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For from Him and through Him and to Him are all things. To Him be glory forever. Amen.
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Probing ADAR-RNA Interactions for the Rational Design
of Human ADAR Family-Specific Modulators

Abstract

An important class of enzymes involved in RNA editing is the ADAR family (adenosine
deaminases acting on RNA), which facilitate the deamination of adenosine (A) to inosine (I) in
double-stranded RNA (dsRNA). Inosines are decoded as guanosines (G) in most cellular
processes; hence, A-to-I editing can be considered an A-to-G substitution. Among the RNA editing
enzymes, ADARs are of particular interest because a large portion of RNA editing events are due
to A-to-I editing by the two catalytically active human ADARs (ADARI and ADAR2). ADARs
have diverse roles in RNA processing, gene expression regulation, and innate immunity; and
mutations in the ADAR genes and dysregulated ADAR activity have been associated with cancer,
autoimmune diseases, and neurological disorders. A-to-I editing is also currently being explored
for correcting disease-causing mutations in the RNA, where therapeutic guide oligonucleotides
complementary to the target transcript are used to form a dsRNA substrate and site-specifically
direct ADAR editing. Knowledge of the mechanism of ADAR-catalyzed reaction and the origin
of its substrate selectivity will allow understanding of ADAR’s role in disease biology and
expedite the process of developing ADAR-targeted therapeutics.

This dissertation describes some biochemical and structural studies that were performed to
gain more detailed insights into substrate recognition by both ADAR1 and ADAR?2 leading to the
informed design of ADAR-selective inhibitors and editing-enabling guide oligonucleotides for
directed editing applications with ADARs. Chapter 1 gives a general introduction to human
ADARI1 and ADAR2, their association with human diseases, and the search for ADAR inhibitors.

It also describes the potential of ADARs for the emerging field of therapeutic site-directed RNA
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editing and expounds on what is currently known about ADAR mechanism, substrate specificity
and selectivity. Chapter 2 details some biochemical experiments aimed to characterize the ADAR2
dimerization interface and illuminate the function of ADAR dimerization on substrate recognition
and editing. The information derived from these studies were then utilized to design and test
protein and peptide blockers of ADAR dimerization for editing inhibition in Chapter 3. Given the
lag in the molecular understanding of ADAR1 compared to ADAR2, Chapter 4 presents efforts to
probe substrate recognition, obtain high resolution structure, and develop selective inhibitors of
ADARI1 using 8-azanebularine-modified RNA duplexes. Finally, Chapter 5 details X-ray
crystallography studies conducted to characterize a chemical modification and unique sequence
motifs in guide oligonucleotides that enabled editing at non-sequence-preferred therapeutic target

sites for directed editing with ADARs.
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Chapter 1
General introduction to adenosine deaminases acting on RNA (ADARs)

This chapter contains excerpts from a recently accepted article in Accounts of Chemical
Research'.

1.1. The human ADAR family

RNA editing refers to any structural change in an RNA molecule (e.g. insertion, deletion,
or base modification) that changes its coding properties and is not a result of splicing. One of the
most prevalent forms of RNA editing is the conversion of adenosine (A) to inosine (I) or A-to-I
editing catalyzed by a group of duplex RNA-specific enzymes called ADARs (adenosine
deaminases acting on RNA)2. ADARs facilitate the hydrolytic deamination at the C6 position of
adenosine in double-stranded RNA (dsRNA) substrates, leading to the formation of the non-
canonical nucleobase, inosine (Fig. 1.1a)’. Because of similar base pairing properties, inosine
functions analogously to guanosine (G) in many cellular processes, including splicing, translation,
and reverse transcription*>,

The two catalytically active human ADARs, ADAR1 and ADAR?2, are comprised of a
deaminase domain and dsRNA-binding domains (dsRBDs)?, typical of dsRNA binding or
modifying proteins (Fig. 1.1b)®. However, existing experimental data support that the deaminase
domain of both enzymes also require a duplex RNA structure for substrate binding”®. ADARI also
contains an additional nucleic acid binding domain for Z-DNA/RNA binding (Za and ZB) and
exists primarily as the two isoforms, p110 and p150 (Fig. 1.1b). The ZB8 domain lacks some crucial
residues for effective Z nucleic acid (ZNA) binding, but is suggested to play a role in ADARI
dimerization®. On the other hand, the Zo. domain can bind both Z-DNA and Z-RNA and is known

to regulate gene expression!? and to facilitate editing'!.
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Figure 1.1. (A) ADAR catalyzes the hydrolytic deamination of adenosine to inosine in dsRNA via
a tetrahedral reaction intermediate. (B) Protein domain maps of human ADAR1 and ADAR?2. (C)
General consequences of A-to-I editing by ADARs.

The consequences of A-to-I editing by ADARs are context-dependent, and vary across
different RNA molecules, tissues, and developmental stages. In general, A-to-1 editing can result
in amino acid substitutions as well as disruption or creation of splice sites. These recoding events
contribute to the formation of novel protein isoforms (Fig. 1.1¢)?. A-to-I editing can also lead to
non-recoding events, which are collectively due to alterations in the RNA secondary structure.
These structural changes can impact RNA stability and its interaction with other molecules, such
as the RNA interference machinery and proteins involved in RNA degradation and immune
responses (Fig. 1.1¢)>!'>!3, For example, ADAR-mediated A-to-I editing of the miRNA-151
precursor at two specific positions within its dSRNA foldback structure inhibits Dicer cleavage
efficiency and RISC (RNA-induced silencing complex) loading leading to a reduction in mature
miRNAs'*, Inosine-containing RNAs, such as those that are hyper-edited by ADAR, are also
recognized and degraded by the human Tudor SN (Staphylococcal nuclease-like)!'>, a member of

the RNase III family. However, the primary and likely original function of ADAR editing,



particularly of ADARI, appears to be the inhibition of dsSRNA-induced activation of the innate
immune response mediated by MDAS (melanoma differentiation-associated protein 5). MDAS
binds long and highly complementary dsSRNAs similar to those formed in viruses!®. A-to-I editing
by ADARs on endogenous or “self” dsRNAs causes duplex destabilization, preventing their

misrecognition as “non-self” by MDAS and false activation of the innate immune system?.

1.2. Role of ADARSs in human diseases

Mutations in the ADAR genes as well as aberrant ADAR-mediated A-to-I editing have
been associated with various human diseases, including neurological disorders and cancer'”!8,
highlighting the functional significance of this tightly-regulated RNA modification process.
Mutations in the ADARI gene have been linked to several type I interferenopathies and the
autoimmune disorder Aicardi Goutiéres syndrome (AGS)!*-?° while studies suggest the association
of ADAR?2 gene mutations with excitability, psychiatric, and neurodegenerative conditions such as
epilepsy, bipolar disorders, and ALS (amyotrophic lateral sclerosis)!'®?!. Increased editing of the
AZINI1 transcript by ADARI leads to increased levels of two oncoproteins (ornithine
decarboxylase and cyclin D1) in human hepatocellular carcinoma??. In addition, ADAR1 binding
and editing have demonstrated roles in synergizing immune checkpoint blockade and in the
survival of cancer cells characterized by increased expression of interferon-stimulated genes?3-24,
A recent study has also shown the involvement of ADARI1 p150°s Za domain in cancer cell
survival by sequestering ZNAs that are important ligands of the ZNA binding protein 1 (ZBP1) in
order to stimulate a necroptotic response®.

The growing list of ADAR’s diverse roles in various cancer types has led to the increasing

interest in the development of ADAR inhibitors as novel anti-cancer drugs®2°-2%, Small-molecule

inhibitors that are structural mimics of adenosine, e.g. 8-azaadenosine (8-aza-A) and 8-



chloroadenosine (8-CI-A), have been identified to suppress ADAR activity in various cancers*’~
2 Tt was suggested that 8-aza-A targets the catalytic domain of ADAR enzymes, preventing their
interaction with RNA substrates and impeding the A-to-I deamination process’. 8-CI-A, on the
other hand, does not directly inhibit deaminase activity but reduces ADAR expression?®-30,
However, a recent study has extensively shown the non-specificity of these two small molecules
for ADAR inhibition*°. Another approach that has been utilized for ADAR editing inhibition is
the precise suppression of an editing event using antisense oligonucleotides that specifically bind

to and change the secondary structures of ADAR transcript targets (e.g. AZIN1, NEILI, 5-

HTzc)31’32.

1.3. ADARSs for site-directed RNA editing

An emerging therapeutic modality called site-directed RNA editing harnesses the natural
process of A-to-I editing by ADARSs to correct disease-causing mutations at the transcript level*>34.
In this approach, an antisense or guide oligonucleotide complementary to the target transcript is
introduced to form the required duplex substrate, recruiting ADAR to the desired edit site (Fig.
1.2). ADAR performs the corrective A-to-I edit, resulting in a transcript that would now translate
a functional protein (Fig. 1.2). Current directed RNA editing methods either employ endogenous
human ADARs or overexpress engineered ADAR proteins with improved editing efficiency?>3.
The use of endogenous human ADARs offers significant advantages over ectopically expressed
engineered proteins, including comparatively lower levels of off-target editing and reduced
likelihood of immune stimulation®*3”. However, directed editing with native ADARSs often suffers
from inefficient editing of desired target sites due to intrinsic local sequence preferences which
will be discussed in detail in the succeeding sections. This has stimulated efforts to optimize the

guide oligonucleotides being used in this approach3>-38-49,
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Figure 1.2. ADARs for site-directed RNA editing applications.

1.4. Catalytic mechanism and structural characterization

The crystal structure of ADAR2 deaminase domain (ADAR2-D) reported by the Bass lab
revealed the presence of an inositol hexakisphosphate (IP6) molecule buried within the enzyme
core and important features of the active site, including a catalytic Zn ion*' common to other
adenosine and cytidine deaminases*>*}. However, a major breakthrough in the study of ADAR-
RNA interactions came with the first set of high resolution crystal structures of ADAR2-D bound
to 8-azaN-containing RNA substrates**. The nucleoside analog 8-azanebularine (8-azaN) was
critical in the Beal lab’s earlier efforts to develop ADAR editing substrate mimics which could
then be used to probe the ADAR A-to-I editing reaction*>*¢. Upon hydration by ADAR, 8-azaN
in RNA is converted to a tetrahedral covalent hydrate that is a structural analog of the predicted
ADAR reaction intermediate (Fig. 1.3a, Fig. 1.1a) and the proposed hydrolytic deamination

transition state*®. Aza substitution at C8 of nebularine increases susceptibility of hydration across



N1-C6*, while the absence of a good leaving group at C6 allows for the mechanistic trapping of
the covalent hydrate*®. Therefore, 8-azaN-modified RNA duplexes facilitate the formation of
active site-directed and high affinity ADAR-RNA complexes suitable for biochemical and

biophysical investigations with ADARs”-8:46,
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Figure 1.3. The ADAR2-RNA interface as illuminated by crystal structures of ADAR2-D bound
to 8-azaN-containing RNA duplexes. (A) ADAR reacts with 8-azaN in RNA to form a hydrate
that mimics the hydrated intermediate of ADAR’s adenosine deamination (see Fig. 1.1a). (B)
Crystal structure of human ADAR2-D (green) in complex with an 8-azaN-containing RNA duplex
showing the flipped-out base in the edited strand (red) and intercalating loop bearing E488 (PDB
Shp3). E488 hydrogen bonds with the orphan base in the unedited strand (blue). (C) Crystal
structure of the RNA duplex from an ADAR2-D-RNA co-crystal structure (PDB 5hp2) overlayed
with an ideal A-form RNA duplex (silver). The unstacked base and DNA-like sugar pucker at the
-1 position are highlighted in grey in the inset. (D) Predicted steric clash between the G489
backbone and 2-amino group of a 5’-G (top left). A 5’-U avoids this steric clash as observed in
crystal structures (middle and bottom left, PDB 5ed2). The backbone carbonyl of residue S486
hydrogen bonds with the 2-amino group of a 3’-G (right, PDB 5ed2).



The mechanism of ADAR deamination clearly requires the edited adenosine to be flipped-
out of the RNA duplex into the enzyme active site. Indeed, substituting the edited adenosine by 8-
azaN in the duplex substrates used for crystallography studies allowed for the mechanistic trapping
of the flipped-out base in the ADAR?2 active site (Fig. 1.3b)*. Like several other enzymes that
invoke this base-flipping mechanism*’#%, ADAR2 stabilizes the flipped-out conformation by
utilizing a base-flipping loop. This loop, consisting of amino acid residues 486-489, intercalates
into the space vacated by the flipped-out base and forms hydrogen bonding interactions with the
orphaned base via residue E488 (Fig. 1.3b). Flanking E488 are two glycine residues, G487 and
G489, which allow for the loop’s conformational flexibility required for helix penetration.
Interestingly, ADAR’s observed preference for editing adenosines across a cytidine (C) or a
uridine (U)* can be explained by a possible clash between E488 and a purine at the orphan
position.

From the crystal structures, the intercalating loop is observed to approach from the minor
groove side at the edited site. To accommodate this approach, the RNA duplex undergoes other
conformational changes resulting in a structure with considerable deviations from the regular A-
form helix adopted by dsRNAs (Fig. 1.3c). In particular, the -1 base (position across the nucleotide
directly 5’ to edited site) appears to be unstacked, pointing towards the helical axis in the orphan
base direction. Accompanying this is a change in the -1 ribose pucker from the usual C3’-endo in
A-form RNA helices to C2’-endo typical of B-form DNA helices. Overall, these conformational
variations at the -1 position cause the formation of a kink in the unedited strand and a widening of
the major groove opposite the editing site (Fig. 1.3c). The observations just described can also
rationalize the inability of ADARs to modify deoxyadenosines in duplex DNA. The minor groove

in a B-form helix is narrower and would not permit helix penetration and occupancy of the edited



base position by ADAR’s base-flipping loop**. Indeed, the Beal lab has shown that ADARs can
deaminate 2’-deoxyadenosines when present on the DNA strand of DNA/RNA hybrid duplexes

consistent with the idea that ADARs require the A-form duplex conformation for reactivity>’.

1.5. Substrate specificity and selectivity

The observed contacts between ADAR2-D and the base pairs adjacent to the editing site
provided a rationale for the known nearest neighbor preference of ADARs. In general, ADARs
favor editing adenosines flanked by a 5°-U or A and a 3°-G>!*2, Based on the crystal structures, it
was predicted that the 2-amino group of a 5°-G (or -1 G in the case of a 5°-C) in the minor groove
would clash with the protein at G489 (Fig. 1.3d). However, a U or A should not experience this
clash, explaining why these nucleotides are favored at the 5’ position (Fig. 1.3d). Indeed,
deamination of an RNA substrate with the 5’-U:A pair replaced with a U:2AP (2-aminopurine)
pair resulted in an five-fold reduction in deamination rate**, validating the negative effect of a 2-
amino group in the minor groove at this site.

The preference for a G at the 3’ position arises from the hydrogen bonding contact between
the 2-amino group of G and the backbone carbonyl group of S486 (Fig. 1.3d). Of the four canonical
nucleobases in RNA, only G presents a hydrogen bond donor in the minor groove, hence the
predilection for this base at the 3’ position. Indeed, deamination of an RNA substrate with the 3’-
G replaced with I (no 2-amino group) or N°-methylguanosine (N°MeG, blocked access to 2-amino
group) resulted in a 50% decrease in rate to no observed editing, respectively**. These results

clearly indicate the importance of a stabilizing hydrogen bonding interaction at this position.



Figure 1.4. (A) RNA interaction facilitated by a conserved lysine residue 3’ to the edit site and
(B) the 5’ binding loop of ADAR?2 as observed in crystal structure (PDB 5ed?2).

Aside from the interactions near the edited site, two other regions in the RNA’s 5° and 3’
direction relative to the flipped-out base show sites for ADAR2-D engagement. At 7-8 bp in the
3’ direction, a lysine residue (K594) makes a hydrogen bonding contact with the phosphodiester
backbone of the unedited strand (Fig. 1.4a). Importantly, mutating K594 to alanine (K594A)
appreciably reduced ADAR2-D’s editing activity, suggesting the significance of this contact for
substrate recognition and editing®*. A lysine residue is also conserved at this position in ADAR1
(K1120)? and experiments using known ADAR1 and ADAR2 substrates with shortened duplex
3’ to the edit site (< 6 bp) displayed a substantial loss in binding or editing activity for both
enzymes>*. These observations imply that both ADARS require an RNA duplex with at least 8 bp
in the 3’ direction relative to the edited base for efficient editing.

Another region of protein-RNA contact is observed ~ 10 bp in the 5’ direction from the edited
base facilitated by a stretch of amino acid residues (454 to 477) comprising ADAR2’s 5 binding
loop (Fig. 1.4b). Interestingly, the deaminase domains of ADAR1 and ADAR?2 have a relatively

high sequence homology except in their 5’ binding loops, providing one possible origin of the



difference in substrate selectivity of the two enzymes. Indeed, experiments using a chimeric
protein with ADAR2’s 5’ binding loop grafted onto ADAR1-D exhibited ADAR2-like substrate

selectivity™.

1.6. Goals and perspectives

Paramount to the success of utilizing ADARs for directed editing as well as the
development of therapeutic interventions for ADAR-associated diseases is a deeper understanding
of ADAR structure, substrate interaction, and selectivity. The deaminase domain of ADAR2 and
its interaction with an RNA duplex substrate have been well characterized due availability of high-
resolution crystal structures. However, the role of the dsRBDs in dimerization, substrate
recognition, and editing activity still needed to be explored. Multiple studies have also shown
evidence of ADAR dimerization but the location of the dimer interface was not yet well understood
prior to the studies described in Chapter 2 of this dissertation. Given the crucial roles of ADARI
in disease biology and potential for site-directed RNA editing, interrogation of its structure and
substrate recognition will help accelerate the development of targeted inhibitors and the rational
design of ADARI-specific guide oligonucleotides. Finally, guide oligonucleotide optimization
through discovery and structural characterization of editing-enabling chemical modifications or
secondary structures at non-optimal sites will expand the scope of directed RNA editing using
endogenous ADARsS.

This dissertation describes efforts to fill in some of the existing knowledge gaps, starting
with the biochemical studies probing the ADAR dimerization interface in Chapter 2. The results
of these experiments were published in Nucleic Acids Chemistry in 2020. Chapter 3 discusses some
preliminary studies on the development of inhibitors of the ADAR dimer interaction, while

Chapter 4 covers biochemical and biophysical experiments using 8-azaN-containing duplexes to
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interrogate ADARI1 structure and substrate recognition. It also describes the use of these modified
duplexes for the development of ADAR1-selective inhibitors. Most of the work in Chapter 4 was
published in Biochemistry in 2023. Finally, Chapter 5 details efforts to structurally characterize a
chemical modification in guide RNA and unique sequence motifs that enhance editing at

disfavored sites. Part of this chapter was published in Nucleic Acids Research in 2022.
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Chapter 2
Investigating the role of ADAR dimerization on substrate recognition
The biochemical studies described in this chapter were part of a joint project with Beal lab
alumnus Dr. Alexander Thuy-Boun. This chapter contains excerpts from the full manuscript
which was published in Nucleic Acids Research in June 2020". It also contains excerpts from a
recently accepted article in Accounts of Chemical Research?.
2.1. Introduction

The crystal structures of ADAR2-D in complex with 8-azaN-bearing substrates provided
highly valuable insights into the deaminase domain’s function on RNA binding and editing.
However, questions on the role of the dSRBDs on ADAR activity still remained. For instance, the
deaminase domain of ADAR2 alone has been shown to be sufficient in recognizing and
deaminating adenosines in certain substrates (e.g. GLI1 mRNA)*~, but requires the presence of
dsRBDs in editing others (e.g. 5-HTac pre-mRNA, D-site)®. Furthermore, multiple studies have
provided evidence of ADAR dimerization, its possible importance in ADAR activity, and the
likely role of dsRBDs in dimer formation’. All these accounts further emphasized the need for
uncovering the detailed function of dsSRBDs on RNA recognition and editing.

Dr. Alexander Thuy-Boun then sought to crystallize a fragment of ADAR2 bearing the
deaminase domain and dsSRBD2 (ADAR2-R2D) bound to an 8-azaN-modified RNA duplex (Fig.
2.1a)!. From the resulting X-ray crystal structure, we found that the RNA-bound protein forms an
asymmetric homodimer (Fig. 2.1a-b), with the deaminase domain of one monomer (monomer A)
interacting with the RNA in the same fashion observed in ADAR2-D-RNA crystal structures. On
the other hand, the deaminase domain of the other monomer (monomer B) is not directly involved
in RNA binding. Instead, its dsSRBD2 contacts the RNA at a site found in the 3’ direction relative

to the flipped-out base (Fig. 2.1a), consistent with results from protein-RNA footprinting
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experiment with ADAR2-R2D!. While dsRBD2 from monomer B is shown to interact with the

RNA, there is no clear electron density to model the location of dsSRBD2 from monomer A.

B monomer A
—
(o)
I dsRBD2 A ~
il edminas; Illllll
M EEEEN 1|
dsRBD2 B
deaminase B
—
C monomer B

monomer A monomer B

Figure 2.1. (A) Crystal structure of ADAR2-R2D bound to an §8-azaN-containing RNA duplex
(PDB 6vff) and (B) cartoon representation of the asymmetric homodimer (RNA binding contacts
not drawn to scale). Broken lines represent regions that were not resolved in the crystal structure.
(C) Inset shows the a-helical dimerization interface (yellow) in the deaminase domain of monomer
A and relevant hydrogen bonding contacts between the deaminase domains of monomers A and B
facilitated by D503 in the dimerization helix.

As previously specified, the deaminase domain of monomer B does not directly contact the
RNA. However, it interacts with the RNA-bound deaminase domain A via an extensive network
of protein-protein interactions centered around an o-helical dimerization interface (dimerization
helix; Fig. 2.1a and c¢). The dimerization helix (residues 501-509) is presented by deaminase A to
a binding site in deaminase B, which consists of similar residues involved in RNA duplex binding

around the catalytic pocket of deaminase A. Interestingly, three amino acid residues in the

dimerization helix (T501, W502, and D503) are highly conserved in ADARSs across different

17



species'. Mutating these residues to alanine led to disruption of ADAR2-R2D dimer formation,
with the severity of effect following the trend D5S03A > W502A > T501A as shown through gel
shift experiments'. In this chapter, the effect of these mutations in the dimer interface on ADAR
editing activity in vitro and in cells are presented. The protein expression and purification steps as
well as the in vitro deamination assays were performed in collaboration with Dr. Alexander Thuy-

Boun.

2.2. Results

2.2.1. Mutation of the dimer interface inhibits RNA editing in vitro. Human ADAR2-R2D
E488Q proteins containing T501A, W502A, or D503A mutations were first overexpressed and
purified as described in Section 2.4. ADAR2-R2D E488Q was also similarly expressed and
purified as a background control. /n vitro deamination assays were carried out using the 5-HT>c
pre-mRNA, a well-studied substrate of ADAR1 and ADAR2!%6, In normal human cells, the D-
site of this RNA transcript is edited nearly to completion by ADAR2!!. Furthermore, Eggington
and Bass reported that D-site editing is inefficient in vitro with the ADAR2 deaminase domain
alone compared to full length ADAR?2, indicating a requirement for dsSRBD binding®. To assess
the effect of dimerization helix mutation on RNA editing, in vitro editing assays were carried out
using a transcribed 332 nt RNA fragment of the 5-HTzc pre-mRNA and the ADAR2-R2D E488Q
protein along with the corresponding T501A, W502A and D503A mutants (Fig. 2.2a).
Interestingly, we found that mutation of the dimerization helix affects 5-HT>c D-site editing to a
varying degree dependent on the mutant tested. For instance, the D503 A mutation reduced the
observed rate constant for D-site editing by approximately 1000-fold compared to the protein
bearing the wild type dimerization helix. Complete inhibition for all other known ADAR?2 editing

sites in 5-HT>c was also observed for this mutant. The W502A mutation reduced the rate of D-site

18



editing by 17-fold, whereas the T501 A mutation was found to be slightly stimulatory (Table 2.1).
Indeed, the trend observed for changes in rate for in vitro editing of the 5-HT>c D-site follows the

same trend seen for disruption of dimer formation described in Section 2.1

(D503A>W502A>T501A).
A
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Figure 2.2. (A) Deamination kinetics of ADAR2-R2D E488Q and dimerization mutants (100 nM)
on 5-HT>c D-site (10 nM) and (B-C) GLI1 substrate (10 nM) at (B) 100 nM or (C) 10 nM enzyme.
Conditions for in vitro deaminations are stated in Section 2.4.4. Error bars represent standard
deviation (n = 3 technical replicates).

19



Table 2.1. Single-turnover deamination kinetics of ADAR2-R2D E488Q and dimerization
mutants (100 nM) on D-site of the 5-HT>c substrate (10 nM). Conditions for in vitro
deaminations are stated in Section 2.4.4.

Enzyme Kobs (min!)? krel®
ADAR2-R2D E488Q 2.13+0.30 1
ADAR2-R2D E488Q:T501A >3 -
ADAR2-R2D E488Q:W502A 0.12+0.03 0.056
ADAR2-R2D E488Q:D503A 2.32x103+£0.76 x 1073 0.001

? kobs was calculated by fitting the time course to the equation: [P], = a[1 — e~ ¥obst] where
[P]:1s percent edited at time ¢, a is the end point fitted to 95%, and kobs is the observed rate
constant.

® krel = kobs for mutant/kebs for ADAR2-R2D E488Q.

For comparison, the rate constants for editing of a 147 nt RNA duplex resembling the GLI1
site was also measured (Fig. 2.2b-c). dsRBD binding has been shown to be less important for
editing efficiency of this substrate’. Indeed, the D503 A mutation is not inhibitory and instead has
a slight stimulatory effect under the conditions of the in vitro assay used (Fig. 2.2c). At higher
enzyme concentration (100 nM, Fig. 2.2b), the WT protein showed ~ 3-fold higher editing rate
than the D503A mutant while at lower enzyme concentration (10 nM, Fig. 2.2c), the D503A

mutant exhibited ~ 18-fold higher deamination activity than the WT protein.

2.2.2. Mutation of the dimer interface inhibits RNA editing in cells. To evaluate the effect of
the dimerization mutants on the activity of full length ADAR2 in the context of human cells, these
proteins were overexpressed in HEK293T cells and editing was quantified at known ADAR?2 sites
(Fig. 2.3a)!"7. The effect of these mutations in this experimental context showed a similar trend to
that observed in the in vitro editing experiments using the ADAR2-R2D mutants. Once again,
D503A exhibited the greatest perturbation on editing followed by W502A and T501A (Figure
2.3a). We also observed that the magnitude of the effect varied depending on the substrate
analyzed, with the GLI1 and COG3 (site 2) affected much less by mutation in the dimerization

helix than other targets, such as the CYFIP2 and TMEMG63B transcripts. Western blot analysis of
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proteins in whole cell lysate was performed for each of the ADAR transfections and confirmed

similar expression levels for these ADAR mutants (Fig. 2.3b).
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Figure 2.3. (A) Editing levels of endogenous substrates in HEK293T cells with or without
overexpression of full length human ADAR2 wild-type (WT) and dimerization mutants.
Endogenous editing was measured from cells transfected with empty vector. Asterisks indicate no
detected editing. Error bars represent standard deviation (n = 3 biological replicates). (B) Western
blot analysis of whole cell lysate from HEK293T cells expressing full length human ADAR2 WT
and dimerization mutants. Expected molecular weight (MW) of full length human ADAR?2 is
approximately 75 kDa.
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2.3. Discussion

The results of the in vitro and cellular deamination experiments with the dimerization
mutants clearly indicate the importance of dimerization on editing of most substrates tested. The
D503A mutant, in particular, exhibited the most detrimental effect on dimerization and editing,
consistent with observed key protein-protein interactions facilitated by D503 between monomers
A and B (Fig. 2.1c). Notably, overexpression of ADAR1 p110 with the corresponding aspartic
acid residue mutation (D1023A) also displayed decreased editing of most endogenous substrates
studied in HEK293T cells' as demonstrated by previous lab member, Dr. SeHee Park.

Altogether, the reported crystal structure of the ADAR2-R2D homodimer revealed both
protein-RNA and protein-protein interactions but did not exactly disclose the involvement of
dsRBD2 binding in dimer formation. However, gel shift experiments using duplex substrates with
or lacking sufficient base pairs 3’ to edit site for dSRBD2 contact clearly showed dependence of
ADAR2-R2D dimer formation on dSSRBD2-RNA interaction in this region'. These results, coupled
with the structural and biochemical data described in this chapter, validate the essential role played
by dsRBDs in dimerization, substrate recognition, and editing. Specifically, dimerization enables
the simultaneous binding of a deaminase domain and a dsRBD on the same RNA molecule. For
substrates with target adenosines situated in an ideal position in the duplex (mostly base-paired)
and in the preferred orphan base and nearest neighbor context (e.g. GLI1, Fig. 2.4a), dimerization
or additional binding of dsRBDs might not be necessary for efficient editing. However, the
opposite is true for substrates characterized by mismatches, bulges, and loops, such as the 5-HTxc
RNA (Fig. 2.4b). For these substrates, the deaminase domain is inadequate for effective binding

and deamination, hence dimerization is essential for supplementary RNA contact via the dsSRBDs.
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Figure 2.4. Secondary structure predicted by mFold'® of the in vitro transcribed (A) GLI1 147mer
and (B) 5-HT2c 332mer RNA substrates used for in vitro deamination assays. Deaminated
adenosines (D-site for 5-HT>c) are indicated by red arrows.

It remains to be seen what fraction of endogenous ADAR substrates are sensitive to
inhibition of dimerization. For the six ADAR?2 sites analyzed here from HEK293T cells, four
(CYFIP2, TMEM63B, FLNA and COG3 (site 1)) showed a substantial decrease in editing with
the ADAR2 dimer interface mutants whereas two sites (GLI1 and COG3 (site 2)) were less
dependent. Given the apparent significance of ADAR dimerization in editing, inhibition of
dimerization presents an alternative mechanism for ADAR editing inhibition. Hence, identification
of molecules that can block ADAR dimerization could lead to a new class of potential therapeutics

for cancer and other ADAR-associated disorders. Efforts towards the development of ADAR

dimerization inhibitors are presented in the following chapter.
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2.4. Methods

2.4.1. Site-directed mutagenesis. Mutagenesis of the human ADAR2-R2D and full-length
constructs was carried out via PCR site-directed mutagenesis using QuikChange XL Site-Directed
Mutagenesis kit (Agilent) with the primers listed in Section 2.5. All primers were purchased from

IDT. Sequences for mutant plasmids were confirmed by Sanger sequencing.

2.4.2. Expression and purification of human ADAR2-R2D. N-terminal Hisio-tagged human
ADAR2-R2D mutant proteins were overexpressed in Saccharomyces cerevisiae strain BCY 123 as
previously described!. Cells were lysed in lysis buffer (20 mM Tris-HCI pH 8.0, 750 mM NaCl,
35 mM imidazole, 5% (v/v) glycerol, 0.01% (v/v) Triton X-100, 1 mM B-mercaptoethanol (BME))
using a microfluidizer and the cell lysate was purified by a 0.45 pum filter after centrifugation at
39,000 x g for 25 min. The clarified lysate was loaded through a pre-equilibrated 5 mL Ni-NTA
Superflow column (Qiagen) at 2.5 mL/min. The column was washed with 100 mL of lysis buffer,
followed by 50 mL washes of buffer A (20 mM Tris-HCI pH 8.0, 300 mM NacCl, 35 mM imidazole,
5% (v/v) glycerol, 0.01% (v/v) Triton X-100, I mM BME) and buffer B (20 mM Tris-HCI pH 8.0,
100 mM NaCl, 35 mM imidazole, 5% (v/v) glycerol, 0.01% (v/v) Triton X-100, 1| mM BME) at
2.5 mL/min. Elution was performed by a 45 mL gradient from buffer B to buffer C (20 mM Tris-
HCI pH 8.0, 100 mM NaCl, 300 mM imidazole, 5% (v/v) glycerol, 0.01% (v/v) Triton X-100, 1
mM BME) at 1 mL/min. Fractions were analyzed by sodium dodecyl sulfate - polyacrylamide gel
electrophoresis (SDS-PAGE) and selected fractions were pooled and loaded at 1.5 mL/min on a
pre-equilibrated 5 mL HiTrap Heparin HP column (GE). The column was washed with 30 mL of
buffer D (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 5% (v/v) glycerol, | mM BME) at 1.5 mL/min
and eluted with a 45 mL gradient from buffer D to buffer E (20 mM Tris-HCI pH 8.0, 1000 mM

NaCl, 5% (v/v) glycerol, 1 mM BME). Fractions were analyzed by SDS-PAGE and selected
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fractions were pooled and concentrated to < 300 pL in a 30,000 MW cutoff Amicon Ultra 4
centrifugal filter at 5000 x g and 4 °C. Buffer exchange was accomplished via three rounds of
concentration to < 300 pL and subsequent addition of 3 mL of storage buffer (20 mM Tris-HCI
pH 8.0, 100 mM NaCl, 20% (v/v) glycerol, 1 mM BME). After final centrifugation, protein
concentrations were determined with bovine serum albumin (BSA) standards, as visualized by
SYPRO Orange (Invitrogen) staining on SDS-PAGE gels. The purified proteins were stored at —

70 °C.

2.4.3. Preparation of substrates for in vitro deamination Kkinetics. ADAR editing substrates (5-
HT>c and GLI1) were in vitro transcribed from a DNA template using HiScribe T7 RNA Synthesis
kit (NEB). The RNA products were purified using 8% urea PAGE gels and visualized by UV
shadowing. Bands were excised, crushed, and soaked overnight at 4 °C in a buffer containing 0.5
M NH40Ac and 1 mM ethylenediaminetetraacetic acid (EDTA). Gel fragments were removed
using a 0.2 um cellulose acetate filter, and the oligonucleotides were precipitated from the
supernatant by ethanol precipitation at =70 °C. The oligonucleotides were then dried under
vacuum, resuspended in nuclease-free water, and quantified by measuring the absorbance at 260
nm. ADAR editing substrates were allowed to self-anneal in 10 mM Tris-HCI pH 7.5, 1 mM

EDTA, and 100 mM NacCl by heating at 95 °C for 5 min and slow cooling to < 30 °C.

2.4.4. In vitro deamination assay. Deamination reactions had a final volume of 10 pL with
concentrations of 10 nM RNA and 10 or 100 nM ADAR2-R2D. The final reaction solution
contained 17 mM Tris pH 7.4, 60 mM KCI, 16 mM NaCl, 2 mM EDTA, 0.003% Nonidet P-40
(NP-40), 0.5 mM dithiothreitol (DTT), 1.0 pg/mL yeast tRNA, and 160 units/mL RNase inhibitor

(NEB). The reaction was incubated at 30 °C. Time points include 0, 0.5, 1, 3, 5, 10, 15, 30, and 60
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min. The zero time point consisted of the same deamination reaction components without the
protein. Reactions were quenched by addition of 190 pL of 95 °C nuclease free H>O and incubation
for 5 min at 95 °C. cDNA was generated from RNA via reverse transcription - polymerase chain
reaction (RT-PCR) using Access RT-PCR kit (Promega) for 24 cycles. PCR product was purified
using DNA Clean and Concentrator kit (Zymo). Purified samples were subjected to Sanger
sequencing and sequence traces were analyzed by 4Peaks (Nucleobytes) to quantify percent
editing. Rate constants were calculated by fitting the time course to the equation: [P]; = a[l —
e~ kovst] where [P]; is percent edited at time t, o is the end point fitted to 95%, and kobs is the

observed rate constant. See Section 2.5 for cDNA sequencing primers.

2.4.5. Cellular editing of endogenous substrates in HEK293T cells. HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 10% fetal bovine serum (FBS,
Gibco) and 1% antibiotic-antimycotic (anti-anti, Gibco) at 37 °C and 5% CO,. At 70-90%
confluency, 8 x 10 cells were seeded into a 96-well plate. After 24 h, cells were transfected with
750 ng pcDNA3.1 plasmid containing full length human ADAR2 WT or mutant with HA tag.
Transfection was carried out using Lipofectamine 2000 according to manufacturer protocol
(Invitrogen). After incubation of transfection reagent and plasmid in Opti-MEM (Gibco), the
solution was added to designated well and incubated at 37 °C and 5% CO; for 48 h. Total RNA
was isolated using RNAqueous Total RNA Isolation kit (Invitrogen) and DNase treated with RQ1
RNase-free DNase (Promega). Nested PCR was performed by first using Access RT-PCR kit
(Promega) for 24 cycles followed by a second PCR using Phusion Hot Start DNA Polymerase
(Thermo) for 19 cycles. The PCR products were purified by agarose gel and Qiagen Gel Extraction

kit. The purified product was subjected to Sanger sequencing and sequence traces were analyzed
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by 4Peaks (Nucleobytes) to measure percent editing. See Section 2.5 for RT-PCR and nested

PCR/sequencing primers.

2.4.6. Detection of full length human ADAR protein in transfected HEK293T cells. HEK293T
cells were cultured in DMEM (Gibco), 10% FBS (Gibco), and 1% anti-anti (Gibco) at 37 °C and
5% CO,. At 70-90% confluency, 8 x 10* cells were seeded into a 96 well plate. After 24 h, cells
were transfected with 750 ng pcDNA3.1 plasmid containing full length human ADAR2 WT or
mutant with HA tag. Transfection was carried out using Lipofectamine 2000. After incubation of
transfection reagent and plasmid in Opti-MEM, the solution was added to designated well and
incubated at 37 °C and 5% CO; for 48 h. Cells were lysed with 50 pL of lysis buffer (50 mM Tris-
HCI pH 8.0, 150 mM NacCl, 1% (v/v) NP-40) supplemented with Halt protease inhibitor cocktail
(Thermo) with shaking at 4 °C for 30 min. Samples were resolved on an SDS-PAGE gel alongside
Page Ruler Prestained Plus Protein Ladder (ThermoFisher). Western blotting was carried out using
an HA tag monoclonal antibody (ThermoFisher) as primary antibody at 1:10,000 dilution and anti-
mouse IgG with alkaline phosphatase-conjugated secondary antibody (Santa Cruz Biotechnology)
at 1:2,000 dilution. ADAR proteins were detected using an ECF substrate (GE Healthcare) on a

Typhoon Trio Variable Mode Imager (GE Healthcare).
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2.5. Table of oligonucleotides

Table 2.2. Sequences of oligonucleotides used for work presented in Chapter 2.

Oligonucleotide

Sequence (5’ to 3°)

Mutagenesis primers

E488Q FWD GACCAAAATAGAGTCTGGTCAGGGGACGATTCCAGTGCGCTC
E488Q RVS GAGCGCACTGGAATCGTCCCCTGACCAGACTCTATTTTGGTC
T501A FWD AATGCGAGCATCCAAGCTTGGGACGGGGTGCTG

T501A RVS CAGCACCCCGTCCCAAGCTTGGATGCTCGCATT

W502A FWD GCGAGCATCCAAACGGCTGACGGGGTGCTGCAA

W502A RVS TTGCAGCACCCCGTCAGCCGTTTGGATGCTCGC

D503A FWD GAGCATCCAAACGTGGGCTGGGGTGCTGCAAGGGG

D503A RVS CCCCTTGCAGCACCCCAGCCCACGTTTGGATGCTC

RT-PCR/sequencing primers for in vitro deamination substrates

GLI1 FWD CAGAACTTTGATCCTTACCTC

GLI1 RVS GCAGTGGTCTGAACCCCTATATG

5-HT2c FWD TGGGTACGAATTCCCACTTACGTACAAGCTT
5-HT2c RVS GTAACATTTGCGTTTGATCGGGTTCT

RT-PCR and nested PCR/sequencing primers for cellular editing studies

TMEMG63B RT FWD | CCGCTGGCTCTTTGATAAGAAATTCTTGGCTGAGG
TMEMG63B RT RVS AGCCAGAAGAGGCAGAGGATGGGCG

TMEM63B Nest FWD | CAGCTATTCGGTTTGAGTGTGTGTTCC

TMEM63B Nest RVS | CGGCCACCACCTGGTTCACAGCCC

CYFIP2 RT FWD TCCTGGCCAACCACAACAGGATCACCCAGTGTC
CYFIP2 RT RVS TAGGTCGAAGAGCTCGCGATACTCCTCGTCTG
CYFIP2 Nest FWD TCCACCAGCAACTTGAAGTGATCCCAGGCTATGA
CYFIP2 Nest RVS ACTTCTGGCTGTCCAGCCCTGAGCCCG

FLNA RT FWD TCAGTATCTGGACCCGGGAAGCTGGTGC

FLNA RT RVS TGCCGTTGAACTTGACGTCAATCAGGTAAACGCC
FLNA Nest FWD TGGAGGCCTGGCCATTGCTGTCGAGGG

FLNA Nest RVS ATTCTCCCGAGGGATGAAGCGCACAGC

COG3 RT FWD CAGATGCATAGATAGGGCAGTGTTCCAAGGA
COG3 RTRVS ACCTTTGTCATGAACTCCTCCAGCTGTTC

COG3 Nest FWD TTATCACAGGAAGCATTGTCTGCCTGCATTCAGTC
COG3 Nest RVS TACAAACAGCTTGGTCTGCTGCTGAAT

GLI1 RT FWD CGAGCCGAGTATCCAGGATACAAC

GLI1 RT RVS CCCATATCCCAGAGTATCAGTAGGTGG

GLI1 Nest FWD

CCCAATGCAGGGGTCACCCGGAGGG

GLI1 Nest RVS

GAAGTCCATATAGGGGTTCAGACCACTGCCCAC
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Chapter 3

Inhibition of ADAR editing by blocking dimerization

3.1. Introduction

Targeting protein-protein interactions (PPIs) has emerged as a promising strategy for
studying protein functions and for the development of novel therapeutic interventions for a wide
range of medical conditions!=. PPIs play crucial roles in various cellular pathways, and their
perturbation can have significant impacts on cellular signaling and processes*. Small molecules,
peptides, antibodies, and other therapeutic agents can be designed to specifically interfere with or
stabilize PPIs!2. For example, the stapled peptide ALRN-6924 has been shown to block the
interaction of tumor suppressor p53 and its inhibitor MDM2 or MDM4, thereby exhibiting
antileukemic effects>>. A small molecule inhibitor that targets the androgen receptor (AR)
homodimerization interface has also displayed growth suppression of AR-dependent prostate
cancer cell lines®’. In addition, molecular glues that enhance the interaction of binding mutant 8-
catenin with its cognate E3 ligase represent a unique approach to target tumors with elevated levels
of this cancer-associated transcription factor®’.

The crystal structure of ADAR2-R2D - RNA complex described in the last chapter revealed
that ADAR2 homodimerizes via an o-helical interface and mutations in this dimerization surface,
particularly in the D503 residue, disrupt dimer formation and RNA editing. The observed
dependence on dimerization for recognition and editing of some substrates therefore presents a
plausible mechanism for ADAR editing inhibition, which could lead to the development of
targeted therapeutics against cancer and other ADAR-related metabolic and neurological
disorders. In this chapter, preliminary studies on the design and testing of protein- and peptide-

based blockers of ADAR dimerization for editing inhibition are presented and discussed.
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3.2. Results
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Figure 3.1. Proposed modes of inhibition by the A2dx protein inhibitor (red). Only the deaminase
domain (blue) and dsRBD1 (orange) of the full-length ADAR?2 protein are shown. The a-helical
ADAR?2 dimerization interface is shown in yellow and the edited and unedited strands of the RNA
substrate are shown in dark red and dark blue, respectively. (A) A2dx forms an inactive
heterodimer by presenting its dimer helix with ADAR2, blocking the formation of an active
ADAR?2 homodimer. (B) A2dx forms a heterodimer with ADAR2 that lacks the crucial dsRBD-
RNA interaction 3’ to the edited site. (C) A D503 A/K mutation in A2dx’s dimer helix (red circle)
should prevent the formation of the inactive heterodimer described in A.
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3.2.1. Protein inhibitor design and in vitro inhibition studies

To begin our investigations, we imagined that the catalytically dead deaminase domain of
ADAR2 (A2dx) can act as an ADAR2 homodimerization inhibitor by forming an inactive
heterodimer with the full length ADAR2 protein (Fig. 3.1a). Heterodimer formation is possible
because A2dx bears the a-helical dimer surface found in ADAR2 and hence can be a protein
binding partner to the full length protein. Moreover, the heterodimer is inactive because A2dx
contains an inactivating mutation (E396A) to the glutamate residue that is critical for the
deamination reaction!'®"!3. However, since A2dx also has the residues comprising the dimerization
helix receptor site, it could also engage with the full length protein to form a heterodimer that lacks
the stabilizing dsSRBD-RNA interaction 3 to the edited site!* (Fig. 3.1b). To check the importance
of A2dx’s dimer helix in the described mode of inhibition in Fig. 3.1a, mutations in the key
dimerization residue (A2dx D503A or D503K) should lead to decrease in A2dx’s potency of

inhibition (Fig. 3.1c).

5-HT,¢
B-site D-site

A v v
5’-..GCA UACGUAAUCC--UAUUGAGCAUAGCC..-3"
3'-.UGU AUGUAUUAGg éUAACUCGUAUCGG...—S !

C
UUC

Figure 3.2. Predicted secondary structures around the 5-HT2c B and
D editing sites. Structure predicted by mFold".

To test all these hypotheses, in vitro deamination reactions with ADAR2 and a 332 nt
fragment of the human 5-HT>c pre-mRNA (Fig. 3.2) were set up, to which 0 to 6 uM of A2dx and
A2dx D503A/K controls were added. Indeed, we observed that titration of A2dx in a full length
ADARR2 reaction resulted in reduced editing of 5-HTc at the dimerization dependent D-site!* with

an estimated ICso of 1.3 + 0.5 uM (Fig. 3.3a). This inhibition appears to rely on A2dx-ADAR2
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interaction via A2dx’s dimer helix, as titration of the two A2dx control proteins showed no
inhibition of editing. Interestingly, titrating A2dx in a full length ADAR1 p110 reaction did not
show any reduction in 5-HT>c editing at the B-site (Fig. 3.3b), an ADARI edit site that was also
shown to require dsRBD (and hence dimerization) for recognition'®. The ADAR2-selective
inhibition by A2dx suggests that ADAR1 and ADAR2 may have unique dimerization interfaces

that do not allow for heterodimerization of the two proteins.
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Figure 3.3. In vitro inhibition studies with the protein inhibitor. Titration of A2dx and dimer helix
mutant controls to (A) ADAR2/5-HT>c or (B) ADARI1 p110/5-HT>c reaction. The ICso value
reported in A is the average of three independent measurements + standard deviation. Titration of
Aldx and dimer helix mutant controls to (C) ADARI p110/5-HT2c or (D) ADAR2/5-HT>c
reaction. Reactions were performed at the following conditions: 0 to 6 pM protein inhibitor, 100
nM ADAR2 or ADARI1 p110, 5 nM substrate, 10 min (for ADAR2) or 15 min (for ADARI1 p110),
at 30 °C. Error bars represent standard deviation from »n = 3 technical replicates.

As discussed in the previous chapter, ADARI1 also contains the dimer surface residues

found in ADAR?2 and a charge reversal mutation in the corresponding key dimerization residue in
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ADARI (D1023A) resulted in inhibition of editing of several endogenous substrates in
HEK293T!'4. With this observation and other existing evidence that ADARI1 can also
homodimerize!®!?, the catalytically dead deaminase domain of ADAR1 (ADARI1-D E912A or
Aldx) was also tested for full length ADAR1 p110 inhibition along with the corresponding dimer
helix mutant controls (Aldx D1023A or D1023K). However, inhibition of 5-HT>c B-site editing
was observed for all Aldx proteins, including the dimer helix mutant controls (Fig. 3.3c).
Therefore, the editing reduction seen is not dependent on the Aldx dimer helix interface and could
instead be due to competitive substrate binding. The inhibition experiment with the Aldx proteins
was also performed with ADAR2 and the same inhibition pattern was seen (Fig. 3.3d), further

supporting the idea that the Al1dx proteins may be competitively binding to the RNA substrate.

3.2.2. Peptide inhibitor design and in vitro inhibition studies

The promising results from the in vitro inhibition studies with the A2dx inhibitor inspired
us to try lower MW mimics of the ADAR2’s dimerization interface such as peptides. Like the
protein inhibitor, the idea is for the peptide to bind to the dimerization receptor site, hence blocking
formation of an active ADAR2 homodimer (Fig. 3.4a). Four linear peptides (8, 10, 12, and 14mer)
were designed from the sequence of amino acid residues making up ADAR2’s dimerization helix
as observed in the ADAR2-R2D - RNA crystal structure'* (Fig. 3.4b). A 12mer cyclic peptide was
also designed from the crystal structure, where the side chains of Q500 and L511 are shown to be
at an ideal distance for covalent linkage. To facilitate cyclization, a 12mer peptide with Q500E
and L511K mutations was used to allow for side chain to side chain amidation (Fig. 3.4b). The

linear and cyclic peptides were then synthesized by and purchased from GenScript.
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Figure 3.4. Proposed mode of inhibition of the peptide inhibitor and structure-based design. (A)
The peptide inhibitor (gray) would putatively block ADAR2 homodimerization by competitively
binding to the dimer helix receptor site. (B) The linear peptide sequences (written from N- to C-
terminal) are derived from the sequence of amino acid residues making up the dimerization helix
(yellow) in ADAR2 deaminase domain (blue). A 12mer cyclic peptide was designed based on the
observed distance between Q500 and L511 side chains in the crystal structure (PDB 6vff)!4, which
is ideal for side chain to chain amidation upon Q500E and L511K conversions.
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Figure 3.5. In vitro inhibition studies with the peptide inhibitor. (A) Editing of 5-HT>c by ADAR2
in the presence of 0 to 100 uM peptide. (B) ICso plot for the inhibition experiment in A. The
reported ICso value is the average of three independent measurements + standard deviation.
Reactions were performed at the following conditions: 100 nM ADAR2, 5 nM substrate, 10 min,
at 30 °C. Error bars represent standard deviation from n = 3 technical replicates.

To test the peptides for ADAR?2 inhibition, 0 to 100 uM of the linear or cyclic peptides
were titrated into an in vitro deamination reaction with full length ADAR2 and 5-HTac. Figure
3.5a shows that the cyclized peptide mimic of the ADAR2 dimer helix reduced 5-HT>c editing by
ADAR?2 with an estimated ICso of 38 + 15 uM (Fig. 3.5b). On the other hand, no inhibition was
observed for the linear peptides. Peptide cyclization has been utilized as a strategy to create
biostable and conformationally constrained protein domain mimics!”!'®. Therefore, it could be
inferred from the inhibition experiments with the linear and cyclic peptides that rigidifying the

conformation of the dimerization helix mimics improves binding and potency for blocking

dimerization.

3.2.3. Cellular inhibition studies with the A2dx protein inhibitor

Efforts to test the efficacy of the A2dx protein inhibitor in inhibiting ADAR2 in
mammalian cells were first led by Beal lab alumnus Dr. Kevin Pham. Using HEK293T, a cell line
that has relatively low levels of endogenous ADAR2, Dr. Pham overexpressed the full length

ADAR?2 protein by transfecting 500 ng of plasmid containing the ADAR2 gene. He also co-
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expressed the A2dx protein inhibitor and dimer mutant controls by transfecting varying quantities
of expression plasmid (0 to 750 ng; empty vector was used to keep the amount of plasmid
transfected constant per treatment). Dr. Pham then evaluated the editing profile of the endogenous,
dimerization-dependent substrate TMEM63B!*4 48 h post-transfection; however, no editing

reduction was observed under the conditions used for his cellular inhibition studies.

50— TMEM63B 70— CYFIP2
B A2dx B A2dx
60 -

40 3 A2dx D503A 0 A2dx D503A
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Figure 3.6. Cellular inhibition studies with the A2dx proteins. Editing levels of endogenous
substrates, (A) TMEM63B and (B) CYFIP2, in HEK293T cells 48 h after transfection with 100
ng ADAR2 and 0 to 1000 ng A2dx expression plasmids.

It is important to note that for the in vitro experiments, editing inhibition was only observed
at greater than 5-fold excess of the A2dx protein to ADAR2 (Fig. 3.3a). Hence, to continue Dr.
Pham’s work, the amount of expression plasmid was changed to 100 ng for the full length ADAR2
protein and up to 1000 ng for the A2dx proteins. The editing profiles for TMEM63B (Fig. 3.6a)
and another endogenous, dimerization-dependent substrate CYFIP2!'# (Fig. 3.6b) were then studied

after transfection. Unfortunately, no editing inhibition was observed for both transcripts even after

using 10-fold excess of the A2dx protein to ADAR?2 in this cellular inhibition study.
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Figure 3.7. Cellular inhibition studies with the A2dx fusion proteins. Editing levels of endogenous
substrates, TMEM63B and CYFIP2, in HEK293T cells 48 h after transfection with 100 ng ADAR?2
and 0 to 1000 ng A2dx fusion protein expression plasmids: (A) A2dx_GFP_NLS, (B) A2dx_GFP,
(C) A2dx_GFP_NES. Error bars represent standard deviation from n = 3 technical replicates.
Protein construct maps are drawn from N- to C-terminal.

Careful consideration of where the overexpressed full length ADAR2 and A2dx proteins
might localize in the cell made us consider appending cellular localization signals to the A2dx
protein. A nuclear localization signal (NLS) at the N-terminus of ADAR2, particularly near its
dsRBD2, allows the protein to localize in the nucleus!®-?. This region of the protein is clearly not
present in A2dx; hence, a new A2dx fusion protein construct was designed to include a C-terminal
NLS derived from human c-Myc protein?!' and a green fluorescent protein (GFP) from Aequorea
victoria to visualize and confirm cellular localization (A2dx GFP_NLS; Fig. 3.7a). Two control

A2dx fusion protein constructs, one that lacks the NLS signal (A2dx_GFP; Fig. 3.7b) and another

that contains a nuclear export signal (NES) from HIV Rev protein?>?* (A2dx_GFP_NES; Fig.
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3.7¢), were also prepared. The cellular inhibition experiment described above was then carried out
using these new protein constructs (Fig. 3.7). A slight reduction in editing of the TMEM63B
substrate was observed for the A2dx GFP_NLS and A2dx_ GFP_NES fusion proteins (Fig. 3.7a,c)
but this inhibition does not appear to be dependent on the A2dx-ADAR?2 interaction via A2dx’s

dimer helix surface, as the dimer mutant control setup also showed inhibition of substrate editing.

3.3. Discussion

The in vitro experiments with the A2dx protein inhibitor displayed an encouraging,
dimerization interface-specific inhibition of ADAR?2 editing with an ICso value of 1.3 + 0.5 uM
under the conditions tested (Fig. 3.3a). Indeed, the Nishikura group has shown that a heterodimer
complex made between a wild-type and a non-functional ADAR mutant, or between a wild-type
and a dsRNA binding ADAR mutant, has a lower enzymatic activity compared to a wild-type
homodimer!®!'2, However, the in vitro studies presented in this chapter indicate that this editing
reduction is due to protein-protein interactions via the o-helical dimerization interface. The
ADAR2-selective inhibition by A2dx also offers a clear evidence of unique dimerization interfaces
which do not allow for heterodimerization between ADAR1 and ADAR?2 despite their similarity
in amino acid sequence in this region.

The deaminase domain of ADARI is characterized by more surface cysteine residues than
that of ADAR2, making this protein much more prone to aggregation and more challenging to
purify?*. The inability of Aldx to inhibit ADAR1 in a dimer helix dependent manner in the in vitro
inhibition experiment could be due to more instability issues brought about by the catalytic site
and/or dimer surface mutations to the Aldx proteins. Indeed, the Aldx proteins were observed to
have a higher tendency to aggregate compared to the wild-type ADAR1-D protein when purified

under the same conditions. Since protein stability issues may be circumvented when we need not
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have to isolate or purify the protein out of its native environment, it may be more interesting to
test the Aldx proteins for ADARI inhibition in human cells. However, the results of the cellular
inhibition experiments with the A2dx protein inhibitor are still preliminary and quite inconclusive.
Immunofluorescent imaging experiments must be conducted to determine the subcellular
localization of the overexpressed A2dx fusion proteins and whether there is a necessity to optimize
the cellular localization signals used and fusion protein constructs designed.

In vitro inhibition experiments with the 12mer cyclic peptide showed a promising ICsg
value of 38 + 15 uM (Fig. 3.5b). Although this value is about 30-fold higher than that of the protein
inhibitor (Fig. 3.3a), the 12mer cyclic peptide offers a good starting point for potency optimization.
Additional helix stabilization methods?® or alternative cyclization strategies’® may be used in
future optimization studies for this inhibitor. Methods such as circular dichroism (CD) and nuclear
magnetic resonance (NMR) spectroscopy should confirm the bioactive structure of the cyclic
peptide inhibitor. It is also important to validate its mode of inhibition by performing a control in
vitro inhibition experiment with a peptide having the same modifications and sequence except
containing a DS03A or D503K mutation. This mutation should prevent binding of the control
peptide to the dimer helix receptor site in ADAR?2 and confirm that the inhibition observed with

the 12mer cyclic peptide is not due to non-specific peptide-ADAR?2 interactions.

3.4. Methods

3.4.1. General molecular biology procedures. Mutagenesis of the human ADAR constructs was
carried out via PCR site-directed mutagenesis using QuikChange XL Site-Directed Mutagenesis
kit (Agilent) with the primers listed in Table 3.1. Molecular cloning of mammalian expression
plasmids for ADAR fusion proteins were performed using the Gibson Assembly Cloning kit

(NEB). Plasmid sequences were confirmed by Sanger sequencing. All primers were purchased
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from IDT. The linear and cyclic peptides were purchased from GenScript (see Table 3.2 for

sequences, purity, and masses).

3.4.2. Protein overexpression and purification. The full length wild-type protein or deaminase
domain mutants of human ADAR2 and ADARI1 p110 with an N- (all proteins except ADARI1
p110) or C-terminal (ADART1 p110 only) Hisio-tag were overexpressed in S. cerevisiae BCY 123
as previously described?’. Full length ADAR2 WT and A2dx proteins were purified by lysing cells
in lysis buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 750 mM NacCl, 35 mM imidazole,
0.01% (v/v) Triton X-100, 1 mM BME)using a microfluidizer. The clarified lysate was then passed
over a Ni-NTA column using an AKTA pure 25 FPLC system. The column was washed with the
lysis buffer and then with wash buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 300 mM NaCl,
35 mM imidazole, 0.01% (v/v) Triton X-100, ] mM BME). Bound proteins were eluted by gradient
elution with imidazole (30 to 400 mM). Fractions containing the target protein were pooled,
concentrated, and then dialyzed against a storage buffer containing 20 mM Tris-HCI pH 8.0, 20%
(v/v) glycerol, 100 mM NaCl, 1 mM BME. Protein concentration was determined by running the
sample alongside BSA standards in an SDS-PAGE gel followed by SYPRO Orange (Invitrogen)
staining.

Full length ADARI1 p110 WT was purified as above except using the following buffers:
(1) lysis buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 1000 mM KCI, 30 mM imidazole, 1
mM tris(2-carboxyethyl)phosphine-HCI (TCEP-HCI), 0.05% (v/v) Triton X-100, and 50 pM
ZnCly); (2) wash buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 500 mM KCI, 30 mM
imidazole, ]| mM TCEP-HCI, and 50 uM ZnCl,); and (3) storage buffer (50 mM Tris-HCI pH 8.0,

10% (v/v) glycerol, 400 mM KCI, 50 mM imidazole, 1 mM TCEP-HCI, and 0.01% (v/v) NP-40).
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The Aldx proteins were purified as above except using the following buffers: (1) lysis
buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 750 mM NaCl, 30 mM imidazole, 1 mM
TCEP-HCI, 0.05% (v/v) Triton X-100, and 100 uM ZnCl,); (2) wash buffer (20 mM Tris-HCI pH
8.0, 5% (v/v) glycerol, 350 mM NaCl, 30 mM imidazole, 1 mM TCEP-HCI, and 100 uM ZnCl);
and (3) storage buffer (50 mM Tris-HCI pH 8.0, 10% (v/v) glycerol, 200 mM KCI, 50 mM

imidazole, 1 mM TCEP-HCI, 0.01% (v/v) NP-40).

3.4.3. Preparation of 5-HT:c substrate for in vitro deamination. A 332 nt fragment of the 5-
HTc transcript was in vitro transcribed from a DNA template using HiScribe T7 RNA Synthesis
kit (NEB). The RNA product was purified using 8% urea PAGE gels and visualized by UV
shadowing. Bands were excised, crushed, and soaked overnight at 4 °C in a buffer containing 0.5
M NH40Ac and 1 mM ethylenediaminetetraacetic acid (EDTA). Gel fragments were removed
using a 0.2 um cellulose acetate filter, and the oligonucleotides were precipitated from the
supernatant by ethanol precipitation at =70 °C. The oligonucleotides were then dried under
vacuum, resuspended in nuclease-free water, and quantified by measuring the absorbance at 260
nm. ADAR editing substrates were allowed to self-anneal in 10 mM Tris-HCI pH 7.5, 1 mM

EDTA, and 100 mM NacCl by heating at 95 °C for 5 min and slow cooling to < 30 °C.

3.4.4. In vitro deamination assay. Deamination assays were performed under single-turnover
conditions. Samples containing 100 nM ADAR2 and 0 to 6 uM protein inhibitor (or 0 to 100 uM
peptide inhibitor) were incubated in 15 mM Tris-HCI1 pH 7.5, 60 mM KCI, 3 mM MgCl, 1.5 mM
EDTA, 0.003% (v/v) NP-40, 3% glycerol, 0.5 mM DTT, 1 pg/mL yeast tRNA, and 0.16 U/uL
RNAse inhibitor at 30 °C for 10 min. The reaction was commenced by addition of 5 nM 5-HT>c

substrate and allowed to incubate at 30 °C for 10 min before quenching with 95 °C water,
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vortexing, and heating at 95 °C for 5 min. Oligonucleotides were then purified using DNA Clean
& Concentrator kit (Zymo) before conversion to cDNA using Access RT-PCR System (Promega).
PCR amplicons were purified using 1% agarose gel and submitted for Sanger sequencing (Azenta).
Sequencing peak heights at the edit site were quantified using 4Peaks (Nucleobytes). The
sequencing traces also served to validate the sequences of the editing substrate. Data were plotted
(% editing = [peak height G/(peak height A + peak height G)] x 100%) and analyzed using
Microsoft Excel and GraphPad Prism. For ICso calculations, data were plotted to the equation: y =
ml+(m2-m1)/[1+(x/m4)™], where y = % editing; x = log of RNA duplex concentration; m1 =
minimum % editing; m2 = maximum % editing; m3 = slope factor or Hill slope; and m4 = log of
ICso value.

Deamination assays with ADAR1 p110 were performed as above except for the 15 min
reaction time in the following buffer conditions: 15 mM Tris-HCI pH 7.5, 26 mM KCl, 40 mM
potassium glutamate, 1.5 mM EDTA, 0.003% (v/v) NP-40, 4% glycerol, 0.5 mM DTT, 1 pg/mL

yeast tRNA, and 0.16 U/uL RNAse inhibitor.

3.4.5. Cellular editing of endogenous substrates in HEK293T cells. HEK293T cells were
cultured in DMEM (Gibco), 10% FBS (Gibco) and 1% anti—anti (Gibco) at 37 °C and 5% CO». At
70-90% confluency, 8 x 10* cells were seeded into a 96-well plate. After 24 h, cells were
transfected with 100 ng pcDNA3.1 plasmid containing HA-tagged full length human ADAR2 WT
and 0 to 1 ug pcDNA3.1 plasmid containing HA-tagged A2dx proteins. pcDNA3.1 empty vector
was also transfected to keep the amount of plasmid transfected equal per sample. Transfection was
carried out using Lipofectamine 2000. After incubation of transfection reagent and plasmid in
Opti-MEM, the solution was added to designated well and incubated at 37 °C and 5% COx for 48

h. Total RNA was isolated using RNAqueous Total RNA Isolation kit (Invitrogen) and DNase
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treated with RQ1 RNase-free DNase (Promega). Nested PCR was performed by first using Access
RT-PCR kit (Promega) for 24 cycles followed by a second PCR using Phusion Hot Start DNA
Polymerase (Thermo) for 19 cycles. The PCR products were purified by agarose gel and Qiagen
Gel Extraction kit. The purified product was subjected to Sanger sequencing and sequence traces
were analyzed by 4Peaks (Nucleobytes) to measure percent editing. See Table 3.1 for RT-PCR

and nested PCR/sequencing primers.

3.5. Table of oligonucleotides and peptides

Table 3.1. Sequences of oligonucleotides used for work presented in Chapter 3.

Oligonucleotide | Sequence (5’ to 3°)
Mutagenesis primers
E396A FWD GCATTAAATGACTGCCATGCAGCTATAATATCTCGGAGATCC
E396A RVS GGATCTCCGAGATATTATAGCTGCATGGCAGTCATTTAATGC
D503A FWD GAGCATCCAAACGTGGGCTGGGGTGCTGCAAGGGG
D503A RVS CCCCTTGCAGCACCCCAGCCCACGTTTGGATGCTC
D503K FWD GAGCATCCAAACGTGGAAAGGGGTGCTGCAAGGGG
D503K RVS CCCCTTGCAGCACCCCTTTCCACGTTTGGATGCTC
E912A FWD CTGTTAACGACTGTCACGCTGCTATCATCTCTAGAAGAGGTTTC
E912A RVS GAAACCTCTTCTAGAGATGATAGCAGCGTGACAGTCGTTAACAG
D1023A FWD CTGACATCGTTCCAACTTGGGCTGGTATCAGATTGGGTGAAAG
D1023A RVS CTTTCACCCAATCTGATACCAGCCCAAGTTGGAACGATGTCAG
D1023K FWD CTGACATCGTTCCAACTTGGAAAGGTATCAGATTGGGTGAAAG
D1023K RVS CTTTCACCCAATCTGATACCTTTCCAAGTTGGAACGATGTCAG

RT-PCR/sequencing primers for in vitro deamination substrates

5-HT,c FWD TGGGTACGAATTCCCACTTACGTACAAGCTT
5-HT,c RVS GTAACATTTGCGTTTGATCGGGTTCT
RT-PCR and nested PCR/sequencing primers for cellular editing studies

TMEMG63B RT FWD

CCGCTGGCTCTTTGATAAGAAATTCTTGGCTGAGG

TMEMG63B RT RVS

AGCCAGAAGAGGCAGAGGATGGGCG

TMEMG63B Nest FWD

CAGCTATTCGGTTTGAGTGTGTGTTCC

TMEMG63B Nest RVS

CGGCCACCACCTGGTTCACAGCCC

CYFIP2 RT FWD TCCTGGCCAACCACAACAGGATCACCCAGTGTC
CYFIP2 RT RVS TAGGTCGAAGAGCTCGCGATACTCCTCGTCTG
CYFIP2 Nest FWD TCCACCAGCAACTTGAAGTGATCCCAGGCTATGA
CYFIP2 Nest RVS ACTTCTGGCTGTCCAGCCCTGAGCCCG
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Table 3.2. Sequences, purity (from HPLC purification), and masses (calculated and observed
from mass spectroscopy) of peptides used for work presented in Chapter 3.

Peptide Sequence Purity Calculated Mass | Observed Mass
(N- to C-terminal) (%) (g/mol) (m/z)
8mer TWDGVLQG 97.193 874.94 874.2
10mer QTWDGVLQGE 95.296 1132.19 1131.8
12mer IQTWDGVLQGER 97.552 1401.53 1401.2
14mer SIQTWDGVLQGERL 95.390 1601.77 1601.4
12mer cyclic ETWDGVLQGERK® 95.287 1399.52 1399.2

*cyclized at the 1 (E) and 12 (K) locations via side chain to side chain lactam bridge formation
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Chapter 4

Probing ADARI1 substrate recognition and selective inhibition of ADAR1
using 8-azanebularine-modified RNA duplexes

Most of the work presented in this chapter was published in Biochemistry in March 2023". The
ADARI crystallography studies described at the end of the chapter was a collaborative effort
with Dr. Alexander Thuy-Boun.

4.1. Introduction

In Chapter 1, the role of ADARs in human diseases and how these enzymes are currently
being utilized for directed RNA editing applications were discussed. In particular, studies have
shown that ADARI1 deletion results in increased tumor sensitivity to immunotherapy and in
eventual cell death for some cancers that are characterized by elevated levels of interferon-
stimulated genes®3. These findings strongly suggest ADARI inhibitors as promising candidates
for anticancer drugs. However, there are still no FDA-approved inhibitors of ADARs to date.
Multiple reports have also indicated that ADARI is more ubiquitously expressed than the other
members of the human ADAR family*”, making it a highly valuable tool for site-directed RNA
editing using endogenous enzymes.

Whether as a therapeutic or as a therapeutic target, understanding ADAR’s structure,
reaction chemistry, substrate recognition, and selectivity is important to control its activity. Several
crystal structures of ADAR2 alone or bound to duplex RNA have been made available®'*;
however, our current molecular knowledge of ADARI and its interaction with an RNA substrate
is lagging. This clearly limits the structure-guided design of ADARI inhibitors and ADARI-
specific guide oligonucleotides.

Much of the Beal lab’s success in characterizing the ADAR2 structure, reaction

mechanism, and substrate selectivity can be attributed to the use of 8-azaN*!%14-17 a5 described in
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Chapter 1. The use of dsSRNAs containing 8-azaN at the reactive site allowed for the mechanistic
trapping of ADAR2-RNA complexes for binding and structural studies®'*. However, whether this
nucleoside analog alone or integrated into an RNA structure can likewise be used for ADARI
investigations is still unexplored. In this chapter, we sought to employ a panel of short RNA
duplexes bearing 8-azaN to probe the ADARI catalytic domain substrate recognition via in vitro
binding and structure-activity relationship (SAR) studies and X-ray crystallography. In an effort
to develop ADARI-specific inhibitors, we also attempted to utilize these 8-azaN-modified

duplexes as substrate decoys for competitive inhibition of ADARTI in vitro and in cells.

4.2. Results

4.2.1. A short RNA duplex bearing 8-azanebularine binds tightly to ADARI. From a previous
screen for human ADAR substrates in yeast, former lab member Dr. Yuru Wang identified a
number of RNA substrates that are preferentially edited by the human ADAR1 deaminase
(ADARI1-D) over the human ADAR2-D'®. One of these substrates, S. cerevisiae HER1 mRNA,
was relatively small in size and efficiently edited by ADAR1-D, deeming it practical and suitable
for further investigations of RNA binding by the ADARI catalytic domain using chemically
modified duplexes. Dr. SeHee Park then designed a 16 bp intermolecular RNA duplex (Hi¢) from
a short hairpin stem containing the edit site in the yeast HER1 RNA (Fig. 4.1) for ADARI-D
binding studies (Fig. 4.2). The Beal lab has previously shown that the E488Q mutation, which
increases ADAR2’s catalytic rate!?, also enhances binding of ADAR2-D to 8-azaN-containing
RNA duplexes and leads to substantially less smearing in gel shift experiments'®. This could be
due to slower dissociation rates of the complexes formed between the E488Q protein and the 8-
azaN duplexes compared to the WT protein. Nevertheless, a similar preference for the 8-azaN-

modified duplexes over the unmodified duplexes was observed for both ADAR2-D WT and
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E488Q proteins!. In collaboration with Dr. Park, we then proceeded to use the corresponding
hyperactive ADAR1 deaminase protein (ADARI1-D E1008Q) for gel shift assays with His 8-azaN
or A (Fig. 4.2). Indeed, we observed a significantly tighter binding with the 8-azaN containing
duplex compared to the duplex with adenosine at the editing site with Kp =21 + 11 nM for His 8-
azaN and Kp > 300 nM for His A at the conditions tested. These results clearly demonstrate that
8-azaN can be used to generate high-affinity RNA ligands for the ADAR1 deaminase domain and

enable studies of ADAR1-RNA interactions.

HER1
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Figure 4.1. Predicted secondary structure around
the yeast HER1 editing site. Structure predicted by
mFold?. Edited A is shown in red.
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Figure 4.2. A short RNA duplex bearing 8-azaN binds tightly to ADARI1. (A) Sequence of the 16
bp duplex derived from yeast HER1 RNA. X is A in native target sequence but is varied (8-azaN,
A, or G) in the succeeding experiments. (B) Gel shifts of ADAR1-D with Hi¢ 8-azaN or A at 0, 2,
4,8, 10, 20, 40, 80, 100, 150, 200, and 300 nM ADAR1-D E1008Q and 5 nM His RNA. (C) Fitted
plots of fraction His RNA bound vs protein concentration. Data were plotted to the equation: y =
A x [x/(Kp + x)] where y is fraction His RNA bound, x is [ADAR1-D]; A is binding endpoint; and
Kb is dissociation constant. Error bars represent standard deviation from n = 3 technical replicates.
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Our findings from the gel shift experiments also led us to consider the use of 8-azaN-
modified duplexes as substrate decoys to potentially suppress ADARI editing of an RNA target.
For this experiment, the full-length human ADARI p110 was used to gain more biologically
relevant insights into ADARI1 inhibition by these modified duplexes. I/n vitro deamination
reactions with ADARI p110 and a fragment of the human 5-HT>c pre-mRNA were first set up, to
which 0 to 3 pM of His 8-azaN or A/G control duplexes were then added (Fig. 4.2). Indeed, the
results show that His 8-azaN inhibited 5-HTzc editing by ADARI1 p110 at the B-site (preferred
edit site of ADAR1 in 5-HT»c?!, Fig. 4.3) in a concentration- and 8-azaN-dependent manner with
an estimated ICso of 13 £ 2 nM (Fig. 4.4a, Table 4.1). Titration of the His 8-azaN duplex also
inhibited editing by ADAR1 p110 at a preferred edit site?? (Site 1, Fig. 4.3) in the human NEIL1
pre-mRNA substrate with an estimated ICso of 8.9 + 0.8 nM (Fig. 4.4a, Table 4.1). This assay was
also tested on another full-length human ADARI1 isoform, ADAR1 pl150, and a similar
concentration and 8-azaN-dependent inhibition of 5-HTzc B-site editing was observed (ICso = 28
+ 3 nM) (Fig. 4.4b, Table 1). It is important to note that the A- or G-containing His controls also
brought about a small concentration-dependent decrease in 5-HT2c and NEIL1 editing by ADARI
p110 at greater than or equal to 200-fold excess to editing substrate ([His A/G] > 1 uM). However,
this slight inhibition by the unmodified duplex is not seen in ADARI1 p150 for His A. We
hypothesize that the additional Z-DNA/RNA binding domain (Za)) in ADAR1 p150 contributes to
selective binding to editing substrate RNA over the Hi¢ duplex. This can also explain the two-fold
higher 1Cso measured for His 8-azaN in the ADAR1 p150/5-HT>c vs the ADARI1 p110/5-HT2c

reaction.
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Figure 4.3. Predicted secondary structures around (top) 5-HT>c B
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Figure 4.4. §8-azaN-containing duplex inhibits 5-HT2c and NEIL1 editing by ADARI. (A)
Inhibition of ADAR1 p110 by His 8-azaN tested on two different editing substrates, 5S-HTxc (left)
and NEILI1 (right). (B) Inhibition of ADARI p150 by His 8-azaN tested on 5-HTac. In vitro
deaminations were performed at the following conditions: 0—3 uM His 8-azaN or A/G control,
100 nM ADARI1 p110 or p150, 5 nM substrate, 15 min (for 5-HT2c) or 30 min (for NEIL1), at 30
°C. Error bars represent standard deviation from n > 3 technical replicates.
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Table 4.1. Estimated ICso values from inhibition experiments with 8-azaN duplexes.

8-azalN Duplex Enzyme Editing Substrate ICs0 (nM)?

Hise ADARI pl110 5-HTxc 13+2
Hie ADARI pl110 NEIL1 89+0.8

Hie ADARI p150 5-HTxc 28+3
5°-3’ swap ADARI pl110 5-HTac 15+1
GC-rich ADARI pl110 5-HTac 18£8
AU-rich ADARI pl110 5-HTac 74 £3

2’-OMe ADARI pl110 5-HTac 11.4+0.7
His A ADARI pl110 5-HTac 18+ 4
Hi4+B® ADARI pl110 5-HT2c > 3000
Hiz AP ADARI pl110 5-HTac > 3000
H;,B® ADARI pl110 5-HTac > 3000

Data from inhibition experiments were plotted to the equation: y = m1+(m2-m1)/[ 1+(x/m4)™3],
where y = % editing; x = log of RNA duplex concentration; m1 = basal response; m2 = maximal
response; m3 = slope factor or Hill slope; and m4 = log of ICso value. Values reported are the
average of three independent measurements + standard deviation. ® Duplex sequences defined
in Figure 4.7
4.2.2. Secondary structure requirement for ADAR1 engagement. To test the importance of the
duplex RNA structure for ADARI1 binding, the inhibition experiment described above was
repeated with 8-azaN as a free nucleoside and with the 8-azaN-containing single strand component
of the His 8-azaN duplex (Fig. 4.5). We observed no reduction in 5-HT>c B-site editing by ADAR1
p110 even at the highest concentration tested for 8-azaN nucleoside (1 mM) and 8-azaN ssRNA

(3 uM). These results clearly demonstrate the need for 8-azaN to be in a duplex context to effect

ADARI binding and inhibition.
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Figure 4.5. 8-azaN as a free nucleoside (A) and an 8-azaN-modified ssRNA (B) do not inhibit
ADARI. In vitro deaminations were performed at the following conditions: 0—1 mM 8-azaN or
0—-3 uM 8-azaN ssRNA, 100 nM ADARI1 pl110, 5 nM 5-HTzc, 15 min, at 30 °C. Error bars
represent standard deviation from n > 3 technical replicates. A two-tailed Welch’s t-test was
conducted between indicated groups, ns, not significant.

ADARs are known to have a preference for editing adenosines in an A:C mismatch and
within a nearest neighbor 5’-U and 3’-G sequence context?!?*2*, However, how the flanking base
sequences beyond this 5'-UAG-3’ triplet play a role in ADAR selectivity and recognition is still
unclear. Interestingly, the S. cerevisiae GSY1 mRNA, another human ADARI-D preferred
substrate identified from the yeast screen, shares a common secondary structure surrounding the
edit site with HER1 and are both comprised of a short A-U rich (5 bp) hairpin stem on the 5’ side
of the edit site'®. To test whether this A-U rich region is crucial for binding, the sequences present
on the 5’ and 3’ sides of the His 8-azaN duplex (5'-3" swap, Fig. 4.6a) were swapped and the
resulting duplex was titrated into an ADAR1 p110/5-HTzc reaction (Fig. 4.6b). However, the
sequence swapping did not significantly affect binding of the 8-azaN duplex (ICso = 15 = 1 nM),

suggesting that the short stretch of A-U base pairs 5' to the edit site is not necessarily a requirement

for ADARI recognition.
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Figure 4.6. Effect of flanking sequence, G-C content, and 2’-O-methylation on ADARI1 binding.
(A) Sequences of 8-azaN duplexes tested. (B) Data from in vitro deaminations performed at the
following conditions: 0—3 uM 8-azaN duplex, 100 nM ADARI1 p110, 5 nM 5-HT2c, 15 min, at 30
°C. Error bars represent standard deviation from n > 3 technical replicates.

The effect of the 8-azaN duplex’s G-C content on ADARI binding and subsequent
inhibition of target editing was also determined. We imagined that increasing duplex stability by
increasing G-C bp composition may increase 8-azaN duplex binding and potency. Having an 8-
azaN duplex with low G-C content might then have the reverse effect. Therefore, two 8-azaN
duplexes with either a higher G-C content (GC-rich) or a higher A-U content (AU-rich) were
designed and tested for inhibition of ADAR1 p110/5-HT2c reaction (Fig. 4.6). Interestingly, the
GC-rich duplex inhibited the 5-HT>c substrate deamination with similar potency as the original
Hie 8-azaN duplex (ICso = 18 + 8 nM, Table 4.1). The AU-rich duplex, on the other hand, suffered
a six-fold decrease in binding affinity (ICso = 74 + 3 nM, Table 1). We rationalize that the
additional duplex stability brought about by higher G-C content might not exhibit a substantial
effect on ADAR1 binding under the conditions used for the deamination assay. The experimental

Twm values for His, GC-rich, and AU-rich duplexes (62.5 = 0.1, 88 £+ 1, and 25.5 + 0.1 °C,

respectively; Table 4.2) suggest that the His and GC-rich duplexes should predominantly exist in
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duplex form at 30 °C, while some of the AU-rich duplex species would be single-stranded. It is
also possible that the expected positive effect of the GC-rich duplex is masked by hindrance of
necessary local melting in the duplex for ADAR recognition and reaction (e.g., to facilitate base-
flipping around the editing site).

Table 4.2. Experimental thermal melting temperatures (7m)
for 8-azaN duplexes.

8-azaN Duplex Tm (°C)?

Hie 62.5+0.1
GC-rich 88+ 1

AU-rich 25.5+0.1

His A 54.6+0.9

HisB 55.1+0.1

Xa 58.0+£0.7

Xa+ 81.3+0.1

XB 209 +0.5

XB+ 58.4+0.0

2 Tm values were measured at the following conditions:
1 uM duplex, 10 mM Tris-HCI pH 7.5, 1 mM EDTA,
100 mM NacCl, and 1.25 uM EvaGreen. Values reported

are the average of three independent measurements +
standard deviation.

Finally, the effect of 2'-O-methyl modification at nucleotides distal to the editing site was
also studied (Figure 4.6). This modification at the ribose backbone has been shown to increase
resistance of oligonucleotides to nucleases®>2’. The results clearly indicate that 2’-O-methylation
at the specified positions does not affect ADAR1 binding (Fig. 4.6b). This is further validated by
the comparable ICso values between the parent His duplex and 2-OMe duplex (ICso = 11.4 + 0.7

nM, Table 4.1).
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Figure 4.7. Minimum duplex length for ADAR1 binding. (A) 8-azaN-modified duplexes of
different lengths tested for inhibition. Bases omitted from the original His 8-azaN duplex sequence
are in gray. (B) Data from in vitro deaminations performed at the following conditions: 0—3 pM
8-azaN duplex, 100 nM ADARI1 p110, 5 nM 5-HTzc, 15 min, at 30 °C. Error bars represent
standard deviation from n > 3 technical replicates.

4.2.3. Minimum duplex length for ADARI1 binding. The use of short oligonucleotides for
biochemical and biophysical studies of nucleic acid binding or modifying enzymes such as ADARs
is advantageous for ease of synthesis and incorporation of nucleoside analogs at specific positions
in the strand!#?8, Therefore, the minimal 8-azaN duplex length to engage ADARI1 in order to effect
editing inhibition was determined. A panel of shortened 8-azaN duplexes derived from the original
Hie duplex was designed and tested for inhibition of the ADAR1 p110/5-HT>c reaction (Fig. 4.7).
Interestingly, we observed that removing two base pairs from the 5’ end of the His duplex (5" and
3’ defined by the 8-azaN-containing strand) did not significantly affect potency of inhibition (ICso,
His A =18 £4 nM, Table 4.1). However, removing two base pairs from the 3’ end of Hi¢ resulted
in a remarkably weaker inhibitor (ICso, Hi4 B > 3000 nM, Table 4.1). Two base pairs from the 5’
end of His A were further removed to generate Hi2 A, which resulted in a substantial loss of

potency (ICso > 3000 nM, Table 4.1). These findings suggest a need for at least 5 bp 5" and 8 bp 3’

to editing site for an efficient ADAR1-RNA interaction. Finally, removing two base pairs from the
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3" end of Hi4 A to generate Hi» B also led to a notable loss in binding and potency (ICso > 3000
nM, Table 4.1). This suggests that the 2 bp at the 3’ end of the parent His duplex harbors an
important RNA contact site for the protein, consistent with our observation with Hi4 B. It is also
important to note that the difference in potency of the two Hi4 duplexes is not due to dissimilarity
in duplex stability as shown by the comparable experimental 7v values for Hi4 A and Hi4 B (54.6

+ 0.9 and 55.1 £ 0.1 °C, respectively; Table 4.2).

2 U/ ADAR1

(] ~—\ « deaminase
N domain

¥ target

A -
i m\ *+— strand
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”

\a
> \ complement
LN

J . strand

Figure 4.8. Predicted contacts between ADAR1 deaminase (gold) and an RNA duplex (red =
target strand; blue = complement strand) based on a previously reported Rosetta homology model
of ADARI catalytic domain?’. Active site Zn metal (gray sphere).

Previously, Beal lab alumna Dr. Erin Doherty generated a Rosetta homology model of the
ADARI catalytic domain bound to a dsRNA substrate?®. This model suggested that the ADAR1
deaminase domain contacts the RNA duplex mostly at positions proximal to edit site through both
target and complement strands (Fig. 4.8). However, at distal positions, the ADARI1 catalytic
domain mostly interacts with the duplex through the complement strand. The §8-azaN-containing
strand components of Hi2 A and Hi2 B were then hybridized to the Hi4 A complement strand to

generate two 12 bp duplexes with 2 nt overhang (Hi2 A overhang and Hi2> B overhang) (Fig. 4.9a).

We imagined that the 2 nt overhangs in the complement strand will provide the necessary contact
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for better ADARI1 engagement than the corresponding blunt-ended 12 bp duplexes. Indeed,
titration of Hi2 A overhang or Hi2 B overhang resulted in better inhibition of ADAR1 p110/5-HT>c
reaction compared to Hi2 A or Hi2 B (Fig. 4.9b). However, both duplexes with overhangs are not
as potent as His A, suggesting that a duplex structure is still needed for more effective contact,
especially on the 5" end of the duplex.
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Figure 4.9. (A) 8-azaN-modified duplexes with overhangs tested for ADARI inhibition. Bases
omitted from the original His 8-azaN duplex sequence are in gray. (B) Data from in vitro
deaminations performed at the following conditions: 0—3 puM 8-azaN duplex, 100 nM ADARI1
p110, 5 nM 5-HT>c, 15 min, at 30 °C. Error bars represent standard deviation from n > 3 technical
replicates.

The effect of stabilization of these duplexes was also tested by generating two covalently
cross-linked forms with overhangs (Xa+ and Xg+) and testing them for inhibition of ADARI1
p110/5-HT>c reaction (Fig. 4.10). These cross-linked duplexes were synthesized by current lab
member Victorio Jauregui Matos. We hypothesized that creating an intramolecular duplex via a
covalent cross-link would increase duplex stability and subsequent ADAR1 binding, especially for
the duplex with shorter 8-azaN-bearing strand (Xg+). We expect that the covalent cross-link may
not meaningfully cause irregularities in the duplex structure and affect ADARI1 binding as its

estimated length from C1' to C1' (~13.5 A, Fig. 4.11) is very similar to that of a canonical base

pair in duplex RNA (~11 A). While cross-linking indeed drastically increased the experimental
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Twm values for both duplexes (Xa to Xa+=58.0+ 0.7 to 81.3 £ 0.1 °C; X to X+ =20.9 £ 0.5 to
58.4 £ 0.0 °C; Table 4.2), we only found a slight difference in potency of inhibition between Xa
and Xa+ at duplex concentrations > 100 nM and no significant difference in potency of inhibition
between Xg and Xg-+ at the conditions tested (Fig. 4.10b). The minimal increase (Xa to Xa+) to no
increase (Xg to Xg+) in potency that we observed upon crosslinking could also be explained by a
decrease in ADARI binding due to the reduction in the duplexes’ conformational flexibility around
the site of chemical cross-linking. Nevertheless, these observations agree with the results from the
intermolecular duplexes with overhangs in Fig. 4.9; that while modeling suggests that the ADAR1
deaminase domain contacts the RNA duplex at distal positions to the edit site via the complement
strand’s phosphodiester backbone, a duplex structure at the terminal ends of the duplex is still

required for efficient interaction.
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Figure 4.10. (A) Cross-linked RNA duplexes tested for inhibition. Bases omitted from the original
H16 8-azaN duplex sequence are in gray. (B) Data from in vitro deaminations performed at the
following conditions: 0—3 uM 8-azaN duplex, 100 nM ADARI1 p110, 5 nM 5-HT>2c, 15 min, at 30

°C. Error bars represent standard deviation from n > 3 technical replicates. A two-tailed Welch’s
t-test was conducted between indicated groups, * p < 0.05, **** p <(0.0001.
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Figure 4.11. Estimated length of the covalent cross-link from C1’
to C1’. Molecular model generated using Gaussian 16. C (grey
sphere, N (blue sphere), O (red sphere), H (white sphere).
Analysis courtesy of current lab member Randall Ouye.

4.2.4. Selective inhibition of ADARI. Earlier, two human ADARI1-D preferred substrates
identified from a screen of human ADARI-D substrates in yeast were described (HER1 and
GSY1)'3. These two mRNAs have relatively short (5 bp) stem 5’ to the editing site, which from
previous observations is not long enough for efficient binding to the deaminase domain of human
ADAR2!8, This suggested that the His 8-azaN duplex may be an ADAR1-specific inhibitor and
not inhibit the reaction of ADAR?2. This is indeed the case as shown in Fig. 4.12. We found that
concentrations of the His 8-azaN that clearly inhibit ADARI do not affect editing by human
ADAR?2 of the 5-HT>c D-site (preferred edit site of ADAR2 in 5-HT>c?!, Fig. 3.3) or NEIL1 Site
2 (preferred edit site of ADAR2 in NEIL1%2, Fig. 3.3). However, we did observe a reduction of 5-
HT,c D-site editing at [His] =3 uM and of NEIL1 Site 2 editing at [His] > 0.1 uM. This decrease
in editing, however, does not appear to be 8-azaN-dependent and may be attributed to nonspecific
binding of the enzyme to the short RNA duplex, hindering access to the editing substrate. Overall,
these findings reveal a new strategy for designing effective human ADAR family-specific

modulators of ADARI.
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Figure 4.12. ADARI1-selective inhibition. His 8-azaN duplex does not inhibit 5-HT>c (left) nor
NEIL1 (right) editing by ADAR2. In vitro deaminations were performed at the following
conditions: 0—3 pM His 8-azaN or A/G control, 100 nM ADAR2, 5 nM substrate, 10 min (for 5-
HT>c) or 30 min (for NEIL1), at 30 °C. Error bars represent standard deviation from n > 3 technical
replicates.

4.2.5. Crystallography studies with ADAR1-D-RNA complexes. Earlier attempts to obtain high
resolution X-ray crystal structures of ADAR1-D were conducted by Dr. SeHee Park. Previous
work by Dr. Park led to the determination of optimal purification conditions to obtain sufficient
amounts of pure ADARI1-D protein of high concentration suitable for crystallization trials. Dr.
Park was able to set up multiple crystallization screens using different buffer and RNA duplex
conditions. A few of the conditions yielded crystals that were suitable for mounting and X-ray
diffraction; unfortunately, most crystals were of dsRNA alone and the highest resolution data
obtained for an RNA-bound ADARI-D crystal was only up to 5 A. Nonetheless, these results
motivated us to continue Dr. Park’s efforts in solving high resolution X-ray crystal structures of
ADARI-D in complex with dsRNA. In collaboration with Dr. Alexander Thuy-Boun, we
conducted screens using a larger number of buffer conditions, different RNA duplex sequences
and lengths, and a broader range of protein to RNA ratios. Fig. 4.13 lists the 8-azaN-modified
duplexes that were used for the crystallography screens under the conditions specified in Table

4.3. The RNA duplex sequences were derived from the yeast HER1 (Hi7, Hi7 B, Hi7 C, Hig) and

human GABRA3 (Gig A, Gis B) RNA substrates. As in the yeast HER1, the human GABRA3
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transcript has a similar hairpin stem structure on the 5’ end of the editing site and is also

preferentially edited by human ADAR1-D over ADAR2-D'3.

H,, H

18
5" ~CGAGARUUNGCGGGUCG-3' 5’ ~CGAGAAUUNGCGGGUCGG-3"
3" ~GCUCUUAACCGCCCAGC-5" 3/ ~GCUCUUAACCGCCCAGCC-5"
H; B G A
5’ ~GAGAAUUNGCGGGUCGG-3"' 5’ -CGGGUUCAUNGCCGUCCG-3"
3’ ~CUCUUAACCGCCCAGCC-5" 3’ ~GCCCAGGUACCGGCAGGC-5"
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37 ~CUCUUAACCGCCCAGC -5' 3’ -CCCAGGUACCGGCAGGCA-5"
N = 8-azaN

Figure 4.13. 8-azaN-modified RNA duplexes used for ADAR1-D-RNA crystallization trials.

Table 4.3. Screening conditions used for ADARI1-D-RNA crystallization trials.

dsRNA Hiy Hi7B Hi7C His Gis A GisB
ADARI1-D
dERllo\I(z)fgl:? 0.7:1, 1:1, 07:1.1:1 0.7:1, 1:1, 0.7:1, 1:1, 0.7:1, 1:1, 0.7:1, 1:1,
s 108 1.5:1 el Lt 1.5:1 1.5:1 1.5:1 1.5:1
screened for
crystallization
MCSG2, MCSG2, MCSG2, MCSG1, MCSG1, MCSG1,
96-well screen Nuc-Pro Nuc-Pro Nuc-Pro Nuc-Pro Nuc-Pro Nuc-Pro
25°0C) HTS, HTS, HTS, HTS, Wizard HTS, Wizard HTS, Wizard
Natrix HT Natrix HT Natrix HT Cryol &2 Cryol &2 Cryol &2
Opts‘:‘:iit“’“ Nuc-Pro HTS Nuc-Pro HTS
(25 °C) F5, G4 F5, G4

A number of the conditions listed in Table 4.3 encouraged crystal formation; and even
though most crystals are of the ADARI-D-RNA complex, the best data that we have collected
only diffracted to approximately 4.2 A (Table 4.4). This came from a crystal derived from the
following conditions: 150 uM ADAR1-D E1008Q, 100 uM H;7 8-azaN, 200 mM NaCl, and 50

mM Bis-Tris propane pH 7.0 (Fig. 4.14). It is important to note that several other crystals with
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similar morphology were produced under the same conditions above at a range of pH (6.3-7.0) and

salt concentrations (50-200 mM NaCl).

Table 4.4. Data processing and refinement statistics for ADAR1-D E1008Q

bound to Hy7.

Synchrotron (beamline)

APS (24-ID-C)

Wavelength (A)

Space group

Unit cell parameters
Resolution range (A)

No. of observed reflections

No. of unique reflections
Completeness (%)

0.9792
C2

a=1922A;b=863 A;c=889A

o =90% B =95.44° vy =90°
95.69-4.2 (4.62-4.2)
73,506 (7364)
10,705 (1060)

97.91 (92.25)

I/o (I) 6.46 (0.34)
Rmerge® (%) 10.7 (476.6)
CCin 99.7 (25.6)
Refinement statistics

Riactor” (%) 0.2896 (0.6011)
Riree® (%) 0.3545 (0.6527)
RMS bond length (A) 0.005
RMS bond angle (°) 1.27
Ramachandran plot statistics®

Favored (%) 94.43
Allowed (%) 2.72
Outliers (%) 2.85

No. of atoms

Macromolecules 6860
Inositol hexakisphosphate 72

B factors

Macromolecules 330.89
Ligands 315.60

 Rmerge = [ZnZi|ln — Inil/ZnZilni] where I is the mean of Iy observations of
reflection h. Numbers in parenthesis represent highest resolution shell.
b Rfactor and Riree = X||Fobs| - [Feate|| / Z|Fobs| X 100 for 95% of recorded data

(Rfactor) or 5% data (Rfree).

¢ Ramachandran plot statistics from Molprobity>°.



Figure 4.14. Image of the crystals that grew from the conditions that gave
the low resolution Hi7-bound ADARI1-D E1008Q crystal structure.
Growth conditions: 150 uM ADARI1-D E1008Q, 100 uM Hi7, 200 mM
NacCl, and 50 mM Bis-Tris propane, pH 7.0.

Despite being low resolution, a few key features can be inferred from the Hi7-bound
ADARI-D crystal structure (Fig. 4.15). The electron density around the duplex RNA is well
defined and 8-azaN is clearly shown to flip out of the duplex and into the enzyme’s active site
(Fig. 4.15a). As previously hypothesized, ADAR1’s 5’ binding loop appears to associate with
fewer RNA base pairs 5’ to the flipped-out base'® (~4-5 bp, Fig. 4.15b) and a protein-RNA contact
seems to be present ~6-7 bp 3’ to 8-azaN (Fig. 4.15¢). The electron density map also suggests the
presence of a dimerization interface, consisting of amino acids analogous to those in ADAR2!?
(Fig. 4.15d). Finally, the data demonstrate that the four amino acids forming the second zinc
binding site, as identified by Dr. Park?®, are within suitable distance to allow zinc chelation (Fig.

4.15e-f). However, the lack of strong characteristic zinc signal in this dataset suggests that the site

may not be fully occupied.
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Figure 4.15. Electron density maps showing various regions in the low resolution Hi7-bound
ADARI1-D E1008Q crystal structure: (A) flipped-out 8-azaN; RNA binding contacts (B) 5 and
(C) 3’ to 8-azaN; (D) dimerization interface; and the second zinc binding site in (E) monomer A
and (F) B.

4.2.6. Inhibition of ADARI1 in mammalian cells. The in vitro inhibition data discussed earlier in
the chapter have encouraged us to test the efficacy of the 8-azaN-modified RNA duplexes in
suppressing ADARI editing in mammalian cells. Dr. Kevin Pham had first spearheaded these
efforts starting with the original Hie 8-azaN, 2°-OMe (Fig. 4.6), and gen2 duplexes, with the latter

being a highly modified His 8-azaN duplex containing 2’-O-methyl, locked nucleic acid (LNA),

phosphorothioate (PS), 2’-deoxynebularine (dN), and 2’-deoxy Benner’s base (dZ) modifications.
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LNA modification to the ribose sugar can help improve the duplex’s thermodynamic stability>!-32,

while PS modification to the sugar-phosphate backbone can aid in nuclease resistance®*—>. When
paired across a 5°-U nearest neighbor, dN has been shown to increase ADARI editing?®, while dZ
at the orphan position has previously elicited the same favorable effect on ADARI activity'?. The
dN and dZ modifications were then utilized to potentially enhance ADARI1 recognition and
selectivity towards the duplex inhibitor, thereby increasing its potency. Indeed, in vitro inhibition
of the ADARI1 pl110/5-HTzc reaction with gen2 duplex revealed that all the modifications
described did not substantially affect the ICso (ICso= 35 = 5 nM; data not shown). Dr. Pham then
proceeded to assess the inhibitory activity of His 8-azaN, 2’-OMe, and gen2 duplexes against
endogenous and ectopically expressed ADARI1 by looking at specific editing sites on various
substrates (COG3, EEF2K, BLCAP, GLI1, AZIN1, NUP43, NEIL1, 5-HT>c) across different cell
lines (HeLa, HEK293T, U87) and using either lipid nanoparticle or electroporation for
oligonucleotide transfection. However, under all the conditions tested, Dr. Pham was not able to

see any apparent reduction on substrate editing due to ADART inhibition.
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Figure 4.16. (A) Sequence of ChECy 8-azaN or G control hairpin duplex. TEG, triethylene glycol.
(B) Data from in vitro deaminations performed at the following conditions: 0—3 puM ChECy 8-
azaN or G control duplex, 100 nM ADARI1 pl110, 5 nM 5-HT>c, 15 min, at 30 °C. Error bars
represent standard deviation from »n = 3 technical replicates.
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As a continuation of Dr. Pham’s work, a new heavily modified His 8-azaN duplex (ChECy
8-azalN) was designed and synthesized to study ADARI inhibition in cells. Apart from 8-azaN and
2’-O-methyl groups, the new oligo contains a cholesterol moiety at the 5” end to aid in delivery’’~
3% and a Cy3 fluorophore at the 3” end to visualize transfection and subcellular localization (Fig.
4.16a). In addition, ChECy forms a hairpin or intramolecular duplex structure via a nuclease-
resistant polyethylene glycol loop linking the two complementary strands of the parent His duplex
(Fig. 4.16a). These modifications were aimed to address the potential delivery,
compartmentalization, and metabolic stability issues encountered by Dr. Pham.

The ChECy hairpin duplex was first tested for inhibition of ADARI p110/5-HT2c reaction
in vitro. Despite all the modifications described, ChECy 8-azaN reduced 5-HT:c editing by
ADARI1 pl10 at a remarkably similar potency as His 8-azaN (ICso = 26 £ 3 nM; Fig. 4.16b).
Notably, the ChECy G control also inhibited the reaction at concentrations higher than or equal to
1 uM, possibly due to non-specific binding brought about by the cholesterol, Cy3, and/or ethylene
glycol modifications. Nevertheless, 8-azaN-dependent inhibition was clearly observed at [ChECy]
= 5 to 100 nM. These results stimulated us to progress into cellular studies, beginning with
immunofluorescence imaging experiments of U87 cells transfected with the ChECy hairpin
duplexes (8-azaN and G control). The data in Fig 4.17 suggest that the ChECy duplexes were
getting into the cells even at the lowest concentration tested (50 nM), albeit not conclusively in a
concentration-dependent manner particularly for the ChECy 8-azaN duplex. Like the Cy3-labeled
anti-miR control, the transfected duplexes appear as pink puncta against the green fluorescent dye-
labeled cytoplasm, and hence are mainly cytoplasmic. While some of the duplexes are dispersed

throughout the cytoplasm, some also seem to cluster around the DAPI-stained nucleus (shown in
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blue; Fig. 4.17). The appearance of distinct puncta implies that the oligonucleotides were likely

internalized by endocytosis*’.

ChECy 8-azaN

0 nM 50 nM 100 nM 200 nM
ChECy G

100 nM Cy3 anti-miR 50 nM 100 nM 200 nM

Figure 4.17. Immunofluorescence imaging of U87 cells transfected with ChECy 8-azaN or G
hairpin duplexes (0 to 200 nM). Cy3-labeled anti-miR (100 nM) was used as a transfection control.
Transfected oligonucleotides appear as pink in green (cytoplasm) or blue (nucleus) background.
Next, the effect of duplex inhibitor transfection on NUP43 and NEIL1 transcript editing by
endogenous ADARI1 was explored. Dr. Kevin Pham had previously established that NUP43 is a
preferred editing transcript by endogenous ADAR1 in HEK293T cells, whereas NEIL1 is also a
preferred substrate by ADAR1?? as discussed earlier in the chapter. HEK293T cells were then
transfected with the His 8-azaN or G and ChECy 8-azaN or G duplexes and editing of NUP43 and
NEIL1 substrates were quantified by Sanger sequencing post cDNA amplification from total RNA.
Unfortunately, we did not observe any decrease in editing of NUP43 at Sites 1 to 4 (Fig. 4.18) and

NEIL1 at Sites 1 and 2 (Fig. 4.19) for any or the inhibitor duplexes tested. However, the siRNA
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targeting ADARI (siRNA) showed reduction of NUP43 and NEIL1 editing at all sites (Fig. 4.18-
4.19), indicating successful introduction into cells and knockdown of endogenous ADARI
transcripts. It is important to note that these experiments have also been done in U87 cells and like

in HEK293T cells, we did not observe any apparent inhibition of NEIL1 editing (data not shown).
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Figure 4.18. Editing of NUP43 transcript (Sites 1 to 4) in HEK293T cells upon transfection with
0-500 nM His 8-azaN or G and ChECy 8-azaN or G. siADARI1 and scrambled siADAR1 (100
nM) were used as positive and negative controls for ADARI editing inhibition.
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Figure 4.19. Editing of NEIL1 transcript (Sites 1 and 2) in HEK293T cells upon transfection with
0-500 nM His 8-azaN or G and ChECy 8-azaN or G. siADARI1 and scrambled siADAR1 (100
nM) were used as positive and negative controls for ADARI editing inhibition.
4.3. Discussion
The nucleoside analog, 8-azaN, is a known inhibitor (ICso = 1.5 pM) of the nucleoside
modifying enzyme, adenosine deaminase (ADA)*!'. Although structurally unrelated, ADAs and
ADARs can both displace different leaving groups from C6 and the deamination rates of both
enzymes are enhanced by 8-aza substitution!®. This had driven the Beal group to test 8-azaN for
ADAR? inhibition in an earlier study where 8-azaN as a free ribonucleoside was found to inhibit
the ADAR?2 reaction poorly with a disappointingly high ICso value of 15 mM!6. Incorporating the
nucleoside in a short RNA duplex, on the other hand, dramatically increased binding affinity to a
Kp =2 nM'". Since then, this nucleoside analog has been routinely used by our lab for acquiring a
deeper understanding of ADAR2-RNA recognition®!'%!%!5 However, prior to this work, whether
8-azaN could similarly enable studies of the related ADAR1 enzyme was unknown. Here, we show

that like ADAR2, ADARI forms high-affinity complexes with 8-azaN-modified duplexes (Figs.
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4.2 and 4.4). It has also been established that the 8-azaN as a free ribonucleoside does not inhibit
ADARI and requires a duplex structure for effective binding (Fig. 4.5).

Previously, the Beal group has used gel-based assays such as gel shift and endonuclease
footprinting experiments to probe ADAR2-RNA interactions and give insight into potential

substrates for X-ray crystallography screens®!%-13:14

. However, the use of these techniques for
ADARI studies has been complicated by nonspecific binding from protein aggregates, especially
for longer ADARI constructs (containing one or more dsSRNA or Z-DNA/RNA binding domains).
Estimation of relative binding affinities by means of ICso values in the in vitro deamination assay
described here offers an alternative method for biochemical and biophysical investigations of
ADARI1-RNA interactions. It is also noteworthy to mention that this assay is compatible with both
full-length ADARTI isoforms p110 and p150 (Fig. 4.4) and does not necessitate the use of the
hyperactive mutant to give quantifiable binding measurements with the 8-azaN-modified
duplexes. The ADARI inhibition results, especially of the ADAR1 p150 isoform, are also highly
relevant given recent findings suggesting p150 as the ADARI isoform mainly responsible for
cancer progression*>#4,

The results from SAR studies with the panel of 8-azaN duplexes of different lengths
suggest important ADAR1-RNA interactions ~4—5 bp 5" and ~7—8 bp 3’ to the editing site (Fig.
4.7). Importantly, these observations agree with predicted RNA contacts between the ADARI
deaminase and an RNA duplex from our previously published model of the ADARI catalytic
domain-RNA complex?® (Fig. 4.8). The model shows two lysine residues (K996 and K1120) that
are in position to contact the phosphodiester backbone of the target strand’s complement. The

K996 side chain approaches the duplex between the third and fourth base pair 5’ from the editing

site while the side chain of K1120 appears to approach between the seventh and eighth base pair
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3’ from the edit site. Additionally, Fig. 4.20a illustrates the predicted 5’ binding loop contacts of
ADARI1 with the RNA duplex 5’ to the edit site. Here, the model suggests that the ADAR1’s 5’
binding loop only makes notable contacts (via K974 and K996) proximal to the editing site (up to
~4 bp 5' from the reactive nucleotide) as the rest of the loop folds away from the RNA to stabilize
the second Zn binding site (via H988)*. A longer duplex in the 3 direction may also allow for
ADAR1’s dsRBD3-RNA contacts if we infer from the structural information available for
ADAR2’s dsRBD2-RNA interactions described in Chapter 2. This could have also contributed to

the higher potency for ADARI inhibition observed for Hi4A compared to Hi4B.

ADAR2 /

5’ binding loop

—

Figure 4.20. (A) Predicted contacts between the 5’ binding loop of ADARI (gold) and an RNA
duplex (red = target strand; blue = complement strand) based on a previously reported Rosetta
homology model of ADARI catalytic domain®. Active site Zn metal (Znl, gray sphere).
ADARI’s second Zn metal (Zn2, gray sphere) binding site is also shown. (B) Contacts between
the 5’ binding loop of ADAR2 (green) and an RNA duplex as shown by X-ray crystallography
(PDB 6vff!?). Active site Zn metal (gray sphere).

It is also important to note that the minimum duplex length that was presented in this
chapter is in agreement with two previously described short ADARI substrates by Dr. Yuru

Wang!® and Herbert and Rich®. Dr. Wang was able to show that a 33 nt hairpin RNA duplex with
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5 bp 5’ and 8 bp 3’ to edit site is efficiently edited by human ADAR1-D!®, Herbert and Rich also
reported that a 15 bp RNA duplex with the edit site at the center and with a single base mismatch
at the edit site is sufficient for ADARI editing®. These findings are consistent with ADARI
requiring only a short 5’ duplex to facilitate substrate recognition and reaction. The inability of the
His 8-azaN duplex to effectively bind and inhibit ADAR2 (Fig. 4.12) is explained by ADAR2
deaminase domain’s requirement for a longer duplex on the 5’ side of the editing site for full
contact. This is clearly seen in crystal structures of ADAR?2 in complex with an RNA duplex where
a cluster of residues (e.g., H471, N473, R474, and K475) in the 5’ binding loop of ADAR?2 contacts
the edited strand of the duplex ~10 bp from the edit site (Fig. 4.20b)%10:46,

Although the low resolution ADAR1-D-RNA crystal structure we obtained cannot give us
atomic details of protein-RNA interactions, it is remarkable how the apparent RNA binding
contacts at the 5’ and 3’ ends of the duplex coincide with our data from SAR studies and the
Rosetta homology model. Albeit longer than ADAR2’s, ADAR1’s 5’ binding loop only associates
with fewer base pairs 5’ to the edited base as it folds away from the RNA to form part of the second
Zn binding site that is unique to ADAR1?, It is possible that full occupancy of this Zn binding site
is necessary to restrict the 5’ binding loop’s conformational flexibility, which could favor ordered
crystallization. Indeed, the 5° binding loop of ADAR2 was only well resolved in co-crystal
structures of the protein with RNA and was disordered in the RNA-free crystal structure®,
demonstrating the dynamic nature of these binding loops. However, we found that supplementing
ZnCl> (100 puM) in the optimization screens discouraged crystal growth and adding it in the
purification buffers encouraged concentration-dependent protein aggregation, making it difficult
to get to a concentration high enough for crystallography. Although these experiments warrant

testing the effect of supplementing lower ZnCl, concentrations, cryogenic electron microscopy
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(cryo-EM) studies are now being pursued by our current postdoctoral researcher Dr. Sukanya
Mozumder to obtain high resolution structures of ADAR1. Aside from this approach not requiring
high concentrations of protein, Dr. Mozumder’s use of a purification tag different from His-tag
could also be advantageous as it is possible that the high amounts of imidazole used during the Ni-
NTA elution step could be stripping off some of the Zn metal ions from the protein.

The use of shorter RNA substrates allows for routine incorporation of nucleoside analogs

12194749 and 8-azanebularine'+!>1728 for ADAR mechanistic and

such as 2-aminopurine
biophysical studies. It also offers an easily modifiable framework for other chemical modifications
to enhance targeted delivery, metabolic stability, and binding affinity for cellular studies involving
ADARs*!12:30-52 The results from in vitro inhibition experiments with the 2’-OMe (Fig. 4.6), gen2
(data not shown), cross-linked (Fig. 4.10), and CheCy duplexes (Fig. 4.16) demonstrate the
flexibility for further modification of the 8-azaN duplexes. Although ADARI1 inhibition by these
duplexes has yet to be established in cells, the modifications used appear to serve their purpose as
shown by the increased nuclease stability of the 2’-OMe and gen2 duplexes (Dr. Kevin Pham’s
unpublished work) and improved thermodynamic stability of the 2°-OMe and cross-linked
duplexes (Table 4.2).

A few points have to be considered for further studies on cellular inhibition of ADARI by
the 8-azaN-modified duplexes. The effective concentration of ADARI, editing transcripts, and
transfected inhibitor duplexes at different cellular compartments should greatly influence editing
outcomes and whether any editing inhibition can be detected or observed. It is likely that the
internalized oligonucleotides are being sequestered by intracellular vesicles like endosomes and

are undergoing gradual endosomal escape®~*. This issue can be potentially addressed by

increasing the amount of duplex inhibitor transfected; however, using higher concentrations could
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result in immune stimulation and cellular toxicity>-¢, Chemical modifications that could improve
ADARI binding and inhibitor potency could also be employed and should be pursued. In addition,
the use of these 8-azaN-containing duplexes as PROTACs (proteolysis targeting chimeras) can
enhance potency through an alternative inhibition mechanism®’. In this approach, the ADARI-
binding oligonucleotide can be tethered to a ubiquitin ligase to facilitate proximity-induced
ADARI1 degradation via the ubiquitin-proteasome pathway.

It is also important to note that the cells used in the cellular inhibition studies were
harvested for total RNA extraction 48 h post duplex inhibitor transfection. Evaluation of ADARI
editing inhibition for this length of time could be challenging, especially for sites that are well
edited by ADARI and hence would not be as sensitive to ADARI inhibition. Future experiments
should then consider optimizing the treatment time and the use of transcriptome-wide analyses
(e.g. via RNA-seq) as a more sensitive and robust method for evaluating editing of multiple

transcripts upon inhibitor treatment.

4.4. Methods

4.4.1. Oligonucleotide synthesis and purification. Oligonucleotides were synthesized and
purified in collaboration with Victorio Jauregui Matos, Dr. Kevin Pham, and Dr. SeHee Park.
ADAR editing substrates (5-HT2c and NEIL1) were transcribed from a DNA template using
HiScribe T7 RNA synthesis kit (NEB). Unmodified and 2'-O-methylated oligonucleotides for
generation of short duplexes were purchased from IDT. Oligonucleotides containing 8-azaN were
chemically synthesized on a 0.2 pmol scale using an ABI 394 synthesizer. The 8-azaN
ribonucleoside phosphoramidite was either purchased from Berry & Associates, Inc. or
synthesized in-house!” by Victorio Jauregui Matos. All other phosphoramidites were purchased

from Glen Research. Upon synthesis completion, columns were dried overnight under vacuum.
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The oligonucleotides were then cleaved from the solid support by treatment with 1:3 ethanol/30%
NH4OH at 55 °C for 12 h. The supernatant was evaporated to dryness under vacuum, and then the
pellet was resuspended in anhydrous dimethyl sulfoxide (DMSO). Deprotection was performed by
treatment with 55% (v/v) EtsN-3HF at room temperature overnight. The oligonucleotides were
then precipitated from the solution by butanol precipitation at =70 °C, desalted using a Sephadex
G-25 column, and purified as follows (see Table 4.5 for sequences).

All oligonucleotides (purchased or synthesized in-house) were purified using denaturing
PAGE and visualized by UV shadowing. Bands were excised, crushed, and soaked overnight at 4
°C in a buffer containing 0.5 M NH4OAc and 1 mM EDTA. Gel fragments were removed using a
0.2 pm cellulose acetate filter, and the oligonucleotides were precipitated from the supernatant by
ethanol precipitation at =70 °C. The oligonucleotides were then dried under vacuum, resuspended
in nuclease-free water, and quantified by measuring the absorbance at 260 nm. Oligonucleotide
masses were confirmed by matrix assisted laser desorption/ionization - time of flight (MALDI-
TOF) mass spectrometry using a Bruker Ultra-Flextreme MALDI TOF/TOF mass spectrometer at

the UC Davis Mass Spectrometry Facility (see Table 4.6 for masses).

4.4.2. Synthesis of cross-linked RNA duplexes. The following syntheses were performed by
Victorio Jauregui Matos. Two ssRNA oligonucleotides each containing 1’-ethynyl-2'-deoxyribose
were cross-linked via a bis-azide linker, 1,4-bis(azidomethyl)-benzene (1), by copper(I)-catalyzed
azide-alkyne cycloaddition or click chemistry>®. Bis-azide linker 1 was synthesized according to
the literature®®. The ssSRNA containing just the 1'-ethynyl-2'-deoxyribose modification (30 pM)
was first clicked with an excess of 1 (5.5 mM) in 10:1 H2O/MeCN to afford an azide-functionalized
product. A flat copper bar was added to the mixture, and then the reaction was stirred in the dark

at room temperature for 1 h. The copper bar was then removed, and the reaction was allowed to
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continue at room temperature for 2 h. The oligonucleotides were passed through a 3,000 MW
cutoff filter, washed twice with water, and then dried under vacuum. The azide-functionalized

ssSRNA was then purified from the starting material by denaturing PAGE.

N
1 3/\@\/
N3

The ssRNA containing both 1'-ethynyl-2’-deoxyribose and 8-azaN ribose modifications
(20 uM) was then clicked with the complementary azide-functionalized ssSRNA (21 uM) in 10:1
H>0O/MeCN and 33 mM NacCl to afford the final crosslinked product. A flat copper bar was added
to the mixture, and then the reaction was stirred in the dark at room temperature for 1 h. The copper
bar was then removed, and the reaction was allowed to continue at room temperature for 2 h. The
oligonucleotides were passed through a 3,000 MW cutoff filter, washed twice with water, and then
dried under vacuum. The cross-linked RNA duplex was then purified from the starting material by

denaturing PAGE.

4.4.3. Protein overexpression and purification. Human ADAR1 p110, ADAR2, and ADAR1-D
E1008Q with a C- (ADAR1 p110) or N-terminal (ADAR2 and ADAR1-D E1008Q) Hisio-tag were
overexpressed in S. cerevisiae BCY123 as previously described®®. Human ADAR1 p150 with an
N-terminal FLAG-tag was purchased from BPS Bioscience. Human ADAR1 p110 was purified
by lysing cells in lysis buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 1000 mM KCI, 30 mM
imidazole, | mM TCEP-HCI, 0.05% (v/v) Triton X-100, and 50 pM ZnCl,) using a microfluidizer.
The clarified lysate was then passed over a Ni-NTA column using an AKTA pure 25 FPLC system.
The column was washed with the lysis buffer and then with wash buffer (20 mM Tris-HCI pH 8.0,
5% (v/v) glycerol, 500 mM KCI, 30 mM imidazole, 1 mM TCEP-HCI, and 50 uM ZnCl>). Bound

proteins were eluted by gradient elution with imidazole (30 to 400 mM). Fractions containing the
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target protein were pooled, concentrated, and then dialyzed against a storage buffer containing 50
mM Tris-HCI pH 8.0, 10% (v/v) glycerol, 400 mM KCI, 50 mM imidazole, | mM TCEP-HCI, and
0.01% (v/v) NP-40. Protein concentration was determined by running the sample alongside BSA
standards in an SDS-PAGE gel followed by SYPRO Orange (Invitrogen) staining.

Human ADAR?2 was purified as above except using the following buffers: (1) lysis buffer
(20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 750 mM NaCl, 35 mM imidazole, 0.01% (v/v) Triton
X-100, I mM BME); (2) wash buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 300 mM NaCl,
35 mM imidazole, 0.01% (v/v) Triton X-100, 1 mM BME); and (3) storage buffer (20 mM
Tris—HCI pH 8.0, 20% (v/v) glycerol, 100 mM NaCl, 1 mM BME).

Human ADAR1-D E1008Q was purified as above except using the following buffers: (1)
lysis buffer (20 mM Tris-HCI pH 8.0, 5% (v/v) glycerol, 750 mM NaCl, 30 mM imidazole, 1 mM
TCEP-HCI, 0.05% (v/v) Triton X-100); (2) wash buffer (20 mM Tris-HCI pH 8.0, 5% (v/v)
glycerol, 350 mM NacCl, 30 mM imidazole, 1 mM TCEP-HCI); and (3) storage buffer (50 mM
Tris-HCI pH 8.0, 10% (v/v) glycerol, 200 mM KCIl, 50 mM imidazole, 1 mM TCEP-HCI, 0.01%

(v/v) NP-40).

4.4.4. Gel shift assay. Gel shift assays were performed in collaboration with Dr. SeHee Park. The
l6mer 8-azaN or A containing RNA strand was end-labeled with 3*P using T4 polynucleotide
kinase (NEB). Excess [y->*P]-ATP was removed by passing the reaction mixture through a
Sephadex G-25 column. The labeled oligonucleotides were purified by denaturing PAGE gel as
described above, except visualized by storage phosphor autoradiography. The labeled
oligonucleotides were then hybridized at a 1:3 ratio to their complement in 10 mM Tris-HCI pH

7.5, 1 mM EDTA, and 100 mM NacCl by heating at 95 °C for 5 min and slow cooling to <30 °C.
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Samples containing 5 nM labeled duplex RNA and 0 to 300 nM enzyme were incubated in
15 mM Tris-HCI1 pH 7.5, 26 mM KCIl, 40 mM potassium glutamate, 1.5 mM EDTA, 0.003% (v/v)
NP-40, 4% glycerol, 0.5 mM DTT, 1 ug/mL yeast tRNA, 0.16 U/uL RNAse inhibitor, and 0.2
mg/mL BSA at 30 °C for 30 min. Samples were loaded onto a 6% 80:1 acrylamide/bisacrylamide
gel and electrophoresed under nondenaturing conditions in 1x TBE at 4 °C for 1.5 h. The gels were
dried under reduced pressure at 80 °C for 1.5 h and then exposed to storage phosphor imaging
plates (Kodak) in the dark. Plates were scanned using a Typhoon imaging system (GE Healthcare),
and band intensities were quantified using ImageQuant (GE Healthcare). Data were plotted
(fraction RNA bound = protein-RNA/(protein-RNA + free RNA)) and analyzed using Microsoft
Excel and GraphPad Prism. The band intensities arising from protein-RNA aggregation in the
wells were excluded in final data processing as it does not appreciably change the Kp values
derived from the binding curves, whether included or excluded from the calculation for fraction of

RNA bound to the protein.

4.4.5. In vitro deamination assay. ADAR editing substrates and cross-linked RNA duplexes were
allowed to self-anneal in 10 mM Tris-HCl pH 7.5, 1 mM EDTA, and 100 mM NaCl by heating at
95 °C for 5 min and slow cooling to < 30 °C. The short intermolecular RNA duplexes were
hybridized at a 1:3 ratio of target strand (8-azaN-containing or A/G-containing strand) to
complement strand in the same buffer and conditions as above.

Deamination assays were performed under single-turnover conditions. Samples containing
100 nM ADART1 and 0 to 3000 nM short RNA duplex were incubated in 15 mM Tris-HCI pH 7.5,
26 mM KCI, 40 mM potassium glutamate, 1.5 mM EDTA, 0.003% (v/v) NP-40, 4% glycerol, 0.5
mM DTT, 1 pg/mL yeast tRNA, and 0.16 U/uL RNAse inhibitor at 30 °C for 30 min. The reaction

was commenced by addition of 5 nM editing substrate and allowed to incubate at 30 °C for the
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following times: 15 min for 5-HT>c and 30 min for NEIL1 before quenching with 95 °C water,
vortexing, and heating at 95 °C for 5 min. Oligonucleotides were then purified using DNA Clean
& Concentrator kit (Zymo) before conversion to cDNA using Access RT-PCR System (Promega).
PCR amplicons were purified using 1% agarose gel and submitted for Sanger sequencing (Azenta).
Sequencing peak heights at the edit site were quantified using 4Peaks (Nucleobytes). The
sequencing traces also served to validate the sequences of the editing substrates. Data were plotted
(% editing = [peak height G/(peak height A + peak height G)] x 100%) and analyzed using
Microsoft Excel and GraphPad Prism.

Deamination assays with ADAR2 were performed as above except in the following buffer
conditions: 15 mM Tris-HCI pH 7.5, 60 mM KCI, 3 mM MgCl,, 1.5 mM EDTA, 0.003% (v/v)
NP-40, 3% glycerol, 0.5 mM DTT, 1 pg/mL yeast tRNA, and 0.16 U/uL RNAse inhibitor and for

the following reaction times: 10 min for 5-HT>c and 30 min for NEILI.

4.4.6. Thermal denaturation studies. Equimolar amounts (1 pM) of intermolecular duplex strand
components or 1 uM solution of cross-linked duplex were prepared in 10 mM Tris-HCl pH 7.5, 1
mM EDTA, 100 mM NaCl, and 1.25 uM EvaGreen (Biotium). Samples were placed in a sealed
96-well plate and loaded onto CFX Connect Real-Time PCR Detection System (Bio-Rad). The
plate was brought to 95 °C and held at 95 °C for 3 min, and then was cooled down to 15 °C at 0.1
°C/s and held at 15 °C for 5 min. The temperature was then slowly brought to 100 °C with
fluorescence (F) measured every 0.2 °C (T). 7w was determined as the temperature where -dF/dT

is the largest. Data were plotted and analyzed using Microsoft Excel and GraphPad Prism.

4.4.7. X-ray crystallography studies. The following were conducted in collaboration with Dr.

Alexander Thuy-Boun. ADAR1-D E1008Q was overexpressed and purified as described above
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except without ZnCl; in all purification buffers and including the following additional steps after
the initial Ni-NTA purification. Fractions containing ADAR1-D E1008Q protein were pooled and
buffer exchanged to TEV buffer (20mM Tris-HCI pH 8.0, 350 mM NaCl, 50 mM imidazole, 5%
(v/v) glycerol, 1 mM TCEP). Hisjo-tag cleavage was performed using a 1:2 mass ratio of ADARI-
D to TEV protease for 3 h at room temperature. The protein mixture was passed through a second
Ni-NTA column and the column was washed with wash buffer. The flowthrough and wash were
pooled, concentrated, and buffer exchanged to heparin wash buffer (20mM Tris-HCI pH 8.0, 100
mM NaCl, 50 mM imidazole, 5% (v/v) glycerol, 1 mM TCEP) using a 30,000 MW cutoff filter
(Amicon) at 5,000 x g to a volume of 10 mL. The sample was then loaded onto a 5 mL HiTrap
Heparin HP column (GE Healthcare), washed with heparin wash buffer, and eluted with a linear
NaCl gradient (0.1 to 1 M). Fractions containing the target protein were pooled, concentrated to <
1.5 mL, and ran through a HiLoad 16/600 Superdex 200pg column (GE Healthcare) using size
exclusion buffer (same as TEV buffer). Fractions containing the target protein were then pooled
and concentrated to 8-11 mg/mL for crystallization trials.

8-azaN-containing oligonucleotides were synthesized and purified as detailed above. The
unmodified complement strands were purchased from IDT and also purified as described. Duplex
RNA was hybridized in a 1:1 ratio in water by heating at 95 °C for 5 min and slow cooling to < 30
°C. Crystals of ADAR1-D E1008Q bound to Hi7 were grown at room temperature by the hanging-
drop vapor-diffusion method. A 200 nL solution containing 6.8 mg/mL ADARI-D protein (150
uM) and 100 uM Hi7 RNA (1.5:1 molar ratio) was mixed with 200 nL of 200 mM NaCl in 50 mM
Bis-Tris propane, pH 7.0. Crystals took approximately two weeks to grow. A single thick
triangular crystal approximately 150 um in size was soaked in a solution of mother liquor plus

30% dextrose before flash cooling in liquid N,. Data were collected with 0.2° oscillations at
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Argonne National Laboratory’s Advanced Photon Source (APS) beam line 24-ID-C. Crystals
diffracted to approximately 4.2 A.

Crystallographic data processing and refinement were performed by Dr. Alexander Thuy-
Boun. X-ray diffraction data were processed with XDS and scaled with XSCALE®!. The structure
was determined by molecular replacement using PHENIX®2. The GLI1-bound ADAR2-D E488Q
crystal structure (PDB 5ed2)” was used as a model for molecular replacement. The structure was
refined using PHENIX including Zn coordination restraints®®. Ideal Zn-ligand distances were

determined with average distances found for similar coordination models in the PDB database.

4.4.8. Immunofluorescence imaging of transfected 8-azaN-containing duplex in U87 cells.
U&7 cells were cultured in DMEM, 10% FBS and 1% anti—anti at 37 °C and 5% CO,. At 70-90%
confluency, 5 x 10* cells were seeded into a 24-well plate with coverslips. After 24 h, cells were
transfected with 0 to 200 nM ChECy 8-azaN or G hairpin duplexes. Transfection was carried out
using Lipofectamine RNAiMax. After incubation of transfection reagent and duplexes in Opti-
MEM, the solution was added to designated well and incubated at 37 °C and 5% CO; for 48 h. The
growth media were aspirated from each well and the cells were fixed with 0.5 mL Image-iT
Fixative Solution (Invitrogen) for 15 min. The cells were washed three times for 5 min each with
Dulbecco’s phosphate buffered saline (DPBS) and were treated with 0.5 mL permeabilization
solution (0.5% Triton X-100 in phosphate buffered saline (PBS)) for 15 min. The cells were
washed three times for 5 min each with DPBS, then 0.5 mL blocking buffer (3% BSA in PBS) was
added and incubated for 1 h. After another three washes for 5 min each with PBS, cells were
stained overnight at 4 °C with 0.5 mL mouse IgG alpha tubulin monoclonal primary antibody
(Invitrogen) diluted to 1 pg/mL in 1% BSA in PBS. After 24 h, the primary antibody staining

solution was removed and the cells were washed three times for 5 min each using DPBS. The cells
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were stained for 1 h at room temperature in the dark with 0.5 mL secondary antibody solution
containing rabbit anti-mouse IgG (H+L) cross-adsorbed Alexa-Fluor 488 conjugate (Invitrogen)
diluted to 1 pg/mL in 1% BSA in PBS. The secondary antibody staining solution was removed
and cells were washed three times for 5 min each with DPBS. One to two drops of NucBlue™
Live ReadyProbes™ Reagent (Hoechst 33342, Invitrogen) was added to each well of cells in 0.5
mL DPBS and incubated for 20. Finally, the cover slip containing fixed cells was mounted onto a
microscope slide and imaged under DAPI, GFP, and/or RFP fluorescent cube settings at 20X

magnification using an EVOS M7000 Imaging System (Invitrogen).

4.4.9. Cellular editing of endogenous substrates in HEK293T and U87 cells. HEK293T and
U87 cells were cultured in DMEM (Gibco), 10% FBS (Gibco) and 1% anti—anti (Gibco) at 37 °C
and 5% COz. At 70-90% confluency, 6.4 x 10° HEK293T cells or 2.13 x 10* cells were seeded
into a 96-well plate. After 24 h, cells were transfected with 0 to 500 nM His 8-azaN or G and
ChECy 8-azaN or G duplexes. Transfection was carried out using Lipofectamine RNAiMax. After
incubation of transfection reagent and plasmid in Opti-MEM, the solution was added to designated
well and incubated at 37 °C and 5% CO; for 48 h. Total RNA was isolated using RNAqueous Total
RNA Isolation kit (Invitrogen) and DNase treated with RQ1 RNase-free DNase (Promega). Nested
PCR was performed by first using Access RT-PCR kit (Promega) for 24 cycles followed by a
second PCR using Phusion Hot Start DNA Polymerase (Thermo) for 19 cycles. The PCR products
were purified by agarose gel and Qiagen Gel Extraction kit. The purified product was subjected to
Sanger sequencing and sequence traces were analyzed by 4Peaks (Nucleobytes) to measure

percent editing. See Section 4.3 for RT-PCR and nested PCR/sequencing primers.

85



4.5. Table of oligonucleotides

Table 4.5. Sequences of oligonucleotides used for work presented in Chapter 4. All
oligonucleotides are made up of ribonucleotides except the primers (which are made up of 2’-
deoxyribonucleotides) or when specified. TS = target strand, CS = complement strand, N = 8-
azanebularine, underline = 2’-O-methylated, E = 1’-ethynyl-2’-deoxyribose, X = cholesteryl TEG,
Y = ethylene glycol linker (6 units), Z = cyanine 3.

Oligonucleotide Sequence (5’ to 3°)
For generating short duplexes
His 8-azaN TS GAGAAUUNGCGGGUCG
His ATS GAGAAUUAGCGGGUCG
His G TS GAGAAUUGGCGGGUCG
His CS CGACCCGCCAAUUCUC
5°-3” swap TS GCGGUGUNGAGAAUCG
5°-3” swap CS CGAUUCUCCACACCGC
GC-rich TS GGGGGGUNGGGGGGGG
GC-rich CS CCCCCCCCCAccceecce
AU-rich TS AAAAAAUNGAAAAAAA
AU-rich CS UUUUUUUCCAUUUUUU
2’-OMe TS GAGAAUUNGCGGGUCG
2’-OMe CS CGACCCGCCAAUUCUC
His ATS GAAUUNGCGGGUCG
His A CS CGACCCGCCAAUUC
Hi4s B TS GAGAAUUNGCGGGU
Hi4 B CS ACCCGCCAAUUCUC
Hi, ATS AUUNGCGGGUCG
Hi» A CS CGACCCGCCAAU
Hi; BTS GAAUUNGCGGGU
Hi, B CS ACCCGCCAAUUC
XA TS EAUUNGCGGGUCG
Xs TS EAUUNGCGG
X CS CGACCCGCCAAUEC
ChECy 8-azaN XGAGAAUUNGCGGGUCGYCGACCCGCCAAUUCUCZ
ChECy G XGAGAAUUGGCGGGUCGYCGACCCGCCAAUUCUCZ

RT-PCR and sequencing primers

5-HT,c FWD TGGGTACGAATTCCCACTTACGTACAAGCTT
5-HT2cRVS AGAACCCGATCAAACGCAAATGTTAC
NEIL1 FWD TAATACGACTCACTATAGGGAACTGACTAAACTAGGTGCCACGTCG
TGAAAGTCTGACAACCTGAGCCTGCCCTCTGA
NEIL1 RVS AGTCCTCCTCCCCGCTCTCTGAC
For X-ray crystallographic studies
Hi7 TS CGAGAAUUNGCGGGUCG
Hy7 CS CGACCCGCCAAUUCUCG
Hiz BTS GAGAAUUNGCGGGUCGG
Hi7 B CS CCGACCCGCCAAUUCUC
Hi; CTS AGAAUUNGCGGGUCGG
Hi; CCS CGACCCGCCAAUUCUC
Hig TS CGAGAAUUNGCGGGUCGG
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His CS CCGACCCGCCAAUUCUCG

GisATS CGGGUUCAUNGCCGUCCG
Gis A CS CGGACGGCCAUGGACCCG
GisBTS GGGUUCAUNGCCGUCCGU
Gis B CS ACGGACGGCCAUGGACCC

RT-PCR and nested PCR/sequencing primers for cellular editing studies

NUP43 RT FWD TCTTTCCAAACTTTGTTAGATTTTAAATGTATTATTGACCTGAGA
NUP43 RT RVS CGGTGTTACATTACATAAAGCTTAGTTTCTTATTAAAATTGGCAA

NUP43 Nest FWD | CCTTAATGACAAATCACTGCTATTAGACAATTG

NUP43 Nest RVS | AACTTGTCAATTGGCATGAAATGTAATGCT

NEIL1 RT FWD TCCAGACCTGCTGGAGCTAT
NEIL1 RT RVS TGGCCTTGGATTTCTTTTTG

NEILI Nest FWD | CCCAAGGAAGTGGTCCAGTTGG

NEIL1 Nest RVS | CTGGAACCAGATGGTACGGCC

Table 4.6. Calculated and observed masses of oligonucleotides used for work presented in Chapter
4. TS = target strand, CS = complement strand.

Oligonucleotide Calculated Mass (g/mol) Observed Mass (m/z)
Hi¢ 8-azaN TS 5183.7 5182.4
His ATS 5197.7 5196.4
His GTS 5213.7 52143
His CS 4973.7 4972.7
5°-3" swap TS 5183.7 5186.8
5°-3 swap CS 4973.7 4973.4
GC-rich TS 5389.8 5385.9
GC-rich CS 4842.7 4833.2
AU-rich TS 5181.8 5175.2
AU-rich CS 4855.5 4848.0
2’-OMe TS 5309.9 5312.2
2’-OMe CS 5099.9 5097.6
Hi4s ATS 4509.6 4506.7
His A CS 4362.6 4360.8
Hi4s B TS 4533.6 4530.7
Hi4 B CS 4323.6 4319.6
Hix ATS 3835.5 3834.0
Hip A CS 3751.6 3751.8
Hi2BTS 3859.5 3857.1
Hix B CS 3712.5 3712.7
XaTS 4038.5 4040.2
X TS 2737.4 2736.4
X CS 4245.6 4249 4
X-azide CS 4433.7 4435.6
XA+ 8472.2 8472.2
XB+ 7171.0 7171.2
Hi7 TS 5488.8 5486.4
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Hy7 CS 5318.7 5319.7
Hi7 BTS 5528.7 5531.3
Hi7 B CS 5278.7 5279.3
Hi7 CTS 5183.7 5184.0
Hi7 CCS 4973.7 4975.1

His TS 5833.8 5836.7

His CS 5623.8 5625.9
GisATS 5706.7 5707.4
Gis A CS 5781.8 5782.9
GisBTS 5707.7 5710.1
Gis B CS 5765.8 5766.7

ChECy 8-azaN 12010.5 12010.3
ChECy G 12040.6 12040.2
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Chapter 5
Structural basis for ADAR editing enhancement at disfavored sites

The crystallography studies with ADAR2 bound to an RNA containing a G:3-deaza-dA pair were

conducted with Beal lab member Agya Karki and were part of a highly collaborative project
published in Nucleic Acids Research in October 2022'. This chapter contains excerpts from the
published manuscript and from a recently accepted article in Accounts of Chemical Research?.

Lastly, the crystallography studies with editing-enabling gRNA sequence motifs discovered

through the EMERGe screen® were also performed with Agya Karki.

5.1. Introduction

As discussed in Chapter 1, ADARs have sequence preferences that make certain
adenosines disfavored for editing, which clearly limits the scope of utilizing these enzymes for
therapeutic directed RNA editing applications. For instance, the nearest neighbor nucleotide
preferences for ADARs show a strong bias against reaction at adenosines with a guanosine 5’ to
the target adenosine (5°-GA sites)*. This preference is explained by the crystal structures of
ADAR?2 bound to 8-azaN-containing RNAs that suggest a clash between the 2-amino group of the
5’-G in the minor groove and G489 of the ADAR?2 loop involved in stabilizing the flipped-out
conformation required for the adenosine deamination reaction’.

Previously, the Stafforst lab reported that editing at 5’-GA sites by fusion proteins bearing
ADAR deaminase domains can be improved by pairing the 5°-G with a G or A®. Indeed, our group
observed that both 5°-G:G and G:A pairs led to faster in vitro deamination rates of both full-length
ADAR?2 and ADARI pl110 in comparison to G:U and G:C!. We imagined that a purine:purine
mismatch near the edit site could destabilize the duplex and facilitate the base-flipping required

for the editing reaction. However, since purine:purine combinations have also been shown to exist

as stable H-bonded pairs in RNA’, we also considered that the 5°-G:G and G:A pairs could activate
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ADAR by assuming a hydrogen bonded structure that avoids the detrimental steric clash in the

minor groove.

D
B 5-G H

1G H‘ N_H 1Ganti

(0] N

N H"'O\ \\<N "\ 2-amino
¢ /I\d’ = group
N — __-N syn
i, anti N IZI'H %N\g"
8-azaN
Hr\lj/\{ﬂ“
G489

Zn2*

ADAR2-R2D E488Q - GLI1 G:G

Figure 5.1. The Ggyn:Gani pair accommodates G489 in the minor groove. (A) Fit of a Ggyn:Gansi
base pair in the 2Fo — Fc electron density map contoured at 16. (B) Chemical structure of Ggyn:Gani
pair highlighting the location of the 2-amino group of the 5’-G relative to G489. (C) Space filling
representation of the Gyyn:Gani pair and its location relative to G489 in the complex. (D) Overlay
of ADAR2-R2D E488Q structures with RNA bearing either 5°-U paired with A (cyan; PDB 6vff)?
or 5°-G paired with G (salmon; PDB 8e0f)'.

In collaboration with the Fisher lab, we turned to X-ray crystallography to test the above
hypotheses by introducing a G:G pair adjacent to an editing site in an ADAR2-RNA complex that
previously crystallized (ADAR2-R2D E488Q - GLI1 U:A)%. Interestingly, in the new structure
(ADAR2-R2D E488Q - GLI1 G:G), we found that the 5°-G:G pair adopts a Gyy:Ganii conformation
that is H-bonded between the Hoogsteen face of 5’-Gs,» and the Watson-Crick face of -1 G (Fig.

5.1a)!. For simplicity, we call the position across the 5’ nucleotide as the -1 position. The syn
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conformation assumed by 5’-G places its 2-amino group in the major groove, hence eliminating
the minor groove clash and enabling the deamination reaction (Fig. 5.1b-c). In addition, a slight
shift of the base-flipping loop accommodates the 2-amino group of -1 G in the minor groove,
compared to previous ADAR2-RNA crystal structures with a 5°-U:A nearest neighbor pair>%?
(Fig. 5.1d).

The observation of a well-defined Gyyn:Gunsi pair in the ADAR-RNA complex suggested
chemical modifications to the nucleoside paired with the 5’-G might further modulate deamination
efficiency. To test this idea, we generated a series of ADAR guide RNAs (gRNAs) that varied at
the -1 position to include several different nucleoside analogs. Interestingly, 2’-deoxy-3-
deazaadenosine (3-deaza-dA) gave the greatest enhancement in both ADAR2 and ADARI pl110
deamination rates among the other analogs tested!. This inspired us to solve the crystal structure
of ADAR2-R2D bound to an RNA duplex containing a 5’°-G:3-deaza-dA pair, which is presented
in this chapter.

This chapter also contains our group’s effort to structurally characterize some unique
gRNA sequence motifs that enable editing at 5’-GA sites. These sequences were discovered
through En Masse Evaluation of RNA Guides (EMERGe) — a high throughput, next generation
sequencing (NGS)-based, and cell-free screening method for ADAR gRNAs for site-directed RNA
editing’. Beal lab member Casey Jacobsen developed the EMERGe screen, and using this method,
he and fellow lab member Prince Salvador identified novel gRNA sequence motifs that induce a
potentially corrective edit at the premature termination codon generated by the R255X and R270X

mutations in the MECP2 gene associated with Rett Syndrome!?.
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5.2. Results
5.2.1. Crystallography studies with ADAR2 bound to RNA bearing a G:3-deaza-dA pair

As described earlier, the efficient reactions with RNA substrates bearing 3-deaza-dA paired
with a 5°-G for both ADAR2 and ADARI p110! stimulated us to characterize this ADAR-RNA
interaction further. Therefore, we prepared a 32 bp duplex derived from GLI1 RNA bearing 8-
azaN adjacent to a 5’-G:3-deaza-dA pair for X-ray crystallography with ADAR2-R2D E488Q
(Fig. 5.2a). Crystals of this complex formed readily and diffracted X-rays beyond 2.8 A (Table
5.1). The overall structure of the asymmetric homodimeric protein bound to RNA is very similar
to the ADAR2-R2D E488Q - GLI G:G structure (rmsd of 0.201 A for 698 equivalent a-carbons)
with well-resolved electron density for the purine:purine pair adjacent to the 8-azaN (Fig. 5.2b).
The G on the 5’ side of the 8-azaN is in a syn conformation with its Hoogsteen face directed toward
the Watson-Crick face of the 3-deaza-dA on the opposing strand. The position of the substrate
strand is shifted slightly from that of the structure described above such that, in this structure, the
base pair hydrogen bonding involves 3-deaza-dA N1 to G N7 (2.8 A) and 3-deaza-dA 6-amino to
G 06 (3.0 A) (Fig. 5.2¢). This interaction causes the base of 3-deaza-dA to shift slightly towards
the minor groove, while also pushing the 5’-Gs,, out towards the major groove (Fig. 5.2¢). This
orientation suggests the 3-deaza-dA N1 is protonated to donate a hydrogen bond to N7 forming a
Gyyn:AH' anti pair'! (Fig. 5.2d). This base pair conformation may be further stabilized by the
hydrogen bond between the 2-amino group of the 5’-Gy,, and its 5° phosphodiester oxygen with a

2.6 A distance compared to 3.4 A in the Gyyn:Gans structure (Fig. 5.2b-c).
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5’ -GCUCGCGAUGCGNGAGGGCUCUGAUAGCUACG-3'
3’ -CGAGCGCUACGXCCCCCCGAGACUAUCGAUGC-5"

N = 8-azaN; X = 3-deaza-dA
-1 3-deaza-dA,,;

B  -13-deaza-dA

anti

N ~xN-H-"N 1 W
N NN (
¢ @ > G489 D, sazaN
N 5"Gsyn
/
G,
-1 3-deaza-dAH*,,; )
Zn#*

ADAR2-R2D E488Q - GLI1 G:3-deaza-dA o

Figure 5.2. X-ray crystal structure of a complex formed between ADAR2-R2D E488Q and (A) a
32 bp 8-azaN containing RNA duplex with G:3-deaza-dA pair adjacent to 8-azaN. (B) Fit of a
Giyyn:3-deaza-d A base pair in the 2Fo — Fe electron density map contoured at 1o. (C) Overlay of
ADAR2-R2D E488Q structures with RNA bearing either 5’-G paired with G (salmon colored
carbons) or 5°-G paired with 3-deaza-dA (green colored carbons). R455 in both structures is
identical and shown with white colored carbons. (D) The Gyyn:3-deaza-dAH 4 pair'!. (D) Overlay
of ADAR2-R2D E488Q structures with RNA bearing either 5’-U paired with A (cyan colored
carbons) or 5’-G paired with 3-deaza-dA (green colored carbons).

Interestingly, the shift in substrate RNA strand position observed in this Gy.:3-deaza-
dAH 4w structure allows it to adopt a phosphodiester backbone conformation that is nearly
identical to that seen in complexes with RNA bearing ADARSs’ preferred 5’ nearest neighbor (5’
U paired with A) (Fig. 5.2¢). Notably, the phosphate group between the 5’-G and 8-azaN swings
back towards the guanidino group of R455 as seen in all other ADAR2-RNA structures. In the

Gyyn:Gani pair structure, only the pro-Sp non-bridging oxygen interacts with R455, while in

previous ADAR2-RNA complex structures, both non-bridging oxygens interact with the
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guanidino group of R455 (Fig. 5.2¢ and 5.2¢). The standard conformation of this phosphate in the
G:3-deaza dA pair might contribute to the observed higher deamination rate relative to the G:G
pair!. The lack of 2-amino group in the minor groove for the Gyy:3-deaza dA i pair may also help
improve activity as it allows the base-flipping loop to adopt a structure similar to what is observed
for ADAR bound to RNA with the preferred 5’ nearest neighbor pair (5°-U:A pair).

Table 5.1. Data processing and refinement statistics for ADAR2-R2D E488Q
bound to GLI G:3-deaza-dA RNA (PDB 8e4x).

Synchrotron (beamline) APS (24-1D-C)
Wavelength (A) 0.97918
Space group 2
Unit cell parameters a=16991 A;b=6324 A;c=142.65 A
B=118.07°
Resolution range (A) 125-2.80 (2.95-2.80)
No. of observed reflections 99,409 (15,009)
No. of unique reflections 31,644 (4,741)
Completeness (%) 95.3 (98.1)
/e (I) 12.0 (1.2)
Rmerge® (%) 6.4 (117.5)
CCin 0.998 (0.524)
Refinement statistics
Rfactorb (%) 19.50
Riree (%) 23.94
RMS bond length (A) 0.011
RMS bond angle (°) 1.422
Ramachandran plot statistics®
Favored (%) 94.5
Allowed (%) 5.4
Outliers (%) 0.1
No. of atoms
Protein 6,558
RNA 1,359
Inositol hexakisphosphate 72
Zn 2
Waters 42

? Rmerge = [ZnZi|In— Inil/ZnZilni] where I is the mean of Ini observations of
reflection h. Numbers in parenthesis represent highest resolution shell.

b Reactor and Riree = X||Fobs| - [Feate|| / Z|Fobs| X 100 for 95% of recorded data
(Rfactor) or 5% data (Rfree).

¢ Ramachandran plot statistics from Molprobity!2.
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5.2.2. Crystallography studies with editing-enabling gRNA sequence motifs from EMERGe
screen

Rett syndrome is a rare neurological disorder caused by mutations in the MECP2 gene.
Two common non-sense mutations in the MECP2 gene (i.e. R255X, R270X) result in the
premature termination of translation of the MECP2 protein, leading to disease manifestation'®. The
resulting stop codon in the R255X and R270X mutations is a potential site for a corrective edit
using ADARs (5’-UGA). However, the edit site is in a non-ideal 5’ nearest neighbor context (5°-
G)’. To gain insight into improving editing in this poorly edited sequence, Casey Jacobsen and
Prince Salvador used the EMERGe screening approach, where they identified unique gRNA
sequence motifs (S5 / 3’-GUG, 3’-CGG; Fig. 5.3) that enable ADAR?2 editing at the 5°-GA sites

in the MECP2 R255X and R270X transcripts®.

GLIM-MECP2_R255X S5 GLIM-MECP2_R270X CGG

UGN
5’ -GCUCGCGAAGUGNAAAGCCUCUGAUAGCUACG=3" 57 -GCUCGCGAUC AAGGGCUCUGAUAGCUACG-3’
3" -CGAGCGCU-CA UUUU GAGACUAUCGAUGC-=5' 37 -CGAGCGCUAQCGGUUCCCGAGACUAUCGAUGC—5’

GUG A

MECP2_R270X GUG MECP2_R270X CGG

UGN
5" -GAAACGGGGCUGNAAGCCGGGGAGUGUGGUGG-3' 5’ -GAAACGGGGC AAGCCGGGGAGUGUGGUGG-3'
37 —CUUUGCCCCG&GUgUC%CCCCUCACACCACC—5 ’ 37 —CUUUGCCCCQCGGUUQGGCCCCUCACACCACC—5 ’
N = 8-azaN

Figure 5.3. Candidate 8-azaN-modified RNA duplexes for EMERGe gRNA-bound ADAR2-R2D
crystallization trials. Sequences derived from GLIl and MECP2 are in green and black,
respectively. Sequences derived from the EMERGe screen are bolded. Base changes to achieve
higher complementarity are underlined.
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A GLI1-MECP2_R255X S5 B GLI1-MECP2_R270X CGG
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0 [ADAR2-R2D E488Q] 358 n\ 0 [ADAR2-R2D WT] 256 n\m
- - - e e b *
DD WP " — e e - - — -
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R T — - .
- LA o7
R—— e —— D ‘
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Figure 5.4. Representative gel shifts of ADAR2-R2D with the candidate 8-azaN-modified RNA
duplexes for crystallization trials. (A) GLI1-MECP2 R255X S5; (B) GLI1 _MECP2 R270X
CGG; (C) MECP2_R270X GUG; (D) MECP2_R270X GUG. Gel shift assays were performed at
0 to 358 nM ADAR2-R2D E4888Q for A and 0 to 256 nM ADAR2-R2D WT for B to D at 5 nM
RNA duplex. Data were plotted to the equation: y = A x [x/(Kp + x)] where y is fraction RNA
bound, x is [ADAR2-R2D]; A is binding endpoint; and Kp is dissociation constant. Values reported
are the average of three independent measurements + standard deviation.

We then attempted to use X-ray crystallography to probe the structural basis for how these
sequence motifs enable editing at 5°-GA sites. We first started with setting up crystallization
screens with a chimeric sequence (GLI-MECP2 R255X S5) derived from GLI1 RNA, which was
previously shown to crystallize>®%13, and MECP2 R255X RNA. The duplex also contains the 10
nt editing-enabling gRNA sequence (S5) discovered through the EMERGe screen for the MECP2
R255X transcript conducted by Prince Salvador (Fig. 5.3). To gain some insight into how well this
duplex will bind to the protein for crystallization, Agya Karki first performed gel shift assays with

this duplex and the ADAR2-R2D E488Q protein, which was previously shown to crystallize!:8

(Fig. 5.4a). The GLI-MECP2_R255X S5 duplex gave a Kp of 47 nM with ADAR2-R2D E488Q,
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which is ~40-fold higher than that of the original GLI1 sequence present in our high-resolution
ADAR2-RNA crystal structures'®. However, given that the conditions in which the gel shift assays
were carried out may not be exactly the same as those used for crystal growth, we still set up
crystallization screens for the ADAR2-R2D E488Q - GLI-MECP2 R255X S5 complex (Table
5.2). Since a significant amount of protein was lost during the His-tag cleavage step, only a few
crystallization screens were set up for the GLI-MECP2 R255X S5 duplex. Unfortunately, none of
the conditions yielded any crystal hits.

Table 5.2. Screening conditions used for EMERGe gRNA-bound ADAR2-R2D crystallization
trials.

(‘;;th‘;) GLII-MECP2 R255X S5  MECP2 R270XGUG ~ MECP2 R270X CGG
ADAR2-R2D

(100 M) WT E488Q E488Q
96-well screen Nuc-Pro HTS, Natrix HT, Nuc-Pro HTS, Natrix HT,

(25 °C) Nuc-Pro HTS MCSGZ, MCSGZ,

PACT premier HT-96 PACT premier HT-96

Optimization

screen Nuc-Pro HTS F5 Nuc-Pro HTS F5 Nuc-Pro HTS F5

25°0)

Next, we tried three other candidate duplexes for crystallography studies (GLI-
MECP2_R270X CGG; MECP2 R270X GUG; MECP2 _R270X CGG:; Fig. 5.3). Apart from the
3’-CGG motif, an EMERGe screen for the MECP2 R270X transcript conducted by Casey
Jacobsen also selected a similar sequence motif as S5 (3’-GUG). Therefore, the new candidate
duplexes for crystallography are derived fully or partially from the MECP2 R270X RNA. A few
bases in the 10 nt gRNA sequence from the screen were also modified to increase complementarity
which could aid in duplex stability and crystallization (Fig. 5.3). In collaboration with Agya Karki,
these new duplexes were first examined through gel shift assays with ADAR2-R2D WT (Fig. 5.4b-

c). Although this protein has not yet been shown to crystallize, in vitro deamination studies
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performed by Prince Salvador and Casey Jacobsen displayed significantly better editing rates with
the WT protein compared to the E488Q protein on substrates containing the 3’-GUG and 3°-CGG
motifs®. We found that the Kp values for the GLI-MECP2 R255X CGG, MECP2 R270X GUG,
and MECP2_R270X CGG duplexes with ADAR2-R2D WT are comparable (~20 nM) and more
promising than that of the ADAR2-R2D E488Q - GLI-MECP2 R255X S5. Moreover, the
duplexes whose sequences were derived solely from MECP2 R270X showed less aggregation of
the ADAR2-RNA complex in the PAGE wells during the gel shift assay, motivating us to set up
crystallization screens with the ADAR2-R2D - MECP2 R270X GUG and - MECP2_R270X CGG
combinations.

Table 5.3. Growth conditions for crystal hits and cryo-protectants used for
crystal mounting.

dsRNA MECP2 R270X GUG MECP2_R270X CGG
(1) Nuc-Pro HTS G8
+30% MPD?*
Growth (1) Nuc-Pro HTS F4 (2) Nuc-Pro HTS H1
conditions + + 30% ethylene glycol (already contains 50% MPD)
cryo-protectant (2) PACT premier HT-96 B2 (3) Nuc-Pro HTS H4
+ 30% ethylene glycol + 30% ethylene glycol
(4) Natrix HT D9
+ 30% ethylene glycol

* 2-methyl-2,4-pentanediol

For this batch of protein purification, we were able to recover a significantly higher amount
of protein using freshly purified TEV protease during the His-tag cleavage step. This allowed us
to set up multiple screening conditions for crystallization (Table 5.2) and a few conditions led to
crystal growth for both duplexes (Table 5.3). The crystals were harvested and are currently stored

in liquid N for data collection scheduled later this year.
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5.3. Discussion

A H, o H NH,
N NTHTTTTS h ,
-1 AH+anti (/ ~ N 5'Gsyn
N/ SN—H------- NG
W ON=/ N N
B NH, NH,
SN O N
AN LN
/N N/) pK, = 3.7 /N 7 K. =68
M, i,
AH* 3-deaza-AH*

Figure 5.5. (A) Predicted base-pairing interaction in a 5’-
Gyn:AH i pair. (B) The pK, of 3-deaza-AH" N1H is higher than
that of AH". Estimated pKa values derived from literature'.

As described earlier, ADAR editing at 5’-GA sites can be activated by pairing the 5°-G
with a -1 G or A. The Ggyn:Gani structure assumed by the 5°-G:G pair in the ADAR2-R2D E488Q
- GLI1 G:G crystal structure offered a convincing explanation for the editing enhancement at the
disfavored 5°-GA site. The increase in editing rates observed by both the Stafforst group and our
group for 5°-G:A pair compared to G:U and G:C pairs can also be rationalized by the formation of
a Ggn:AH" 4 interaction (Fig. 5.5a). To facilitate this conformation, N1 of -1 Auus should be
protonated to effectively donate a hydrogen bond to N7 of 5’-Gyy,. The importance of this N1
protonation is demonstrated by the significantly improved editing rates observed with 3-deaza-2’-
deoxyadenosine (3-deaza-dA) when placed at the -1 position of a gRNA targeting a 5°-GA site'.
The substantially higher pK, for N1 protonation in 3-deazaadenosine suggests that this site is more
likely protonated at physiologically relevant pH compared to A (Fig. 5.5b). It is important to note

that a -1 dA gRNA also led to ~2.5-fold faster ADAR?2 editing rates compared to a -1 A gRNA as
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expected based on the preferred sugar pucker conformation at this site>'>. However, a -1 3-deaza-
dA remarkably showed ~8.5-fold higher rate of ADAR2 deamination compared to a -1 A gRNA,
highlighting the beneficial effect of the increased N1H pK. in the base modification.

The crystallography studies with ADAR2-R2D E488Q - GLI1 G:G or G:3-deaza-dA
strongly supported the observed deamination kinetics at 5’-GA sites using gRNAs with variable
canonical or chemically modified nucleosides at the -1 position'. Together, these structural and
kinetic studies identified an approach to facilitate ADAR editing at challenging 5’-GA sites. In
general, we found that the use of nucleosides capable of hydrogen bonding to the Hoogsteen face
of the 5° G and inducing a syn conformation at this location in the RNA without also introducing
additional sterically demanding groups into the minor groove enables efficient editing at these
sites.

Currently, we have not yet solved any high-resolution crystal structures from our
crystallography studies with ADAR2-R2D in complex with the EMERGe screen-derived editing-
enabling gRNA motifs. However, the presence of a 5’-G:G pair in both 3’-GUG and 3’-CGG
sequences suggests that a favorable Gyyn:Gans interaction 5° to the edit site could be contributing to
the editing enhancements observed with these gRNAs. Crystal structures could help identify the
orphan base interactions in both motifs, which may be unique given the unexpected trend in
deamination efficiency observed between the WT protein and the hyperactive E488Q mutant
(better editing rates with WT). Nevertheless, these crystallization attempts showed us that we can
obtain reproducible ADAR2-R2D - GLI1 RNA crystals even with the WT protein at 50 mM MOPS
pH 7.0, 100 to 200 mM NacCl, and 13 to 20% PEG 4000, as ADAR2-R2D WT - GLI1 G:3-deaza-
dA crystals of similar morphology as ADAR2-R2D E488Q - GLI1 G:3-deaza-dA also grew under

these specified conditions (control set up). Given that reproducible protein-RNA crystals can be
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obtained with the GLI1 RNA, it could be helpful to try setting up crystallization screens with this
RNA containing minimal modifications to accommodate the 3’-GUG or 3’-CGG motifs.

In addition, we have also established that using freshly purified TEV protease (stored in -
70 °C for less than a week) during the His-tag cleavage step results in higher yields of the cleaved
protein. It is also important to note that the cleavage reaction must be performed at NaCl
concentrations not exceeding 200 mM as high salt concentrations inhibit TEV protease!®. Buffer
exchanging or diluting the cleavage reaction to bring down glycerol concentration to ~5% (v/v)
post-cleavage could also improve separation of cleaved and uncleaved protein, eliminating the
need for another round of Ni-NTA purification (see Section 5.4.4). Future crystallization attempts
may also consider removing the His-tag cleavage step from the ADAR purification scheme and
setting up crystallization screens with the tagged protein. These could substantially shorten the
required time for ADAR purification and TEV protease would also no longer have to be expressed
and purified. Together, these modifications to the existing procedure could make the ADAR
purification process for crystallography studies more higher yielding and more efficient, allowing
for faster set up of crystallization screens for multiple ADAR-RNA complexes under multiple

screening conditions in one protein purification batch.

5.4. Methods

5.4.1. Synthesis and purification of oligonucleotides. Chemical synthesis for all oligonucleotides
was performed using an ABI 394 synthesizer in collaboration with Agya Karki, Victorio Jauregui
Matos, Casey Jacobsen, and Prince Salvador. All protected phosphoramidites were purchased from
Glen Research except the 8-azaN phosphoramidite which was purchased from Berry & Associates
or synthesized by Victorio Jauregui Matos as previously described!”. Nucleosides were

incorporated during the appropriate cycle ona 0.2 or 1.0 pumol scale. Table 5.4 shows the sequences
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of all oligonucleotides used in this chapter. Upon completion of the synthesis, columns were
evaporated under reduced pressure for 12 h. All oligonucleotides were cleaved from the solid
support by treatment with 1.5 mL 1:3 ethanol/30% NH4OH at 55 °C for 12 h. The supernatant was
transferred to a new screw-cap tube and evaporated under reduced pressure. For all
oligonucleotides except the 8-azaN-modified strand, desilylation was performed by treating the
pellets with 250 uL. of 1M TBAF-THF at room temperature overnight. For the 8-azaN strand,
desilylation was carried out in TEA<3HF as previously described!’. To each reaction was added
75 mM sodium acetate in butanol. The oligonucleotides were then precipitated from a solution of
65% butanol at —70 °C for 2 h. The solution was centrifuged at 17,000 x g for 20 min, supernatant
was removed, and the pellet was washed twice with cold 95% ethanol. The RNA pellets were then
desalted using a Sephadex G-25 column and purified as described below.

Oligonucleotide purification was performed in collaboration with Agya Karki, Victorio
Jauregui Matos, Casey Jacobsen, and Prince Salvador. Single-stranded RNA oligonucleotides
were purified by denaturing PAGE and visualized by UV shadowing. Bands were excised from
the gel, crushed and and soaked overnight at 4 °C in 0.5 M NaOAc, 0.1% (w/v) SDS, and 0.1 mM
EDTA. Polyacrylamide fragments were removed with a 0.2 pum filter, and the RNAs were
precipitated from a solution of 75% EtOH at —70 °C for 12 h. The solution was centrifuged at
17,000 x g for 20 min and supernatant was removed. The RNA solutions were lyophilized to
dryness, resuspended in nuclease-free water and quantified by absorbance at 260 nm.
Oligonucleotide mass was confirmed by MALDI-TOF. Mass spectrometry data can be found in

Table 5.5.

5.4.2. Gel shift assay. The unmodified RNA strands were purchased from IDT or Horizon

Dharmacon and purified as described above. The 5’-end of top strands containing 8-azaN were
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labeled using [y->’P]-ATP (6000 Ci/mmol) and T4 polynucleotide kinase (NEB). The labeled
reaction was passed through a G-25 column to remove excess ATP and further purified with a 19%
denaturing PAGE gel at 10 W for 8 h. The labeled oligonucleotide was visualized by storage
phosphor autoradiography and the gel band containing it was excised, crushed, soaked and ethanol
precipitated as described for other gel purified oligonucleotides above. The labeled top strand was
diluted to a stock solution of approximately 300 nM and hybridized to its compliment at 1:3 ratio
in 1X TE buffer, pH 7.5 and 200 mM NaCl by heating at 95 °C for 5 min and slowly cooling to
30 °C to a final concentration of approximately 50 nM. Samples containing < 1 nM RNA and
varying concentrations of the protein (260, 130, 65, 32.5, 16.25, 8.1, 4.1, 2.0, 1.0, 0.5, 0.25 and 0
nM) were incubated together in 20 mM Tris-HCI pH 7.0, 3.5% (v/v) glycerol, 0.5 mM DTT, 60
mM KCl, 20 mM NacCl, 0.1 mM BME, 1.5 mM EDTA, 0.003% NP-40, 160 U/uL RNase inhibitor,
100 pg/mL BSA, and 1 pg/mL yeast tRNA for 30 min at 30 °C. Samples were loaded onto a 6%
native PAGE gel (79:1 acrylamide:bis-acrylamide) and electrophoresed under nondenaturing
conditions in 1% TBE buffer at 4 °C for 90 min. The gels were dried on a BioRad gel drier for 90
min at 80 °C under vacuum followed by exposure to storage phosphor imaging plates (Kodak) for
24 h at room temperature in the dark. After exposure, the gels were removed, and the phosphor
imaging plates were scanned by Typhoon Trio Variable Mode Imager (GE Healthcare).
Dissociation constants were measured by calculating the fraction of RNA bound by the protein
and using the equation: y = A x [x/(Kp + x)] where y is fraction RNA bound, x is [protein]; A is
binding endpoint; and Kp is dissociation constant. The human ADAR2-R2D WT or E488Q
proteins used for this assay were expressed and purified as described in Section 5.4.4 except

without undergoing TEV protease treatment, post Ni-NTA purification, and gel filtration
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chromatography. The 2P labeling reaction and gel shift assay with the GLI1-MECP2_R255X S5

and MECP2_R270X GUG RNA duplexes were performed by Agya Karki.

5.4.3. Expression and purification of TEV protease. TEV protease expression and purification
were carried out based on a previously reported protocol'® and were performed in collaboration
with Agya Karki. A pLysS vector containing TEV protease catalytic domain S219V with an N-
terminal maltose binding protein (MBP) tag, TEV cleavage site, and His7-tag, was transformed
into E. coli BL21 (DE3) cells according to published protocol'®. A single colony was used to
inoculate 5 mL LB + ampicillin (100 pg/mL) and shaken at 250 rpm at 37 °C overnight. The 5 mL
culture was then used to inoculate 1 L LB + ampicillin at 37 °C until ODsoo was approximately 0.6
(3-4 h). The culture was cooled to 30 °C and incubated at this temperature for 30 min. Cells were
induced by addition of 1 mL of 1 M isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM and expressed for 3 h at 30 °C while shaking at 250 rpm. Cells were then
harvested by centrifugation at 5,000 x g for 30 min and stored at -70 °C prior to purification. Cells
were lysed in TEV lysis buffer (20 mM Tris-HCI pH 8.0, 5 mM imidazole, 1000 mM NacCl, 5%
(v/v) glycerol) using a microfluidizer. Cell lysate was clarified by centrifugation (39,000 x g for
30 min at 4 °C) and the supernatant was passed through a 0.45 um filter before loading onto a 5
mL Ni-NTA agarose column (Qiagen) pre-equilibrated in TEV lysis buffer. The column was
washed in three steps with 50 mL of TEV wash I buffer (20 mM Tris-HCI pH 8.0, 35 mM
imidazole, 1000 mM NaCl, 5% (v/v) glycerol), TEV wash II buffer (20 mM Tris-HCI pH 8.0, 35
mM imidazole, 500 mM NacCl, 5% (v/v) glycerol), and TEV wash III buffer (TEV wash Il + ImM
BME). Protein was eluted with a 35-300 mM imidazole gradient in TEV wash III buffer over 80
min at a flow rate of 1 mL/min. Fractions containing TEV protease were pooled and buffer

exchanged into 20 mM Tris-HCI pH 8.0, 500 mM NacCl, 5% (v/v) glycerol, and 1 mM BME using

109



a 10,000 MW cutoff centrifugal concentrator (Amicon). The sample was concentrated to ~2
mg/mL and diluted to 1 mg/mL with 20 mM Tris-HCI pH 8.0, 350 mM NaCl, and 70% (v/v)
glycerol so that the final glycerol concentration is at ~50% (v/v). The sample was aliquoted into 5

mL tubes and stored at -70 °C.

5.4.4. Expression and purification of human ADAR2-R2D for crystallography. Protein
expression and purification were carried out in collaboration with Agya Karki by modifying a
previously reported protocol'. S. cerevisiae BCY123 cells were transformed with a pSc-ADAR
construct encoding human ADAR2-R2D WT or E488Q (corresponding to residues 214—-701) with
an N-terminal Hisjo-tag. Cells were streaked on yeast minimal media minus uracil (CM-ura) plates.
A single colony was used to inoculate a 20 mL CM-ura starter culture. After cultures were shaken
at 300 rpm and 30 °C overnight, 10 mL of starter culture was used to inoculate each liter of yeast
growth medium. After cells reached an ODgoo between 1-2 (~20-24 h) cells were induced with
110 mL of sterile 30% (w/v) galactose per liter and protein was expressed for 6 h. Cells were
collected by centrifugation at 5,000 x g for 10 min and stored at —70 °C. Cells were lysed in 750
mM NaCl in buffer A (20 mM Tris-HCI pH 8.0, 35 mM imidazole, 5% (v/v) glycerol, | mM BME,
and 0.01% Triton X-100) with 750 mM NaCl using a microfluidizer. Cell lysate was clarified by
centrifugation (39,000 x g for 25 min). Lysate was passed over a 5 mL Ni-NTA column
equilibrated with lysis buffer, which was then washed in three steps with 50 mL of lysis buffer,
wash I buffer (buffer A + 300 mM NaCl), and wash II buffer (buffer A + 100 mM NaCl). Protein
was eluted with a 35-300 mM imidazole gradient in wash II buffer over 80 min at a flow rate of 1
mL/min. Fractions containing target protein were pooled and further purified on a 5 mL GE
Healthcare Lifesciences Hi-Trap Heparin HP column in wash II buffer. The protein was washed

with 50 mL of wash II buffer and eluted with a 100-1000 mM NaCl gradient over 60 min at a flow
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rate of 0.8 mL/min. Fractions containing target protein were pooled and NaCl concentration was
brought down to ~200 mM by dilution with wash II buffer without salt. The Hisio-tag was cleaved
from ADAR2-R2D with an optimized ratio of 1 mg of TEV protease per 1 mg of protein. Cleavage
was carried out for 4 h at room temperature without agitation, followed by overnight cleavage at
4 °C before the product was passed over another Ni-NTA column at a flow rate of 0.5 mL/min.
The flow through and wash were collected and passed through another Ni-NTA column to remove
remaining uncleaved protein. The flow through and wash were collected, dialyzed against 20 mM
Tris pH 8.0, 200 mM NacCl, 5% (v/v) glycerol, and 1 mM BME, followed by concentration to just
under 1 mL for gel filtration on a GE Healthcare HiLoad 16/600 Superdex 200pg column.
Fractions containing purified protein were pooled and concentrated to 7-9 mg/mL for

crystallization trials.

5.4.5. Preparation of duplex RNA substrates for crystallography. For crystallography, the
unmodified RNA strands were purchased from IDT or Horizon Dharmacon and gel-purified as
described above. As in previous structures, the edited strands contained the adenosine analog 8-
azaN at the editing site. Duplex RNA was hybridized in water in a 1:1 ratio by heating to 95 °C

for 5 min and slow cooling to 30 °C. This step was performed in collaboration with Agya Karki.

5.4.6. Crystallization of the human ADAR2-R2D-RNA complex. Crystals of the human
ADAR2-R2D E488Q - GLI1 G:3-deaza-dA RNA complex were grown at room temperature by
the sitting-drop vapor-diffusion method. A solution of 1.0 uL. volume containing 100 pM protein
and 50 uM GLI1 G:3-deaza-dA RNA duplex was mixed with 1.0 uL of 50 mM MOPS pH 7.0,

100 mM NaCl, and 13% PEG 4000. Flat rhomboid-shaped crystals took about 8 days to grow to
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100 um. A single crystal was soaked briefly in a solution of mother liquor plus 30% glycerol before
flash cooling in liquid nitrogen.

Crystals of EMERGe gRNA-bound ADAR2-R2D were grown in either hanging- or sitting-
drop vapor diffusion method under the screening conditions listed in Table 5.2. Crystals took about
a month to grow to about 100 pm and were flash cooled in liquid nitrogen under the freezing
conditions listed in Table 5.3. Crystal growth trays for ADAR2-R2D E488Q - GLI1 G:3-deaza-
dA and - GLI1-MECP2_R255X S5 RNA complexes were set up in collaboration with Agya Karki,
with the assistance of Fisher lab member Jeff Cheng. Preparation of freezing buffers were
performed with the assistance of Jeff Cheng. Crystal growth trays for ADAR2-R2D WT -
MECP2 R270X GUG and - MECP2 R270X CGG RNA complexes were set up in collaboration
with Agya Karki, with the assistance of Beal lab members Kristen Campbell and Prince Salvador.

Preparation of freezing buffers were performed with Prince Salvador.

5.4.7. Processing and refinement of crystallographic data. X-ray diffraction data for the human
ADAR2-R2D E488Q - GLI1 G:3-deaza-dA RNA complex were collected at the Advanced Photon
Source (APS). Diffraction data were collected on the 24-ID-C beamline to 2.8 A resolution. The
dataset was processed with XDS?° and scaled with AIMLESS?!. The structures were determined
by molecular replacement using PHENIX?2. The previous ADAR2-R2D E488Q GLI1-bound
crystal structure® (PDB 6vff) was used as the phasing model. The structures were refined with
PHENIX including non-crystallographic symmetry (NCS) restraints at the start, but relaxed at the
final stages resulting in a lower Rfee. Additionally, RNA base-stacking and base-pair restraints,
when appropriate, were also imposed in refinement. Table 5.1 shows statistics in data processing
and model refinement. As observed in the previous ADAR2-R2D E488Q GLI1-bound crystal

structure, the asymmetric unit includes two protein monomers assembled as an asymmetric
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homodimer complexed with 32 bp RNA duplex. Both complexes displayed similar overall
structures. The dsRBD (residues 215-315) of monomer A was disordered and therefore not
included in the model. The first 20 residues (215-234) and part of the 5° RNA binding loop,
residues 464-475, of monomer B were disordered and not included in the model. The dsRBD of

monomer B interacts with the 3’ end of the dsRNA relative to the 8-azaN.

5.5. Table of oligonucleotides

Table 5.4. Sequences of oligonucleotides used for work presented in Chapter 5. All
oligonucleotides are made up of ribonucleotides except when specified. TS = target strand, CS =
complement strand, N = 8-azanebularine, 3dA = 2’-deoxy-3-deazaadenosine.

Oligonucleotide Sequence (5’ to 3°)
GLII G:3-deaza-dA TS GCUCGCGAUGCG(N) GAGGGCUCUGAUAGCUACG
GLII G:3-deaza-dA CS CGUAGCUAUCAGAGCCCCCC@BdA)GCAUCGCGAGC
GLI1-MECP2 R255X S5 TS GCUCGCGAAGUG(N)AAAGCCUCUGAUAGCUACG
GLI1-MECP2 R255X S5 CS CGUAGCUAUCAGAGAUUUUGUGACUCGCGAGC
MECP2 R270X GUG TS GAAACGGGGCUG(N)AAGCCGGGGAGUGUGGUGG
MECP2 R270X GUG CS CCACCACACUCCCCGGCUUGUGAGCCCCcGuUUUC
GLI1-MECP2 R270X CGG TS GCUCGCGAUCUG(N)AAGGGCUCUGAUAGCUACG
GLI1-MECP2 R270X CGG CS CGUAGCUAUCAGAGCCCUUGGCGAUCGCGAGC
MECP2 R270X CGG TS GAAACGGGGCUG(N)AAGCCGGGGAGUGUGGUGG
MECP2 R270X CGG CS CCACCACACUCCCCGGLCuUGGCGLececcGuUUC

Table 5.5. Calculated and observed masses of oligonucleotides used for work presented in Chapter
5. TS = target strand, CS = complement strand.

Oligonucleotide Calculated Mass (g/mol) Observed Mass (m/z)
GLII G:3-deaza-dA TS 103154 10320.2
GLII G:3-deaza-dA CS 10174.4 10177.9
GLI1-MECP2 R255X S5 TS 10267.4 10272.7
GLI1-MECP2 R255X S5 CS 10236.3 10234.6
MECP2 R270X GUG TS 10537.4 10541.8
MECP2 R270X GUG CS 10347.4 10352.5
GLI1-MECP2 R270X CGG TS 10260.3 10259.8
GLI1-MECP2 R270X CGG CS 10249.4 10249.4
MECP2 R270X CGG TS 10537.4 10541.8
MECP2 R270X CGG CS 10017.3 10012.3
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