
of the integration reaction during both half reactions. Mutations in the gag-like zinc knuckle also impair DNA cleavage
and DNA synthesis in some instances. The linker appears to function as a branched DNA binding platform and as a
protein-DNA conformational switch area used to properly position nucleic acid substrates into the active sites of the

reverse transcriptase and the DNA endonuclease.

3.2 Introduction

Long Interspersed Elements (LINEs), also known as non-long terminal repeat (non-LTR) retrotransposons,
are an ancient and abundant group of transposable elements (TEs) that are found across the eukaryotic tree of life .
LINEs integrate into new sites by a process called Target Primed Reverse Transcription (TPRT). The element encoded
DNA endonuclease creates a nick in the host chromatin to expose a free 3°-OH group. The 3°-OH group is used by
the element encoded reverse transcriptase to prime reverse transcription of the element RNA at the site of insertion.

LINEs encode an invariant gag-like zinc-knuckle cysteine/histidine rich motif (CX5_3CX~_gHX4C) downstream of

the reverse transcriptase *°. The spacing of the cysteines and histidine in the knuckle is unique to the knuckle found
in LINEs. Immediately upstream of the zinc knuckle is a set of predicted helices °.

The R2 LINE from Bombyx mori (R2Bm) is a site specific LINE that has served as a model system in which
to dissect the integration reaction of LINEs at the biochemical level as the protein can be purified in active form and

“78 The R2 ORF encodes a multifunctional protein with N-terminal zinc-finger(s) (ZF) and

used in in vitro assays
myb domains that are involved in DNA binding; an RNA binding (RB) domain; a central reverse transcriptase (RT);

a linker region containing several conserved predicted helices (HINALP motif), and a gag-like zinc knuckle (CCHC
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motif), and a PD-(D/E)XK type II restriction-like endonuclease (RLE) domain (Figure 3-1A) ***" The R2 RNA
sequence corresponding to the 5° and 3’ untranslated region (UTR) folds into distinct structures that are known to bind
R2 protein, and hence are termed as 5’ PBM and 3’ PBM, respectively (Figure 3-1A) '*'°. Binding to the 5> PBM and
3° PBM RNAs control protein conformation and role in the integration reaction (Figure 3-1B) "°. Selective addition
of the RNA, DNA, and protein components allow for distinct stages of the integration reaction to be assayed.

R2 protein bound to 3° PBM adopts a conformation that allows the protein to bind the upstream 28S DNA
sequences (28Su) relative to the insertion site. The domain(s) of the R2 protein that contacts the 28Su to form upstream
protein subunit remain largely unidentified '""* R2 protein bound to the 5° PBM adopts a conformation that allows
the protein to bind the downstream 28S DNA sequences (28Sd). The ZF and Myb motifs of R2 protein include major
residues that are known to interact with the 28Sd forming downstream protein subunit ''. The upstream and
downstream protein subunits catalyze the integration of R2 elements in two half reactions each consisting of DNA
cleavage followed by DNA synthesis . The five steps of integration are: (1) The endonuclease from upstream subunit
nicks the target DNA exposing a 3’-OH at the insertion site; (2) The exposed 3°-OH is used as a primer by the upstream
subunit’s reverse transcriptase for TPRT; (3) A template jump or recombination event occurs where the cDNA from
the 5” end of the reverse transcribed becomes associated with the upstream target DNA sequences to form a four-way
junction; (4) The downstream subunit cleaves the four-way DNA junction; (5) the 3’-OH generated by the cleavage
event is used as the primer for second strand DNA synthesis of the element.

The role of the linker region, located after the RT in all LINEs, remains unknown 6 Point mutations were
introduced into the linker’s gag-like zinc knuckle and presumptive a-finger (Figure 3-1C). The spacing of the CCHC

motif is unique to LINEs ***'

. In a previous in vivo study using APE bearing human LINE-1 elements, mutating the
first two cysteines in the linker region’s CCHC motif significantly reduced LINE-1 retrotransposition *%. In another
in vivo study with human LINE-1, reduced levels of RNP complex was observed when first two cysteines were
mutated which indicated its possible role in nucleic acid binding . When the zinc knuckle structure was altered by
substituting first three cysteines into serine, no reduction in RNA binding activity was reported for human LINE-1
elements in vitro **. However, in the same study, sequences C-terminal to the RT was found to be involved in RNA

binding. Mutating residues upstream of the presumptive a-finger in LINE-1 elements reduced retrotransposition

activity in vivo 2. The helices upstream of the zinc knuckle, along with the zinc knuckle itself, reportedly align with
y p g
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8 ®2%° In this study, a series of double

the a-finger and the non-zinc knuckle of the eukaryotic splicing factor, Prp
mutations are generated throughout the presumptive a-finger and zinc knuckle of R2Bm and tested in vitro for loss of

function under conditions that test for DNA binding, first-strand DNA cleavage, first-strand DNA synthesis, second-

strand DNA cleavage, and second-strand DNA synthesis.

A. 5" PBM 3" PBM 28Sd
— B. 28su 1
upstream <—|— downstream
R2Bm RNA and ORF structure s, J\
5 ZFMyb RB RT  HINALP CCHC RLE 3 g? l\
(] L1 B 5
5’end : 5 o I 50

C Presumptive a-finger zinc-knuckle region
* (R/HINALP motif region) (CCHC motif region)

814 - A 889
R2Bm STRIPTSTKWIRERCAQI FVQFVHEHI RIR G
R2Dm GGHYGPQHGWVSQPTRL. DGIRLRI R
R2Dana ERFAPQHGWVSQPTRL DGIKLRI R
R2Dwil RH.GPQHGWVSQPTRL LHGVKLRI R
R2Dsim GHWGPQHGWVNQPTRL IDGIRLRINALPTKSRTIRG--—--—-- R

R2Dpse GLFRPQHGWVCQPTRL: RNGIKLRI
R2Fauric I:SKVPQQHRWATGGSRFﬂg-R!FINSIKLRI PELSRTLRGR-EGN---

R2Amar GRVKGIHSWECDG FCEALKIRINALPCLSRYNRGTEKPR----E
R2Nv-B  DERKAEASYSWIRDIHVAIPASVWIKYHHTRINALPTLMRMSRGRRTNG--NAL

R2Lp LFKGSRSANHWLPRPVGMKPHH-WVKCLAM KRGLSRGNLSKNKDSAKCRGCTSM
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Figure 3-1: R2Bm structure, integration model, and multiple sequence alignment. A. R2Bm RNA structure. Box
in the middle represents open reading frame (ORF) with conserved motifs. Abbreviations: zinc finger (ZF), Myb
(Myb), RNA binding (RB), reverse transcriptase domain (RT), a conserved predicted a-helices with HINALP residues
(HINALP), a gag-like zinc knuckle with Cysteine/Histidine rich motif (CCHC) and a PD-(D/E)XK type II restriction-
like endonuclease (RLE). R2Bm RNA segments corresponding to the 5’ and 3’ untranslated regions known to adopt
distinct structures and bind the R2Bm protein are labeled within the brackets as 5’ and 3’ protein binding motifs
(PBMs) respectively. 5’ PBM and 3’ PBM are used to generate data in the paper. Sequences of R2Bm RNA at the 5’
and 3’ end are used to construct four-way junction target DNA, and are marked within the brackets as 3’ end and 5’
end. B. R2 target site, 28S rDNA, and insertion model. R2 protein associated with the 3> PBM RNA binds 20 to 40
bases upstream (28Su) of the insertion site (vertical line) and protein associated with the 5> PBM RNA binds to 20
bases downstream of the insertion site ''*’. Insertion occurs in five steps: (1) First strand cleavage by upstream protein
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subunit endonuclease. (2) First strand synthesis (TPRT) by the upstream protein subunit reverse transcriptase. (3)
Template jump/ recombination to upstream target DNA (28Su) resulting in a four-way junction branched structure
(zoomed in diagram). (4) Second strand cleavage by endonuclease of the downstream protein subunit. (5) Second
strand synthesis by reverse transcriptase of downstream protein subunit. C. Multiple sequence and secondary structure
alignment of the linker region of RLE LINEs. Red star represents the residues that were mutated and half triangle
represents double point mutants generated in the presumptive a-finger and the zinc knuckle regions. Double point
mutants generated for this study were: GR/AD/A, H/AIN/AALP, SR/AIR/A, SR/AGR/A, C/SC/SHC,
CR/AAGCK/A, HILQ/AQ/A and RT/AH/A. The first four mutants are in the presumptive a-finger region and the last
four mutants are in the zinc knuckle region as indicated by the brackets on the top. Secondary structures are predicted
by Ali2D and grey bars represent o-helices and arrow represents p-strands. Abbreviations: R2Bm = Bombyx mori,
R2Dm = Drosophila melanogaster, R2Dana = Drosophila ananassae, R2Dwil = Drosophila willistoni, R2Dsim =
Drosophila simulans, R2Dpse = Drosophila pseudoobscura, R2Fauric = Forficula auricularia, R2ZAmar = Anurida
maritima, R2Nv-B = Nasonia vitripennis, R2Lp = Limulus polyphemus, R2Amel = Apis mellifera, R2Dr = Danio
rerio, RSHm-A = Hydra magnipapillata, ROAv-1 = Adineta vaga.

3.3 Results
3.3.1 Double point mutants were generated in the presumptive a-finger and zinc knuckle regions of the
linker
To investigate the role of the linker region’s presumptive a-finger (HINALP motif region), and zinc knuckle
(CCHC motif region), a number of double point mutants were generated (Figure 3-1C). The mutations in the
presumptive o-finger region included GR/AD/A, VH/ATH/A, H/AIN/ALP, SR/AIR/A and SR/AGR/A. The
H/AIN/AALP and SR/AIR/A mutations resulted in a reduction of soluble protein being recovered compared to wild
type (WT) protein. The VH/ATH/A mutation did not produce soluble protein and was dropped from the study. The
mutations in the zinc knuckle region were C/SC/CHC, CR/AAGCK/A, E/AT/AT, HILQ/AQ/A and RT/AH/A (Figure
3-1C). The C/SC/CHC mutation resulted in greatly reduced soluble protein being recovered compared to wild type

(WT) protein. The E/AT/AT mutation did not yield usable quantities of protein and was dropped from the study.

3.3.2  Mutations in the core residues of the HINALP and CCHC motifs affect target DNA binding and leads
to loss of DNA cleavage specificity

There were four double point mutants created in the HINALP region and four in the zinc knuckle region. The
H/AIN/AALP and the C/SC/SHC mutants appear to have nearly identical phenotypes. Both sets of mutations severely

impair DNA binding to the linear DNA as well as the ability to form the correct DNA-RNA-Protein complexes in
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EMSA gels on linear DNA (Figure 3-2A). Only the well complex and a diffuse smear leading down from the well to
the free DNA are observed (Figure 3-2A). This observation is true for both upstream binding conditions (i.e., presence
of 3 PBM RNA) and downstream binding conditions (i.e., presence of 5’ PBM RNA). The Cysteine and Histidine
residues of the zinc knuckle motif are the presumptive zinc coordinating residues. The C/SC/SHC mutation may
promote local misfolding of the linker. The H/AIN/AALP mutation may have also affected the folding of the linker.
In the presence of 3> PBM RNA, the H/AIN/AALP and C/SC/SHC mutants showed little to no first strand
cleavage at the insertion site (Figure 3-2B). Second-strand DNA cleavage was similarly abolished in the presence of
5’ PBM RNA. Instead of site specific DNA cleavage abundant promiscuous cleavages were observed at aberrant sites

on both strands of the target DNA.

A Linear DNA binding B DNA Cleavage
, , , ,
" Presence of 3' PBM Presence of 5 PBM " First strand Second strand '
o o o
3 o 3 2> 32 > 32 >
I T = < v S < v 5 < » 5
$ 2 5§ zZ 5 2 Z25 2 zZ 5 g
Z 9 2 £ £ 2 2 £ <90 2 £ <92 2
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Figure 3-2: H/AIN/AALP and C/SC/SHC mutants affect linear DNA binding and cleavage activity. A. EMSA
gels and bar graphs reporting mutant’s ability to bind to target DNA in the presence of 3* and 5> PBM RNAs. Wild
type (WT) protein activity is set to 1 and the mutant protein activity is then given as a fraction of WT activity
(fWTactivity). B. Denaturing gels showing aberrant cleavages on the first and second cleavage sites and strands.
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3.3.3  Mutations in the presumptive a-finger affect DNA binding, especially to a specific branched
integration-intermediate analog

To better determine if the presumptive a-finger is involved in securing protein to upstream and/or
downstream target DNA sequences, mutations surrounding the core HINALP motif were tested. The GR/AD/A,
SR/AIR/A and SR/AGR/A mutants were tested for their ability to bind linear target in the presence of 3> PBM RNA
and in the presence of 5> PBM RNA. Two positive controls were used, WT R2 protein and R2 protein with a catalytic
residue of the RLE mutated to alanine (KPD/A) so as to knockout DNA cleavage but not DNA binding so that the a-
finger mutations that either do or do not affect DNA cleavage (see the next section) are appropriately controlled for.
The DNA binding ability of the mutant relative to the control R2 proteins were assayed using Electrophoretic Mobility
Shift Assays (EMSAs) (Figure 3-3A). Duplicate lanes were loaded and duplicate binding reactions were run. Vector
control extract and no protein lanes served as negative control lanes.

Upstream target DNA binding was moderately reduced (24%) by the GR/AD/A mutation and very mildly
reduced (13%) by the SR/AIR/A mutation. But upstream target DNA binding activity was significantly increased by
up to 32% by SR/AGR/A mutant (Figure 3-3A). Downstream target DNA binding activity for GR/AD/A and
SR/AGR/A mutants was similar to WT activity, with only a mild decrease of ~13%. The SR/AIR/A mutation
decreased binding in the range of 19-28%. All the three mutants did not seem to affect the migration pattern of protein-
RNA-DNA complexes much if at all, although, more of the well complex formation was observed for SR/AIR/A
mutant (Figure 3-3A). The ability of the mutants to bind to linear target DNA in the absence of RNA is presented in
supplementary figure 1.

The ability of the mutants to bind a four-way junction integration intermediate was also tested. The four-way
junction mimics the branched structure adopted by 28S rDNA after the template jump step, and contains 28Sd rDNA
sequence (north arm), a non-specific sequence (west arm), a R2 5’-end RNA-DNA duplex (south arm), and a R2 3°-
end RNA-DNA duplex (east arm) (Figure 3-3B) (Chapter 2). The four-way junction DNA was radiolabeled at the top
strand of the 5* end of the west arm. The junction DNA was incubated with R2 protein in the absence of RNA and
aliquots were run in EMSA gel (Figure 3-3B). After quantitation as described above, we could see that two mutants

significantly reduced the ability of R2 protein to bind to the four-way junction, SR/AIR/A by 63% and SR/AGR/A by
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48% while GR/AD/A mutant’s binding activity was comparable to that of WT activity showing only a mild reduction

of 12%.
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Figure 3-3: DNA binding by a-finger mutant proteins. A. EMSA gels and bar graphs reporting the relative ability
of the mutants to bind to linear target DNA. WT and KPD/A WT served as positive controls while Pet28a and DNA
only lanes served as negative controls. Standard deviation is presented on top of the bars. B. EMSA gels and bar
graphs reporting binding to an analog of the branched insertion intermediate (Chapter 2). The black star in the substrate
diagrams indicates the strand that was 5’ end labeled.

3.3.4  Mutations in the presumptive a-finger reduce first-strand DNA cleavage

The ability of the GR/AD/A, SR/AIR/A and SR/AGR/A mutants to perform first-strand DNA cleavage was
assayed. The R2 proteins were pre-bound to 3° PBM followed by incubation with target DNA. A protein titration
series was used (seven 1:3 protein dilutions). An aliquot of each reaction was run on an EMSA gel (Figure 3-4A) and

on a denaturing (8M urea) polyacrylamide gel (Figure 3-3B, full length denaturing gel is available in supplementary
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figure 3-2). The target DNA was *P labeled at the 5° end of the bottom strand (i.e., 28S antisense strand) so that the
cleavage of this strand could be tracked in the denaturing gel.

At higher protein concentration lanes (first two) in EMSA gel (Figure 3-4A), Protein-DNA complexes
corresponding to the one seen in the absence of RNA were observed for WT, GR/AD/A and SR/AGR/A mutants as
the RNA concentration had been held constant and as protein neared parity with the RNA concentration, DNA-
complexes appeared along with protein-RNA-DNA complexes before everything becomes stuck in the wells. The
mutations did not appear to greatly affect the migration pattern of protein-RNA-DNA complexes as compared to WT.
The cleavage activity of each of the mutant is reported as a scatter plot of the fraction of cleaved DNA (fcleaved),
calculated from the urea denaturing gels, as a function of the fraction of bound (fbound) DNA, calculated from the
EMSA gels. GR/AD/A mutant did not affect the first strand cleavage activity of R2 protein, however, the SR/AIR/A
and SR/AGR/A mutants significantly reduced the ability of the bound protein to undergo first strand DNA cleavage
(Figure 3-4B and 4C). No cleavages beyond the R2 cleavage site were observed for either WT or mutants

(Supplementary figure 2).
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Figure 3-4: First strand DNA cleavage activity by o-finger mutant proteins. A. EMSA gel of protein bound to
linear target DNA. The triangles above the EMSAs represent a protein titration series. B. Denaturing gel of the same
reactions in A. showing the signals for uncleaved and cleaved (first strand) product of target DNA. Fraction of target
DNA that undergoes first strand cleavage (fcleaved) is quantitated from denaturing gel. C. Scatter plot of fraction of
cleaved target DNA (fcleaved) plotted as a function of fraction of target DNA bound by protein (fbound) at each
protein concentrations. Data points for WT, GR/AD/A, SR/AIR/A and SR/AGR/A are represented by asterisk, white
box, grey box, and black box respectively.
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3.3.5 Mutations in the presumptive a-finger reduce first strand cDNA synthesis

To investigate if HINALP region affects TPRT (first-strand DNA synthesis), pre-cleaved target DNA with
nick at the insertion site on first/bottom strand was incubated with R2 protein in the presence of 3> PBM RNA and
dNTPs (Figure 3-5A). The target DNA was radiolabeled at the 5’ end of the bottom strand to track the formation of
the TPRT product. Aliquots of reactions across a protein titration series were assayed on EMSA and denaturing
polyacrylamide gels. A graph of the fraction of target DNA that underwent TPRT (fsynthesis) as a function of fraction
of target DNA bound by R2 protein (fbound) is reported in Figure 3-5B. The gels are presented in supplemental figure
3A and 3B. GR/AD/A and SR/AIR/A mutants completely abolished the TPRT activity while SR/AGR/A mutant

reduced first strand synthesis activity by approximately 50% (Figure 3-5B).
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Figure 3-5: First strand synthesis (TPRT) by a-finger mutant proteins. A. Experimental setup for first strand
synthesis assay in which pre-cleaved target DNA was incubated with R2 protein in the presence of 3° PBM RNA and
dNTPs. B. Scatter plot showing fraction of the DNA that underwent synthesis (fSynthesis) as a function of fraction of
the DNA that was bound by R2 protein (fbound) across a protein titration series. The symbols and abbreviations are
as in the previous figures.
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3.3.6  Mutations in the presumptive a-finger affect second-strand DNA cleavage

In order to determine the role, if any, the GR/AD/A, SR/AIR/A and SR/AGR/A mutants have on second-
strand cleavage, two different cleavage assays were undertaken: (1) on linear target DNA in the presence of 5> PBM
RNA, and (2) cleavage on 4-way junction DNA in the absence of RNA. On linear DNA, R2 protein binds downstream
of the insertion site in the presence of 5> PBM RNA but only cleaves once the RNA dissociates from the complex.
The dissociation occurs as the RNA to protein ratio drops across the protein titration series (RNA is held constant) '°
In EMSA gel, the migration pattern of protein-RNA- DNA complexes of mutants were similar to that of WT, however,
a band corresponding to a second strand cleaved product located immediately below the major protein-RNA- DNA
complex was absent for SR/AIR/A and SR/AGR/A mutants (Figure 3-6A). In denaturing gel, the signal for second
strand cleaved product was not visible for SR/AIR/A and SR/AGR/A mutants (Figure 3-6B). Non-specific cleavages
were not observed for any of the mutants (Supplementary figure 4). While GR/AD/A showed WT activity, SR/AIR/A
and SR/AGR/A mutants knocked out the endonuclease activity of R2 protein to make second strand cleavage on linear

target DNA (Figure 3-6C).

A Presence of 5' PBM Cc DNA Cleavage
. } — . Second strand
©
WT GR/AD/A SRI/AIR/A SR/AGR/A &2 03 . YWT
4
&8 OGR/AD/A
. - - e D
Protein- BSR/AIR/A
RNA-DNA Bo02 !
Complexes m.- m-'- -— m- H BSR/AGR/A .
k=3
Linear

DNA

°
N

e ——— *‘_u‘"
B.

Cleaved

gﬁt?;l%m 02 04 06 08

foound

Figure 3-6: Second strand DNA cleavage by a-finger mutant proteins on linear target DNA. A. EMSA gel used
to calculate the fraction of target DNA bound by R2 protein. B. Denaturing gel used to calculate the fraction of target
DNA cleaved by the R2 protein. C. Scatter plot of second strand cleavage activity. Symbols and abbreviations are as
in previous figures.

As noted above, second strand cleavage activity was also tested using a 4-way junction integration
intermediate (Figure 3-7). Second strand DNA cleavage is believed to occur when the protein is in the “no RNA”

bound state '® and that the proper substrate for DNA cleavage is a 4-way junction intermediate formed by template
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jump (Christensen S.M., unpublished data). A diagram of the junction DNA used is shown in Figure 3-3B. The
junction DNA was radiolabeled at the 5° end of the west arm to track cleavages on the top strand of the 28S DNA.
The cleavage activity for mutants was tested against WT as indicated in the previous target DNA cleavage assays but
in the absence of RNA. EMSA gel shows slightly smeary migration pattern of Protein-DNA complexes in the mutants
(Figure 3-7A) as compared to that of WT. The signal for cleaved product of four-way junction DNA was almost
invisible in denaturing gel (Figure 3-7B), and non-specific cleavages on junction DNA were not reported for any of
the mutants (full length denaturing gel in supplementary figure 5). Endonuclease activity to cleave the second strand
on a four-way junction DNA was completely knocked out by SR/AIR/A and SR/AGR/A mutants while GR/AD/A

mutant showed WT cleavage activity as shown in the scatterplot (Figure 3-7C).
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Figure 3-7: Second strand DNA cleavage activity by a-finger mutant proteins on four-way junction DNA. A.
EMSA gel used to calculate the fraction of target DNA bound by the R2 protein. B. Denaturing gel used to calculate
the fraction of target DNA cleaved by the R2 protein. C. Scatter plot of second strand cleavage activity. Symbols and
abbreviations are as in previous figures.

3.3.7 Mutations in the presumptive a-finger affect second strand synthesis

In addition to testing second strand cleavage activity of HINALP mutants, the same mutants were subjected
to experiments designed to test second stand DNA synthesis activity. As DNA cleavage is not very efficient, pre-
cleaved DNA was used, and as the upstream and the downstream ends separate in vitro post DNA cleavage, the two

ends were held together by a covalent linkage between the east and south arms (i.e., between R2 5° end sequence and

73



R2 3’ end sequence) (see diagram in Figure 3-8A) (Chapter 2). This post second-strand cleavage analog was developed
and reported in a previous study. The HINALP mutants were tested for second-strand DNA synthesis activity using
this construct (Figure 3-8B). The 5° end of the west arm was radiolabeled to visualize the newly synthesized second-
strand in denaturing gel (represented by black star in Figure 3-8A). The graph shown in Figure 3-8B was obtained
from EMSA and denaturing gels (Supplementary figure 6A and 6B) as described previously for first strand synthesis
assay. GR/AD/A mutant seems to act more like WT except that at the highest protein concentration, the amount of
second strand synthesis goes down. SR/AIR/A mutant looks more like WT until about 40% of the target DNA is
protein-bound but with increasing protein concentrations, the second strand synthesis decreases significantly.

SR/AGR/A mutant drastically diminishes the ability of R2 protein to synthesize second strand as shown in the Figure

3-8B graph.
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Figure 3-8: Second strand DNA synthesis activity by a-finger mutant proteins. A. Experimental setup for second
strand synthesis assay in which pre-cleaved four-way junction DNA was incubated with R2 protein in the presence of
dNTPs. B. Scatter plot of second strand synthesis activity. Symbols and abbreviations are as in previous figures.

3.3.8  Mutating residues in the zinc knuckle region affect target DNA cleavage and second stand synthesis
While C/SC/SHC mutant showed to affect target DNA binding and cleavage, the role of CCHC region was

further investigated with the help of three additional double point mutants in this region: CR/AAGCK/A, HILQ/AQ/A,

and RT/AH/A (Figure 3-1C). The mutants were assayed for DNA cleavage and new strand synthesis activities as

described previously.
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All the three mutants only slightly reduced the ability of the R2 protein to cleave the first strand at the
insertion site (supplementary figure 7A), and they did not seem to have any effect on the first strand synthesis activity
by TPRT (supplementary figure 7B). Although CR/AAGCK/A, HILQ/AQ/A and RT/AH/A mutants were nearly WT
for first strand cleavage and synthesis, at least two of the mutants, HILQ/AQ/A and RT/AH/A significantly abolished
second strand cleavage activity on a linear DNA (Figure 3-9A). In addition to the decrease in second strand cleavage
activity at the insertion site, the endonuclease of RT/AH/A mutant was also found to be cleaving at a nearby site on
top strand of linear target DNA as shown in Figure 3-9B. The second strand cleavage activity of the mutants was also
tested using the four-way junction target DNA, however, all the three mutants showed WT activity (Supplementary
figure 7C). Yet again, the endonuclease of RT/AH/A mutant showed an additional cleavage at a non-R2 specific site
(Supplementary figure 7D).

Second strand synthesis assay with a pre-nicked four-way junction DNA, as shown in Figure 3-8A, was
conducted for the three CCHC region mutants as described before for HINALP region mutants. The second strand
synthesis product formation per bound unit of target DNA for CR/AAGCK/A looked very similar to that of WT, but
for HILQ/AQ/A and RT/AH/A there was huge reduction in second strand synthesized product formation as shown in

Figure 3-10.
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Figure 3-9: Second strand cleavage by zinc knuckle mutants. A. Scatterplot of second strand cleavage activity on
linear target DNA as a function bound DNA. B. Denaturing gel showing RT/AH/A mutant’s aberrant cleavage on
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linear DNA. C. Scatterplot of second-strand cleavage activity on four-way junction DNA. Symbols and abbreviations
are as in previous figures.
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Figure 3- 10: Second strand synthesis activity of zinc knuckle mutants. Experimental setup was as in figure 3-8.

3.4 Materials and Methods
3.4.1 Protein and nucleic acid preparations

Protein was expressed and purified as previously published '”. A QuikChange site-directed mutagenesis kit
(Stratagene #200523-5) was used to generate the GR/AD/A, SR/AIR/A, SR/AGR/A, H/AIN/ALP, C/SC/SHC,
CR/AAGCK/A, HILQ/AQ/A and RT/AH/A mutants. 5° PBM (320nt), 3’ PBM (249 nt), linear target DNA, and 4-

way junction were prepared as previously published .

3.42 R2Bm reactions and analysis

DNA binding, first and second strand cleavage, and first and second strand synthesis reactions were
performed as previously reported .

For DNA binding assays, a mastermix containing all the components except for the protein was made and
aliquoted. The binding reaction was initiated by adding 3ul of protein at the known and equalized concentrations
across all proteins being tested in a data set. Duplicate reactions were prepared for each data set and two different
data sets were generated, each at different protein concentrations. WT and WT KPD/A proteins acted as binding

activity references and positive controls for endonuclease active and endonuclease deficient mutations, respectively.
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For DNA cleavage assays, a master mix containing all the components except protein and DNA was made
and aliquoted. Protein from protein dilution series was allowed to bind to RNA for 5 minutes at 37°C prior to adding
the target DNA to start the cleavage reaction. The reaction was incubated for 30 minutes at 37°C. The reactions were
kept on ice before running on 5% native (1X Tris-borate-EDTA) polyacrylamide gels and on denaturing (8M urea)
7% polyacrylamide gels.

First and second strand synthesis reactions contained labeled target DNA in the master mix along with all
other components except for protein. Pre-cleaved linear DNA was used so that mutants deficient in DNA cleavage
could be tested along with mutants with normal cleavage ability. Target DNA substrate for second strand synthesis
assay was a four-way junction DNA pre-cleaved at the second strand and is described in Chapter 2. Similar to the

cleavage assay the reactions were analyzed by both native and denaturing polyacrylamide gels.

All gels were dried and quantitated using a phosphorimager (Molecular dynamics STORM 840) and FIJT **,

3.5 Discussion
3.5.1 The primary role of the linker does not appear to be binding element RNA.

The CCHC mutations reduced the accumulation of ORF2 protein into ribonucleoprotein (RNP) complex,
implying a possible role in binding element RNA . Likewise, sequences upstream of the presumptive o-finger were
found to reduce retrotransposition activity in vivo *>. Domain swapping experiments between the human and mouse
L1 elements also indicate that sequence just upstream of the zinc knuckle are important for retrotransposition in vivo
** The upstream sequences are functionally linked to the zinc knuckle and other parts of the protein in a complicated
yet modular way that is not well understood. A number of these domain swaps were in the middle of the presumptive
a-finger. In addition, a polypeptide containing 180 amino acids of the C-terminal end of ORF2 of L1Hs containing
much of the a-finger and the zinc knuckle was found to bind non-specifically to RNA in vitro, but mutating the
cysteines did not affect nucleic acid binding **.

Our in vitro study has found that mutations in the zinc knuckle and a-finger in R2Bm do not overtly reduce
binding to the element 5> PBM RNA or to 3° PBM RNA. It should be noted, however, that RNA binding is inferred

by the formation of distinct DNA-RNA-protein complexes in our EMSA gels '*'°. Protein-DNA and Protein-DNA-
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RNA complexes with either the 5> PBM RNA or 3’ PBM RNA have unique well defined migration patterns in EMSA
gels . Amino acids that affect incorporation of the RNA into the protein-nucleic acid complexes can thus be detected
as a change in the ratio of Protein-DNA to Protein-DNA-RNA complexes in our generic protein titration series. The
RT -1 and RT 0 domains were determined to be RNA binding domains using an identical assay system 2. RNA
titrations instead of protein titrations were also carried out on several of the mutants with no indication of changes to
RNA binding (data not shown). That said, an RNA binding role cannot be ruled out. The RNA binding surface might
be too large and widely distributed across the surface of the R2 protein for point mutants to make an observable
difference in our assays. This is one reason why double point mutants were used, instead of single point mutants '2.
Mutations to the core CCHC motif of the zinc knuckle (C/SC/SHC) and to the HINALP motif of the
presumptive a-finger (H/AIN/AALP) are consistent with local disruption of protein structure leading an inability to
form stable gel migrating protein-nucleic acid complexes in EMSA gels. We are unable to discern from the EMSA
with these two mutants if RNA was bound or not as no distinct Protein-DNA or Protein-DNA-RNA bands were
observed. All other mutations in the zinc knuckle and a-finger regions retained the ability to efficiently form the proper

protein-RNA-DNA complexes in patterns similar to WT protein.

3.5.2  The linker presents nucleic acids to the RLE and RT during the first half of the integration reaction.
A comparative summary of the DNA binding, cleavage, and synthesis results for each of the mutants tested
in this study is presented in Table 1. Mutations to the core of the CCHC motif (C/SC/SHC) and to the core of the
HINALP motif (H/AIN/AALP) lead to an unrestrained DNA endonuclease and an inability to form stable upstream
bound protein-nucleic acid complexes. All other mutants are able to form normal upstream protein-RNA-DNA
complexes. Two of the a-finger mutations (SR/AIR/A and SR/AGR/A) led to the endonuclease being overly restrained
and not cleaving. The inability to perform first strand cleavage was not related to the mutant’s ability to bind to
upstream DNA sequences as one of the mutants was unimpaired in DNA binding in the presence of 3> PBM RNA and
the other mutation actually increased the protein’s ability to bind to target DNA in the presence of 3° PBM RNA.
Rather, residues R849, R851, R854, and R856 are used to position the target DNA and/or the DNA endonuclease for

first-strand DNA cleavage.
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Once cleaved, a-finger GR/AD/A and SR/AIR/A mutants were unable to perform first strand cDNA synthesis
(TPRT) on pre-nicked target DNA indicating a role of the mutated residues in positioning the RT and/or nucleic acid
components relative to each other. Indeed, the GR/AD/A mutant lacked any other major phenotype beyond the
inability to perform TPRT and a modest reduction in binding to upstream DNA sequences. The zinc knuckle mutants
CR/AAGCK/A, HILQ/AQ/A, and RT/AH/A modestly reduced first strand DNA cleavage and retained near wild type

first-strand DNA synthesis activity. Upstream DNA binding was not carefully examined but appeared to be normal.

3.5.3  The linker region is key to the second half of the integration reaction.

The second half of the integration reaction begins with R2 protein being associated with the 5 PBM RNA
and thus becoming bound to DNA sequences downstream of the insertion site on linear target DNA. Mutations to the
core of the CCHC motif (C/SC/SHC) and to the core of the HINALP motif (H/AIN/AALP) lead to an unrestrained
DNA endonuclease and an inability to form stable downstream bound protein-nucleic acid complexes. All other
mutants were able to form normal downstream protein-RNA-DNA complexes on linear target DNA and appeared to
have minimal effect on binding to linear DNA. That said, the SR/AIR/A mutation did show a modest decrease in
binding to the downstream sequence on linear DNA and the zinc knuckle mutants were not quantitatively tested.

The second half of the integration only proceeds when the downstream subunit is in the “no-RNA-bound”
state '°. Although second-strand DNA cleavage can occur on linear DNA, it requires a complicated set of 5° RNA,
DNA, and protein ratios to do so and is non-productive in the sense that second-strand synthesis does not occur *'°.
For this reason, it is now thought that the second half of the integration reaction, specifically second-strand DNA
cleavage and second-strand synthesis, mechanistically requires the formation of the 4-way junction (see chapter 2).
The 4-way junction appropriately cleaves the junction in the absence of RNA and the cleaved product is a substrate
for second strand synthesis (see chapter 2).

All of the zinc knuckle and a-finger mutants tested, except for the CR/AAGCK/A mutant, were unable to
perform second-strand cleavage on linear DNA (Table 1), yet, importantly, the zinc knuckle mutants did not impair
second-strand cleavage on the more important 4-way junction. The a-finger mutations that lie closest to the zinc

knuckle, SR/AIR/A and SR/AGR/A, greatly reduce binding to the 4-way junction and abolish second-strand DNA
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cleavage. Second-strand synthesis was similarly affected by the two sets of mutations. The results indicate that the a-
finger is critical for 4-way junction recognition as well as presenting the bound DNA to the endonuclease and to the
reverse transcriptase. The zinc knuckle mutants HILQ/AQ/A and RT/AH/A severely reduced second-strand synthesis
indicating that the zinc knuckle residues are involved in positioning the cleaved junction and/or the reverse

transcriptase for primer extension.

3.5.4  Structural and functional connections to APE LINEs and to Prp8

The protein encoded by R2Bm has been determined to consist of two globular domains. The larger of the
two domains (colored in Figure 3-11) contains the RT, the RLE, and a region between the two called the linker ® The
end of the linker region contains an invariant zinc knuckle and several conserved helices upstream of the zinc knuckle.
In this paper, the upstream helices have been referred to as the “presumptive a-finger” of which the HINALP motif is
central to the a-finger in R2Bm. APE LINEs also contain a “linker” with a presumptive a-finger and a zinc knuckle
located beyond the RT (Figure 3-11).

The large globular domain of R2Bm, an RLE LINE, shares structural as well as sequence similarities to the
large fragment of eukaryotic splicing factor Prp8 (see Figure 3-11). Prp8 has an RT, an RLE, and a linker region
between the RT and RLE. Towards the end of the linker region in Prp8 is a non-zinc knuckle structure. Upstream of
the non-zinc knuckle is a set of helices that align with the helices found upstream of the zinc knuckle in LINEs. The
helices upstream of the non-zinc knuckle in Prp8 form a very prominent and important a-finger. The a-finger protrudes
out over the reverse transcriptase (see Figure 3-11C) *°. It is by analogy to the o-finger in Prp8 that the corresponding

region of the RLE LINEs is called the “presumptive o-finger” ®

. In Prp8 the non-zinc knuckle, the a-finger, and the
RT thumb work together to bind the splice sites and spliceosomal RNAs. The non-zinc knuckle and the a-finger are
dynamic in Prp8 undergoing/promoting protein and protein-RNA confrontational changes across all aspects of the
splicing reaction. Of particular interest is the fact that in the U4/U6.U5 tri-snRNP and in the B complex the a-finger
and non-zinc knuckle bind to critical branched RNA structures.

The data reported here indicate that whatever the actual structure of the R2Bm linker is, the linker is central

to the recognition of the 4-way junction integration intermediate. It also acts as a protein-DNA conformational switch
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or hub for correctly positioning the EN, the RT, and the substrate DNA relative to each other.

A RT fingers/palm and thumb
index pinky rin middle >
) Index 3 6 " PO
R2Bm ZF  Myb 1 & pth 0 11]2]2a(3 15| 4 5|6 |a|7 Thumb% Linker é% §}' RLE
& &
| Index 3 6 . PO
L1Hs APE 3-1 & pth 0 11|2[2a|3 |5 || 4 516 [a|7 Thumb% Linker ég gg}'
: ~

Prp8 ) . IERE i 2 1 i :
S. cervisiae N-terminus | HB [SEKE HH 3|38 4 [alp|al6laf 7 || Thumbd  Linker SO | RE | RiaseH! Qab1/MPNJ
: 0} SIS ; o :

Figure 3-11: Similarities between R2Bm and Prp8. A. The ORF structure of R2Bm, human L1 (L1Hs), and
Saccharomyces cerevisiae Prp8 are presented as color block diagrams ®**?**33 The RT is green, the linker is
maroon, and the RLE is orange. In the linker region, the sequences of the orange colored a-helices (rounded bars)
with an asterisk align well. Remaining of the colored a-helix and B-strands (arrows) (may) form a structurally similar
knuckle. B. Model of R2Bm’s RT and RLE °. The ribbons have been colored as in the corresponding color block
diagram. C. Cryo-Em structure of the large fragment of Prp8 *°. Ribbon color is matching the corresponding color
block diagram. D. Cryo-EM structure of the Prp8 and RNA from the B spliceosome complex *°. Reverse transcriptase
is colored in green, RLE in red, and the linker region in orange except for the a-finger and non-zinc knuckle shown in
yellow. A branched structure formed by the RNA components of spliceosome is also shown.
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Table 3- 1: Summary of DNA binding, cleavage, and synthesis results.

Linear Junction either
DNA First First DNA Second strand DNA Second Second Non-R2
binding strand strand binding cleavage binding strand strand site
(3’ PBM) cleavage synthesis 5 cleavage synthesis cleavage
PBM)
GR/AD/A - WT 2] WT WT WT WT WT None
SR/AIR/A WT 2] 7 - 2] I @ .- None
SR/AGR/A ++ 2] -- WT @ -- 2 2 None
H/AIN/AALP -——- o N.A. --- 2 N.T. N.T. N.A. Yes
C/SC/SHC --- 2] N.A. --- 2] N.T. N.T. N.A. Yes
CR/AAGCK/A N.T. - WT N.T - N.T. WT WT None
HILQ/AQ/A N.T. - WT N.T. 2 N.T. WT --- None
RT/AH/A N.T. - WT N.T. 2 N.T. WT --- Yes
Not Applicable (N.A.), Not tested (N.T.)
“++”  :+30% and above
“4” 1 +15% to 30%
“WT”  :15% to -15% of WT activity : functionally WT
“. :-15% to -30% : modest reduction
o :-30% to -50% : major reduction
“---7 1-50% to 75% : severe reduced
“o” : 75% and above : functionally dead
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3.6 Supplementary files:
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Supplementary figure 3-1: Linear Target DNA binding activity of a-finger mutant proteins in the absence of
RNA. The symbol and abbreviations are as in Figure 3-3.

Presence of 3' PBM )

WT GR/AD/A SR/AIR/A SR/AGR/A S N
O
Bz [ [ N

Cleaved S - -

Supplementary figure 3-2: Denaturing gel showing first strand cleavage activity of a-finger mutant proteins.
Gel shows uncleaved and cleaved linear DNA signals for seven protein titrations indicated by triangles in the presence

of 3 PBM RNA.
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Supplementary figure 3-3: First strand synthesis (TPRT) activity of o-finger mutant proteins. A. EMSA gel
used to calculate the fraction of target DNA bound by the R2 protein. B. Denaturing gel used to calculate the fraction

of target DNA that undergoes first strand synthesis by TPRT.
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Presence of 5 PBM
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Supplementary figure 3-4: Denaturing gel showing second strand cleavage activity of a-finger mutant proteins.
Gel shows uncleaved and cleaved linear DNA signals for seven protein titrations indicated by triangles in the presence
of 5 PBM RNA.
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Supplementary figure 3-5: Denaturing gel showing second strand cleavage activity of a-finger mutant proteins
on a 4-way junction target DNA.
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Supplementary figure 3-6: Second strand synthesis activity of a-finger mutant proteins on a pre-cleaved 4-way
junction target DNA. A. EMSA gel used to calculate the fraction of target DNA bound by the R2 protein. B.
Denaturing gel used to calculate the fraction of pre-cleaved 4-way junction target DNA that undergoes second strand

synthesis.
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B DNA Synthesis
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Supplementary figure 3-7: Cleavage and synthesis activity of zinc knuckle mutant protein. A. First strand
cleavage activity of zinc knuckle mutant proteins. Scatter plot of fraction of cleaved target DNA (fcleaved) plotted as
a function of fraction of target DNA bound by protein (fbound) at each protein concentrations. B. First strand synthesis
activity of zinc knuckle mutant proteins. The graph plots fraction of target DNA that undergoes first strand synthesis
by TPRT (fsynthesis) as a function of fraction of pre-cleaved linear target DNA bound by the protein (fbound). C.
Second strand cleavage activity of zinc knuckle mutants on a 4-way junction target DNA. Scatter plot of target DNA
cleaved at the second strand (fcleaved) as a function of fraction of 4-way junction DNA bound by the protein (fbound).
D. Denaturing gel for second strand cleavage activity on a 4-way junction target DNA. The gel shows uncleaved and
cleaved product formed by second strand cleavage on the junction DNA along with a non-specific cleavage at a non-
R2 insertion site.
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Chapter 4

Investigation on R-box Region of Restriction Like Endonuclease Encoded by R2 LINE

Monika Pradhan and Shawn M. Christensen
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4.1 Abstract

Long Interspersed Elements (LINEs) are a major group of eukaryotic transposable elements that replicate in
the genome by Target Primed Reverse Transcription (TPRT). A model system to study LINE integration mechanism
by TPRT is R2 LINE that bear restriction like endonuclease (RLE) and inserts into specific target site of 28S rRNA
gene. R2 elements encode a multifunctional protein with reverse transcriptase, endonuclease, and nucleic acid binding
activities. R-box is a conserved arginine rich region located at the start of the RLE domain of R2 open reading frame
and in Bombyx mori, the R-box region consists of RILRH residues. The RH has been identified as DNA binding
residues in this region, while the single H residue is important for target DNA cleavage required for TPRT. In this
study, we investigate the functional significance of each arginine residue in the R-box region by generating single
point mutations and subjecting them to biochemical assays in vitro. The single mutations did not alter the DNA
binding, first strand cleavage and TPRT product forming activities of R2 protein. Both the arginine residues appear to
be important for second strand cleavage activity. The R-box arginine residues could possibly be involved in correctly
positioning the target DNA towards the active site of R2 endonuclease required for DNA cleavage. Additional

functional assays are required to accurately dissect the role of arginine residues in the R-box region.

4.2 Introduction

R2 is a site specific Long Interspersed Element (LINE) that inserts into the 28S ribosomal RNA (rRNA)
genes of the host 2. They are widely distributed in most lineages of arthropods and are also found in other taxa of
animals like nematodes and tunicates® . Like all other LINEs, R2 elements integrate into the host genome by a process
called target primed reverse transcription (TPRT) ®*. Endonuclease encoded by R2 element cleaves the target 28S
rDNA sequence to expose a 3’-OH group at the cleavage site. The R2 element encoded reverse transcriptase uses the
free 3°-OH group to prime reverse transcription of the element RNA into DNA at the insertion site *°. R2 encodes a
single open reading frame (ORF) with N-terminal DNA binding zinc finger (ZF) motif and myb motif, RNA binding
(RB) motif; central reverse transcriptase (RT); and C-terminal linker region with predicted a-helices ( HINALP motif)
and gag-like zinc knuckle (CCHC motif), and type II restriction like endonuclease (RLE) (Figure 4-1A)'*"*. The

single ORF can be easily expressed in bacteria and the protein can be readily purified to be subjected to important

91



biochemical assays to study LINE integration mechanism by TPRT. R2 integration mechanism has been most studied
in the R2 element from Bombyx mori (R2Bm).

The R2 protein bound to 3’ protein binding motif (PBM) of R2 RNA binds to the upstream sequences of the
insertion site by using a DNA binding motif that is yet to be identified. The R2 protein bound to 5 PBM of R2 RNA
binds downstream of the insertion site by using R2 protein’s ZF and myb motifs '>. R2 integration into the 28S rDNA
site is catalyzed by the upstream and the downstream protein subunits. (Figure 4-1B). Endonuclease from the upstream
subunit nicks the first strand exposing 3’-OH on the target DNA that acts as a primer for cDNA synthesis (Figure 4-
1B step1)®. The 3°-OH is then used by the reverse transcriptase as a primer for first strand synthesis with R2 RNA as
the template (Figure 4-1B step2). The reverse transcriptase removes the 5’ PBM from this subunit and template jumps
from RNA to the upstream target DNA sequences forming a 4-way junction target DNA structure (Figure 4-1B step3).
The endonuclease from downstream subunit cleaves the second strand (Figure 4-1B step 4) '°. Finally, the reverse
transcriptase from the downstream subunit catalyzes the second strand to complete element integration (Figure 4-1B
step 5) (chapter 2).

The endonuclease encoded by R2 elements is a variant of the PD-(D/E)XK superfamily of endonucleases
and the PD-(D/E)XK serves as the catalytic core motif of many restriction-like endonuclease-fold (RLE) family of
nucleases ''. The PD-(D/E)XK superfamily comprises a large group of proteins that share structurally conserved
consensus core with a four-stranded mixed B-sheet flanked by o-helix on each side (apppap) '*'’. There is an arginine
rich region, also called as the “R-box” that consists of RXXR or NXRXXR found within or in front of the first a-helix

2022 Mutational studies have

in a subset of type II restriction enzymes (e.g., EcoRII, Dpnll, Mbol, PspGlI, and Sso II)
identified the R-box region to be critical for DNA binding and cleavage *'**. Amino acids in the R-box region in some
type Il restriction enzymes are thought to be involved in making contacts to the region at the 3'-end of the recognition
sequence of DNA *'** Restriction enzymes that lack R-box residues uses the same region to interact with target DNA
in order to correctly position the DNA at the cleavage site. A R-box (RXXR) was recently identified in R2 element
and is located at the beginning of the first a-helix of the afppop catalytic core '°. This region is located immediately
after the gag-like zinc knuckle (CCHC motif) that is identified to make contacts with the target DNA especially the
4-way junction intermediate structure required for second strand cleavage and synthesis (Chapter 3). In R2Bm

element, the R-box region is formed by “RILRH” residues (Figure 4-1C). When the second arginine and the following

histidine were mutated (RILR/AH/A), binding to the upstream and downstream target DNA sequences were reduced
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by 40% and 30%, respectively '°. Mutating only the histidine residue (RILRH/A) slightly reduced the ability of the
protein to cleave the first strand '°. While the DNA binding activity of the second arginine residue was indirectly tested
as the RH double mutant (RILR/AH/A), we expected that mutating the arginine residue alone could alter the target
DNA interaction. The first arginine residue in the R-box was not tested and could also play a role in target DNA
binding. This study investigates the role of the two arginine residues in the R-box by subjecting the single mutants
(R/AILRH and RILR/AH) to different functional assays. Both R/AILRH and RILR/AH did not seem to alter the ability
of R2 protein to bind to the target DNA, however, they seem to drastically reduce the ability of the protein to conduct

second strand cleavage, indicating their possible role in precisely positioning the target DNA at the catalytic site of

endonuclease.
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Figure 4-1: R2Bm structure, integration model and multiple sequence alignment. A. R2Bm RNA structure. Box in
the middle represents open reading frame (ORF) with conserved motifs. Abbreviations: zinc finger (ZF), Myb (Myb),
RNA binding (RB), reverse transcriptase domain (RT), a conserved predicted a-helices (HINALP motif), a gag-like
zinc knuckle (CCHC motif) and a PD-(D/E)XK type II restriction-like endonuclease (RLE). R2Bm RNA segments
corresponding to the 5° and 3’ untranslated regions known to adopt distinct structures and bind the R2Bm protein are
labelled within the brackets as 5’ and 3’ protein binding motifs (PBMs), respectively. B. R2 target site, 28S rDNA,
and insertion model. R2 protein associated with the 3> PBM RNA binds 20 to 40 bases upstream (28Su) of the insertion
site (vertical line) and protein associated with the 5> PBM RNA binds to 20 bases downstream of the insertion site
1223 Insertion occurs in five steps. C. Clustal alignment of R2 sequences showing the R-box region from diverse
arthropods (12 sequences), a vertebrate Danio rerio (R2Dr), R8 from Hydra magnipapillata (R2ZHm-A) and R9 from
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Adineta vaga (R9Av-1). Red star represents the Arginine residues mutated in this study. The point mutations generated
in this study are: R/AILRH and RILR/AH. Abbreviations: R2Bm = Bombyx mori, R2Dm = Drosophila melanogaster,
R2Dana = Drosophila ananassae, R2Dwil = Drosophila willistoni, R2Dsim = Drosophila simulans, R2Dpse =
Drosophila pseudoobscura, R2Fauric = Forficula auricularia, R2ZAmar = Anurida maritima, R2Nv-B = Nasonia
vitripennis, R2Lp = Limulus polyphemus, R2Ci = Ciona intestinalis, R2ZAmel = Apis mellifera, R2Dr = Danio rerio,
R8Hm-A = Hydra magnipapillata, ROAv-1 = Adineta vaga

4.3 Results
4.3.1 Single mutations in the R-box region do not seem to decrease binding to linear target DNA

In order to determine whether the arginine residues in the R-box region were involved in target DNA binding,
the residues were mutated to alanine by site directed mutagenesis. The single point mutations generated were
R/AILRH and RILR/AH. The linear DNA binding ability of the two R-box mutants were assayed relative to WT
protein using Electrophoretic Mobility Shift Assays (EMSAs) (Figure 4-2A, B, and C). The DNA was pre-cleaved on
the first strand and labeled on the second/top strand to track the protein-DNA/ protein-RNA-DNA complexes
formation in EMSA gel. The EMSA gel was used to quantify the fraction of target DNA bound by R2 protein and the
DNA binding efficacy is presented in the bar graph. DNA binding activity of WT protein (fWT activity) was set to 1
and relative activity of mutant proteins were calculated. Duplicate binding reactions were prepared and duplicate lanes
were run in the gel. Vector control (Pet28a) and DNA only lanes represent the negative controls.

The upstream DNA binding ability of R/AILRH and RILR/AH mutants were tested in the presence of 3’
PBM RNA and the downstream DNA binding ability was tested in the presence of 5> PBM RNA. Both upstream and
downstream DNA binding ability for R/AILRH and RILR/AH mutant proteins were found to be very similar to that
of WT protein. R/AILRH and RILR/AH mutant proteins decreased the upstream DNA binding activity of R2 protein
by only 4% and 2%, respectively (Figure 4-2A). R/AILRH mutant protein reduced binding to the downstream DNA
sequences by 12% while R/AILRH mutant protein showed the reduction of only 1% (Figure 4-2B). In the absence of
RNA, both the mutant proteins were as efficient as WT in binding the target DNA, with only a decrease of about 3%
to 6% (Figure 4-2C). Overall, both R/AILRH and RILR/AH mutations did not significantly affect the DNA binding

ability of the R2 protein.
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Figure 4-2: Target DNA binding activity of R-box mutants. In the bar graph, WT DNA binding activity (fWT
activity) was set to 1 and relative activity of mutants were calculated. A. Electrophoretic mobility shift assay (EMSA)
gel and bar graph showing upstream target DNA binding ability of R-box mutants in the presence of 3> PBM RNA.
B. EMSA gel and bar graph showing downstream target DNA binding ability of R-box mutants in the presence of 5’
PBM RNA. C. EMSA gel and bar graph showing target DNA binding ability of R-box mutants in the absence of
RNA. DNA binding activity of WT, R/AILRH, and RILR/AH mutants are reported as blue, orange and grey bars,

respectively.

4.3.2  Single mutations in the R-box region do not decrease first strand cleavage and first strand synthesis
The ability of the R-box mutants to cleave the first strand and conduct first strand synthesis by TPRT were

assayed. The R2 proteins were pre-bound with 3° PBM RNA and incubated with linear target DNA labeled on bottom
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strand to track cleavage and first strand synthesis. In synthesis assay, dNTPs were also added. Aliquots of the cleavage
and synthesis assay reactions were run in EMSA and denaturing gels.

The first strand cleavage activity is represented in a scatterplot of fraction of target DNA bound by R2 protein
(fbound) plotted as a function of fraction of target DNA cleaved at the first strand (fcleaved) (Figure 4-3A). fbound
was quantitated from EMSA gel and fcleaved from denaturing gel. Both R/AILRH and RILR/AH mutant proteins do
not show any effect on the ability of the protein to cleave the first strand. Cleavage on target DNA was observed only
at the insertion site.

The first strand synthesis activity is shown in a scatter plot of fraction of the cleaved target DNA that
undergoes TPRT reaction (fTPRT) plotted as a function of fraction of target DNA cleaved at the first strand (fcleaved)
(Figure 4-3B). Both fcleaved and fTPRT were quantitated from denaturing gel. Both R/AILRH and RILR/AH mutant

proteins were as efficient as WT at synthesizing the first strand (Figure 4-3B).
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Figure 4- 3: First strand target DNA cleavage and first strand synthesis activity of R-box mutants. The reactions were
prepared for a range of protein titrations and aliquots were loaded onto EMSA and urea denaturing gels. A. Scatter
plot for first strand cleavage activity. The fraction of target DNA cleaved at the first strand (fcleaved) plotted as a
function of fraction of target DNA bound by protein (fbound) at each protein concentrations. fbound is calculated from
the EMSA gel and fcleaved is quantitated from denaturing gel. Data points for WT, R/AILRH, and RILR/AH are
represented by asterisk, open square, and grey square, respectively. B. Scatter plot for first strand synthesis activity.
The fraction of the cleaved target DNA that undergoes first strand synthesis by TPRT (fTPRT) is plotted as a function
of fraction of target DNA cleaved at the first strand (fcleaved) at each protein concentrations. fTPRT and fcleaved are
calculated from the denaturing gel. Data points for WT, R/AILRH, and RILR/AH are as indicated before.
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4.3.2  Single mutations in the R-box region decrease second strand cleavage on linear target DNA

In the presence of 5’ PBM RNA, the R2 protein binds to the downstream sequences of the target DNA and
cleaves the second strand. To test if R/AILRH and RILR/AH mutant proteins affect the second strand cleavage activity
of R2 protein, cleavage assay was carried out in which the protein were pre-bound with 5> PBM RNA and incubated
with target DNA. The linear target DNA was labeled on the second strand to track cleavage. The reactions were run
in EMSA and denaturing gel for a series of protein titrations.

In EMSA gel, the R/AILRH and RILR/AH mutant proteins could form the typical protein-DNA-RNA
complexes as seen for WT (Figure 4-4A). In WT protein, there is an additional complex below the typical band that
corresponds to the RNP complex bound to the double strand cleaved target DNA which is not seen for both the
mutants. In denaturing gel, R/AILRH and RILR/AH mutants showed significant reduction in the formation of second
strand cleaved target DNA (Figure 4-4B). The second strand cleavage activity of R-box mutants is shown in a
scatterplot where fraction of the target DNA that undergoes second strand cleavage (fcleavage) is plotted as a function
of fraction of linear target DNA bound by R2 protein (fbound). Both R/AILRH and RILR/AH mutant proteins were
found to drastically reduce second strand cleavage activity of R2 protein on a linear target DNA when compared to

WT protein (Figure 4-4C).
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Figure 4- 4: Second strand cleavage activity of R-box mutants. Aliquots of the reactions were prepared for a series of
protein titrations (represented by triangles) and were loaded in the EMSA and denaturing gels. A. EMSA gel used to
calculate the fraction of target DNA bound by R2 protein (fbound). B. Denaturing gel used to calculate the fraction
of target DNA cleaved by the R2 protein (fcleaved). C. Scatter plot of second strand cleavage activity. Symbols and
abbreviations are as in previous figures.
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4.4 Discussion

R2 element encoded RLE belongs to PD-(D/E)XK superfamily of endonucleases which also includes most
bacterial restriction enzymes and certain Holiday junction resolvases. Protein structure prediction and threading
programs like Phyre2 and HHPRED have identified structural similarity of R2 endonuclease with Fok I restriction
endonuclease '"'*?*. A part of the R2 endonuclease from Drosophila melanogaster has been modeled using the crystal
structure of Fok I restriction endonuclease **. Structural database has shown Holiday junction resolvases from archaea
as a top match to model the R2 endonuclease. Very recently, R2 endonuclease from Bombyx mori has been extensively
modeled using the crystal structures of archaeal Holliday junction resolvases E and C (Hje and Hjc) and have shown
to share the afppop core fold along with the similar placement of PD-(D/E) catalytic residues '°. The arginine rich
R-box region with consensus sequence RxxR or NXRXXR is identified at the beginning of the first a-helix in
restriction endonuclease. In restriction enzymes like Mbol, Ssoll, and PspGI, mutating two arginine to alanine in this
region has shown to catalytically inactivate the enzyme and drastically reduce the ability to bind to DNA *"***_In the
crystal structure of Holiday junction resolvase C from (Hjc) from Pyrococcus furiosus, the R-box region consists of
arginine and lysine near the start of the a-helix. Mutating the RK residues to alanine reduced binding of the enzyme
to the holiday junction, but it did not affect the ability to cleave the DNA *°. Deleting MYRKG residues in the R-box
region of Pyrococcus furiosus Hjc completely knocked out the DNA binding ability of the enzyme *°. The RK residues
are conserved in most of the members of Hjc resolvase. A Glycine residue is also found to be conserved in the R-box
region of Hjc and Hje Holliday junction which is thought to aid conformational change of the N-terminal segment of
the enzyme once bound to a Holiday junction *°. The Glycine residue is also found in some restriction enzymes with
R-box.

In R2Bm, the R-box region is located immediately after the presumptive a-finger and the gag-like zinc
knuckle (CCHC motif) of the liker region (Figure 4-1C). The R2Bm R-box consists of “RILRH” motif. Mutating the
conserved RH residues that is located at the start of the first a-helix of R2 RLE decreases the overall DNA binding
ability of R2 protein '°. The RH double mutant also showed about 40% decrease in binding to a non-specific DNA in
the presence of non-specific RNA, indicating they are involved in non-sequence specific Protein-DNA contacts "°. In
this study, mutating only the arginine residue as a single mutant (RILR/AH) did not show any decrease in target DNA
binding activity (Figure 4-2A, B, and C). In addition, the previously unexplored first arginine residue in the RILRH

motif was mutated (R/AILRH) in this study and subjected to DNA binding assay. R/AILRH mutant protein also did
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not show any reduction in DNA binding activity of R2 protein (Figure 4-2A, B, and C). The binding assay was
conducted using a target DNA pre-nicked on the first strand because DNase I footprint has shown that after first strand
gets cleaved the protein footprint extends on target DNA .

Given that the RH double mutation has previously shown to affect DNA binding, the lack of similar
phenotype when single R was mutated might be because mutating only a single arginine residue is not strong enough
to show any drastic change. For future extension of this work, a double point mutant having both the arginine residues
mutated will be generated and tested to better characterize their DNA binding role. The ZF and myb motifs is
recognized as downstream DNA binding domain of R2 protein and we speculate similar distinct upstream DNA
binding domain *’. The non-specific DNA interacting ability of the R-box region of RLE could work together to cleave
the non-palindromic sequences of the DNA target.

While R/AILRH and RILR/AH mutations did not show the expected effect on DNA binding, the mutations
significantly affected the ability of R2 protein to cleave the second strand (Figure 4-4B, C). The first strand cleavage
and first strand synthesis were unaffected by the mutations (Figure 4-3A, B). This indicated that the mutations
interfered with the catalytic activity of endonuclease to specifically make cleavage on the second strand possibly due
to protein conformational change. In the 3D model of R2Bm endonuclease, the second arginine of R-box is located at
the edge of the active site cleft and sits on the surface of the protein '°. The R-box arginine residues could also be
involved in coordinating the target DNA to correctly position it to the active site of the endonuclease required for the
second strand cleavage. The cleavage assay was done using a linear DNA in this study. It has been recently identified
that a 4-way junction is the correct intermediate target DNA structure essential for second strand cleavage and second
strand synthesis (Chapter 2). Cleavage assays for these mutants should also be conducted using a 4-way junction to
make final conclusions about their second strand cleavage activity. In addition, the single and double mutants in R-
box should also be assayed for 4-way junction binding activity to see if they play a role in recognizing the 4-way

intermediate DNA structure which is key to the second half of the integration mechanism.

4.5 Methods

The methods for protein and nucleic acid preparation and R2Bm reactions and analysis were carried out as

described in chapter 3.
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Chapter 5

Identification of 3’ RNA Binding Motif in the RT-1 Region of Protein Encoded by

R2 LINE.

Monika Pradhan and Shawn M. Christensen
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5.1 Abstract

Long Interspersed Elements (LINEs) prevalent in eukaryotic genome integrate by a process called Target
Primed Reverse Transcription (TPRT). R2 is a site-specific restriction like endonuclease (RLE) bearing LINE that
inserts into a specific target site of 28S rRNA gene and is used as a model system to study integration mechanism by
TPRT. The R2 protein recognizes the distinct RNA structures within the 5’ and 3’ untranslated regions of its own
RNA, also known as Protein binding motifs (PBMs). Two R2 protein subunits are believed to be required for
integration, one bound to the 3° PBM and one bound to the 5° PBM of the element RNA. RNA binding determines
final protein conformation and dictates the role of each protein subunit in the integration reaction. Two motifs located
in the N-terminal RT-1 and RTO regions of the R2 protein are identified to bind both 3’ and 5° PBM RNAs. In this
study, mutation generated in the RT-1 region results in R2 protein that retains the ability to bind to 5> PBM RNA but
reduces the ability to bind to 3> PBM RNA. The RT-1 mutation also affects the ability of R2 protein to conduct TPRT
reaction and to cleave the top strand target DNA. There appears to be additional RNA binding residues within R2
protein open reading frame specifically recognizing and binding 3° PBM RNA and 5° PBM RNA with some extent of

overlap.

5.2 Introduction

Long INterspersed Elements (LINEs) or non-Long Terminal Repeat retrotransposons (non-LTRs) are an
important class of retrotransposons that have persisted in the eukaryotic genome for hundreds of millions of years ',
LINEs integrate into the host DNA by a process called Target Primed Reverse Transcription (TPRT) in which the
element encoded protein creates a nick on the target site exposing 3’-OH group that in turn primes reverse transcription
of their RNA template **. R2 is a clade of site-specific LINE that inserts solely into the 28S rRNA genes of its host >
7 R2 encodes a single ORF with N-terminal DNA binding zinc finger (ZF) and a myb motif and RNA binding domain;
centrally located is a reverse transcriptase (RT) domain; and a C-terminal area containing linker region with
presumptive alpha helix (HINALP motif) and gag-knuckle like zinc finger (CCHC motif), and a type II restriction
like endonuclease (RLE) domain (Figure 5-1A) 68713 " The RT, linker, and RLE of R2 encoded protein forms a larger

globular domain while the N-terminal region forms a smaller globular domain .
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Current model of R2 retrotransposition (Figure 5-1B) requires two ribonucleoprotein (RNP) complexes
which are formed due to the strong cis preference of R2 encoded protein to R2 RNA (Figure 5-1B) '2. When R2 protein
is bound to 3’ protein binding motif (PBM) of R2 RNA, it adopts a conformation that allows it to bind to the upstream
sequences of 28S rDNA (28Su) relative to the insertion site and when R2 protein is bound to 5° PBM, it attains another
conformation that binds to the downstream sequences (28Sd) of the insertion site (Figure 5-1B) " The upstream and
downstream protein subunits catalyzes the integration mechanism '*. Endonuclease from the upstream subunit nicks
the first (antisense) strand exposing 3’-OH on the target site which then acts as a primer for cDNA synthesis by reverse
transcriptase of the same subunit (Figure 5-1B, step 1 and 2) °. The reverse transcriptase removes the 5° PBM from
downstream subunit during cDNA synthesis and then jumps template form 5° PBM end of RNA to 28S upstream
sequences (Figure 5-1B step 3) '* (Chapter 2). The endonuclease from downstream subunit cleaves the second (sense)
strand(Figure 5-1B step 4) '°. Finally, reverse transcriptase from downstream subunit catalyzes the synthesis of second
strand thus completing element integration (Figure 5-1B step 5) ",

Binding of R2 protein to 3’ and 5> PBM RNA forms two RNP complexes that are crucial for successful
element integration. 3° PBM corresponds to the 250 nt of the 3” untranslated region (UTR) of R2 RNA while 5’ PBM
covers a 300 nt segment that starts within the 5° UTR and ends just before the N-terminal ZF. The 3* and 5> PBM
regions of R2 transcript are folded into distinct structures and have shown to be involved in binding R2 protein ">,
In addition to structural difference between the two PBMs, they are also functionally different. While contacts of R2
protein with 3> PBM induces the protein to bind to upstream DNA sequences and lets the RT utilize R2 RNA for
TPRT, binding to the 5 PBM changes the specificity of R2 protein to bind to the downstream sequences from the

insertion site '>!8

. R2 protein has high specificity to bind to RNA and the only RNA utilized in TPRT reaction are
those that contain R2 3° PBM "°. Two motifs, one in RT-1 region and another in RTO region N-terminal to RT domain
have been identified to bind both 3” and 5° PBMs of R2 RNA '! (Figure 5-1C residues with blue open circles on top).
These regions are called RT-1 and RTO regions since they lie upstream to the conserved 1-7 domains of reverse
transcriptase. It is still unclear how one region of the protein could bind both PBMs, yet 3' PBM is positioned to be
used as a template for TPRT, while the 5' PBM changes the specificity of protein for binding to the downstream DNA
sequences. Given the different secondary structures adopted by 3° and 5° PBMs of R2 transcript and the different

conformational changes they induce when bound to R2 protein, we hypothesize that there are additional unidentified

residues that distinguish and specifically binds to either 3’ or 5° PBM, while there are residues that bind both. This
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chapter reports a Tyrosine (Y) residue in the RT-1 region that is solely involved in binding 3° PBM of R2 RNA.
Mutating the Y residue did not affect the ability of R2 protein to bind to 5° PBM and cleave the first strand, but it did
affect the ability to bind to 3° PBM RNA, use the cleaved target DNA strand to synthesize first strand, and cleave the

second target DNA strand.
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Figure 5-1: R2Bm structure, integration model and multiple sequence alignment. A. R2Bm RNA structure. Box in
the middle represents open reading frame (ORF) with conserved motifs. Abbreviations: zinc finger (ZF), Myb (Myb),
RNA binding (RB), reverse transcriptase domain (RT), a conserved predicted a-helices with HINALP residues
(HINALP), a gag-like zinc knuckle with Cysteine/Histidine rich motif (CCHC) and type II restriction-like
endonuclease (RLE). R2Bm RNA segments corresponding to the 5* and 3’ untranslated regions known to adopt
distinct structures and bind the R2Bm protein are labelled within the brackets as 5’ and 3’ protein binding motifs
(PBMs), respectively. 5> PBM and 3’ PBM are used to generate data in the paper. B. R2 target site, 28S rDNA, and
insertion model. R2 protein associated with the 3° PBM RNA binds 20 to 40 bases upstream (28Su) of the insertion
site (vertical line) and protein associated with the 5> PBM RNA binds to 20 bases downstream of the insertion site
1920 Insertion occurs in five steps. C. Clustal alignment of the N-terminal region spanning from RT-1 to RT0 region
from diverse arthropods (12 sequences), a vertebrate Danio rerio (R2Dr), R8 from Hydra magnipapillata (R2ZHm-A)
and R9 from Adineta vaga (R9Av-1). Blue closed circle represents the motifs already identified to be involved in
binding 3’ and 5> PBM RNAs '' and red star represents the residues mutated in this study. The point mutations
generated in this study are: GAEE/A, EY/A, VID/A, YW/A, and YWR/A. Abbreviations: R2Bm = Bombyx mori,
R2Dm = Drosophila melanogaster, R2Dana = Drosophila ananassae, R2Dwil = Drosophila willistoni, R2Dsim =
Drosophila simulans, R2Dpse = Drosophila pseudoobscura, R2Fauric = Forficula auricularia, R2ZAmar = Anurida
maritima, R2Nv-B = Nasonia vitripennis, R2Lp = Limulus polyphemus, R2Ci = Ciona intestinalis, R2ZAmel = Apis
mellifera, R2Dr = Danio rerio, RSHm-A = Hydra magnipapillata, ROAv-1 = Adineta vaga

105



5.3 Results
5.3.1 Single point mutants were generated in the N-terminal region.

To determine the residues involved in independently binding 3’ or 5> PBM of R2 RNA, additional residues
in the N-terminal region were mutated (Figure 5-1C). The mutations generated were GAEE/A, EY/A, VID/A, YW/A,
and YWR/A. The EY/A and VID/A mutations were located within the RT-1 region, GAEE/A mutation was located
upstream of the RT-1 region, and YW/A and YWR/A mutations were located between the RT-1 and RTO regions.
The VID/A and YW/A mutations did not yield enough soluble protein as compared to wild type (WT) protein to carry
out functional assays, so were dropped out from the study. The GAEE/A and YWR/A mutations showed wild-type

like phenotype, so they will not be further discussed.

5.3.2 EY/A mutation reduces binding to 3> PBM RNA but does not affect first strand cleavage

To investigate if the RT-1 tyrosine (Y) residue is involved in binding 3’ PBM RNA, the EY/A mutant protein
was tested against WT protein for its ability to form protein-RNA-DNA complexes. In the presence of 3> PBM RNA,
the WT protein formed typical protein-RNA-DNA complexes, whereas the EY/A mutant protein was less efficient in
forming 3’ PBM bound complexes on EMSA gel on linear DNA (Figure 5-2A). Unlike WT protein, the EY/A mutant
protein formed an additional smeary band below the typical complex that corresponds to protein-DNA only (no RNA)
complex. The analogous protein-DNA complex could only be observed in EMSA gel in the absence of RNA for both
WT and EY/A mutant (Figure 5-2B). A bar graph was plotted in which the WT protein activity to form protein-RNA-
DNA complex (fWT activity) was set to one and the relative activity of EY/A mutant was quantitated. The EY/A

mutant reduced the ability of the R2 protein to form 3> PBM RNA bound complex by ~38% as compared to WT

protein.
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Figure 5-2: EY/A mutation affects the 3’ PBM RNA binding activity of R2 protein. A. EMSA gel showing the ability
of R2 protein to bind to linear target DNA and 3> PBM RNA. The triangles above the EMSAs represent a protein
titration series. B. EMSA gel showing the ability of R2 protein to bind to the target DNA in the absence of RNA. C.
Bar graph of WT vs EY/A mutant protein’s ability to form 3> PBM RNA bound complexes in EMSA gel shown in A.

The first strand cleavage activity of mutant protein was also tested against WT protein and presented in a
scatterplot (Figure 5-3B). The fraction of the target DNA cleaved at the first strand (fcleaved) was quantitated from
denaturing gel (Figure 5-3A) and the fraction of target DNA bound by the R2 protein (fbound) was calculated from
EMSA gel (Figure 5-2A). The EY/A mutant protein was found to be as efficient as WT protein to conduct first strand

cleavage. No additional cleavages beyond the R2 cleavage site was observed for WT and mutant proteins.
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Figure 5-3: First strand cleavage activity of EY/A mutant protein. A. Denaturing gel of the same reactions in Figure
5-2A. showing the signals for uncleaved and first strand cleaved target DNA. Fraction of target DNA that undergoes
first strand cleavage (fcleaved) is quantitated from denaturing gel. B. Scatter plot of fraction of cleaved target DNA
(fcleaved) plotted as a function of fraction of target DNA bound by protein (fbound) at each protein concentrations.
Data points for WT, and EY/A are represented by asterisk and open triangle, respectively.

5.3.3 EY/A mutation reduces the ability of R2 protein to conduct first strand synthesis
After first strand cleavage, R2 protein utilizes R2 RNA as a template to synthesize first strand. In order to

investigate the ability of the EY/A mutant protein to conduct TPRT reaction, R2 protein was incubated with 3° PBM
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RNA and linear target DNA in the presence of dNTPs. The target DNA was labeled on the bottom strand to track the
first strand cleavage and TPRT product formation on a denaturing gel (Figure 5-4A). The efficacy of WT vs EY/A
mutant protein to synthesize first strand by TPRT are presented as a scatter plot (Figure 5-4B). While the WT protein
generated robust TPRT products at each protein titrations in denaturing gel, the EY/A mutant seems to be
comparatively less efficient (Figure 5-4A). Overall, the EY/A mutation decreased the ability of R2 protein to utilize

the cleaved target DNA for TPRT product formation.
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Figure 5-4: First strand synthesis by TPRT activity of EY/A mutant. A. Denaturing gel showing uncleaved, first
strand cleaved and TPRT product formation. Fraction of target DNA that undergoes first strand cleavage (fcleaved)
and fraction of cleaved target DNA that undergoes TPRT (fTPRT) were calculated from the denaturing gel. B. Scatter
plot of fraction of the target DNA that undergoes first strand synthesis by TPRT (fsynthesis) as a function of fraction
DNA cleaved by the R2 protein (fbound) at each protein concentrations. Symbols and abbreviations are as in previous
figures.

5.3.4 EY/A mutation does not reduce binding to 5> PBM RNA but affects second strand cleavage on linear

target DNA

In the presence of 5> PBM RNA, the R2 protein binds to the downstream sequences from the insertion site
and cleaves the second strand. The ability of EY/A vs WT protein to bind to the 5> PBM RNA was assayed by the
formation of a typical Protein-RNA-DNA complex in the EMSA gel (Figure 5-5A) and the ability to cleave the second
strand was assayed using denaturing gel (Figure 5-5B). Linear target DNA labeled on the second strand was used in
the assay. The EY/A mutant protein was found be as efficient as WT protein in binding 5° PBM RNA as they formed
the typical protein-RNA-DNA complex in EMSA gel (Figure 5-5A). The WT protein forms an additional band below
this typical band that corresponds to RNP bound to the double strand cleaved DNA. A graph of the fraction of target

DNA that underwent second strand cleavage (fcleavage) as a function of fraction of target DNA bound by R2 protein
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(fbound) is reported in Figure 5-5C. EY/A mutation affects the ability of R2 protein to cleave the second strand of

linear DNA as compared to WT.
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Figure 5-5: Second strand cleavage activity of EY/A mutant protein. A. EMSA gel showing the Protein-RNA-DNA
complexes formed in the presence of 5’ PBM RNA and linear target DNA. B. Denaturing gel of the same reactions in
A. showing the signals for uncleaved and second strand cleaved target DNA. Fraction of target DNA that undergoes
second strand cleavage (fcleaved) is quantitated from denaturing gel. C. Scatter plot of fraction of cleaved target DNA
(fcleaved) plotted as a function of fraction of target DNA bound by protein (fbound) at each protein concentrations.
Symbols and abbreviations are as in previous figures.

5.4 Discussion

Mutational analysis has revealed that the N-terminal RT-1 and RTO regions forms a part of RNA binding
domain of R2 protein ''. Motifs identified in the -1 and 0 regions bind both 3’ and 5° PBM RNAs ''. However, it is
not made clear how the two regions of RNA could be bound to a single area of the protein, yet 3 PBM RNA could
induce R2 protein to adopt upstream DNA binding protein conformation and position itself to initiate first strand
synthesis, whereas 5’ PBM RNA could prompt the R2 protein to adopt downstream DNA binding conformation. The
5’ PBM region of R2 RNA adopts a distinctive pseudoknot structure that is found to be conserved across silk moths
1721 The 3° PBM of R2 transcript forms a unique secondary structure that differs from that of 5> PBM RNA '® It
remains ambiguous how two structurally different regions of RNA could be recognized and be bound by the same
region of R2 protein. With these observation, we predict that while there are some common 3’ and 5 PBM RNA
binding residues in R2 protein, there should also exist additional residues that discretely binds either 3’ or 5° PBM

RNA. In order to identify the distinct set of RNA binding motifs, a high resolution alanine scanning of the N-terminal
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region was done and mutational analysis within the RT-1 region has identified a Tyrosine (Y) motif exclusively
involved in 3> PBM RNA binding. Mutating the residue also affected the protein’s ability to conduct TPRT and to
cleave the second strand in gel shift assays.

In the presence of 3> PBM RNA, WT forms a typical 3> PBM RNA bound complex but the EY/A mutant
showed about 38% reduction in forming the RNA bound complex (Figure 5-2C). In addition, EY/A mutant protein
formed a smeary band below this typical complex that represented to a Protein-DNA complex or 3° PBM RNA free
complex (Figure 5-2A). This clearly indicated that the Y residue in the -1 region plays an important role in binding 3’
PBM RNA. Any such RNA free complex was not observed in EMSA gels in the presence of 5’ PBM RNA. The EY/A
mutant protein was efficient in binding 5> PBM RNA and formed distinct protein-RNA-DNA complex like that of
WT (Figure 5-5A) implying that Y residue does not take any part in binding 5° PBM RNA. This shows that as
speculated, we have identified at least one residue in the RT-1 region that identifies as a motif that discretely binds 3’
PBM RNA.

The EY/A mutation did not affect the ability of the protein to cleave the first DNA strand at the target site
(Figure 5-3B). However, the mutation reduced the efficiency of R2 protein to form TPRT products (Figure 5-4B).
Since the mutant protein could readily cleave the first strand target DNA, the observed reduction in first strand
synthesis should be because of the reduced ability of the mutant protein to bind to 3> PBM RNA which is utilized as
a template for first strand synthesis. In addition, that the mutant protein might also have lost the ability to properly
position the 3° PBM region of R2 RNA to allow priming or once primed, the protein may not be able to perform
reverse transcription. However, it is more apparent that the loss of 3> PBM RNA binding has led to the reduction in
TPRT product formation for the EY/A mutant.

The EY/A mutant reduced the second strand cleavage activity of EY/A mutant when compared to WT on a
linear target DNA (Figure 5-5C). The inefficiency of EY/A mutant protein to cleave the second strand explains the
lack of double strand broken complex for the mutant in EMSA gel (Figure 5-5A). This indicates that EY/A and WT
could bind the RNA with similar efficacy but the mutation hinders second strand cleavage. This could occur when the
protein bound 5° PBM RNA could not be removed from the downstream subunit only after which second strand
cleavage occurs. In other words, the mutation could possibly affect proper endonuclease conformation required for
second strand cleavage to occur. The cleavage assay, however was done using linear target DNA. Although linear

DNA was used for cleavage assays historically, the target DNA intermediate identified to be essential for second
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strand cleavage is a 4-way junction (Chapter 2). So, further investigation using a four-way junction is essential to
make conclusions about second strand cleavage activity of the mutant protein.

While we have identified a single RNA binding residue that specifically recognizes and binds 3° PBM RNA,
extensive characterization of RNA binding by R2 protein still needs to be done. In LINE-1 elements that are APE
bearing LINEs, RNA binding domain was found to be located in ORF1 which is separate from ORF2 that encodes for
endonuclease and reverse transcriptase **. Mobile group II introns and Telomerase which are phylogenetically related
to LINEs, have their RNA binding residues limited not only to the regions N-terminal to reverse transcriptase but also

2324 In vivo studies in human LINE-1

involve residues in finger, palm, and thumb regions of reverse transcriptase
elements have shown reduction of ORF2 protein in RNP complex when the first two cysteines of the zinc knuckle
(CCHC motif) were mutated, implying its possible role in RNA binding *. In human LINE-1 elements, a recombinant
protein containing 180 amino acid residues of the C-terminal region of ORF2 have shown to be involved in RNA
binding *°. It is evident that in elements similar to R2, RNA binding surface is not limited to few N-terminal residues
but they are spread over the central RT domain and the C-terminal domain. Investigation on additional domains of R2
protein needs to be done to identify the spread of these RNA interacting motifs. While a rigorous alanine scanning of
R2 protein could yield information on discrete 3’ and 5> PBM RNA binding motifs, mutational studies on the entire
R2 protein will be too time consuming. So, targeted site directed mutagenesis study should be coupled with other
global approaches like mass spectrometric protein footprinting assay for determination of amino acid residues of R2

protein that makes RNA contacts >’. Elucidating a complete picture of RNA binding motifs of R2 protein would be a

large step forward to understanding the insertion mechanism of this important class of retrotransposable element.

5.5 Methods
The methods for protein and nucleic acid preparation and R2Bm reactions and analysis were carried out as described

in chapter 3.
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Chapter 6

Conclusions

6.1 Second half of the integration mechanism

The RLE encoded by R2 elements is reported to have sequence and structural homology with the archaeal
Holliday junction resolvases and a 3D model of R2 RLE has been built using the crystal structure of Holliday Junction
resolvases C and E (Hjc and Hje) '. This had put forward the question if the R2 RLE could bind and cleave Holliday-
junction like target DNA structures. Chapter 2 identifies that a Holliday-junction-like DNA structure is a critical
component for second half of the integration mechanism. R2 protein would preferentially bind a nonspecific 4-way
junction over a nonspecific linear DNA but would not cleave them symmetrically. However, the four-way junction
containing 28S rDNA and R2 sequences shows robust site specific second strand cleavage which is almost
symmetrical with the first-strand cleavage pre-engineered in the 4-way junction structure. The formation of the 4-way
junction DNA is structurally relevant to the template jumping by the reverse transcriptase that has been
hypothesized/shown to occur for both APE LINEs and RLE LINEs *. The identified 4-way junction integration-
intermediate DNA structure is expected to be formed upon a post-TPRT template-jump by reverse transcriptase from
the RNA to the target DNA (Chapter 2, Figure 3-8a step iii). The downstream 28S DNA sequence, the covalent linkage
by template jump and the presence of the preexisting bottom-strand cleavage all appeared to be important sequence
and structural components. As we expect for second strand cleavage, the endonuclease cleaved the 28S DNA second
strand on the 4-way junction only in the absence of 5' PBM and 3' PBM RNA. The second strand cleavage of the 4-
way junction seemed to create a primer-template setup between the cleaved target DNA and the first strand cDNA
which led to the second strand synthesis product being observed for the first time in our in vitro assays. The protein
that forms the downstream subunit was observed to be primarily involved in catalyzing the second strand synthesis.
These findings have led us to an updated and detailed model of R2Bm integration mechanism (Chapter 2, Figure 3-
8). The first two steps of the integration mechanism that includes first strand cleavage and first strand synthesis by
TPRT, is same as that of the previous model. After TPRT, a template jump or a recombination event has been proposed
as the third step in the new integration model. At the end of first strand synthesis by TPRT, when reverse transcriptase
reaches the 5’ end of R2 RNA, the reverse transcriptase jumps from 5’ end of R2 RNA to the top strand of 28S rDNA

upstream of the R2 insertion site. The template jump/recombination creates a 4-way junction intermediate DNA

114



structure. In the fourth step of the integration, the endonuclease from downstream subunit recognizes the 4-way
junction target DNA and cleaves the second strand. Finally, the reverse transcriptase from downstream subunit
performs the second strand synthesis, completing element integration.

The template jump step as observed for R2 RT can also be functionally analogous to L1 RT (Chapter 2,
Figure 2-8b). In L1 LINEs, second strand cleavage by APE occurs 14- 25 bp downstream relative to the first strand
cleavage site, creating staggered breaks in the target DNA that are later filled in to form direct repeats flanking the
newly inserted element (termed target site duplications or TSDs) ®. After second strand cleavage, the 14-25 nucleotides
on the bottom strand between the first and second strand nicked site melts away from the top strand. This enables the
reverse transcriptase to template jump from 5’ end of L1 RNA to the upstream DNA sequences from the top strand
nicked site, thus forming a 4-way junction intermediate DNA structure shown to be essential for second strand
cleavage and second strand synthesis in R2 elements. The proposed template jump step in the new integration model
has provided a testable model of integration mechanism not only for other RLE LINEs but also for APE LINEs that

bear completely different endonuclease.

6.2 Linker region

The reverse transcriptase (RT), linker and restriction like endonuclease (RLE) is known to form a large
globular domain in R2 elements from Bombyx mori (R2Bm) °. While the RT and RLE are extensively characterized,
the linker region remained as one of the understudied regions of the R2 encoded protein. Of particular interest in the
linker region are the gag- like zinc knuckle (CCHC motif) and the predicted upstream a-helices (a-finger) which are

found to be universally conserved not only in RLE LINEs but also across APE LINEs *'°

. These regions in human L1
elements have long been speculated to be involved in RNA binding '"'>. Our studies using R2Bm have shown that
RNA binding does not seem to be the major role of the zinc knuckle and a-finger motifs. The mutations in these
regions did not lead to the formation of RNA-free complexes in the EMSA gel when compared to WT protein. Given
that the RNA binding surface of the protein could be broadly spread over the R2 protein surface, it is possible that our
assay with double point mutations may not be sensitive enough to detect any effects. There remains the need for further
exploration of RNA binding residues within R2 protein using protein-wide expansive approaches.

The CCHC motif of zinc knuckle and the residues in the upstream a-helices have been identified to be

indispensable for successful retrotransposition of L1 and SART1 LINE elements in vivo, however, none of the studies

115



have determined the actual biochemical role of these conserved motifs in the linker ''"'*. Our studies have now
identified that the linker region is indeed biochemically crucial in coordinating nucleic acid and protein functions both
in the first and the second half of the integration mechanism. In R2Bm, the core residues of zinc knuckle (CCHC
motif) and a-finger (HINALP motif) appears to be structurally important for all protein functions. Mutations in the
core residues lead to structural collapse of the local protein structure which in turn unconstrains the endonuclease
domain promoting off target DNA cleavages and abolishes the ability of R2 protein to stably bind target DNA. Four
arginine residues located in the a-finger have been identified to be important to correctly position the target DNA
and/or the endonuclease for successful first-strand and second-strand DNA cleavages. Additionally, a-finger residues
are involved in positioning the reverse transcriptase and/or the nucleic acid components required for effective first
strand synthesis by TPRT. Zinc knuckle residues seem to have similar function especially in the second half of the
integration. Both zinc knuckle and a-finger are equally essential for second strand synthesis as they properly locate
the cleaved second strand plus the reverse transcriptase for primer extension. Both zinc knuckle and a-finger seem to
be coordinating together to induce protein conformational changes required for proper activity of endonuclease and
reverse transcriptase at each step of integration mechanism. Also, they appear to correctly present the bound nucleic
acid components to the active sites of reverse transcriptase and endonuclease during the integration process. The a-
finger, in addition, was found to be specifically recognizing and binding the 4-way junction intermediate DNA
structure which is a gateway to the second half of the integration mechanism.

Given the universal conservation of linker region motifs, our findings can be directly implied to other RLE
LINEs and also to the group of APE bearing LINEs. Although the location of endonuclease differs between the RLE
and APE LINEs, the a-finger and zinc knuckle of linker region could still modulate the reverse transcriptase and
endonuclease activity in APE LINEs by controlling how they position nucleic acids to the protein’s active sites during
integration process. It remains possible that these regions in APE LINEs could also induce protein conformational
changes essential for protein function. Formation of a 4-way junction post-TPRT has been proposed for other groups
of LINEs. Since our study has put forward o-finger to be a major determinant in recognizing the 4-way junction,
similar functionality could hold true for a-finger motif across the groups of LINEs.

The similarity of the RT, linker, and RLE of R2 LINE with the large fragment of Prp8, a eukaryotic splicing
factor, is very much apparent. The crystal structure of the large fragment of Prp8 was a major template to build the

3D model of R2Bm RT °. Also, Prp8 RLE is very similar to the R2Bm RLE sharing the unique spacing of the catalytic
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core residues °. Joining the RT and RLE in Prp8 is a linker region. Towards the end of the linker region in Prp8 lies
1585 loop-helices (a-finger) and BPa non-zinc knuckle which is found to align very well with the predicted a-finger
helices and zinc knuckle region of both RLE and APE LINEs °. Different complexes are formed during spliceosome
assembly and activation, and at each complex formation step the a-finger and non-zinc knuckle of Prp8 play major
roles. At U4/U6.US tri-snRNP and B complex formation steps, the residues in the non-zinc knuckle and the thumb of
Prp8 is shown to form a binding pocket for intron and they coordinate the positioning of the Guanine base (G) at the

15,16

5’ splice site . The a-finger of Prp8 is found to be highly dynamic during spliceosome rearrangements '’. The

interaction of 1585 loop with U2/U6 duplex, Cwc24, and Prpl1 has shown to cage the guanine (G) nucleotide at the
5" splice site and is important to maintain catalytic dormancy of B*” complex, while the removal of Cwc24, and Prp11
from 1585 loop catalytically activates the B* complex '"'® In C* complex, which is a second catalytically active stage

17-19

of spliceosome, the 1585 loop is found to be essential to stabilize the active site conformation . In post catalytic P

complex, the 1585 loop interacts with the intron at 3’ splice site and stabilizes the conformations *°. The Prp8 1585
loop and non-zinc knuckle are found to interact with important branched RNA structures near the splice sites ">

The findings from our experiments on the linker region are indicative that these regions of Prp8 could also be

functionally very similar to LINEs.

6.3 DNA binding and R-box region

Two R2 protein subunits are believed to be required for integration, one bound to the upstream 28S DNA
sequences and one bound to the downstream 28S DNA sequences from the insertion site. The N-terminal ZF and Myb
motif of R2 protein have been identified to bind to the downstream sequences of 28S target DNA '. Mutations in the
a-finger of linker has shown to induce moderate decrease in both upstream and downstream target DNA binding
(Chapter 3, Figure 3-3). However, the a-finger and zinc knuckle have shown to be important in positioning the target
DNA for endonuclease and reverse transcriptase activity. Our studies have identified a-finger of the linker region to
have specificity to recognize the 4-way junction intermediate target DNA structure which is a major step required to
proceed to the second half of the integration process.

R2 elements encode a variant of the PD-(D/E)XK superfamily of endonucleases **. A subset of type II
restriction enzymes and holiday junction resolvases that share a affppap restriction endonuclease-like fold similar to

23-25

R2 RLE, consists of an arginine rich R-box region within or in front of the first a-helix . The arginine and lysine
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residues make contacts with target DNA, and mutation in these residues leads to lack of DNA binding and hence

24-27
cleavage

. The R2 endonuclease has similar R-box region with “RILRH” motif and mutating the RH have shown
to reduce DNA binding . In our study, the single mutation of the two arginine residues did not seem to be strong
enough to produce any observable effect (Chapter 4). We expect that mutating both the arginine residues of R-box as
a double mutant will show a reduction in DNA binding activity of protein. An additional phenotype shown by the
single mutants was their inability to cleave the second strand when using a linear DNA in our in vitro assay. Additional

experiments with a 4-way junction target DNA is required to make conclusions about their binding specificity and

cleavage activity.

6.4 RNA binding and RT-1 region

RNA binding determines final protein conformation and dictates the role of each protein subunit in the
integration reaction. Involvement of domains of R2 protein in RNA binding is just beginning to be understood. The
N-terminal RT-1 and RTO motifs have recently been recognized to bind both 3° PBM RNA and 5’ PBM RNA °. Our
study has identified a “Y” residue in the RT-1 region that specifically recognizes and binds 3> PBM RNA (Chapter
5). This finding has shown that there are additional residues within R2 protein that can differentiate and distinctively
bind to either 3° PBM RNA or 5° PBM RNA. Identification of these residues will help us understand how R2 protein
is able to distinguish between 3’ PBM, 5’ PBM, and non-specific RNAs and upon binding, how they regulate protein's
DNA binding modules. In telomerase and group II intron, that share close evolutionary relationship with R2 LINEs,
the RNA binding residues are not limited to the N-terminal regions but are distributed across the fingers, palm, and

thumb domains of RT 2-%°

. Additional high resolution scanning of the residues within the N-terminal, RT, linker, and
endonuclease domains of R2 needs to be done. Also, a more global approach requires to be undertaken along with

point mutational analysis for fast and accurate identification of areas of R2 protein interacting with RNA template.

6.5 Limitations
The a-finger of linker region have been identified to play a critical role in recognizing 4-way target DNA
structure. But at this point, we do not know which arm(s) of the 4-way junction is an important determinant for being

recognized by the a-finger. We still do not have a 3D model for the linker region nor we have a protein-nucleic acid
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structure to understand the details of how linker region modulates protein conformational change and positioning of
nucleic acids at different steps of integration process.

The study with the RT-1 region and the R-box region have provided some important insights into nucleic
acid binding activity of R2 protein. But additional studies on each of these regions remains to be done. Our studies
did not identify the domain of R2 protein that binds to the upstream sequences of 28S target DNA from the insertion
site. A larger study encompassing the point mutations in conjunction with global footprinting approach to track down
the DNA/RNA binding surfaces of the protein needs to be carried out.

In hot DNA experiments that we conducted, we have tracked DNA binding and made inferences about RNA
binding. Hot DNA experiments do give useful information in a boarder view as we can also track target DNA
cleavages and new strand synthesis. However, hot DNA experiments may not be able to detect very subtle changes in

binding affinity of R2 protein to 5’ PBM and 3° PBM RNAs.

6.6 Future directions

The limitation of our studies will be addressed as a part of the future extension of current work. To determine
which arm(s) of the 4-way junction target DNA are important for being recognized by the a-finger of the linker region,
different 4-way junctions will be strategically built by swapping R2 specific sequences with non-specific sequences
on each arm. Testing the ability of WT and a-finger mutant protein to bind the new set of junctions will help us identify
the sequence and the structural component of the 4-way junction DNA that drives the binding specificity of R2 protein
to the 4-way junction.

In addition, linear and 4-way junction target DNA will also be footprinted to investigate sequence specificity
of the linker region of R2 protein. Hydroxyl radical/ Missing nucleoside footprinting techniques will be used to map
the loss of DNA contacts in R2 mutants that have been shown to have impaired DNA binding activity > This DNA
footprinting technique utilizes Fenton’s reaction to generate hydroxyl radicals that removes DNA bases and breaks

the DNA backbone. The hydroxyl radical modification of DNA (pre and post protein binding) gives nucleotide level

footprinting data. Hydroxyl radical footprinting is a protection assay in which R2 protein will first be bound to 32P
labeled target DNA followed by hydroxyl modification of the DNA. The DNA will be protected from modification

where the protein is in close contact *'. On the other hand, missing nucleoside footprinting is an interference assay in

which 32P labeled target DNA is first modified by hydroxyl radical cleavage and then assayed for R2 protein binding
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*2_In both the assays, the resulting footprint of the protein bound to DNA will be analyzed by electrophoresis on a
denaturing DNA sequencing gels and visualized by autoradiography. The DNA footprint pattern of WT R2 protein
bound to DNA will be compared to the DNA footprint pattern of mutant protein bound to DNA. If the mutation
abolishes/reduces binding of R2 protein to specific nucleotides of target DNA, then the footprint for mutants will be
different from that of WT. These techniques will point out the nucleotides on the target DNA that are contacted by
linker region of R2 protein.

Protein footprinting will help us map out the yet unknown domain of the R2 protein involved in binding 28S
DNA sequences upstream of the insertion site. Also, the RNA binding residues spread over the large surface of R2
protein can be established. Mass spectrometric footprinting is a technique that allows fast and accurate identification
of amino acids in a protein that makes DNA/RNA contacts. The method utilizes a primary amine modifying reagent
that only modifies available residues in free protein but not when the residues are masked due to protein-nucleic acid
interactions *. There are 44 lysines and 123 arginines in the full-length R2 protein, many of which are likely to be on
the surface of the R2 protein and involved in binding to nucleic acids °. Whole scale chemical modification of the
lysine and arginine surface residues in the presence and absence of 3° PBM RNA, 5’ PBM RNA, linear target DNA,
and branched target DNA will provide a footprint of which of the lysine and arginine residues bind to or are otherwise
blocked from chemical modification upon binding these nucleic acids. One of the modifying reagents that can be used
is N-hydroxysuccinimide (NHS)-biotin that biotinylate lysine residues. The modifying agent exposed protein-nucleic
acid complexes will be subjected to SDS gel electrophoresis followed by in-gel proteolysis which produces short
peptide fragments that can be analyzed by mass spectrometry *. The biotinylated peptide peak can be identified and
assigned to a particular lysine residue. Comparison of peaks obtained from free protein vs RNA/DNA bound protein
readily shows the residues modified in free but protected in protein-nucleic acid complexes. These protected residues
are the ones involved in RNA/DNA interactions **. In a similar way, the arginine residues can be modified by using
p-hydroxyphenylglyoxal (HPG) / 1,2-cyclohexanedione (CHD) and mapped by mass spectrometry for nucleic acid

interactions >+

. Amino acids identified from the footprinting assay will be mutated to alanine and tested in vitro for
loss of nucleic acid binding function. Additionally, RNA binding assays will also be conducted using radiolabeled 3’
PBM and 5 PBM RNAs.

Finally, to get a high-resolution structure of the R2 protein, R2 RNP, and R2 DNA complexes, single particle

reconstruction techniques like cryo-electron microscopy (cryo-EM)*® will be used which would be a huge step forward
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in understanding the overall protein structure and nucleic acid interactions at near atomic level.
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