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Abstract of the Dissertation

Structural biology of group Il intron splicing and retrotransposition

by

Daniel B. Haack
Doctor of Philosophy in Chemistry
University of California, San Diego, 2018

Professor Navtej Toor, Chair
Professor Timothy Baker, Co-Chair

Group Il introns are DNA sequences that are interspersed throughout the genomes of organisms
from all three domains of life. In many cases these intron genes interrupt coding sequences referred to
as exons. In order for the exons to be expressed properly, the intervening intron sequence must first be
removed. Once transcribed into pre-mRNA, the scattered introns become catalytic ribozymes and are
able to efficiently excise themselves and ligate the flanking exons. These RNA molecules contain an
active site capable of binding the catalytic metal ions required to perform two sequential
transesterification reactions that cut out the intron sequence and paste the exons together. This
mechanism is identical to the one used by the spliceosome to process spliceosomal introns from pre-
MRNA in eukaryotes. The mechanistic similarities combined with conserved structural elements supports
the hypothesis that group Il introns and the spliceosome share a common evolutionary ancestor. In

addition to their splicing function, group Il introns also act as selfish mobile genetic elements known as
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retrotransposons. These active retroelements contain an open reading frame for a protein called the
maturase. When expressed. this protein acts as a folding chaperone by binding specifically to the intron
RNA to promote splicing activity. The maturase is a multifunctional protein containing reverse
transcriptase and endonuclease domains allowing the group Il intron/maturase complex to invade dsDNA
through a target primed reverse transcription mechanism. Sequence homology and mechanistic
similarities have evolutionarily linked group Il introns to non-LTR retroelements, which make up
approximately 34% of the human genome. Some of these retroelements are still active and are the
cause of many genetic diseases. The focus of this dissertation is the structural study of group Il introns to
elucidate the mechanism of splicing and retrotransposition. Using cryo-EM, | have been able to obtain
density maps at 5.8 A resolution for a group Il intron while splicing and 4.8 A resolution for a group I

intron actively invading dsDNA. The 4.8 A map represents the first of its kind for any retroelement.
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Chapter 1: Introduction

1.1 Group Il'intron structure and function

The discovery of catalytic RNA molecules by Tom Cech and Sidney Altman in the 1980s was a
ground-breaking step towards understanding the role that RNA has played in the origin and evolution of
life 12, Central to Tom Cech’s discovery was the identification and characterization of a catalytically
active group | intron from the ciliate Tetrahymena thermophila 1. The ability of RNA to perform chemistry
as well as to contain inheritable genetic information led to the development of the evolutionary “RNA
World Hypothesis” 3. The basis of this evolutionary model states that life began with an RNA-based
organism that relied on its RNA components to perform all the necessary replication and metabolic
functions required to live. Molecular artefacts, such as the ribosome, support this hypothesis. The
ribosome is a large RNA/protein complex (RNP) found in all kingdoms of life and is responsible for the
synthesis of proteins. It is clear from extensive biochemical and structural studies that the chemistry of
peptide bond formation within the ribosome is carried out in an RNA active site. RNA is thus absolutely
required to synthesize proteins and must have existed prior to the evolution of proteins themselves.

The group | intron discovered by Tom Cech et al. is able to perform self-splicing reactions,
allowing it to excise itself from mRNA and ligate the flanking sequences. Shortly after their discovery, an
additional unrelated class of intron was identified, later categorized as group Il introns*. These particular
ribozymes are able to catalyze a self-splicing reaction similar to that of group | introns; however, their end
product contains a branched lariat structure ¢ (Figure 1.1). In group Il introns, this unique lariat structure
is the result of two sequential transesterification reactions. In the first step of splicing, the 2" hydroxyl of a
bulged adenosine near the 3" end of the intron is activated as the nucleophile and attacks the phosphate
backbone at the 5 splice site 78. The 3" hydroxyl of the newly freed 5" exon is then activated as the
nucleophile for the second step, attacking the phosphate backbone at the 3"splice site. The end result is

the formation of a 2°-5" phosphodiester lariat bond as well as ligated exons.
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Figure 1.1: Mechanism of group Il intron splicing. The group Il intron undergoes two sequential
transesterification reactions to produce ligated exons and excised lariat intron RNA. Exons are denoted
by red and yellow while the intron is blue. The bulged adenosine nucleophile is shown.

All group Il introns share a characteristic secondary structure and tertiary elements that allow
them to fold into a catalytically competent conformation. Group Il introns contain six distinct structural
domains (Figure 1.2) %19, Domain | (DI) is the largest domain and acts mainly as a folding scaffold. It
contains a large number of important tetraloop/tetraloop receptor (TL/TLR) interactions in addition to
kissing loops. One primary feature of DI is the exon-binding sequences (EBS). These single-stranded
regions within the intron are the reverse complement of the intron binding sequences (IBS) found in the
flanking exons. This complementarity allows for base pairing between these two structural elements,
which in turn helps to specify the 5" and 3" splice sites. Domain Il (DII) can vary significantly between
introns but contains important tertiary interactions that have been shown to help transition the intron from
the 15t step to the 2" step of splicing. Domain Il (DIIl), commonly referred to as a catalytic effector, has
long been thought to act as an external brace that helps stabilize the active structure of the intron;
however, recent structural and biochemical data suggest that this domain is far more dynamic than
previously expected and may play a more active role in catalysis (Chapter 3). In many group Il introns,
Domain IV (DIV) contains an open reading frame (ORF) for a maturase protein. The maturase protein
plays an important role in the proper folding and physiological function of group Il introns in vivo. Domain
V (DV) is the catalytic domain, containing the catalytic triad and two-nucleotide bulge (2-nt bulge). These
two structural motifs combine to form a triple helix whose phosphate backbone is responsible for forming
the active site of the ribozyme 1. Through precise coordination of catalytic magnesium ions (Mg?*) by
DV, the intron is able to perform the chemistry required to undergo splicing. Finally, Domain VI (DVI)
contains the ubiquitous bulged adenosine that acts as the nucleophile for the first step of splicing.

In combination, these six domains are able to efficiently fold and precisely determine splice sites

for intron excision and exon ligation. Currently available crystal structures of group Il introns give insight



into the overall conformation required for splicing 1%12. They provide a detailed architecture of the splicing
active site and reveal that both steps of splicing occur within a single active site, with reactants and

products being shuffled as needed.

Figure 1.2: General secondary structure of a group Il intron. Group Il introns have a characteristic six
domain architecture. Each domain is labeled with a roman numeral (I-VI). Tertiary interactions are
labeled with Greek letters. EBS refers to exon binding sequence and IBS refers to intron binding
sequence. DIV contains the open reading frame (ORF) for the maturase protein. The position of the
catalytic triad is labeled in DV. The bulged adenosine in DVI is also labeled. Courtesy of Jessica K.
Peters.



1.2 Group Il introns as mobile genetic elements

In certain cases, group Il introns act as selfish mobile genetic elements called retrotransposons 5.
This functionality allows group Il introns to replicate and insert themselves into double stranded DNA
(dsDNA), placing additional copies of themselves in the host genomic DNA.

Essential to this mechanism is the intron-encoded protein called the maturase, which is encoded
by an ORF located in DIV 13, The maturase contains four distinct catalytic domains: a reverse
transcriptase domain (RT) 14, a maturase domain (X)/thumb used for RNA binding 1, a DNA binding
domain (D), and an endonuclease domain (En) (Figure 1.3) 1618, After translation, the protein binds to a
unique RNA structure found in DIV, blocking further maturase synthesis. Binding of the intron encoded
protein enhances intron self-splicing, producing free, lariat-bound RNPs that function as retrotransposons.
Intron mobility begins with the RNP recognizing a suitable target dSDNA sequence via base pairing
between the intron EBS sites and the dsDNA target, followed by reverse splicing catalyzed by the RNA.
Using the En activity, the bottom strand is then nicked, creating the necessary primer for the reverse
transcription of the intron into complementary DNA (cDNA). After ligation and host repair mechanisms,
the complete intron sequence is incorporated into a distal portion of the host cell genome. This entire
process is broadly referred to as Target Primed Reverse Transcription (TPRT) 1921, The structural basis
for this process is largely unknown. This is due to the lack of detailed structural information for any of the
steps involved in retrotransposition. For example, there is still some debate as to the stoichiometry of the
reaction. It is common for RT proteins to act on their substrate as a dimer. In the case of the maturase

protein, there is evidence to suggest that dimerization of the maturase is crucial for proper function 22,
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Figure 1.3: Primary overview of the maturase domains within a group Il intron. The ORF coding the
maturase is located within DIV of the intron RNA. The maturase is composed of 4 distinct catalytic
domains: reverse transcriptase domain (RT), maturase domain (X)/thumb, DNA binding domain (D), and
endonuclease domain (En). The 5" and 3" exons are labelled E1 and E2 respectively. Taken from
Lambowitz AM and Zimmerly S. 2011 5.

1.3 Major classes of group Il introns

Group Il introns are subdivided into three main classes: llA, 1IB, and IIC. These distinct classes
are further divided into mitochondrial lineages (IIA1 and 11A2), chloroplast lineages (11B1 and 11B2) and
bacterial lineages (IlA-F) 2324, They vary in certain conserved secondary structures and tertiary
interaction (Figure 1.4). Class IIA and IIB introns are more structurally complex and some are able to
splice efficiently and precisely in the absence of their maturase protein in vitro. The current hypothesis for
group Il intron evolution suggests that all classes originated in bacteria and diverged into the different
classes we see today through coevolution with their maturase protein. The appearance of active group Il
introns in the organelles of lower eukaryotes supports this hypothesis, as these organelles are believed to
have originated during the endosymbiont event when an autotrophic prokaryote was endocytosed by a
heterotrophic eukaryote 2526, Once isolated within the eukaryote, coevolution between the intron RNA
and the maturase protein began, leading to the distinct structural classes seen today. The retroelement
ancestor hypothesis is supported by the existence of ORF-less group Il introns with remnants of RT

ORFs, suggesting degeneration from the original bacterial intron24,



Figure 1.4: Conserved secondary structure of the three classes of group Il introns. Group Il introns
are each categorized into one of three main classes. Each class has conserved secondary structure
elements and different combinations of EBS-IBS interactions used for splice site selection. In addition,
the 6-8” interaction, responsible for 3" splice site selection, varies between classes. Taken from Toor et

al. 2009 2.



1.4 Improving our understanding of the evolution of spliceosomal introns and

retrotransposons

It has long been hypothesized that group Il introns share a common ancestor with the
spliceosome, the multi-megadalton complex required to splice nuclear genes in eukaryotes 41027, Both
share an identical sequential transesterification mechanism along with the unique lariat product (Figure
1.5). There are also conserved secondary structure elements between DV of group Il introns and the
U2/U6 small nuclear ribonuclear protein (snRNP) found in the spliceosome (Figure 1.6) 28. Additionally,
Mg?* has been shown to be the requisite catalytic metal ion in both active sites 2°. Finally, the bulged
adenosine activated as the nucleophile for lariat formation is universally conserved between these
systems. Beyond the biochemical data and conserved secondary structures, recent cryo-EM models of
the spliceosome have shown there to be structural homology as well 3933, When overlaid, the active site
architecture of the two splicing machines is identical, providing structural evidence that supports the

evolutionary link between group Il introns and the spliceosome 34,
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Figure 1.5: Mechanistic similarities between group Il introns and the spliceosome. Both group I
introns and the spliceosome use two sequential transesterification reactions to produce ligated exons and
excised lariat RNA. They both use a conserved bulged adenosine as the nucleophile for lariat formation.
Exons are depicted in blue and yellow while the intron is shown in pink. The grey circle represents the
associated spliceosomal proteins. Taken from Biochemistry, Seventh Edition 2012 W.H. Freeman and
Company
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Figure 1.6: Structural similarities between group Il introns and the spliceosome. A) Secondary
structure comparison of the spliceosome (left) and group Il intron (right). B) model of the C complex
showing the architecture of the splicing active site. C) model of a group IIB intron active site. The
catalytic triplex responsible for metal ion binding is nearly identical between the two systems. Taken from

Shi et al. 2015 34,



Group Il introns also show surprising similarity to certain retrotransposons, in particular non-long
terminal repeat (LTR) retroelements 3536, Long interspersed elements (LINEs) exhibit a conserved TPRT
mechanism with group Il introns and also form an RNP complex between their respective functional
proteins and mRNA genes (Figure 1.7). In both TPRT mechanisms, the target DNA is cut by an encoded
endonuclease and the encoded RT uses the resulting 3" hydroxyl to prime cDNA synthesis. One of the
most widely studied LINE elements is the R2 element from the silkworm Bombyx mori 37. In this system,
the R2 element consists of 5" and 3" UTRs interrupted by a single ORF (Figure 1.8). The ORF contains a
multifunction protein with nucleic acid binding, reverse transcriptase, and endonuclease activity
necessary for TPRT. Sequence homology exists between the maturase protein and the R2 ORF. These
mechanism and sequence similarities suggest a common ancestor. Unfortunately, there is currently no

structural information for any active retroelement, making detailed structural comparisons impossible.

Intron lariat
RNA
Reverse splicing Antisense strand
+ cleavage
ﬁa DNA target site

cDNA synthesis

Recombination/

host repair
/ m” .

Fully integrated DNA copy of intron sequence

‘I""

Figure 1.7: Mechanism of Target Primed Reverse Transcription (TPRT). The intron RNA is depicted in
pink and the maturase protein is shown in cyan. The target DNA is displayed in blue and yellow
representing the dsDNA substrate. RT: reverse transcriptase, EN: endonuclease, cDNA: complementary
DNA.
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Figure 1.8: Sequence homology between the group Il Intron maturase and non-LTR retroelements.
The domain architecture of the R2 retroelement is identical to the group Il intron maturase protein. Both
contain an RT domain exhibiting the same maoitifs (labelled 0-7) followed by a C-terminal EN domain.
Taken from Eickbush et al. 2015 37,

Combined, the retroelement ancestor hypothesis and the endosymbiont event help to clarify the
path of evolution both the spliceosome and non-LTR retroelements took in eukaryotes (Figure 1.9). Once
endocytosed, the group Il introns found in the prokaryotic genome used their mobility mechanism to
invade the host eukaryotic genome. These selfish genetic elements then underwent at least one, but
possibly many, episodes of proliferation. This likely put a tremendous amount of stress on the genomic
stability of the evolving eukaryote. This stress would have created a selective advantage for the
degeneration of genetic mobility. The ORFs of most nuclear group Il introns therefore degenerated over
time, inactivating the TPRT mechanism. They nevertheless maintain their ability to splice efficiently,
allowing the transcribed gene to be expressed correctly. These degenerate group Il introns evolved into
the spliceosomal introns that are spread throughout eukaryotic genomes today; however, a subset of
these group Il introns located in non-essential regions of the genome did not lose their ability to
retrotranspose. They evolved to remain intact retroelements with active RT and En domains, eventually

becoming non-LTR retroelements.
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Figure 1.9: The role of group Il introns in the evolution of eukaryotes. Group Il introns are believed to
have played a significant role in the evolution of modern-day eukaryotes. After integration into the host
genome, they began to proliferate and degenerate into spliceosomal introns and non-LTR retroelements.
Courtesy of Jessica K. Peters.
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1.5 Significance of group Il introns

1.5.1 Splicing

Introns are distributed throughout the genomes of organisms in all three domains of life. Many of
these introns disrupt coding regions and, unless removed, cause the translation of aberrant proteins.
Even if the intron is removed, if either splice site is chosen incorrectly then the resulting message will
have a frame shift leading to errors in gene expression. A vast array of regulatory mechanisms exist in
order to ensure that splice sites are chosen correctly; however, the additional complexity conferred by
having segmented coding sequences allows eukaryotes to expand their proteome by evolving alternative
splicing pathways (Figure 1.10) 3840, The ability for transcripts to be processed with the inclusion of
different exon sequences has allowed single genes to code for a variety of proteins. Exactly how the
spliceosome accomplishes alternative splicing and accurate splice site selection is still largely unknown,
but it is understood that incorrect splicing events lead to a variety of diseases.

As previously described, group Il introns show strong mechanistic and structural similarities to the
spliceosome. Nuclear intron splicing is a very complex and dynamic process. The spliceosome consists
of five different small nuclear RNP (snRNPs) particles as well as over one hundred different proteins. In
order to splice a nuclear intron, the spliceosome must cycle through an elaborate set of subcomplexes
composed of different combinations of the components stated above (Figure 1.11) 443, This coordinated
process is difficult to study biochemically and the current cryo-EM structures lack the resolution necessary
to reach mechanistic conclusions. On the other hand, group Il introns are composed of a single RNA and
associated maturase protein. This allows them to be studied more easily and all current detailed
structural and biochemical insight into RNA splicing has been derived from group Il intron structural

biology11,12,44,45_
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Figure 1.10: Alternative splicing of nuclear introns. Spliceosomal introns can be alternatively spliced.
In certain cases, some splice sites are silenced or enhanced causing the flanking exons to be excluded or
included in the resulting mature-mRNA respectively. This creates a complex proteome in eukaryotes
where a single gene can code for multiple proteins.
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Figure 1.11: Mechanism of splicing by the spliceosome. The spliceosome undergoes a complex
orchestration of steps to efficiently splice introns. The core of the spliceosome is made up of sShRNPs
labeled U1, U2, U4, U5, and U6. Throughout the splicing process, different combinations of these
subunits assemble along with additional spliceosome associated proteins. Taken from Will et al. 2011 “6.
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1.5.2 Mobility

It is estimated that in humans, the non-LTR retroelements L1 and Alu make up 28% of the
genome by mass 47. In the case of Alu, there are more than 1,000,000 copies distributed throughout the
human genome. These prolific genetic elements, which are still actively mobile, undergo novel insertions
once every 20 births. They continue to significantly contribute to the genomic diversity seen in humans
and play an active role in the creation of novel genes. L1 elements have also been implicated in
controlling gene expression in somatic tissue and have been linked with speciation events in primates484°,
Retrotransposition events are associated with genetic disease through insertion in coding regions or by
causing deleterious double strand breaks (DSBs). It is currently estimated that 0.3% of all mutant
phenotypes in humans are caused by non-LTR retrotransposon mobility 4’ and lead to severe genetic
diseases such as B-thalassemia, cystic fibrosis, and hemophilia (Table 1.1).

Group Il introns share the same TPRT mechanism as non-LTR retroelements in addition to
strong sequence homology between their RT proteins 37. This evidence suggests a common evolutionary
ancestor. Unfortunately, there is no structural information for any active retroelement and, as a result, the
coordination of endonuclease activity, genomic insertion, and cDNA synthesis is not well understood.

Due to the significant number of non-LTR retroelements that make up the primate genome, studying the
related group Il introns could unlock the key to their function and help uncover the role they play in

eukaryotic biology.
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Table 1.1: Disease resulting from splicing defects. This table contains a list of known splicing defects
and their associated diseases °.

Genes Location Elements Diseases References
FKTN 9q L1 Fukuyama-type congenital muscular dystophy (Narite eteatll;1191993§91){ondo-lida
DMD Xp L1 Duchenne Muscular Dystrophy (Narita et al., 1993)
APC 5q L1 Colon cancer (Mayer et al., 2005)
HBB 11p L1 Beta-thalassemia (Kimberland et al., 1999)
RPS6KA3 Xp L1 Coffin-Lowry syndrome (Martinez-Garay et al., 2003)
CYBB Xp L1 Chronic granulomatous disease (Meischl et al., 2000)
RP2 Xp L1 X-linked retinitis pigmentosa (Schv;il‘;nlgzzzlz.;aln!?!a;ao(i:t)ertag
F9 Xq L1 Haemophilia B (Mukherjee et al., 2004)
PDHX 11p L1 Pyruvate dehydrogenase complex deficiency (Miné et al., 2007)
EV(a),mEil\g(’I?‘?{,;;;orfB 4p L1 Ellis-van Creveld syndrome (Temtamy et al., 2008)
FAS 10q Alu Autoimmune lymphoproliferative syndrom (Tighe et al., 2002)
F8 Xq Alu Haemophilia A (Ganguly et al., 2003)
F9 Xq Alu Haemophilia B (Vidaud et al., 1993)
CASR 3q Klis Hy p°°a;';iv“erriz }l:gg:;zl:::}‘:;o?gfs;e"“atal (Janicic et al., 1995)
BRCA2 13q Alu Breast cancer (Miki et al., 1996)
FGFR2 10q Alu Apert syndrome (Oldridge et al., 1999)
GK Xp Alu Glycerol kinase defiency (Zhang et al., 2000)
OPA1 3q Alu Autosomal dominant optic atrophy (Gallus et al., 2010)
a-galactosidase A Xq Alu Fabry disease (Kornreich et al., 1990)
HEXB 5q Alu Sandhoff disease (Neote et al., 1990)
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1.6 Outline of dissertation

In this dissertation, | discuss my experimental contributions to the field of RNA splicing and
retrotransposon mobility. Through the use of X-ray crystallography and cryo-EM, | have investigated
group Il intron structures in the process of excising themselves from pre-mRNA as well as invading
double stranded DNA. In Chapter 2 | describe time-resolved X-ray crystallography experiments, the goal
of which was to capture intermediate conformations through the different steps of splicing. This research
aims to elucidate important nucleotide rearrangements and potential intermediate catalytic metal ions
present in the active site. Chapter 3 serves as an overview of past biochemical experiments and
correlates the data to the currently available group Il intron crystal structures. By combining the dynamic
biochemical data with the static high-resolution structures, new hydrogen bonding networks were
identified that assist in the stabilization of the active site. Chapter 4 discusses my work in developing a
protocol to purify an active group Il intron/maturase complex. This complex was assembled from a
recombinant maturase from E.coli and in vitro transcribed intron RNA. This chapter also discusses the
progress of ongoing cryo-EM experiments and current 3D reconstructions of the complex. Chapter 5
examines my work on the purification and structural characterization of an active group Il intron
retrotransposon in the processes of invading double stranded DNA. This novel structure will give insight

into the mechanism of retrotransposition for the first time.
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Chapter 2: Time-resolved crystallography of a group IIC intron

2.1 Determination of a group IIC intron suitable for time-resolved crystallography

Group Il introns catalyze splicing via a two-metal-ion mechanism where the divalent metals are
spaced approximately 3.9 A apart 5. Phosphorothioate recovery experiments and recent crystal
structures have confirmed the ideal metal spacing and revealed Mg?* as the ubiquitous catalytic metal
(Figure 2.1)111229, The general two-metal-ion mechanism is also found at the center of many other
biochemical processes from nucleic acid polymerization®2 to the hydrolysis of tRNAs by RNase P 51,
Time-resolved crystallography experiments were performed on DNA polymerase n and were able to
capture several structural intermediates®3. These intermediates were then stitched together to create a
molecular movie of phosphodiester bond formation for the first time. One of the major findings of this
experiment was the presence of a transient, third Mg?* ion that participates in the chemical reaction by
replacing R61 of the polymerase and stabilizes the newly formed phosphodiester bond (Figure 2.2). In
fact, additional metal ions have been found and hypothesized in many different two-metal-ion
mechanisms 4. The scope of this research was to use time-resolved crystallography to probe the active
site of splicing and determine whether an additional metal is present and playing a similar role to that
observed in DNA polymerase n (Figure 2.3).

The initial hurdle was to determine an appropriate intron candidate for the crystallographic
experiments. The first requirement is to have an intron crystallized in the pre-catalytic state at sufficient
resolution to unambiguously determine metal ion positions within the active site. Secondly, the intron
must then be capable of being activated for splicing in crystallo and stopped at various time points. To
address the first requirement | turned to a pre-determined crystal structure of a pre-catalytic group IIC
intron. The intron was discovered in the alkaliphile Oceanobacillus iheyensis. This particular bacterial
group IIC intron splices through hydrolysis in the absence of its maturase protein 1. This differs from the
canonical splicing mechanism because a water molecule is activated as the nucleophile for the first stepof
splicing leading to a linear excised intron as apposed to the lariat product formed when the bulged

adenosine is used. Since the bulged adenosine in DVI does not play a role in the hydrolytic splicing
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mechanism, the entire domain was removed from the RNA construct used to obtain the pre-catalytic
crystals. This intron construct will be referred to as OiADVI.

Unfortunately, in order to capture the pre-catalytic state of OiADVI, a G to A mutation was made
at the central nucleotide of the catalytic triad rendering the RNA catalytically dead #4. This mutation would
preclude my ability to activate splicing in crystallo but the intron in general shows a proclivity for
crystallization. Therefore, OIADVI was chosen as the intron moving forward for crystallization

experimetns.
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Figure 2.1: Phosphorothioate rescue experiments. Left) results of phosphorothioate experiments done
on the spliceosome. Nucleotides labelled in red showed rescued splicing activity with Mn2*. Purple
spheres represent the catalytic Mg?*ions. Right) results of phosphorothioate experiments on a group IIC
intron. An identical catalytic metal ion binding architecture is observed between the two systems. Taken
from Fica et al. 20132°.
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Figure 2.2: Time-resolved crystallography of DNA polymerase . A) Green mesh density showing the
appearance of new density at the 230-second time point corresponding to a third catalytic Mg2*ion. B)
Zoomed view of Mgc?* density. At 2.1 A resolution, the hydration sphere is clearly visible. Taken from
Nakamura et al. 201253,
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DV of group Il intron showing the nucleotides that participate in catalytic metal ion binding. Ubiquitous
Mg?* ions are shown in orange with the transient Mg2* ion shown in blue.

2.2 Development of a Ca?* crystallization screen

Obtaining a pre-catalytic RNA crystal of OiADVI through mutation was not an option for my
proposed time-resolved crystallography experiments. Work done by Marcia M. et al showed that RNA
crystallized in the absence of Mg?* but in the presence of Ca?* could inhibit splicing while still providing
the divalent metal ions required for the RNA to fold properly 45. Ca?* is a well-documented inhibitor of
splicing %5. In fact, their work had already determined a crystallization condition that provided pre-catalytic
crystals of sufficient quality for my needs. Unfortunately, when trying to reproduce their results | obtained
only poorly diffracting crystals (approx. 7-8 A) (Figure 2.4). This resolution was insufficient to evaluate
active site density; therefore | began the process of construct optimization and precipitant condition
screening.

Knowing that Ca?* is able to adequately replace structural Mg?* but inhibit splicing, | developed a

crystallization screen utilizing Ca?* (Table 2.1). Hampton Research develops and manufactures many
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different crystallization screens. Their Natrix screens were developed and optimized specifically to
promote nucleation of RNA 56. Therefore, using Natrix | screen as inspiration, | created a Ca?* based
screen of 48 unique conditions by simply replacing Mg?* with the corresponding calcium based salt.

Using this Ca?* screen, | was able to initiate crystal trials.

Figure 2.4: Initial pre-catalytic crystal form. Crystals were prepared in 0.1 M KOAc, 0.1 M KCI, 0.1 M
CaClz, 0.05 M HEPES-Na pH 7.0, 3% PEG 8,000. Crystals diffracted in a range of 7-8 A.
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Table 2.1: Ca?* based crystallization screen. Calcium containing precipitant condition were prepared
as shown above. Column 3 indicates what conditions formed RNA crystals. Column 4 indicates the RNA
construct and diffraction resolution.

Sol. #

IN

© 00 N o un

11
12
13
14
15

16
17

18
19
20

21
22
23

24

25
26
27
28
29

30
31
32
33

Precipitant solution composition

0.01 M CacCl,, 0.05 M MES pH 5.6, 1.8 M LSO,

0.01 M Ca(OAc)z, 0.05 M MES pH 5.6, 2.5 M (NH,)2SO,
0.1 M Ca(OAc),, 0.05 M MES pH 5.6, 20% v/v (+/-)-2-Methyl-2-4-pentanediol
0.2 M KClI, 0.01 M CaS0O,, 0.05 M MES pH 5.6, 10% w/v PEG 400

0.2 M KCl, 0.01 M CaCly, 0.05 M MES pH 5.6, 10% w/v PEG 8,000
0.1 M (NH,4),S0,, 0.01 CaCl,, 0.05 M MES pH 5.6, 20% w/v PEG 8,000
0.02 M CaCy,, 0.05 M MES pH 6.0, 15% v/v 2-Propanol
0.1 M NH4OAc, 0.005 M CaS0O,, 0.05 M MES p 6.0, 0.6 M NaCl
0.1 M KCI, 0.01 M CaCl,, 0.05 MES pH 6.0, 10% w/v PEG 400
0.005 M CaSO,, 0.05 M MES pH 6.0, 5% w/v PEG 4,000
0.01 M CaCly, 0.05 M Na(CH4),AsO, pH 6.0, 1.0 M Li;SO4
0.01 M CaS0,, 0.05 M Na(CH4),AsO, pH 6.0, 1.8 M Li2s0,
0.015 M Ca(OAc),, 0.05 M Na(CH,),AsO, pH 6.0, 1.7 M (NH4),SO,
0.1 M KCl, 0.025 M CaCl,, 0.05 M Na(CH.).AsO, pH 6.0, 15% v/v 2-Propanol
0.04 M CaCly, 0.05 M Na(CH,),AsO- pH 6.0, 5% v/v (+/-)-2-Methyl-2-4-pentanediol

0.04 M Ca(OAC)z, 0.05 M Na(CHa),AsO; pH 6.0, 30% V/v (+/-)-2-Methyl-2-4-pentanediol
0.2 KCI, 0.01 M CaCl,, 0.05 M Na(CH4),AsO; pH 6.0, 10% wiv PEG 4,000

0.01 M Ca(OAC)z, 0.05M Na(CH4)2A502 pH 65, 1.3 M LIzSO4
0.01 M CaSO0,, 0.05 M Na(CH.),AsO, pH 6.5, 2.0 M (NH,4),SO4
0.1 M NH,OAc, 0.015 M Ca(OAc),, 0.05 M Na(CH,),AsO, pH 6.5, 10% viv 2-Propanol

0.2 M KCl, 0.005 M CaCl,, 0.05 M Na(CH.),AsO, pH 6.5, 0.9 M 1,6-Hexanediol
0.08 M Ca(OAc),, 0.05 M Na(CH4),AsO, pH 6.5, 15% w/v PEG 400
0.02 M KCl, 0.01 M CaCl,, 0.05 M Na(CH.),AsO, pH 6.5, 10% w/v PEG 4,000

0.02 M NH,OAc, 0.01 M CaCl,, 0.05 M Na(CH,).AsO; pH 6.5, 10% w/v PEG 4,000

0.08 M Ca(Oac),, 0.05 M Na(CH4),AsO; pH 6.5, 30% w/v PEG 4,000
0.2 M KCl, 0.1 M Ca(OAc),, 0.05 M Na(CH,).AsO, pH 6.5, 10% w/v PEG 8,000
0.2 M NH4OAc, 0.01 M Ca(OAc),, 0.05 M Na(CH,),AsO; pH 6.5, 30% w/v PEG 8,000
0.05 M CaSOQ,, 0.05 M Na-HEPES pH 7.0, 1.6 M Li,SO,
0.01 M CaCl,, 0.05 M Na-HEPES pH 7.0, 4.0 M Li,SO4

0.01 M CaCl,, 0.05 M Na-HEPES pH 7.0, 1.6 M (NH,).SO4
0.005 M CaCy,, 0.05 M Na-HEPES pH 7.0, 25% v/v PEG monethyl ether 550
0.2 M KCl, 0.01 M CaCl,, 0.05 M Na-HEPES pH 7.0, 1.7 M 1,6-Hexanediol
0.2 M NH4CI, 0.01 M CaCl,, 0.05 M Na-HEPES pH 7.0, 2.5 M 1,6-Hexanediol

24

Crystals
(Y/N)

<~ Zz Z2 < Z2 < < zZz zZz2 < =< <

2

< < 2 Z2 2

zZ2 2 < Z2

Construct/
Resolution

WT-3.8A
JTNC5-3.2 A
TNC4-10 A
JTNC5-3.7 A

TNC5-8 A
JTNC6-20 A

wr-12 A
TNC5-3.8 A

TNC1-15 A
TNC3-11 A

TNC5-15 A

WT-ND /TNC1-
8A

WT-10 A
JTNC1-10 A

WT-3.2 A
TNC2-ND
JTNC3-10 A

wrT-8 A
WT-7.5 A
JTNC1-5 A
JTNC5-3.5 A

TNC5-3.4 A
WT-3.9A
JTNC1-3.2 A

TNC3-ND



Table 2.1 continued.

Sol. # Precipitant solution composition C(rz;t;)ls ;2:;:;::;:
0.1 M KCl, 0.005 M CaS0O,, 0.05 M Na-HEPES pH 7.0, 15% v/v (+/-)-2-Methyl-2-4-
34 pentanediol Y TNC2-11 A
35 0.1 M KCl, 0.01 CaCl,, 0.05 M Na-HEPES pH 7.0, 5% v/v PEG 400 Y TNC4-11 A
36 0.1 M KCl, 0.01 CaCl2, 0.05 M Na-HEPES pH 7.0, 10% v/v PEG 400 N -
37 0.2 M KCl, 0.025 CaSOy, 0.05 M Na-HEPES pH 7.0, 20% viv PEG 200 Y WT‘NID//; Ne2-
38 0.2 M NH4OAc, 0.15 M Ca(OAc),, 0.05 M Na-HEPES pH 7.0, 5% w/v PEG 4,000 Y WT-ND
39 0.1 M NH4OAc, 0.02 M CaCl,, 0.05 M Na-HEPES pH 7.0, 5% w/v PEG 8,000 Y WT-ND
40 0.01 M CaCl,, 0.05 M Tris-HCI pH 7.5, 1.6 M (NH4),SO4 N -
41 0.1 M KCl, 0.015 M CaCl,, 0.05 M Tris-HCI pH 7.5, 10% v/v PEG monethyl ether 550 Y TNC3-15 A
42 0.01 M CacCly, 0.05 M Tris-HCI pH 7.5, 5% v/v 2-Propanol N -
0.05 M NH4OAc, 0.01 CacCl,, 0.05 M Tris-HCI pH 7.5, 10% v/v (+/-)-2-Methyl-2-4-
43 pentanediol N -
44 0.2 M KCl, 0.05 M CaCl,, 0.05 M Tris-HCI pH 7.5, 10% w/v PEG 4,000 Y TNC3-19 A
45 0.025 M CaSO0,, 0.05 M Tris-HCI pH 8.5, 1.8 M (NH,).SO. N -
46 0.005 M CaSO0y,, 0.05 M Tris-HCl pH 8.5, 2.9 M 1,6-Hexanediol N -
47 0.1 M KCl, 0.01 M CaCl,, 0.05 M Tris-HCI pH 8.5, 30% v/v PEG 400 N -
48 0.2 NH,4CI, 0.01 CaCly, 0.05 M Tris-HCI pH 8.5, 30% w/v PEG 4,000 N -

2.3 ldentification of a high-resolution pre-catalytic crystal form

Transcribing the intron in the pre-catalytic state was also a concern. If the RNA was already
spliced when exposed to the crystallization screen, the Ca?* screen would not reverse the reaction and
post-catalytic crystals would form. To ensure the RNA was in the pre-catalytic state, a modified in vitro
transcription protocol was developed. In this protocol, the Mg?*in the transcription buffer is lowered to the
minimum amount required for efficient RNA synthesis. This reduces the amount of free Mg2*in solution
that can be used by the intron for catalysis. In addition, the RNA is stored in 10 mM Ca?* once
transcribed to further ensure no splicing takes place before setting up crystal trials.

In addition to preparing a calcium-based crystallization screen, RNA construct variation was also
attempted. The basis of construct variation involves the incorporation of individual tetraloop/tetraloop
receptor (TL/TLR) stems into the RNA of interest. These two loops then specifically interact with one
another, potentially creating a high-resolution crystal contact 5?. The position of the TL/TLR in the intron
can be varied as well as the length of the stems into which they are inserted. Shortening or lengthening

of the stem not only changes its distance from the intron core, but because of the helical twist associated

25



with an A-form helix, it also changes the face of the TL and TLR that is presented to form the crystal
contact. Once a combination of TL length and TLR length produces RNA crystals, an additional round of
construct variation can be employed to improve the resolution. The incorporation of tandem non-
canonical base pairs in the TL/TLR stems causes micro adjustments to the architecture of the engineered
crystal contacts %8. These small structural changes can lead to stabilization of the contact and improved
crystal packing.

In vitro transcribed RNA of the different constructs were then subjected to the calcium-based
crystal screen using the sitting drop method. Spermine is added to each drop to help crystal nucleation
and each construct was placed at 22°C and 30°C. After 3 days at 30°C and two weeks at 22°C, large
crystals formed. Of the six different RNA constructs tested in the 48 different precipitant conditions, 33
wells had RNA crystals. The crystals formed in all precipitant types including: high salt (Li2SO4, NH4Cl,
NacCl), polyethylene glycol (400, 4,000, 8,000), MPD, and hexanediol (Table 2.1). This variety in
precipitant was a good sign that well ordered crystals were present. All crystal-containing conditions were
cryo-protected and frozen in liquid nitrogen. They were then assessed for diffraction quality at the
Argonne synchrotron X-ray source (NE-CAT).

Of the 33 different crystal forms, 9 diffracted to better than 4 A resolution. Molecular replacement
of the diffraction data of the crystal forms provided density showing an intact 5” splice site (Figure 2.6).
The presence of an intact splice site confirmed the RNAs were in fact in the pre-catalytic state. The most
reproducible crystals formed in Solution 1 (0.01 M CaClz, 0.05 M MES pH 5.6, and 1.8 M Li2SOa) (Figure
2.5). These crystals were chosen as the best candidate moving forward for time-resolved

crystallography.
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Figure 2.5: High-resolution pre-catalytic crystal forms. A) Crystals obtained in 0.01 M CacClz, 0.05 M
MES pH 5.6, and 1.8 M Li2SOa. B) Crystals obtained in 0.02 M NH4OAc, 0.01 M CaClz, 0.05 M
Na(CH4)2AsO2 pH 6.5, 10% w/v PEG 4,000.

Figure 2.6: Pre-catalytic density of OiADVI. A molecular replacement omit map showing the 5 splice
site of OIADVI. U2 is labeled as well as the density corresponding to the 5° exon. Green density
represents density present in the experimental data that is absent from the model used for molecular
replacement. Continuous density is observed in the experimental data for the 5 scissile phosphate and
highlighted by a white line. An intact 5" splice site indicates the RNA is in the pre-catalytic state.
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2.4 Time-resolved crystallography trials and future directions

With pre-catalytic crystals of sufficient quality in hand, | was able to initiate time-resolved
crystallography experiments. These experiments involve the activation and controlled termination of
splicing at various time points in the attempt to capture the intron at different stages of splicing. To
activate splicing, the crystallization solution of interest is replaced by one containing Mg?*, while all other
components of the screen remain constant. The initial crystallization condition tried was 0.01 M CacClz,
0.05 M MES pH 5.6, and 1.8 M Li2SO4. This condition yielded 200-600 um crystals that diffracted in a
range of 3.5-4.0 A. The crystals were transferred to a new and well and splicing buffer was added (0.1 M
MgClz, 0.5 M MES pH 5.6, 1.8 M Li2SO4). The crystals were placed at 22°C and 30°C for 1 min, 2 min, 5
min, 10 min, 30 min, 1 hr, 2 hr, 7 hr, etc. and splicing was halted by freezing the crystals in liquid nitrogen.
The frozen crystals were then taken to a synchrotron and full diffraction data sets were collected.

After performing molecular replacement of the data sets, the resulting density was assessed to
identify any changes to the RNA or metal ions. After close inspection, it was determined that all time
points contained intron in the pre-catalytic state. Our lab has previously shown that high salt precipitant
solutions inhibit the binding of metal ions in the active site of the intron. This phenomenon makes
activation of splicing in crystallo impossible given the high salt nature of the crystallization solution
chosen. In an attempt to continue, a new PEG containing crystallization condition was selected (Solution
24 — 0.02 M NH4OAc, 0.01 M CacClz, 0.05 M Na(CHa)2AsO:2 pH 6.5, 10% w/v PEG 4,000). This condition
was not initially chosen due to crystal quality variability; however, the higher resolution range was
adequate for my experimental needs (3.8-8 A) (Figure 2.5). This new condition was exposed to the same
time point scheme as before and evaluated for diffraction quality (splicing buffer: 0.2 M NH4OAc, 0.15 M
Mg(OACc)2, 0.05 M Na-HEPES pH 7.0, 5% w/v PEG 4,000). After molecular replacement, post-catalytic
density was observed at the 1 hr time point, with an obviously cleaved 5 splice site (Figure 2.7).
Additionally, metal ion density was observed in the active site, further confirming the efficient diffusion of
Mg?* into the intron core. Unfortunately, all intermediate time points had poorly diffracting crystals. It was
observed that all intermediate crystals were cracked as the diffusion of Mg?* and the activation of splicing
causes a disruption to the crystal packing. This makes determining intermediate structures difficult using

time-resolved crystallography.
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To overcome the limitations set by Mg?* diffusion and splicing activation, X-ray free electron laser
(XFEL) diffraction experiments will be performed %°. In this methodology, small microcrystals are passed
as a stream through an electron laser. Many thousands of diffraction images are taken of single
microcrystals that are then computationally combined into a data set for analysis. The benefit of this
method is the use of microcrystals. Having small crystals removes the rate of diffusion effects and allows
the entire crystal to transition through its mechanism instantaneously, minimizing the effects of lattice
cracking. The use of XFEL breathes new life into this work and will be attempted to continue investigating

the conformational rearrangements of intron splicing.
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Figure 2.7: Post-catalytic OiADVI density. An omit map of the 1 hr time point. Green density for metal
ions is clearly visible; however, density for the scissile phosphate is absent. Discontinuous density
indicates 5” splice site hydrolysis.
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2.5 Materials and methods

Cloning, mutagenesis, and RNA preparation

OIADVI DNA was synthesized (Genscript) and cloned into a pUC57 vector using the EcoRV
restriction site. All TNC mutant introns were prepared using overlapping PCR and the resulting products
were cloned into pUC57 using the EcoRV restriction site. The cloned plasmid was transformed into DH5a
cells. Plasmid DNA was isolated using a Qiagen maxi-prep kit. The recovered DNA was linearized using
BamHI and RNA synthesis was performed using an in vitro transcription protocol with T7 polymerase.
Transcriptions were prepared in a 1 mL total volume. 40 ug of linear DNA was added to transcription
buffer containing: 50 mM Tris-HCI pH 7.5, 17.5 mM MgClz, 5 mM DTT, 2 mM spermidine, 0.05% triton-
100, and 2 mM of each NTP. In-house purified T7 polymerase is added along with thermophilic inorganic
phosphatase to initiate transcription. The reaction is placed at 37°C for 3 hrs. TURBO DNase (20 units)
is then added along with 12 uL of 100 mM CaCl. and allowed to react for 1 hr at 37°C. Proteinase K (200
Mg) is then added at 37°C for 1 hr.  The mixture is then centrifuged to remove any precipitate. The
supernatant is then filtered through a 0.2 um filter into a 100 Kd cut off filter. The RNA containing solution
is buffer exchanged a total of 7 times with 14 mL of filtration buffer (5 mM cacodylate pH 6.5 and 10 mM

CaClz). For the last buffer exchange, the RNA is concentrated to approximately 10 mg/mL.

Crystallization trials

Crystallization trials were initiated using an Art Robbins Gryphon robot for automated condition
screening. 0.5 uL of each precipitant solution, 0.5 uL of 10 mg/mL RNA, and 0.5 uL of 0.5 mM spermine
were combined in a sitting drop well. The crystal trays were centrifuged at 1000 rpm for 1 minute and

then placed at 22°C or 30°C to equilibrate. Trays were evaluated every three days for crystal nucleation.

Structure determination
Crystals of both the pre-catalytic and post-catalytic states of OiADVI were solved to 3.8 A.
Phases were determined with molecular replacement using PHENIX®0. Accession number 4DS6 was

used as a reference model. All X-ray data were obtained at NE-CAT’s 24-ID-C beamline at the
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Advanced Photon Source (Argonne National Laboratory). The diffraction data was processed using
HKL2000 81. Density analysis and model fitting was performed using COOT 62, SBgrid provided and

complied all the software used ©3.
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Chapter 3: Conserved nucleotides stabilize the group Il intron core though long
ranged hydrogen-bonding networks

3.1 Abstract

Group Il introns are catalytic RNAs that self-splice to form a lariat product using a two-metal-ion
mechanism identical to that used by the eukaryotic spliceosome. The recent crystal structure of a post-
catalytic eukaryotic 1B intron provided the first insight into an active site competent for lariat formation.
The structure revealed new tertiary contacts and the overall architecture required for the transition
between the two steps of splicing. We have identified two conserved structural motifs, the I(i) and DIl
internal loops, that modulate catalytic efficiency. These motifs are found to interact with the active site via
long-range hydrogen bonding networks that converge on the two-nucleotide bulge of the catalytic DV via
a highly conserved adenosine residue from the I(i) loop. Through our analysis, we have also identified
the specific role of DIl in functioning as a catalytic effector through stabilization of the p-p’ interaction.
Our findings provide a rationale for the high degree of conservation of residues distant from the group I
intron catalytic core. This study reveals the importance of nucleotides that indirectly affect catalysis
through long-range hydrogen bonding networks that are not easily identified through an analysis of the

crystal structure alone.

3.2 Introduction

Group Il introns are large ribozymes that catalyze RNA splicing via two sequential
transesterification reactions 5. They have a characteristic secondary structure comprised of six RNA
structural domains, labeled I to VI, radiating from a central hub (Figure 3.1A) %10, The highly conserved
domain V (DV) forms the intron active site ! through coordination of catalytic magnesium ions. A crystal
structure of a bacterial group Il intron revealed that splicing is catalyzed via a two-metal-ion mechanism
(M1 and M2) 11 and a structure of a eukaryotic group Il intron lariat identified two auxiliary metals (M3 and
M4) 12 important for efficient splicing. In the first step of splicing, the 2'-OH of a bulged adenosine residue
from DVI attacks the 5 splice site to form lariat RNA 7:8. This is followed by the second step in which the

3'-OH of the newly cleaved 5’ exon attacks the 3’ splice site to produce ligated exons and spliced intron
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lariat. Hydrogen bonds between conserved nucleotides fold the RNA into a compact molecule and
position the catalytic metal ions in the active site.

The importance of these hydrogen bonds can be probed using nucleotide analogue interference
mapping (NAIM) and chemical modification. Two group Il introns residing within the mitochondria of the
eukaryotes Pylaieilla litoralis (P.li.LSUI2) 54 and Saccharomyces cerevisiae (al5y) 7 have been extensively
studied using these techniques. NAIM allows the global analysis of the individual contribution made by a
single functional group of a specific nucleotide on ribozyme activity and/or folding 56, and has been used
to study the relationship between structure and function for multiple catalytic RNAs. This technique
involves the incorporation of a phosphorothioate nucleotide analogue into an RNA molecule through in
vitro transcription, followed by a selection procedure to purify active or functional molecules of interest.
The deficiency of an analogue at specific sites highlights nucleobase functional groups important for
catalysis or folding. Only the Rp analogue is incorporated through in vitro transcription using T7 RNA
polymerase. Due to this incorporation bias, positions where important metal ion coordination occurs with
a Sp phosphate oxygen are not visible with NAIM. NAIM analysis of group Il introns can be performed by
either selecting for catalytic activity or by monitoring the ability of the intron to fold into a compact tertiary
structure.

Recently, we reported the crystal structure of the eukaryotic P.li.LSUI2 intron in the post-catalytic
lariat form 12, This now allows us to correlate NAIM data with a group Il intron structure and has resulted
in the identification of new interactions and dynamic regions that were not apparent from an inspection of
the crystal structure in isolation. As a result, we can now analyze the precise nature of specific tertiary
interactions and biochemically probe the role of newly identified hydrogen bonding networks in the

splicing reaction.
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Figure 3.1: Conservation of sequence and secondary structure between P.1i.LSUI2 and al5y. A.
Secondary structures of the P.Ii.LSUI2 construct corresponding to the crystal structure and WT al5y
outlined with Greek letters corresponding to tertiary interactions. B. The I(i) loops of P.li.LSUI2 and al5y
are shown with the relevant portion boxed . C. DIIl secondary structures of P.li.LSUI2 and al5y have
maintained a high level of sequence and structural conservation. The lengths of the three helices (D2a,
D2b, and D2c) are conserved as well as the structural organization of both the internal loop and four-way
junction. D. The secondary structures of DVI in both P.1i.LSUI2 and al5y are shown. This domain
remains highly conserved between the two introns and both contain the n’ and 1" motifs.
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3.3 Results and discussion

3.3.1 Patterns of nucleotide conservation

Group Il introns are divided into three structural subtypes: 1A, [IB and IIC. [IA and IIB introns are
largely found in eukaryotes, while the IIC class is exclusively bacterial 2324, The P.li.LSUI2 and al5y
introns are 1IB introns and part of the chloroplast-like class 1 phylogenetic grouping, which has a
distinctive pattern of nucleotide conservation within the secondary structure 2324, This is especially true of
domains lll, V, VI and the I(i) loop from domain |, which have essentially identical secondary structures
and are the main focus of this study (Figure 3.1B, C, and D). Both introns form lariat during splicing as
opposed to the linear hydrolytic product, which dominates in the bacterial IIC splicing reaction %7. These
similarities allow correlation of the cumulative chemical modification data for 1IB introns with the P.li.LSUI2
crystal structure to identify essential hydrogen bonding patterns associated with catalysis and/or folding.
The major difference between al5y and P.Ii.LSUI2 is found within domain Il (Figure 3.1A); however, it
functions in a similar manner and also contains a cryptic -1r'-like interaction with DVI (Supplementary
Data and Supplementary Figure S3.1), which promotes the second step of splicing.

With the post-catalytic P.li.LSUI2 crystal structure, we mapped the location of conserved 11B
nucleotides in three-dimensional space (Supplementary Figure S3.2) using the chloroplast-like class 1
consensus secondary structure 2324, Apart from peripheral tertiary interactions, the vast majority of
conserved residues are found directly within a ~40 angstrom sphere around the active site. These
conserved residues also exhibit extensive NAIM interferences that allowed us to generate a short list of
candidate nucleotides that we targeted to determine their contribution to the splicing activity of group Il

introns.

3.3.2The I(i) loop

The I(i) loop is highly conserved in group IIB introns and is located near the intron 5 end GUGYG
sequence 2. Essential for the overall fold of this loop is a base triple involving nucleotides G10, A12, and
C342. G10 interacts with both A12 and C342 (Figure 3.2A and B) and displays strong inosine and 2'-

deoxy interferences. This base triple interaction is crucial in the positioning of A341, which coordinates
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the core M4 metal ion via its Sp phosphate oxygen. The M4 binding pocket is completed by the
phosphate backbone configuration resulting from A6 and C7 stacking on each other. The net effect of
these interactions is to extrude A341 away from the body of the I(i) loop and towards DV.

The extruded A341 forms a base triple with the conserved G575-U558 wobble pair found directly
below the two-nt bulge of DV (Figure 3.2C). The importance of the base triple between A341 and DV is
highlighted by strong inosine and 2’ deoxy interferences at G575, which disrupt this interaction. The two-
nt bulge plays an integral role in coordinating the catalytic metal ions (M1 and M2) 1! and can theoretically
exist in two conformations, either as an A573/A574 or A574/G575 bulge. We propose that the base triple
involving A341 locks down the position of the DV bulge into the observed AA conformation competent for
catalytic metal ion binding.

The significance of the I(i) loop was tested through mutagenesis of nucleotides G10 and A341.
G10 is centrally located within the overall fold of the I(i) loop with especially strong interferences. First
step branching efficiency was measured for the in vitro self-splicing reaction. The G10C mutant has
strong negative effects upon the splicing reaction with a 7.3-fold lower formation of branched product
compared to wild-type (WT). Mutagenesis of A341 to a guanosine residue (A341G) has an even larger
negative effect with a 14.9-fold reduction (Figure 3.2D). This is consistent with the proposed role for
A341 in stabilizing the two-nt bulge in the proper conformation to promote the binding of catalytic metal
ions.

The cumulative data for A341 is consistent with a model in which it exerts its effects upon the
active site via a long-range hydrogen-bonding network spanning from DI to the conserved two-nt bulge of
DV. The existence of this network is not readily apparent by looking at the crystal structure in isolation.
The hydrogen bonding network (Figure 3.2A) reveals that nucleotides distant from the active site can

affect the catalytic metal center through an intricate web of interactions.
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Figure 3.2: The I(i) loop and A341 help to stabilize the DV bulge. A. The extrusion of A341 from the
I(i) loop allows it to participate in a base triple with U558/G575. This in turn reinforces the position of the
catalytically essential DV bulge, which is responsible for binding the two catalytic Mg?* ions (M1 and M2).
The position of A341 is stabilized by the intricate hydrogen bonding network found within the I(i) loop, as
well as M4 and the 5’ end nucleotides A6 and C7. The nucleotides involved in positioning M1 and M2 are
shown as a yellow surface representation. NAIM interferences are displayed on the P.li.LSUI2 crystal
structure and depicted as spheres, with the colors indicating the type of interference. Sp
phosphorothioate interferences for A6 and A341 are predicted based on the crystal structure of
P.li.LSUI2. B. P.li.LSUI2 secondary structure of DV and the I(i) loop, emphasizing the base triples
between A341/G575/U558 and G10/A12/C342 with boxes and dashed lines. NAIM interferences are
depicted with symbols: A (inosine), * (2'-deoxy), m (phosphorothioate). C. The base triples between
A341/G575/U558 and G10/A12/C342 are shown in an alternate view with the NAIM interferences
depicted with the same colored spheres as in Figure 3.2A. D. A graph showing the ratio of
branched/precursor intron of WT, A341G and G10C.
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3.3.3 Domain lll: p-p" interaction

Domain Il has long been considered to be a catalytic effector of group Il intron activity 8. This
domain has a highly conserved secondary structure within the IIB1 class and exhibits a large number of
NAIM interferences, thus indicating a complex and important role (Supplementary Figure S3.3).
Interferences are especially concentrated in the internal loop of DIl 8. This region contains the p-p’
interaction that positions the DIl internal loop, J2/3, J1/2, and the 5’ end of the intron in close proximity
(Figure 3.3A). J2/3 is thought to engage in a conformational rearrangement between the first and second
steps of splicing 7%71 and the 5’ end of the intron is required for accurate 5’ splice site selection 72,
Therefore, p-p' is situated in a central point from which it can interact with key regions required for
efficient splicing. p-p’ consists of two base pairs (reverse Watson-Crick A-U and non-canonical A-C)
between J1/2 and residues from the internal loop. Disruption of p-p'in Ap and Ap' mutants results in a
30.5- and 65.8-fold reduction in branched product, respectively (Figure 3.4). Mutagenesis of both
components of this interaction has the largest effect seen in this study with a 326.7-fold reduction for a
ApAp' mutant (Figure 3.4). The importance of p-p' is further strengthened by the presence of strong
interferences for the nucleotides involved in this interaction. The internal loop displays 2'-OMe
interferences at positions A429 and G430 that cause severe steric clashes with p-p’ (Figure 3.3B).
Residue A494 also displays a strong 2'-deoxy interference that would disrupt a hydrogen bond with C7
leading to destabilization of the M4 metal binding pocket (Figure 3.3C). In addition, 2,6-diaminopurine
(2,6-DAP) and 2'-OMe interferences at A494 result in steric clashes with C7. A similar result is observed
when 2,6-DAP is substituted at A432 69, Taken together, these modifications (Figure 3.3D) affect a
crucial metal-binding pocket and the organization of important inter-domain junctions, thus rationalizing

the observed negative effect upon splicing as a result of mutation or analogue incorporation.
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Figure 3.3: The DIll internal loop and p-p’. A. The structure of p-p’ within P.li.LSUI2 is shown. This
tertiary interaction organizes four separate regions within the intron: the 5' end, J1/2, J2/3 and the DIl
internal loop. B. 2'-OMe interferences that correspond to A429 and G430 in P.li.LSUI2 show a steric
clash with p-p”. C. 2'-deoxy and 2'-OMe interferences are shown for A494 in P.li.LSUI2. The 2'-OH of
this nucleotide interacts with the 2'-OH of C7 to extend the network from the DIll internal loop into the
core of the intron through stabilization of M4 and A341. D. The DIll internal loop of P.li.LSUI2I is shown
with the corresponding NAIM interferences depicted with colored spheres. An extensive network of
hydrogen bonds stabilizes the fold within the loop and allows the proper formation of p-p". Red bonds
indicate NAIM interferences that are caused by steric clashes. N6-methyl incorporation at A494 results in
a clash with either the 2'-OH of G431 or the N2 of G346.
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Figure 3.4: Splicing of DIl mutants. Mutagenesis was performed on important DIII tertiary interactions.
The effect of mutations on the ratio of branched/precursor intron is shown relative to WT.

3.3.4 p-p’ is dynamic

A surprising pattern emerges when looking at interferences for A429 and G430. In the IIB1 intron
subclass, these two conserved purines are predicted to pair with C495 and U496 in the DIll basal stem,
consistent with data showing that these residues are protected from DMS modification 73. However, in
the post-catalytic structure, we observe that G430 and U496 are unpaired (Figure 3.3D). The predicted
G430- U496 base pair cannot exist concurrently with p-p’ as U496 is directly involved in forming this
tertiary interaction. In addition, both of these nucleotides in al5y (A596 and A597) have 2,6-DAP
interferences . Interestingly, 2,6-DAP incorporation strengthens A-U base pairs with the addition of a
third hydrogen bond. Weakening of this pair, as shown by N6-methyl interference at A429, has less
severe effects on branching than the stabilization of this AU base pair with 2,6-DAP (Figure 3.3D). Based
on these data, we hypothesize that the DIl internal loop is a dynamic region, and that adding rigidity
through 2,6-DAP incorporation precludes U496 unpairing from G430, thus preventing the formation of p-p’
and inhibiting splicing. Therefore, the crystallographic and biochemical evidence supports a model in
which p-p' is dynamic during catalysis and is important for both steps of splicing due its interactions with

both J2/3 and the 5’ end.
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3.3.5 Domain lll: p-p’ and 1-1'

A conserved structural feature of 11B1 introns within DIIl is the presence of three stem loops
termed D3a, D3b, and D3c. The overall fold of DIlI allows the D3a and D3c stems to brace the intron
through the formation of the y-p’ and 1-1" contacts with DV and DII, respectively. The contribution of these
two tertiary interactions to the efficiency of splicing was probed through mutagenesis of the D3a and D3c
loops to UUCG tetraloops in P.li.LSUI2. This resulted in only 3.7- and 5.3-fold reductions in branched
product for the Ay and A1’ mutants, respectively (Figure 3.4). The relatively modest effect of these
mutations can be rationalized by their proximity to other tertiary interactions (k-k' and 6-8'), which can
compensate for the mutated DIl contacts. In contrast, a AuAT' double mutant has a significant effect with
a 92.1-fold reduction in splicing, indicating that these two interactions function in a synergistic manner.
Due to the importance of p-p’, we propose that the main role of py-u’ and 1-1' is to facilitate formation of p-

p', which in turn positions the 5' end and J2/3 elements required for efficient splicing.

3.3.6 Domain Ill: four-way junction

The geometry of the DIII four-way junction positions the 7" and p loops that dock into domains |l
and V, respectively (Figure 3.5A). The base triple between A437, A462 and U470 anchors this junction
and stabilizes the D3b stem 12. Disruption of this base triple either through 7-deaza-A incorporation at
A462 or 2,6-DAP at A437 causes interference in the first step . In addition, 2,6-DAP interference at
A460 disrupts its non-canonical pairing with G440 and likely prevents the adjacent D3a stem (containing
the p loop) from docking into its receptor in DV (Figure 3.5B). The importance of base stacking
architecture within the junction is further supported by N7-deaza interferences seen at A437 and A438 ©°.
We have identified, for the first time, a correlation between N7-deaza incorporation and destabilization of
nucleobase stacking within an RNA structure (Supplementary Data and Supplementary Figure S3.4);
therefore, this analogue reveals additional structural insight beyond the disruption of hydrogen-bonding.

To probe the function of conserved nucleotides within the four-way junction, we used the crystal
structure as a guide for the design of point mutants. Mutations in this region would be expected to alter
the angles of the stems containing the 1" and y loops, thereby preventing docking of these loops into their

receptors. Consistent with this hypothesis, an A437G mutation results in a 10.7-fold reduction in splicing,
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due to disruption of the central base triple (Figure 3.5C). The junction linker sequences (directly adjacent
to the D3a and D3b stems) interact to form a single conserved trans-WC AU pair in the crystal structure,
with an A438C mutation causing a 17.2-fold reduction (Figure 3.5C). The non-canonical pair between
G440 and A460 is also significant in forming the foundation for the base stack within the junction that
includes the base triple. Disruption of the G440-A460 pair with an A460G mutation results in a 3.8-fold
reduction in branched product (Figure 3.5C). This is consistent with a model in which y-p’ and 1-1'

stabilize the hydrogen-bonding network that starts in the DIl internal loop.
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Figure 3.5: Four-way junction of DIIl and its role in splicing. A. The P.li.LSUI2 tertiary structure of the
DIl four-way junction is shown with the NAIM interferences depicted as colored spheres. NAIM
modifications that cause steric clashes are shown with red bonds. The secondary structure of P.li.LSUI2
is also shown with the conserved junction nucleotides between P.li.LSUI2 and al5y in red. The important
base triple between A437/A462/U470 is boxed and depicted with dashed lines. G430, G431, and G493
within the I(i) loop of P.li.LSUI2 have diverged from the adenosine nucleotides seen in al5y (residues
circled). Greek letters correspond to tertiary interactions and NAIM interferences are shown with
symbols: @ (7-deaza A), + (2,6-DAP), ® (N6-methyl), ¢ (2'-OMe), * (2'-deoxy). B. Model showing the
effect of destabilizing the four-way junction in DIIl. The conserved nucleotides in the junction are shown
with a red surface. Destabilization of the hydrogen bonding network within the junction will lead to
disorder in the adjacent helices, resulting in misplacement of the y and 1’ loops. C. Graph showing the
ratio of branched/precursor intron of P.li.LSUI2 mutants in the four-way junction.
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3.3.7 Convergence of two hydrogen-bonding networks

Mapping the location of conserved nucleotides and NAIM interferences in DIII reveals the
existence of a second long-range hydrogen-bonding network leading into the catalytic core. This network
intersects with the I(i) loop at the highly conserved A341 residue and the M4 metal ion (Figure 3.6A).
A341 represents the confluence of the two networks responsible for stabilization and positioning of the
active site metal ions and the exon substrates. Kinetic analysis was done on an A341G mutant to test the
importance of this residue in propagating the effects of the hydrogen-bonding networks to the catalytic
metals. In vitro self-splicing data shows that this mutation results in a significant reduction in the initial
rate of lariat formation, but is still capable of forming a large quantity of spliced product (Figure 3.6B). We
propose that A341 plays a pivotal role in maintaining the correct conformation of the two-nt bulge to
prevent toggling between multiple states during splicing (Figure 3.6C). ldentification of these networks
has greatly expanded the radius of nucleotides known to be responsible for stabilizing the active site

architecture beyond the previous, DV-only model.
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Figure 3.6: Model for the stabilization of the intron core through long-range hydrogen bonding
networks. A. Two separate hydrogen bonding networks (shown as a yellow surface representation)
converge on A341 from the I(i) loop. This ultimately leads to the extrusion of A341 from the I(i) loop,
which reinforces the position of the DV bulge and allows for the proper binding of the catalytic metal ions
(M1 and M2). B. Self-splicing kinetic curves for both WT and an A341G mutant. The curves were fit
using a double exponential equation. The A341G mutant shows a ~60-fold reduction of Krast. C.
Depiction of the two possible conformations for the two-nt bulge in DV. Only the A573/A574 conformation
binds M1 and M2 in the correct geometry for efficient splicing. A341 from the I(i) loop stabilizes the AA
conformation by forming a base triple with U558 and G575.
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3.4 Conclusions

This work reveals that nucleotides ~40 A from the two-metal-ion active site can affect catalysis in
a group Il intron via networks of hydrogen-bonding interactions between conserved nucleotides.
Mutagenesis of nucleotides along these pathways leads to strong negative effects upon splicing, which is
consistent with these networks supporting the formation of a competent active site from a distance. This
is further corroborated by the comparison between the crystal structure and the chemical modification
data for 1B introns. This detailed comparison of NAIM data with the crystal structure of P.li.LSUI2 also
provides insight into the structural basis for the interference effects observed with different nucleotide
analogues.

A341 has been identified as an especially important residue for formation of the active site. The
base triple involving this residue is conserved between bacterial and eukaryotic group Il introns. In
addition, the secondary structure of DV is similar to that of the U2/U6 pairing in the spliceosome, and we
believe that there is likely an interaction in the spliceosome stabilizing the bulge of U6 in a manner similar
to the I(i) loop. This brings up the possibility of similar long-range hydrogen-bonding networks also

existing in the spliceosome to modulate splicing.

3.5 Materials and methods

Cloning, mutagenesis, and RNA preparation

Wild-type P.1i.LSUI2 and al5y intron DNA were synthesized (Genscript) and cloned into pUC57
using the EcoRYV restriction site. The open reading frame (ORF) for the maturase in DIV was removed
and replaced with a stem loop containing the UUCG tetraloop sequence for both introns. The P.li.LSUI2
construct also contains a 250-nucleotide 5° exon and a 75-nucleotide 3" exon. The al5y construct
contains 250-nucleotide 5" exon and a 150-nucleotide 3" exon. All mutant introns were prepared using
overlapping PCR and the resulting products were cloned into pUC57 using the EcoRYV restriction site.
Plasmids were linearized using BamHI (P.li.LSUI2) or Hindlll (a/5y) and RNA was synthesized through in
vitro transcription with T7 RNA polymerase. RNA was transcribed and internally labelled using the
following reaction conditions: 10 uCi [a-32P]JUTP (3,000 Ci mmol-1), 0.5 mM UTP, 1 mM other NTPs,

and 5 mM MgClz. Transcription reactions were then gel purified on a denaturing 4% polyacrylamide
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(19:1)/8 M urea gel. Precursor intron RNA was recovered by elution into a buffer containing 300 mM
NaCl, 0.01% SDS, and 1 mM EDTA. Eluted RNA was EtOH precipitated and the pellet resuspended in

10 mM Tris-HCI pH 7.5 and 1 mM EDTA and stored at -80°C.

In vitro branching efficiency assays

Intron RNA was refolded by heating at 90°C and allowed to cool at room temperature for 15
minutes. P.li.LSUI2 self-splicing experiments were performed in 10 mM MgClz, 1 M NH4Cl, 40 mM Tris-
HCI pH 7.5, and 0.02% SDS at 45°C. Samples were taken at 0 and 30 minutes and the reactions were
stopped by EtOH precipitation. Splicing products were analyzed on a denaturing 4% polyacrylamide
(19:1)/8 M Urea gel. Each splicing reaction was done in triplicate and the ratio of branched/precursor

intron was calculated.

RNA splicing kinetics

Transcribed intron RNA was refolded as previously described. P.li.LSUI2 self-splicing kinetic
experiments were performed in 10 mM MgClz, 1 M NH4Cl, 40 mM Tris-HCI pH 7.5, and 0.02% SDS at
45°C. Samples were taken at 0, 0.25, 0.5, 0.75, 1, 2, 5, 10, 30, 60, and 120 minutes and the reactions
were stopped by EtOH precipitation. al5y self-splicing experiments were performed in 20 mM MgClz, 1
M NHa4Cl, 40 mM Tris-HCI pH 7.5, and 0.02% SDS at 45°C. Samples were taken at 0, 1, 5, 10, and 15
minutes and were stopped by ethanol precipitation. The splicing products were analyzed on a denaturing
4% polyacrylamide (19:1)/8 M Urea gel. The P.li.LSUI2 splicing reaction was done in triplicate and the

kinetic curve was fit to a biphasic exponential equation.

P.li.LSUI2 structure refinement

Structure refinement was done with PHENIX 8° using the PDB 4R0D as the starting structure.
Coot %2 and the RCrane 7 plugin were used to improve the planarity of base triples and non-canonical
pairs. This final structure had an Rwok=22.9 and Riee=27.3. Structure was deposited under accession

number 4R0OD. Pymol was used to prepare figures.
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3.6 Supplementary data

3.6.1 DIl in al5y and P.li.LSUI2 are equivalent

In the course of our analysis relating chemical modification data to the crystal structure, we
gained insight into the positioning of DVI in al5y. DVI was previously thought to engage in a large-scale
conformational change between the two steps of splicing 7>. There are multiple iterations of this model
with varying degrees of movement for DVI. All models postulate a ‘swinging arm’ movement from an ‘up’
to a ‘down’ position mediating the transition between the steps of splicing. Initial evidence for this model
came from DEPC interference experiments performed on al5y 7°, in which the first and second steps of
splicing were individually probed, using constructs in which the EBS-IBS interactions were mutagenized
to favor a specific step. As a result, interferences were found for a tetraloop-receptor interaction between
DIl and DVI called n-n'". In P.li.LSUI2, n-n' consists of a GAGA tetraloop from DVI docking into a receptor
in the D2a stem. This interference was found to be specific for the second step, and therefore it was
concluded that n-n' is dynamic and is only engaged during the later stages of splicing. The crystal
structure of P.li.LSUI2 revealed a second tetraloop-receptor interaction between DIl and DVI called -1
76, Like the n-n' interaction, mutagenesis of -1 also has negative effects on the second step. The -1’
interaction is formed between a GCAA tetraloop in DIl of P.li.LSUI2 and a receptor in DVI directly
adjacent to the bulged adenosine nucleophile. Structural and biochemical data indicate that this new
tertiary interaction works cooperatively with n-n' to facilitate the transition from the first to the second step
through removal of the lariat bond from the active site. In this revised model, n-n' is stationary throughout
the reaction and 11-1" is dynamic 78,

It was originally assumed that a lack of interference for n-n' implies that it is not engaged for the
first step. However, in light of the crystal structure, we reinterpret this data as indicating that n-n' is
engaged in the first step, but is not required at this stage of splicing thus resulting in no interference. This
is consistent with mutagenesis data showing that knocking out the n-n' interaction has little to no effect on
the first step; however, the low-resolution, pre-catalytic crystal structure of P.li.LSUI2 clearly indicates that
n-n'is engaged at this stage.

Unknown at the time, Chanfreau et al. (1996) also had biochemical evidence supporting the

importance of T-1" in al5y. An internal GAAA bulge is present in the third stem of the al5y DIl (analogous
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to the D2b stem of P.li.LSUI2) (Supplementary Figure S3.1A). This GAAA deviates from a standard stem
loop at the secondary structure level, yet it is possible that it adopts a three-dimensional GNRA fold.
Therefore, we hypothesize that it functions in the 1T-11'" interaction to sequester the lariat bond from the
active site in the second step. DEPC modification experiments show that this GAAA exhibits strong
second-step interferences, consistent with its role as the al5y equivalent of 1. In addition, DEPC
modifications disrupting the helix joining n and 1 also results in a second step splicing defect. This is due
to the fact that the spacing between the tetraloops and receptors forming the DII-DVI binding face must
maintain a conserved length to allow both n-n’" and -1’ to form simultaneously during the second step of
splicing. Any change in the spacing between n and 1 by the insertion, deletion, or chemical modification
of a single base pair would introduce enough twist in the helix to disrupt both components of this essential
domain interface. To test this hypothesis, we mutated the GAAA bulge to an CACA sequence. This
mutation was chosen to preserve the secondary structure of DIl as determined by MFOLD 77, yet is
sufficient to disrupt the GNRA fold necessary for a -1’ tetraloop-receptor interaction. In vitro self-splicing
assays of this construct revealed a visible accumulation of lariat-3' exon and a decrease in ligated exons,
which is the same result for the T mutant in P.li.LSUI2 (Supplementary Figure S3.1B) 75. This suggests
that the -1’ interaction also exists in al5y, and that DIl has the same functional role in both introns, even

though its secondary structure has diverged.

3.6.2 Base stacking interference patterns.

Base stacking adds energetic stability within nucleic acids through overlapping T orbitals,
providing rigidity to the helix. High-resolution crystal structures of RNA have shown a common theme of
base stacking playing an important role in reinforcement of tertiary interactions. Alterations to the
functional groups of nucleobases can affect base stacking energy, leading to the destabilization of
important interactions 78. In particular, there are several positions within the P.li.LSUI2 crystal structure
that contain N7- deaza interferences, with the N7 nitrogen not directly participating in hydrogen bonding
(Figure 3.3D and 3.5A). This is unexpected because interference for a base functional group usually
indicates important hydrogen bonding interactions with the nucleobase. In these particular cases, we see

that the base of the nucleotide is solely engaging in a stacking interaction to stabilize important tertiary
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interactions or a vital stem loop. These types of interferences are seen throughout the structure, with the
5’ end sequence of P.li.LSUI2 being an example of a region containing extensive base stacking
interactions. Position A104 stacks above the G3-C107 base pair in €-¢' (Supplementary Figure S3.4A),
and displays a strong N7-deaza effect. This is also seen in interactions involving DV for both the k and '
loops, where the second nucleotide of the motif displays N7-deaza interferences (A181 and A565) 7679, In
these loops, the N7 nitrogen is not hydrogen bonding within the tertiary interaction, but is instead
reinforcing the base stacking seen in GNRA and GNRA-like tertaloops. The internal loop in DVI also has
several N7-deaza interferences in close proximity to the bulged adenosine required for lariat formation
(Supplementary Figure S3.4B). Based on these correlations between the NAIM interferences and the
crystal structure, we postulate that the N7-deaza substitution can have large effects upon base stacking
of nucleotides. This is the first report of N7-deaza interferences being used to indicate important base

stacking interactions in an RNA structure.
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Supplementary Figure S3. 1: Conservation and role of DIl in intron splicing. A. DIl secondary
structures of P.li.LSUI2 and ai5y have diverged however the role of DIl as a central hub organizing four
tertiary interactions (8- 8", T- 7, n- ', and - ') remains conserved. DIl in ai5y displays several DEPC
modifications that are only sensitive in disrupting the second step of splicing. These are depicted in red
on the secondary structure and highlight a - T like interaction in DIl of ai5y. B. A mutant form of ai5y
was prepared with a G559C/A561C double mutant to determine if a - 1 like interaction was present in

DIl. Splicing was done at 20 mM Mg?* and clearly shows an accumulation of lariat-3’ exon caused by a
stalling of the second step.
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Supplementary Figure S3. 2: A three dimensional view of P.li.LSUI2 showing nucleotide
conservation. In grey are non-conserved nucleotides within the intron. Positions shown in red
correspond to nucleotides that share sequence and structure conservation with chloroplast-like class |
intron class from the group Il intron database (http://www.fp.ucalgary.ca/group2introns/).
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Supplementary Figure S3. 3: P.li.LSUI2 secondary structures and NAIM interferences. A. The I(i)-loop
of P.li.LSUI2I is shown annotated with NAIM interferences. B. DIII of P.li.LSUI2| is shown annotated with
NAIM interferences.
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Supplementary Figure S3. 4: 7-deaza analogs to evaluate importance of base stacking. A. A series of
base stacking interactions are shown that help to stabilize the architecture of ¢-¢'. A 7-deaza interference
is shown at A104 which is stacking directly with G3/C107. An additional view of A104 base stacking with
e-¢' rotated about the x-axis by 90° is also shown. B. 7-deaza interferences were modelled onto the
internal loop of DVI. 7-deaza interference are observed for A595, A596, and A597.
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Supplementary Table S3.1: In vitro self-splicing data. Ratios of branched/precursor intron were
calculated after 30 minutes of splicing. The fold reductions in the ratios relative to WT are shown.

Mutant Branched/Precursor  Fold Reduction
Wt 27.10 1.0
G10C 3.69 7.3
A341G 1.82 14.9
Ap’ 0.41 65.8
Ap 0.89 30.5
ApAp’ 0.08 326.7
Ap 7.27 3.7
AT’ 5.12 5.3
ApAT’ 0.29 92.1
A437G 2.54 10.7
A438C 1.57 17.2
A460G 7.08 3.8
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Chapter 4: Structural biology of a group Il intron/maturase complex

4.1 Development of a denaturing purification to isolate a recombinant group Il
intron maturase protein

Group Il intron splicing requires the assistance of a protein called a maturase to function in vivo.
There are examples of introns splicing in vitro in the absence of protein 8; however, these situations
generally require non-biologically relevant ionic conditions (high concentrations of Mg?*). The maturase
protein ORF is located in DIV of the intron sequence®. The precise role that the maturase protein plays in
the mechanism of splicing is unknown but a recent cryo-EM structure suggests that it helps at least in part
to stabilize the EBS-IBS interactions for proper 5° splice site positioning 8. Nothing more about the
structural contributions of the maturase protein is known.

The intron chosen for this study is from the thermophilic cyanobacterium Thermosynechococcus
elongatus (T. elongatus). The genome of T. elongatus contains 28 related copies of the same intron
gene from the chloroplast-like class 1 intron class 82. As the intron gene mobilized throughout the
organism, the new copies diverged and degenerated to varying degrees. In certain cases, the intron has
completely lost its maturase ORF and relies on the maturase of a different intron copy to splice in vivo.
The specific intron used for this study is T.el3c, which belongs to the ORF-less family of T. elongatus
introns (Figure 4.1). In vivo, this intron uses the maturase protein of T.el4c to splice. A method had
already been developed to purify T. elongatus maturase proteins from E. coli 8. The original method
involves the synthesis of a maltose binding protein (MBP) T.el4c fusion protein gene (104 kD). MBP is N-
terminally fused and improves the stability and solubility of the maturase protein. In the absence of the
MBP, the maturase protein precipitates in a matter of hours. The synthesized gene is cloned into a
pPET15b vector using Ndel and BamHI restriction sites. The cloned vector is then transformed into
Rosetta 2 cells and glycerol stocks were made. The cells are grown at 37°C in Luria Bertani (LB) broth
supplemented with 2 g/L of glucose until they reach an optical density (OD) of 0.8 at 600 nm. The cells
are then induced by the addition of isopropyl -D-1-thiogalactopuranoside (IPTG) to 1 mM and is
incubated at 22°C for 48 hrs. The cells are then harvested by centrifugation and the resulting cell pellets
are re-suspended in a lysis buffer containing 0.2 M Tris-HCI pH 7.5, 0.5 mM KCI,, 1 mM EDTA, and 1mM

dithiothreitol (DTT). The re-suspended pellets are then lysed by sonication at 60% amplitude. The lysate
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is cleared by centrifugation and the supernatant is transferred to a clean tube containing amylose resin.
The supernatant is allowed to batch bind for 30 minutes and then it is washed with 5 column volumes of
lysis buffer. The bound protein is eluted with lysis buffer supplemented with 10 mM maltose. The eluent
is then concentrated on a 50 Kd molecular weight cut off filter. The expected yield of maturase protein
from this protocol is approximately 25 mg/L of culture. Unfortunately when | tried to replicate these
results, | recovered approximately 10 ug/L of culture. Further investigation revealed that the original
protocol was for a truncated version of the maturase protein where the EN domain had been removed.
This was not explicitly stated by the authors in the manuscript. Therefore, in order to purify full-length
maturase for my structural biology needs, | need to develop a new purification protocol.

After extensive experimentation, a partially denaturing purification protocol yielded the best
results. A single 6x-His tag was engineered at the N-terminus of MBP to allow for efficient affinity
purification under denaturing conditions. Initial purification attempts used 8 M urea in the lysis buffer to
fully denature the protein. After eluting with 250 mM imidazole | recovered approximately 4 mg of
maturase per liter of culture. The 8 M urea was then removed via a stepwise dilution; however, this
refolding procedure resulted in a white precipitate of aggregated protein (Figure 4.2). In order to avoid
this, | performed a urea titration experiment to determine the minimum concentration of urea required to
improve my protein recovery. My results indicated that 2 M urea was sufficient for recovery of full length
MBP-fusion protein (Figure 4.3). In addition, when the urea was removed by 0.5 M stepwise reductions
on-column, the protein remained soluble after elution.

The resulting soluble MBP-maturase protein was evaluated for splicing activity to determine if the
refolding procedure yielded functional protein. In this procedure recombinant MBP-maturase protein was
combined with in vitro transcribed T.el3c RNA in splicing buffer solution containing 10 mM MgClz, 500 mM
NH4ClI, 40 mM Tris-HCI pH 7.5, and 5 mM DTT. The mixture was then heated to 50°C for 10 minutes and
the reaction was quenched by performing a phenol/chloroform extraction. The aqueous fraction,
containing the spliced RNA, was then isolated and the RNA was recovered through an ethanol
precipitation. The RNA pellet was dissolved in formamide and resolved via a 4% 19:1 acrylamide:bis-

acrylamide PAGE gel with 8 M urea. Using this splicing assay, the intron/maturase complex splices
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efficiently in vitro (Figure 4.4). The lariat bond of spliced RNA results in a retarded gel mobility, causing

the product band run to slower.
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Figure 4.1: The secondary structure of T.el3c. Secondary structure of the 829-nucleotide RNA
component of the Thermosynechococcus elongatus (T.el) group Il intron retroelement. This intron shows
sequence and structure conservation from the chloroplast-like class 1 intron class with six domains
radiating outward from a central hub. Domain V is the most conserved and forms the active site (red).
Domain VI contains the bulged adenosine required for lariat formation and retrotransposition (magenta)
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Figure 4.2: MBP-T.el4c denaturing purification and refolding. After denaturing purification, a large
quantity of full length MBP-T.el4c protein was recovered in the elution fractions. Upon stepwise re-
folding, the protein aggregated and became insoluble.

Elution (M urea)

Figure 4.3: Titration of urea. Individual 6x-His tag batch purifications were performed. Each lysis buffer
contained the concentration of urea noted (O M, 1 M, 2 M, 3 M, 4 M). 2 M urea recovered the most full
length MBP-T.el4c.
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Figure 4.4: Splicing gel of T.el3c/T.el4c. T.el3c/T.el4c splicing samples were prepared and incubated in
splicing buffer at the temperatures indicated. Aliquots were removed at 0.5 and 5 minutes and evaluated
on a denaturing 4% PAGE gel with 8 M urea. All relevant bands are labeled.
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4.2 Assembly and purification of RNP particles for EM structural studies

In preparation for future cryo-EM experiments, | developed a large-scale native purification to
isolate intron/maturase complexes. Using the recombinant MBP-maturase protein and in vitro transcribed
RNA, | assembled RNP in splicing buffer and allowed the mixture to sit at room temperature for 30
minutes. The solution was then placed at 50°C for 10 minutes followed by a concentration step using a
100 kD cutoff filter. The concentrated solution was then injected onto an AKTA purifier equipped with a
Superdex 200 16/60 column. The mobile phase used was composed of 10 mM MgClz, 40 mM Tris-HCI
pH 7.5, 300 mM NH4CI, and 1 mM DTT and the flow rate was set to 1 mL/min. The chromatography was
monitored by UV absorbance at 280 nm and 1.5 mL elution fractions were collected. Two well resolved
peaks were observed (Figure 4.5). Aliquots of each fraction across the two peaks were analyzed for lariat
product using the splicing assay previously described in section 4.1 (Figure 4.6). The PAGE gel clearly
shows that only peak two contains lariat RNA. T.el3c only forms lariat in the presence of T.el4c protein;
therefore, peak two must contain RNP complex.

The same aliquots analyzed via PAGE gel were also evaluated using electron microscopy. For
each sample, a negative stained grid using 2% uranyl acetate was prepared on carbon coated, 200 mesh
copper grids. The grids were screened using a 200 kV FEI Tecnai Sphera. After inspection of
micrographs from each aliquot, it was readily apparent that peak 1 contained aggregated RNA and peak
two contained homogenously dispersed, well-ordered particles (Figure 4.7). In fact, particle quality
improved in the later fractions within peak 2. Fraction 31 was chosen moving forward for all future cryo-

EM experiments.
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Peak 1 Peak 2

Figure 4.5: Chromatogram of T.el3c/T.el4c gel filtration. Two well resolved peaks are observed.
Chromatography was monitored by UV absorbance at A280.
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Figure 4.6: Analysis of gel filtration fractions by gel electrophoresis. Aliquots of each elution fraction
were taken and analyzed on a denaturing 4% PAGE gel with 8 M urea. Only peak 2 contained lariat RNA
indicating the presence of RNP particles.
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Figure 4.7: EM grids of negative stained gel filtration fractions. Elution aliquots from gel filtration were
taken to prepare negative stained grids using 2% uranyl acetate. Peak 1 contained aggregated particles
and peak 2 contained monodispersed, homogeneous specimen.

62



4.3 Cryo-EM experiments

Performing electron microscopy at cryogenic temperature with samples frozen in vitreous ice has
many benefits 84, At cryogenic temperatures, the kinetic energy of the atoms making up the molecule of
interest is sufficiently low to prevent excessive particle movement during data collection. The low
temperature also helps prevent radical diffusion caused by the electron beam that damages the sample.
With negative stain applications, the samples are dehydrated and exposed to high concentrations of
heavy metals. The grid preparation process therefore leads to molecules with collapsed structures that
only vaguely resemble the morphology of the starting particle 8. For cryo-EM, the samples are
suspended in a thin layer of vitreous ice that immobilizes the particles in their native state. This allows
researchers to evaluate molecular detail in a biologically relevant context. The specimen is also frozen
instantaneously, allowing the resulting grid to be analyzed for intermediate structural states. Using
computational methods 8687, these different molecular states can be separated in silico and several
different structures can be determined from a single data set. Lastly, the amount of specimen required for
cryo-EM is very small compared to other structural biology methods. Specimens with solubility limitations
or difficulties with expression and isolation are great candidates for cryo-EM experiments.

The main weakness of cryo-EM for decades was limited resolution. Theoretically, cryo-EM can
reach resolutions well beyond 1 A but in reality lens aberrations and detector quality caused 3D
reconstructions to fall well short of its potential. There has been a renaissance in cryo-EM over the last 5
years with the development of direct electron detectors (DED) 8. These new detectors remove the
primary electron signal to light signal conversion that phosphor scintillator detectors use 8. The ability to
directly detect the position and intensity where the electron hits the detector is a tremendous advantage
over traditional detectors. This improved detector sensitivity allows DEDs to have a high frame rate when
collecting micrographs. With a high frame rate in combination with new motion correction algorithms, 3D
reconstruction can overcome the restriction of beam-induced particle motion . By aligning individual
frames of a single micrograph, the software can compensate for particle motion. Additionally, higher
doses of electrons can be used to improve contrast with this data collection strategy. The frames with
higher accumulated does can simply be excluded or down-weighted during data processing after the

frames have been aligned. This methodology takes advantage of the higher contrast for initial frame
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alignment without having the drawback of including the later frames containing radiation-damaged
particles. These technical advancements in cryo-EM have made it possible to achieve near atomic
resolution of macromolecules as small at 150 kD 9. The T.el3c/T.el4dc RNP complex is approximately
360 kD, making it an ideal candidate for cryo-EM experiments.

To initiate cryo-EM experiments, RNP particles of T.el3c¢/T.eldc were purified as described in
section 4.2. The resulting eluent was diluted to 100 ng/uL and frozen by hand in liquid ethane on R2/2
holey carbon grids (QUANTIFOIL). The grids were evaluated on a 300 KV FEI Tecnai Polara microscope
equipped with a Gatan K2 detector for specimen quality and ice thickness. The particles were clearly
visible and uniformly distributed within the holes (Figure 4.8). A data set of 1394 micrographs was
collected using Leginon automated acquisition software 9. The individual micrographs were taken with a
total exposure of 16 seconds with a frame rate of 300 ms/frame. The total dose was 50 e/A2. Each
averaged micrograph was manually inspected for Thon ring quality and CTF-corrected using GCTF 8693,
All data processing was done using RELION 86, Approximately 10,000 particles were hand picked and
used as references for automated particle picking. Using all 1,394 micrographs, 914,062 particles were
boxed. After several rounds of iterative 2D classification, the best 127,600 particles were used to prepare
3D reconstructions (Figure 4.9). The particles were classified into six structural classes with a distribution
as seen in Figure 4.10. Class 5 had the highest resolution (6.9 A) as well as the best map quality. At this
resolution RNA major/minor grooves are visible, which made it possible to begin building a model. Also
at this resolution distinct protein features corresponding to the maturase protein were visible.
Approximately 75% of the intron RNA was fitted to the model; however, at 6.9 A de novo modeling of the
maturase was not possible (Figure 4.11).

To improve the resolution, additional micrographs were collected and added to the initial data set.
Another 700 micrographs were taken and when combined with the previous data, a total of 299,100 good
particles were used for 3D reconstructions. The merged data sets were processed with cryoSPARC,
which uses a newly published ab initio algorithm 87. This new program allows for much faster data
processing by significantly decreasing the computational requirements. With the increased data set and

new software, the final 3D reconstruction reached 5.8 A (Figure 4.12).
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Figure 4.8: Cryo-EM micrograph of T.el3c/T.el4c particles over holes.
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Figure 4. 9: 2D classifications of T.el3c/T.el4c picked particles. Top) 2D class averages of entire data
set. Bottom) 2D class averages after 3 rounds of iterative 2D classifications.
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Figure 4.10: 3D reconstruction and classification of T.el3c/T.el4c. Particles were separated into 6
classes. After evaluation of the maps, Classes 2 and 3 were poor quality. After comparison of the
remaining maps, classes 1, 5, and 6 were in the same conformational state. Class 4 was a unique
conformation differing the most in DIl and DVI.

Figure 4.11: RNA model fitted in Class 5 EM density. EM density is shown in transparent grey. The
RNA is shown in a colored cartoon representation. The RNA helices are colored as seen in Figure 4.1.
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Figure 4.12: Overall density of T.el3c/T.el4c EM map at 5.8 A. A) At this resolution major and minor
grooves are clearly visible. Density corresponding to the maturase protein can be differentiated from
RNA features. B) Local resolution map of the T.el3c/T.eldc density. The resolution is very uniform
throughout the map.
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4.4 Data analysis and discussion

The bulged adenosine is a universally conserved feature of all intron splicing, from group Il
introns to the spliceosome 4694, |t is still unclear why this conservation exists as all ribonucleic acids have
the requisite 2°-hydroxyl necessary for lariat formation. It is hypothesized that a conserved adenosine-
binding pocket exists in the pre-catalytic state that hydrogen bonds specifically to this nucleotide, correctly
positioning it in the active site. Unfortunately, there is no published structural information of a lariat-
forming group Il in its pre-catalytic state. The only available structure of a group Il intron prior to the first
step of splicing is a IIC intron from the organism Oceanobacillus iheyensis 44. This structure revealed the
kinked phosphate backbone at the scissile phosphate as its presented to the active site for cleavage;
however, with the absence of DVI, this intron splices through hydrolysis making it impossible to gain
insight into the positioning of the bulged adenosine during the first step of splicing. A lariat-forming group
Il intron pre-catalytic structure would help to answer this question along with any other structural
requirements for lariat formation.

Using cryo-EM, | was able to determine a group Il intron/maturase complex to 5.8 A. Structure
classification during the initial 3D reconstruction separated the data into 6 different maps. Classes 2 and
3 were composed of a small portion of the data set (approximately 12.7%) and provided reconstructions
of poor quality (Figure 4.10). After comparison of the density, classes 1, 5, and 6 were identified as being
in the same conformational state. The high map quality allowed for the accurate positioning of RNA
helices to prepare an initial model. Based on this model, it became clear that these three classes
represented the intron in the post-catalytic state as strong lariat bond density was observed.

Interestingly, when class 4 was overlaid with the post-catalytic classes, the lariat density was absent.
T.el3c/T.el4c does not splice through hydrolysis, meaning that the absence of lariat bond density
indicates the intron is in the pre-catalytic state. Therefore, class 4 represents the first structural insight
into the pre-catalytic state of group Il intron splicing.

Alignment of the two maps also revealed significant difference in the positioning of DIl and DVI
(Figure 4.13). These two domains contain several important tertiary interactions. Previous structural and
biochemical experiments have shown that both -1" and n-n" play an important role in transitioning the

intron through the steps of splicing 6. The m-11" interaction is located directly adjacent to the bulged
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adenosine and is responsible for pulling the lariat bond out of the active site after the first step of splicing.
In the post-catalytic state, the T-11" interaction holds the lariat bond approximately 20 A away from the
intron active site. In order for the lariat formation to take place, this region must be dynamic to allow the
bulged adenosine to be positioned correctly to cleave the scissile phosphate. The dynamics of DIl and
DVI observed in the EM density between the pre and post-catalytic states correlate with this model of
splicing. With only a single active site, group Il introns must shuffle the 5" and 3" splice site substrates
efficiently. A dynamic -1 and n-n" support this hypothesis by allowing flexibility in the active site.

At the current resolution, it is clear that m-11" and n-n" are playing a role in positioning the scissile
phosphate for the first step of splicing. Unfortunately, in order to make any detailed mechanistic insights,
the resolution of the map will need to be improved to better than 4 A. Upon closer inspection of the two
data sets, it was recognized that the ice thickness of the prepared grids was limiting our high spatial
frequency Thon rings. With the absence of this structural information, it was impossible to improve the
resolution beyond 5.8 A. When attempts at preparing specimen with thinner ice were made, the particles
began to aggregate and display severe orientation preference. These two obstacles, when preparing
specimen in thin ice, have prevented continued progress and are my current focus of research to push

the resolution of T.el3c/T.el4c beyond 4 A.
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Figure 4.13: Superposition of pre-catalytic and post-catalytic EM density of T.el3c/T.el4c. A) An
overview of the pre and post-catalytic EM density maps is shown. The two maps are identical in all
domain except for DIl and DVI. Additionally, the yellow density shown and obvious absence of lariat
density indicating it is in the pre-catalytic state. B) An approximate 25 A shifts occurs between the two
maps. This suggests that DIl and DVI are dynamic during the different steps of splicing.
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4.5 Materials and methods

Plasmid cloning

A 6x-His-MBP-T.eldc maturase DNA gene was synthesized (Genscript) and cloned into a pET15b
vector using the Ndel and BamHlI restriction sites. The cloned plasmid was then transformed into Rosetta
2 cells (NEB). The T.el3c intron gene was synthesized (Genscript) and cloned into a pUC57 plasmid

using the EcoRYV restriction site. The cloned plasmid was transformed into DH5a cells.

T. elongates denaturing maturase purification

A 100 mL overnight culture of 6x-His-MBP-T.el4c is prepared in LB containing carbenicillin. 20
mL of the overnight culture is diluted into 2 L of LB containing carbenicillin. The cells are grown to an
optical density of 0.8 and then induced with 1 mM IPTG. The cells are placed at 22°C for 48 hrs. Cells
are harvested by centrifugation at 5,000 rpm for 10 minutes at 4°C. The cell pellets are re-suspended in
100 mL of lysis buffer (20 mM Tris-HCI pH 7.5, 500 mM KCI, 2 M urea, 10 mM imidazole, 5 mM 2-
mercaptoethanol, and PMSF). The re-suspended cells are lysed using a probe sonicator at 60%
amplitude for a total of 80 seconds. The lysate is cleared of cell debris by centrifugation at 12,000 rmp for
45 minutes at 4°C. The resulting supernatant is transferred to a clean tube and 2 mL of Ni-NTA (Qiagen)
is added. The mixture is allowed to batch bind for 1 hr at 4°C. The resin is collected in an empty Bio-Rad
gravity purification column. The resin is first washed with 5 column volumes of lysis buffer followed by 5
column volumes of a high salt wash (20 mM Tris-HCI pH 7.5, 1.5 M KClI, 2 M urea, 10 mM imidazole, 5
mM 2-mercaptoethanol). The resin is re-equilibrated to 500 mM KCI by rinsing with 5 column volumes of
lysis buffer with 10% glycerol. The bound protein then undergoes a re-folding protocol on column by
stepwise reduction in urea. The resin is first washed with 5 column volumes urea buffer 1 (20 mM Tris-
HCI pH 7.5, 500 mM KCI, 1.5 M urea, 10 mM imidazole, 5 mM 2-mercaptoethanol, 10% glycerol),
followed by 5 column volumes of urea buffer 2, 3, and 4 (urea buffer 2: 20 mM Tris-HCI pH 7.5, 500 mM
KCI, 1.0 M urea, 10 mM imidazole, 5 mM 2-mercaptoethanol, 10% glycerol), (urea buffer 3: 20 mM Tris-
HCI pH 7.5, 500 mM KCI, 0.5 M urea, 10 mM imidazole, 5 mM 2-mercaptoethanol, 10% glycerol), and
(urea buffer 4: 20 mM Tris-HCI pH 7.5, 500 mM KCI, 10 mM imidazole, 5 mM 2-mercaptoethanol, 10%

glycerol). The bound protein was eluted using urea buffer 4 supplemented with 250 mM imidazole. The
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recovered protein is buffer exchanged with filtration buffer (20 mM Tris-HCI pH 7.5, 500 mM KCI, 5 mM 2-
mercaptoethanol, 10% glycerol) using a 50 kD cut off filter (EMD-millipore). The protein containing
solution is rinsed a total of six times with 14 mL of filtration buffer. For the last buffer exchange, the

protein solution is concentrated to 500 uL and brought to 50% glycerol for long term storage at -80°C.

In vito RNA transcription

T.el3c plasmid is first linearized using an engineered Hindlll restriction site. In vitro transcriptions
are prepared in a 1 mL total volume. 40 ug of linear DNA template is added to transcription buffer
containing: 50 mM Tris-HCI pH 7.5, 17.5 mM MgClz, 5 mM DTT, 2 mM spermidine, 0.05% triton-100, and
2 mM of each NTP. In-house purified T7 polymerase is added along with thermophilic inorganic
phosphatase to initiate transcription. The reaction is placed at 37°C for 3 hrs. TURBO DNase (20 units)
is then added along with 12 uL of 100 mM CacClz and allowed to react for 1 hr at 37°C. Proteinase K (200
pg) is then added at 37°C for 1 hr.  The mixture is centrifuged to remove any precipitate. The
supernatant is filtered through a 0.2 uM filter into a 100 Kd cut off filter. The RNA containing solution is
buffer exchanged a total of 7 times with 14 mL of filtration buffer (5 mM cacodylate pH 6.5 and 10 mM

MgClz). For the last buffer exchange, the RNA is concentrated to approximately 10 mg/mL.
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Chapter 5: Structure determination of a group Il intron retrotransposon

5.1 Identification and analysis of a group Il intron retrotransposon

The ability of group Il introns to act as selfish mobile genetic elements has dramatically shaped
the evolution of eukaryotes. At least 46% of the human genome is made up of a class of mobile genetic
elements known as non-LTR retrotransposons and their remnants 959, These genetic sequences use a
target primed reverse transcription mechanism to copy and paste themselves into new locations within a
genome 37. Group Il introns share this mechanism with non-LTR retrotransposons as well as sequence
homology between their protein chaperons. These similarities suggest they share an evolutionary
ancestry.

In particular, LINE elements in humans have been linked with regulating gene expression through
insertions near transcriptional promoters %7. This phenomenon occurs with regularity in somatic tissue
causing neuronal diversity that has affected brain development in primates “6. LINE elements have
proved difficult to study structurally because of their low activity and stability in vitro °8. In order to study
the structural biology of retrotransposition, | first developed an activity assay using an intron from the
organism T. elongatus. As previously discussed, this organism contains 28 related copies of a group 11B
intron. These introns have diverged from one another to varying degrees and some have maintained a
high level of mobility activity. For the purposes of my work, | selected T.el4h, as it is the most active
intron for mobility from this organism 8. Several mutations were made to the wild type (WT) sequence of
both the maturase protein and intron RNA to maximize the mobility activity. The WT-maturase protein
contains a degenerate RT active site where the required YADD motif is replaced with YAGD. This single
D to G mutation significantly affects the RT activity by interrupting the catalytic metal ion binding. For the
purposes of this study, the RT active site was restored to the consensus YADD sequence and | will refer
to this mutant sequence as the T.el4h maturase protein. The T.el4h RNA had also undergone mutational
degeneration to slow down the retrotransposition activity of the intron. The 8-8" interaction has
undergone a mutation in the WT-RNA sequence. A simple C236T mutation was made to the RNA gene
to restore the AU base pair of 6-0°.

Using the denaturing purification discussed in section 4.1, | was able to purify milligram quantities

of the T.el4h maturase protein. When combined with in vitro transcribed T.el4h intron RNA, the complex
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spliced efficiently. A mobility assay was developed to monitor the activity of the various processes during
TPRT. Essential to this assay are 3?P radiolabeled DNA primers that when annealed mimic the canonical
dsDNA target site of insertion. By selectively labeling the top or bottom strand, | can individually monitor
RNA target site insertion, En activity, and RT primer extension (Figure 5.1). To perform this assay, T.el4dh
RNA and T.el4h maturase protein are first spliced at 50°C in splicing buffer (10 mM MgClz, 40 mM Tris-
HCI pH 7.5, 500 mM NH4Cl, and 5 mM DTT) for 5 minutes to assemble RNP particles. Radiolabelled
dsDNA target is then added along with a 200 uM mixture of dNTPs. After mixing, the reaction is placed
back at 50°C for an additional 5 minutes. The reaction is quenched by performing a phenol/chloroform
extraction and the RNA is recovered through an ethanol precipitation using linear polyacrylamide as a
carrier. The RNA pellet is the re-suspended in formamide and run on a 4% 19:1 acrylamide:bis-
acrylamide PAGE gel with 8 M urea. To monitor RNA strand invasion, the top DNA primer is P32 labeled
on the 5" end. RNA insertion can be monitored between both steps reverse of splicing as seen in Fig 5.2.
After analysis of the radiolabeled bands, approximately 25% of the RNA fully integrated into the target
DNA. This is the highest mobility ever reported in an in vitro mobility assay. To investigate En activity
and cDNA synthesis by the RT, the bottom DNA primer was labeled with 32P on the 5" end. Unfortunately
when performed, no En activity was observed. Without bottom strand cleavage, the RT has no primer to
initiate cDNA synthesis. It was hypothesized that perhaps the En domain required a unique metal ion in
order to efficiently bind the dsDNA substrate as it contains zinc-finger domains. Several metal ions were
chosen and tested at various concentrations (Mn?*, Zn?*, CO?*, Ni>, Fe?*). No conditions tested showed
activity for bottom strand cleavage by the En domain. Genetic mobility assays performed in E.coli
suggest that the En domain is active in vivo; however, no direct test of nuclease activity has been shown
in the literature for the T.el4h maturase protein. It is possible that my denaturing purification causes
misfolding at the C-terminus where the En domain exists.

Regardless of the lack of En activity, | still wanted to assess cDNA synthesis by the RT. To
overcome the absence of bottom strand cleavage, | used a pre-nicked bottom strand when annealing the
target primers. The exact cleavage site is unknown but has been shown to vary between -6 and -11 from
the RNA insertion site. Therefore, | prepared several targets with a variety of nicked positions on the

bottom strand. Primer extension was clearly visible for all nicked bottom positions (Figure 5.3). The
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efficiency of cDNA synthesis differed depending on the position of the nick. Having confirmed the mobility

activity using the developed assay, the T.el4h/T.el4h RNP proved to be a good candidate for future

structural studies.
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Figure 5.1: Retrotransposition assay scheme of T.el4h/T.el4h. By selectively radiolabeling the 5" end
of either the top or bottom strand, different processes during retrotransposition can be monitored. Top
strand labeling monitors RNA insertion into the target DNA. Bottom strand labeling monitor En strand
cleavage and cDNA synthesis by the RT.
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Figure 5.3: cDNA synthesis of T.el4h/T.el4h. Primer extension can be clearly seen in the gel for all
nicked targets tested. Nicks at -11 and -7 show the strongest cDNA synthesis.
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5.2 Purification of an active group Il intron retrotransposon

To initiate cryo-EM experiments, a purification method was developed to isolate active group
intron retrotransposons in the process of invading dsDNA (Figure 5.4). It is important that the assay be
able to differentiate RNP particles from RNP particles bound to DNA. Therefore, the target DNA
substrate was used as the purification tag. A biotinylated DNA primer was purchased from Integrated
DNA Technologies (IDT) and used to prepare the annealed dsDNA target. The same assembly condition
as the mobility assay described in section 5.1 was used; however, 6 ug of biotinylated DNA target was
used. The resulting reaction mixture was centrifuged to clear precipitant and the supernatant was added
to 200 pL of equilibrated streptavidin resin. The solution was allowed to bind for an hour before the
solution was rinsed with 6 mL of wash buffer 1 (10 mM MgClz, 40 mM Tris-HCI pH 7.5, 500 mM NH4Cl, 1
mM DTT, and 5% glycerol) a total of 4 times. The resin is then rinsed with 6 mL of wash buffer 2 (10 mM
MgClz, 40 mM Tris-HCI pH 7.5, 300 mM NH4Cl, and 1 mM DTT) a total of 4 times. The bound RNP/DNA
particles were finally eluted with elution buffer containing 5 mM biotin. The purification efficiency was
monitored by analyzing the different fractions after phenol/chloroform extraction on a 4% 19:1
acrylamide:bis-acrylamide PAGE gel with 8 M urea. After soaking the gel in a solution of ethidium
bromide, the elution lane contained no visible RNA (Figure 5.5). Biotin is known to bind very tightly to
streptavidin and only elutes under very harsh denaturing conditions . Based on this result, the bound
RNP/DNA molecules were attached irreversibly to the resin.

An alternative biotin analog, desthiobiotin, is commercially available and can be purchased
conjugated to synthetic DNA primers from IDT. Desthiobiotin has a three orders of magnitude lower
affinity for streptavidin, which would improve the elution characteristics of the purification 190, When this
new approach was applied to the purification, the elution lane contained RNA correlating to the T.el4h
intron (Figure 5.6). Phenol/chloroform extraction of the left over resin showed a large quantity of complex
still bound to the streptavidin. In an attempt to shift the elution equilibrium even further towards unbound
complex, the purification was repeated with a saturated biotin elution buffer in place of the 5 mM biotin
solution used previously (Figure 5.7). This modification improved the elution efficiency further and yielded

sufficient RNP/DNA complex for future cryo-EM studies.
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Figure 5.5: Initial biotin purification results. A denaturing 4% PAGE gel showing the results of the
initial mobility purification. The elution lane is void of RNA due to inefficient release of the bound
particles.
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Figure 5.6: Initial desthiobiotin purification results. The replacement of biotin with desthiobiotin allows
the bound RNP patrticles to elute. When analyzed after elution, the resin still contained a large fraction of
bound specimen.
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Figure 5.7: Results of final desthiobiotin purification protocol. A saturated solution of biotin is used to
elute the bound RNP particles from the streptavidin resin. This change causes a drastic shift in the
equilibrium between bound and unbound particles. This is evident by comparing the bands in the elution
lane to the bands in the resin lane.
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5.3 Cryo-EM experiments

Purified T.el4h/T.el4h RNP bound to a target DNA substrate was frozen in liquid ethane on
R1.2/1.2 holey carbon grids (Quantifoil) using a FEI Vitrobot. Grid preparation was switched from hand
freezing to the Vitrobot to improve grid reproducibility and to obtain thinner ice. The RNP/DNA solution
was concentrated to 100 ng/uL before grid preparation. The frozen grids were screened on a 300 KV FEI
Polara microscope equipped with a Gatan K2 detector. Over the course of 2 separate data collection
runs, a total of 5,095 micrographs were taken. Micorgraphs were recoreded with a frame rate of 200 ms
and a total exposure time of 10 seconds using Leginon automated acquisition software 2. This led to a
total dose of ~ 80 e/A2. After manual inspection of micrograph quality, only 3,731 micrographs were
selected for automated particle picking. From those micrographs, 201,823 particles were automatically
boxed using RELION 8. After 3 rounds of iterative 2D classification in RELION, 73,770 particles
remained in the data set. These particles then underwent ab initio 3D reconstruction using cryoSPARC
software where six classes were arbitrarily set 8. Of the six classes, five contained reconstructions of
sufficient quality. These five classes contained 92.7% of the particles from the input data set. An
additional ab inito 3D reconstruction was done using the remaining particles with six classes set
arbitrarily. Three classes, containing 54% of the particles were considered good and chosen for a
homogenous map reconstruction. The final map resolution is 4.8 A and includes 36,927 particles (Figure
5.8). The overall map quality is good, but unfortunately the resolution is being limited by an orientation
preference of the particles. In thin ice, the particles are associating with the air-water interface causing
both the aggregation and orientation bias. Our previous data collection of the T.el3c/T.el4c specimen
was in much thicker ice and did not display this level or particle orientation preference; however, the
thicker ice still affected the maximum resolution by limiting my ability to collect the high spatial frequency
data in the micrographs.

Attempts at solving this particle orientation issue are underway. A combination of construct
variation and support film optimization could lead to an improvement. Additionally, specimen tilt data is
currently being collected. In this method, rotating the specimen stage fills in the missing views of the
particles 191, The tilted data is then combined with un-tilted data to form a merged data set with a more

complete set of views.
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Figure 5.8: Cryo-EM map for T.el4h/T.el4h RNP bound to DNA. A) EM density at 4.8 A. Clear density
for RNA major/minor grooves is visible. Density leading into the active site is visible correlating to the
target DNA. B) FSC curve for the 4.8 A map. C) Heat map displaying the oreientation preference for the
T.el4h/T.eldh specimen.
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5.4 Data analysis and discussion

The 4.8 A map of a group Il intron retrotransposon interacting with dsDNA represents the first of
its kind. The requirement of thin ice and the resulting orientation bias has created a barrier inhibiting
further resolution improvement; however, at the current resolution, the majority of the intron RNA can be
built into the model. Solving the challenge of preferred orientation is my current research focus.

Upon closer inspection of the 2D class averages, a dimer class is clearly visible (Figure 5.9).
With an initial model built into the EM map, it was determined that the dimerization interface occurs
predominantly between the two maturase proteins. Cryo-EM experiments are performed in a native
solution of vitreous ice making the presence of a dimer biologically relevant and not experimentally
induced, as can be the case with X-ray crystallography. The stoichiometry of the retrotransposition
mechanism has been debated in the literature for many years. Biochemical evidence has suggested that
the maturase protein associates with the intron RNA as a dimer 2. The active form of many reverse
transcriptases is a dimer, correlating with these biochemical results 192, Recent crystal structures of two
group IIC maturase RT domains show the proteins packing in the crystal as a dimer 193, This observation
could be due to forced crystal contacts during nucleation; however, the researchers followed up these
finds by performing sedimentation velocity analysis by analytical ultracentrifugation (SV-AUC) and
multiangle light scattering coupled to size-exclusion chromatography (SEC-MALS) experiments of the RT
domain bound to DIV of the intron RNA. The results suggest that the dimer complex actually forms
between two RNP particles instead of a single RNA bound to a dimer of maturase proteins. The SAXS
data only contains partial RNP particles of the RT domain of the maturase with DIV of the intron RNA.
The dimer observed in my EM data set is of a complete group Il intron retroelement. The combination of
these two results supports the biological relevance of the dimer in the mechanism of TPRT. The
maturase binds to the intron with picomolar affinity and it has long been a question of mine as to how the
RT separates itself from its high affinity-binding site in DIV 04, By having retrotransposition occur through
a dimer of RNPs, the maturase protein no longer has to disengage from the RNA to synthesize cDNA.
With this finding, | propose a new mechanism for retrotransposition with dimerization of retroelements as

a key feature (Figure 5.10).
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Figure 5.9: Presence of a dimer 2D class average. A) A dimer is clearly visible in the 2D class average.
B) 3D representation of the 2D class average. This model suggests the dimer interface is comprised
mostly between the two maturase proteins.
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Figure 5.10: Proposed mechanism for retrotransposition by TPRT. Dimerization of the RNP particles
during retrotransposition allows the maturase protein to stay bound to the intron during the process. This
give flexibility to the mechanism without requiring the disruption of the high affinity binding site between

the maturase and DIV of the intron.
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5.5 Materials and methods

Plasmid cloning and DNA primers

A 6x-His-MBP-T.el4h maturase DNA gene was synthesized (Genscript) and cloned into a
pPET15b vector using the Ndel and BamHlI restriction sites. The cloned plasmid was then transformed into
Rosetta 2 cells (NEB). The T.el4dh intron gene with the ORF removed from DIVb stem was synthesized
(Genscript) and cloned into a pUC57 plasmid using the EcoRV restriction site. The cloned plasmid was
transformed into DH5a cells. The target DNA primers were synthesized by IDT, with desthiobiotin
(retrotransposon purification) or without (mobility and RT assay).
Top DNA target seq.: GATAGAGATTTTCCCAGGGTTGGCCGAGCGGATGAGGCAGCGAAC

Bottom DNA target seq.: GTTCGCTGCCTCATCCGCTCGGCCAACCCTGGGAAAATCTCTATC

T. elongates denaturing maturase purification

The T.eldh maturase protein is purified using the same protocol as shown in section 4.5.

In vito RNA transcription

T.eldh plasmid is linearized using an engineered Hindlll restriction site. In vitro transcriptions are
prepared in a 1 mL total volume. 40 ug of linear DNA template is added to transcription buffer containing:
50 mM Tris-HCI pH 7.5, 17.5 mM MgClz, 5 mM DTT, 2 mM spermidine, 0.05% Triton-X-100, and 2 mM of
each NTP. T7 polymerase is added along with thermophilic inorganic phosphatase to initiate in vitro
transcription. The reaction is placed at 37°C for 3 hrs. TURBO DNase (20 units) is then added along
with 12 uL of 200 mM CaClz and allowed to react for 1 hr at 37°C. Proteinase K (200 pg) is then added at
37°Cfor 1 hr. The mixture is centrifuged to remove any precipitate. The supernatant is filtered through
a 0.2 ym filter into a 100 Kd cut off filter. The RNA containing solution is buffer exchanged a total of 7
times with 14 mL of filtration buffer (5 mM cacodylate pH 6.5 and 10 mM MgCl2). For the last buffer

exchange, the RNA is concentrated to approximately 10 mg/mL.
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In vitro mobility and RT assay

To perform mobility experiments, the target DNA top strand is 5° radiolabeled with 32P. To
perform reverse transcription experiments, the target DNA bottom strand is 5" radiolabeled with P32, In
either case, 50 pmol of DNA primer is mixed with 50 pmol of [y-32P] ATP, 5 uL of reaction buffer and 20
units of T4 polynucleotide kinase (New England BioLabs) in a total reaction volume of 50 uL. The
solution is incubated for 30 minutes at 37°C. The mixture is then passed through a desalting gel filtration
column to capture the unreacted ATP. The labeled primers are ethanol precipitated using NH4OAc and
linear polyacrylamide as a carrier. The resulting pellet is re-suspended in water. In the case of analyzing
RNA insertion, radiolabeled top DNA is annealed to cold bottom DNA by heating the mixture to 90°C for 2
minutes and allowing the solution to cool at RT for 15 minutes. In the case of analyzing cDNA synthesis,
cold top DNA is annealed to radiolabeled bottom DNA in the same way. T.el4h intron RNA is then spliced
with T.el4h protein in 10 mM MgClz, 40 mM Tris-HCI pH 7.5, 500 mM NH4Cl, and 5 mM DTT for 5 minutes
at 50°C. Annealed target DNA is added along with 200 yuM dNTPs and allowed to react at 50°C for an
additional 5 minutes. The samples are then quenches by phenol/chloroform extraction and the nucleic
acids are recovered by perming an ethanol precipitation using linear polyacrylamide as a carrier. The
pellets are re-suspended in formamide and analyzed on a denaturing 4% 19:1 acrylamide:bis-acrylamide

PAGE gel with 8 M urea.
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