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Abstract

Current methods for studying RNA binding proteins (RBPs) combine the use of ultraviolet
(UV) crosslinking and immunoprecipitation (CLIP) to analyze RNA-protein interactions. An
underexplored alternative approach is using site-specific incorporation of photoactivatable non-
canonical amino acids (ncAAs) to enhance the crosslinking efficiency of many CLIP protocols.
This thesis describes the incorporation of the photo-crosslinking unnatural amino acid p-azido-L-
phenylalanine (AzF) into the Hepatitis C Virus (HCV) non-structural protein 3 helicase (NS3h)
for photo-crosslinking and in vitro analysis of the potential binding sites found within the HCV
RNA genome. From the five potential sites identified from the NS3h crystal structure for AzF
incorporation, two sites, ES03AzF and Q580AzF, allowed for nucleic acid photo-crosslinking with
fluorescently labelled DNA substrates. We further tested if these mutations adversely affected
NS3h and binding activity through a molecular beacon helicase assay and fluorescence
polarization methods. We found that ES03AzF unexpectedly had a faster unwinding rate than wild
type (WT) NS3h and managed to have a similar binding affinity to the tested DNA substrate.
Finally, we found that there was a 5-fold increase in the photo-crosslinking efficiency of nucleic
acids for ES03AzF NS3h mutant compared to our WT NS3h at 254 nm UV light. We are currently
working on methods for our CLIP-based protocol to ensure quality RNA footprint generation and
purification from photo-crosslinked NS3h.

Other work contained in this thesis consists of using Prevotella sp. P5-125 Casl3b
(PspCas13b), a clustered regularly interspaced short palindromic repeats (CRISPR) RNA-
targeting system, which has been previously shown to knockdown viral RNA and mRNA through
designable guide CRISPR RNA (crRNA). Here we incorporated the photo-crosslinking ncAA AzF

into PspCas13b to irreversibly bind the crRNA in an attempt to enhance knockdown efficiency

i



and longevity of viral and mRNA targets. We were able to design a crRNA that produced
significant knockdown targeting the luciferase mRNA of a luciferase rennilla reporter system.
When targeting an HCV subgenomic replicon luciferase reporter system, knockdown was not
observed. Additionally, the WT PspCas13b had photo-crosslinking to the bound crRNA and

requires further optimization for future use.
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Chapter 1: General Introduction



1.1 Hepatitis C Virus
In 2005, it was estimated that over 184 million people worldwide have chronic Hepatitis C
Virus (HCV) infection !. HCV is a positive-sense single-stranded, enveloped RNA virus of the
family Flaviviridae which has 7 major genotypes and nearly 100 different subtypes. Only 25-30%
of patients who are acutely infected with HCV will show any sign of infection; however, the 80%
majority of acutely infected individuals will develop chronic HCV infections 3. Chronic HCV
infections cause progressive hepatic fibrosis which can lead to cirrhosis, liver failure,
and hepatocellular carcinoma which account for the majority of HCV mortality, resulting in
500,000 deaths per year globally '*. The high level of genetic heterogeneity throughout HCV
genotypes and subtypes complicates the development of a permanent treatment as well as the
possibility of developing an effective vaccine >, Fortunately, there is hope for individuals with
chronic HCV infections, as oral treatments of direct-acting antiviral (DAA) drugs which target
essential HCV non-structural proteins involved in replication machinery are highly effective in
curing HCV infections 3.
1.1.1 HCYV Lifecycle
HCYV virions exist associated with hepatocyte-derived lipoproteins known as lipo-viro-
particles (LVP) which play a role in antibody evasion and aid in cellular entry ¥!°. The initiation
of HCV LVP entry begins when apolipoproteins make contact with host cell low-density
lipoprotein receptors and heparan sulfate proteoglycans !'2, This association leads to the HCV
envelope glycoprotein E1/E2 heterodimer binding to host receptors, namely cluster of
differentiation 81 (CD81) and scavenger receptor Bl (SCARBI1) 3. Interactions between CDS81
and claudin-1 allow for clathrin-mediated endocytosis which transports the virus into the cell.

Through interactions with CD81 and the acidic environment of the endosome, viral E1/E2 proteins



undergo conformational changes that allow for the fusion of the viral lipid envelope and the
endosomal membrane, releasing the positive-sense viral genome into the cytosol 415,

Once in the cytosol, the 9.6kb RNA, single open reading frame genome will be translated
at the endoplasmic reticulum (ER) into a 3000 amino acid polyprotein whereby host cell and viral
proteases cleave the polyprotein into three structural proteins (Core nucleocapsid protein (C), E1
and E2 ) and seven non-structural proteins (p7 ion channel, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B). The expression of NS4B and NS5A allows for the formation of the membranous web,
changing host ER membranes into single and double-membrane vesicles which compartmentalize
viral replication from the surrounding cytosol. This allows it to go unnoticed by pattern recognition

16,17 Inside these vesicles, the non-

receptors avoiding activation of the innate immune system
structural proteins NS3 to NS5B form the replication complex and begin viral genome replication
¥ The RNA-dependant RNA polymerase (RdRp), NS5B, amplifies both negative strand templates
and positive strand genomes. Following replication by the RdRp, the duplexed RNA is unwound
by the helicase domain of NS3. Nucleocapsid assembly and viral RNA packing are orchestrated
through NS2 protein interactions with E1/E2, p7, NS3 and NS5A as well as C protein interactions
with NS5A 1921, Hijacking the host’s very low-density lipoprotein (VLDL) secretory pathway, the

nascent virions fuse with apolipoprotein containing pre-VLDL particles to form LVPs which will

be non-lytically released from the host cell 22,

1.1.2 Functional Secondary Structures of the HCV Genomic RNA
The HCV genome has extensive RNA secondary and tertiary structures essential for many
steps in the HCV life cycle. The full HCV genome has up to twenty highly structured elements,

23,24

many with roles in viral translation, replication, and infectivity . The 5’ untranslated region

(UTR) of the genomic RNA harbours the internal ribosome entry site (IRES) which mediates cap-



independent translation through direct binding of the 40S ribosomal subunit and initiation factor
elF3 252, The IRES also has two conserved sites for host microRNA-122 binding which stabilizes
the IRES to adopt a functional fold improving replication and translation 3!, The sequestering of
microRNA-122 also plays a key role in manipulating host lipid metabolism by increasing lipid
synthesis and decreasing lipid export 32. A series of short stem-loop motifs found across the HCV
genome bind to the core protein and offer a significant effect on RNA encapsulation 3. The 3’
UTR is essential for negative template synthesis as well as forming long-range interactions with
the 5" UTR, circularizing the genome to allow for efficient replication 3*3°, The HCV genome
RNA structure is so finely tuned that it limits the length of double-stranded RNA helices to 7 bp

or less to avoid host pattern recognition receptors in the cell 3.

1.2 Non-Structural Protein 3 (NS3)

NS3 is a 67 kDa multi-domain protein with an N-terminal serine protease domain and C-
terminal helicase domain connected by a flexible linker (Figure 1.1A). The serine protease domain
is 180 amino acids in length and belongs to the trypsin/chymotrypsin protease superfamily. It is
essential for the cleavage of the genomic polypeptide at NS3/4A, NS4A/4B, NS4B/5A, and
NS5A/5B junctions as well as the cutting of immunogenic proteins 37°. The helicase domain
hydrolyses nucleoside triphosphates (NTPs) to fuel unwinding in a 3'-5' direction. This helicase
activity unwinds double-stranded RNA viral intermediates formed after duplication, displaces
RNA binding proteins bound along the viral genome and is thought to assist in genomic RNA
structure conversions *'~*, Interactions between NS4A and NS3 have been shown to position the
serine protease active site for enhanced peptide cleavage as well as stimulate the RNA unwinding

activity 46, Both NS3 domains can be expressed separately in vitro with their enzymatic activity



retained; however, both domains in full length NS3 have been shown to influence each other’s
activities 437,
1.2.1 NS3 Helicase

The NS3 helicase domain, NS3h, is part of the DEXH/D-box subgroup of helicases and

belongs to the larger helicase superfamily 2 4143

. All superfamily 2 helicases have seven highly
conserved motifs important for their ATPase functionality 8. The NS3h has 3 subdomains and can
be viewed in a “Y” formation (Figure 1.1B). Subdomains 1 and 2 are located at the top of the “Y”
and contain all the conserved superfamily 2 helicase motifs, specifically motifs I, II, IV, V, and
VI, which adopt similar RecA protein folds essential for ATP binding and hydrolysis *°. ATP
binding and hydrolysis occur in the cleft between both subdomains 1 and 2. NS3h has been shown
to hydrolyze other NTPs with different efficiencies with its decreasing preference as follows: ATP
> CTP > UTP/dTTP > GTP *2. The specificity of NTP hydrolysis is determined through hydrogen
bond interactions between NS3h and the Watson-Crick base paring area of the NTP *2. The NS3h
ATPase functionality is coordinated through a magnesium ion which reorients the nucleotide in
the active site for faster hydrolysis .

NS3h harbours a nucleic acid binding cleft separating subdomains 1 and 2 from subdomain
3. The cleft mainly interacts with the phosphate backbone of the nucleic acids and has a binding
site size of 7-8 nucleotides (nt) °'. NS3h binds DNA and RNA at a low nanomolar K4 and is non-
sequence specific, though NS3h does bind RNA with different affinities where poly(U) > >
poly(A) > poly(G), poly(C) 3132, There are two functionally important residues in the cleft, W501

which base stacks against nucleic acid bases, and V432 positioned between bases on the 5’ end of

bound nucleic acids which act as “bookends” preventing bound nucleotide strands from slipping
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Figure 1.1 The Sequence and Structural Organization of NS3: (A) NS3 contains an N-
terminal serine protease domain and a C-terminal helicase domain. (B) Structure of NS3 showing
the architecture of the domains (PBD:308C). The protease domain can be seen in grey and is
responsible for HCV polyprotein processing. Helicase subdomains 1, 2 and 3 are coloured
orange, yellow, and blue, respectively. The bound RNA (green) can be seen in the binding cleft
and is represented as spheres. ATP binding and hydrolysis occur between subdomains 1 and 2
allowing for translocation along bound DNA/RNA in a 3'-5’ direction. The helicase is
responsible for unwinding RNA secondary structures.



back in the wrong direction. A mutation of either of these bookends results in a loss of DNA/RNA
affinity and unwinding >3. NS3h does not form higher order oligomers with itself, though multiple
NS3h molecules can bind to the same strand increasing unwinding >'.

The helicase unwinding mechanism is extensively supported by the ratcheting inch-worm
model 4437, First, NS3h binds nucleic acids in its open state where the bookends W501 and V432
anchor the strand with 5nt in between them (Figure 1.2A). When ATP is bound, there is a shift to
the closed state where subdomains 1 and 3 shift towards subdomain 2 (Figure 1.2B) causing Int
to slide outside the binding site no longer stacking with W501, leaving only 4nt between the
bookend residues. V432 holds the 5" end of the single-stranded DNA/RNA (ssDNA/ssRNA) in
place at this stage. After ATP hydrolysis, W501 holds the 3’ end of the ssDNA/RNA while domain
2 moves forward into an open state allowing bookend V432 to slide down Int in the 3’ to 5’
direction. This movement is what directly exerts a force on the DNA junction, disrupting the
hydrogen bonds and unwinding duplexed DNA/RNA. A schematic for NS3h unwinding through
the inch-worm model can be seen in Figure 1.2C.

1.3 Methods to Study RNA Binding Protein Interactions

The study of RBP interactions is essential to gain a full understanding of cellular
homeostasis as RBPs influence RNA processing and functions in the cytoplasm and nucleus .
There are two different approaches for studying RBP interactions. The first is an RNA-centric
method where an RNA segment of interest is used to study the proteins bound to it. These methods
often involve the use of tagged RNAs of interest which act as bait for RBPs. These RBP-RNA
complexes are then purified and quantitative mass spectrometry is used to discover the identity of
bound RBPs *. There are a vast array of RNA-centric methods which can be performed either in

vitro or in vivo °*%!, The second method for studying RBP interactions is a protein-centric method



-1 1 2 3 4

Figure 1.2 Inch-worm Model of NS3 Helicase Unwinding: (A) Structure of NS3h bound to
ssDNA (PDB: 3KQH). Subdomains 1, 2 and 3 are coloured in orange, yellow, and blue,
respectively. The stick structures of bound RNA are shown in green and bookends W501 and
V432 are shown in red. (B) Movement of domains when bound to RNA and ATP mimic ADP-
AlF 4 (PBD: 3KQL). (C) Bookends W501 and V432 are essential for helicase activity. Individual
DNA bases are shown in red, yellow, blue, or green. Adapted from Gu et al., 2010 #°.



where the RBP RNA interactions want to be discovered. These methods rely on UV irradiation
which forms stable RNA-protein complexes and subsequent identification of RBP binding sites 2.
Methods that rely on UV crosslinking and purification of the RNA-protein complex of interest
through immunoprecipitation are called crosslinking and immunoprecipitation CLIP methods *°.
Methods that use a similar protocol, but different purification techniques or crosslinkers are

referred to as CLIP variants .

1.3.1 Fundamental Steps in the CLIP Methodologies

All CLIP-based methods and variants follow similar core steps in their protocols (Figure
1.3) 386466 First, cells are initially irradiated with UV light to crosslink the RBP of interest to the
RNA. The cells are then lysed and a partial RNase digestion is performed on the cell lysate leaving
a 5'-OH and 3'-phosphate on the bound RNA. The 3’ end of the RNA is then dephosphorylated
using an alkaline phosphatase and an RNA sequencing adapter is ligated on. Next, the RBP-RNA
complex of interest is purified using immunoprecipitation or affinity chromatography. The purified
RBP-RNA complex is then electrophoresed on an SDS-PAGE gel and transferred onto a
nitrocellulose membrane to separate any free RNAs to reduce background. The RBP-RNA
complexes are excised from the nitrocellulose membrane and then the protein is fully digested
using Proteinase K, freeing the bound RNA. Complementary DNA (cDNA) is constructed through
reverse transcription of the isolated RNA fragments. The cDNA is purified and size selected before
the final 5’ sequencing adapter is ligated onto the cDNA. This is amplified and sent for high-
throughput sequencing to identify the RBP of interest binding locations.
1.4 The Expanded Genetic Code

With the exception of selenocysteine and pyrrolysine, all proteins are synthesized using

only 20 amino acids and 64 unique codons *’. Therefore, the ability to site-specifically incorporate
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new complex structures and functionalities in proteins provides unique tools for enzyme engineers
to probe structure and function ®7°. Over 200 non-canonical amino acids (ncAA) have been
introduced into proteins to date with many distinctive reactive groups providing modifications
such as optical probes, post-translational modification mimics, bioorthogonal chemistry probes,
and photoactivatable groups 7'72. Genetic code expansion techniques require the use of an
orthogonal tRNA/aminoacyl tRNA synthetase pair (tRNA/AARS) to site-specifically incorporate
ncAAs into the protein of interest. A two-step directed evolution selection scheme, using both
positive and negative selection rounds, is used to design a tRNA/AARS which specifically
aminoacylates their respective ncAA to the cognate tRNA 7. The orthogonal tRNA is designed to
recognize a stop codon as it is not recognized by any endogenous tRNA. The amber stop mutation,
UAQG, is most commonly used as it is found in only 9% of the E.coli genome and rarely terminates
at essential genes 73. The ncAA must not be recognized by any endogenous tRNA synthases and
be metabolically stable in the cellular environment for efficient incorporation 7.

A general method for incorporating ncAAs into proteins is outlined in Figure 1.4. The
gene encoding the protein of interest is mutated to the TAG amber stop mutation at the residue
which is desired to be replaced by the ncAA. The orthogonal tRNA/AARS will produce mature
tRNA conjugated with the ncAA. During translation, the amber stop codon will be recognized by
the orthogonal tRNA and the ncAA will be incorporated into the polypeptide chain. Failure to
incorporate the ncAA will lead to a prematurely terminated protein.

1.4.1 Photo-crosslinking ncAAs

There are three main families of photo-crosslinking ncAAs: aryl azides, diazirines, and aryl

)74

ketones. The most common aryl ketone ncAA is p-benzoyl-L-phenylalanine (pBpa) "*. pBpa,
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Figure 1.4 General Scheme for Incorporating ncAAs: The gene encoding the protein of
interest is mutated to the TAG amber stop mutation at the residue which is desired to be replaced
by the ncAA. The orthogonal tRNA/aminoacyl tRNA synthetase will produce mature tRNA
linked with ncAA. During translation, the amber stop codon will be recognized by the orthogonal
tRNA and the ncAA will be incorporated into the growing polypeptide chain.
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the first photo-crosslinking ncAA was created in 1986 and was incorporated into synthetic peptides
for photo labelling 7. In 2002, with the development of amber stop codon repression and
orthogonal tRNA/AARS pair, pBpa was now able to be site-specifically incorporated into full
length proteins for mapping protein-protein interactions 7®. Since then, the incorporation of pBpa
in vivo has led to the discovery of interactions between transcriptional activators and coactivators

as well as interactions between chaperones and protein folding targets 777

. pBpa incorporated into
E.coli catabolite activator protein has also shown photo-crosslinking capabilities towards nucleic
acids.’® When pBpa is activated through irradiation with 350-365 nm UV light it causes the
formation of a diradical allowing strong reactivity towards C-H bonds (Figure 1.5A) 8!,

Aryl Azides are another family of photo-crosslinking ncAAs and the most common of these
is AzF which is a tyrosine analogue (Figure 1.5B). AzF was first incorporated into the genetic
code of E.coli in 2002 by using the amber stop codon suppression and evolved tRNA/AARS pairs
82 AzF has been incorporated into the human serotonin transporter to locate drug-binding sites
through photo-crosslinking 33. AzF has also been successfully incorporated into the tombusviruses
viral suppressor protein p19 to photo-crosslink pre-miRNA and has been postulated to function as
a therapeutic 4. Trradiation with UV light under 310 nm causes the loss of N> and the formation of
a highly reactive singlet nitrene which can directly react with C-H and N-H hydrogen 2%, This
nitrene undergoes a ring expansion to form a less reactive didehydroazepine intermediate that has
been shown to react readily with amines but not hydro-carbons (Figure 1.5B) %°. Fluorination of
the ring has been shown to slow the rate of ring expansion while keeping the longevity of the
highly reactive nitrene %.

AzF can be used for non-UV chemistries as well. The azide group can undergo strain-

promoted alkyne-azide cycloaddition (SPAAC) with cyclooctynes 7. This is a very important
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Figure 1.5 Reactivity of Three Common Photo-crosslinking ncAAs: Very reactive states are
shown in red and low reactive states are shown in blue. (A) Upon UV irradiation, pBpa will
reversibly generate a triplet ketyl biradical that will directly react with C-H bonds. (B) AzF under
UV forms a singlet nitrene which quickly undergoes ring expansion to a dehydroazepine
intermediate which will react with nucleophiles. (C) TfmdPhe when irradiated with UV
generates a carbene and a stable diazo isomer.
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bioorthogonal reaction that can label proteins in vivo with fluorophores, affinity reagents, peptides
and more to allow for a multitude of downstream applications.

The next family of photo-crosslinking ncAAs is Diazirines. A commonly used diazirine
for photo-crosslinking is 4’-[3-(trifluoromethyl)-3H-diazirin-3-yl]-l-phenylalanine (TfmdPhe)
(Figure 1.5C). TfmdPhe was first incorporated into the genetic code of E.coli in 2007 by using
the amber stop codon suppression and evolved tRNA/AARS pairs 8. Since then, diazirines have
been widely used to trap the noncovalent interactions of proteins, lipids and cholesterol and many
other biomolecules *. Diazirines have been introduced into human iron regulatory protein 1 and
showed a 7-fold increase in photo-crosslinking efficiency compared to conventional protein-
nucleic acid photo-crosslinking *°. TfmdPhe and other diazirines are activated with 350 nm UV
light which causes the loss of N2 gas and carbene formation. Carbenes are highly reactive and will
insert into C-H or O-H bonds (Figure 1.5C) 7. TfmdPhe under UV light can undergo a
rearrangement leading to the formation of a stable diazo isomer which can lead to reduced photo-

crosslinking efficiency °'.

1.5 Clustered Regularly Interspaced Short Palindromic Repeats Systems

CRISPR and CRISPR-associated (Cas) proteins function as adaptive immune systems for
bacteria and archaea which target invading foreign genetic elements from bacteriophages (Figure
1.6) °>°4 The CRISPR system can compile and store sequence information from previous
bacteriophage infections as spacers in the CRISPR array. Upon subsequent infections, the CRISPR
array is transcribed into pre-crRNA which are processed into mature crRNA by endogenous
RNases or Cas effector proteins with spacers and direct repeats (DR) important for Cas effector

95

recognition . The Cas effector bound to mature crRNA is active and searches for the

complementary sequence to the spacer, hybridizing with the foreign genetic material and cleaving
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Figure 1.6 Targeting of Foreign Genetic Elements with Cas Effectors: During infection, the
CRISPR array containing spacers sequences complementary to invading genetic materials will be
translated as pre-crRNA. Cas effector proteins will be produced. The pre-CRNA is processed and
Cas effectors bind and recognize the DR of the crRNA and will form an activated complex. The
crRNA-Cas effector complex can search the cytosol for the invader. When the spacer hybridizes
with the foreign genetic material it will cleave.
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it 697, CRISPR systems are characterized by their effector complexes such that Class 1 CRISPR
systems have multiple Cas effectors which bind a CRISPR crRNA to coordinate nuclease activity
while Class 2 systems use a single effector which uses crRNA as guides 8.

The most commonly known CRISPR Class 2 system is CRIPSR-Cas9. When bound to a
crRNA and a transactivating crRNA, Cas9 can perform double-stranded breaks in DNA. Through
pioneering work, the CRISPR-Cas9 system has been simplified to a single programmable guide
RNA and Cas9 effector for DNA interference and targeting °°. Due to the high degree of flexibility,
this system is being used in many biomedical research applications %019, Cas-9 has targeting
restraints as a protospacer-adjacent motif is required for efficient cleavage of target DNA °.

1.5.1 CRISPR-Cas13b

CRISPR Cas13 belongs in the CRISPR Class 2 Type VI systems. These systems are single
enzyme effectors which use a crRNA guide to target and cleave single-stranded RNA. Type VI,
initially named C2c2 systems, were first discovered through sequence database mining which
found a new effector with two predicted higher eukaryotes and prokaryotes nucleotide-
binding (HEPN) RNase domains %, This led to the discovery of a Cas13a effector which could
be designed to bind and cleave RNA thus showing great potential for the development of RNA
targeting tools !%°. Since this initial discovery, there have now been four different Cas13 subgroups
(a-d) which all have two independent conserved HEPN domains — one involved in pre-crRNA
processing and the other for catalyzing ssSRNA cleavage. The Casl3b subgroup structures are
different from the others harbouring a linear domain architecture with the HEPN domains at the
N-and C- termini as well as the crRNA DRs located at the 3’ end 9197, Cas13b crRNAs have a
DR size of 36nt with a poly-U stretch in the open loop region and conserved complementary

sequences 5'-GUUG and CAAC-3". Spacer lengths are 30nt, though larger and smaller spacers can
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be designed with functional activity !°¢19% Cas13b has also been shown to have RNA targeting
requirements as a double-sided protospacer flanking sequence which is required for efficient RNA
knockdown.

1.6 Objectives

The first goal of the work in this thesis was to use the ncAA AzF to target nucleic acids to
determine if it was applicable and could enhance photo-crosslinking in CLIP applications. We first
identified five sites for AzF incorporation in NS3h to photo-crosslink the bound DNA. We then
tested the photo-crosslinking efficiency of our AzF mutants against the conventional 254 nm UV
irradiation used in CLIP. Next, we wanted to test if the AzF NS3h mutants had altered activities.
We tested the unwinding activity of our photo-crosslinking mutants using a molecular beacon
helicase assay and binding affinity using fluorescence polarization. Next, using our AzF NS3h
photo-crosslinking mutants, we wished to determine the NS3h binding sites located in the
extensive HCV RNA genome. To do this, we prepared and are currently working on a CLIP-based
method to identify these NS3h binding locations.

The second section of this thesis focuses on using AzF to photo-crosslink crRNA bound to
CRISPR Casl3b effectors to determine if the irreversible covalent bond would increase the
longevity of the crRNA mediated mRNA and viral RNA knockdown. We first identified six sites
for AzF incorporation in PspCas13b. We then tested all PspCas13b AzF mutants for their photo-
crosslinking capabilities to bound crRNA. We also designed crRNAs targeting a luciferase gene
in a luciferase renilla reporter plasmid and crRNAs targeting an HCV subgenomic replicon to test

for efficient RNA knockdown.
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Chapter 2: Incorporation of p-azido-L-phenylalanine into
HCYV NS3h to Test for CLIP Applicability and
Determination of NS3h Binding Interactions
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2.1 Abstract

To determine if the photo-crosslinking capabilities of the ncAA AzF could be used broadly
to enhance CLIP-based protocols, we introduced five site-specific AzF mutations into the HCV
NS3h. The sites chosen for AzF incorporation were E493, E503, Q580, T416, and K372. Each of
these AzF sites targets a different element on nucleic acids for photo-crosslinking, namely either
the phosphate backbone or the nucleobase. From there, we assessed the incorporation of AzF and
photo-crosslinking proficiency of each AzF mutant when bound to nucleic acid substrates. Of the
five AzF mutants created, only four were able to express in E. coli. Furthermore, mutants ES03AzF
and Q580AzF were able to photo-crosslink a DNA substrate using 302 nm UV light. Through
fluorescence polarization and a molecular beacon helicase assay, we determined that mutant
E503AzF had a higher nucleic acid unwinding rate and similar affinity for DNA substrate
compared to the WT NS3h. We then compared the photo-crosslinking capabilities of AzF at 302
nm light versus the conventional 254 nm light commonly used in CLIP and found a 5-fold increase
in photo-crosslinking efficiency for ES03AzF when compared to WT NS3h at 254 nm light. Next,
we set out to develop a CLIP-based experiment where we could investigate NS3h interactions with
the RNA secondary structures formed within the HCV genome. Currently, we are working on
developing a photo-crosslinking and RNA isolation protocol that can ensure quality RNA footprint

generation for the identification of NS3h binding locations.
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2.2 Introduction

In the early 1960s, it was found that the absorption of UV light could induce the
crosslinking of DNA to proteins . These crosslinks are formed when cellular proteins form a stable
covalent bond upon exposure to endogenous and environmental stimuli, such as reactive oxygen
species, UV light as well as carcinogens. Each of these methods has unique chemistries which
allow the formation of a stable DNA-protein crosslink that can interfere with the progression of
cellular DNA replication and transcription systems 2. Upon exposure to UV light, purine and
pyrimidines nucleobases form free radicals, which, if in close proximity to almost all amino acids
react to form a stable covalent bond 3. The CLIP methodology began to take shape in the early
2000s, where covalent photo-crosslinking allowed for stringent purification of RNA—protein
complexes in mapping and understanding the complex interactions of RBP and spawned a
significant amount of complementary methods *.

The problem that many of these protocols face is the low photo-crosslinking efficiency,
around 1%, between proteins and nucleic acids when irradiated at 254 nm light . Also UV
crosslinking in general, is less likely to capture weak RNA and protein interactions ’. There have
been alterations to the CLIP method such as photoactivatable-ribonucleoside-
enhanced crosslinking and immunoprecipitation, where the photo-activatable nucleotide 4-
thiouridine (4SU) or 6-thioguanine (6SG) is introduced into the cellular media where it is
incorporated into nascent RNA transcripts. These labeled RNAs are excited in living cells and
have excellent photo-crosslinking yields ®. In a similar vein to introducing an unnatural element
into the CLIP methodology, photo-crosslinking ncAAs have been theorized to be used in CLIP
protocols to enhance the yield of photo-crosslinked RNA 6, For example, the ncAA pBpa has

been incorporated into E. coli catabolite activator protein to form covalent protein-DNA upon UV

28



irradiation °. Diazirines incorporated into human iron regulatory protein 1 showed a 7-fold increase
in photo-crosslinking efficiency compared to conventional protein nucleic acid photo-crosslinking
% The applicability of photo-crosslinking aryl azides ncAAs, such as AzF, in CLIP-based
experiments is still unknown. Previously, AzF has been successfully incorporated into the p19
viral suppressor to photo-crosslink and irreversibly sequester bound RNA °. Here we wished to
assess the applicability of site-specific incorporation of AzF into CLIP-based protocols by
evaluating the photo-crosslinking efficiency of AzF compared to irradiation with 254 nm UV light.

Using the AzF photo-crosslinking capabilities we wanted to investigate the interactions
between NS3h and the HCV 9.6kb RNA genome, which forms extensive secondary and tertiary
regulatory structures which are essential for its translation, replication and viral packaging %13,
The most famous of these structures is the 5'UTR IRES which is essential for HCV cap-
independent translation upon entry into the cell by binding the ribosomal subunits to hijack the
system for translation. There are extensive stem-loop structures found in the viral genomic RNA
that interact with the viral capsid core proteins for viral assembly and multiple structures work in
tandem to allow this to happen 4. The 3'UTR is also known to play an essential role in HCV RNA
replication '>16, Tt has been found that NS3h preferentially binds to the 3' UTR of the HCV genome
as well as aptamers resembling this sequence !-'¥. NS3h has been shown to promote intramolecular
RNA strand annealing and facilitates RNA structure conversions . It has also been proposed that
the helicase might be actively involved in the initiation of RNA synthesis by resolving stem-loop
structures found in the 3'UTR 2%2!, With this knowledge, we wanted to investigate where NS3h
might also preferentially bind along the 9.6kb folded RNA genome.

In this current work, we describe the incorporation of the photo-crosslinking ncAA AzF

into the HCV NS3h and assess its nucleic acid photo-crosslinking capabilities. We also used
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fluorescence polarization and a molecular beacon helicase assay to determine if binding affinity
or helicase functionality was lost due to AzF incorporation. Finally, we also sought to optimize a

CLIP-based protocol to determine binding sites of NS3h on the HCV genome.

30



2.3 Results

2.3.1 Incorporation of AzF into Selected Sites in NS3h

The first step was to identify side chains in NS3h to introduce AzF which are in close
proximity to RNA for photo-crosslinking. We examined the crystal structure of NS3h for potential
sites of incorporation and a total of five sites were identified: E493, E503, Q580, T416, and K372
(Figure 2.1 A). Positions K372 and Q580 flank the entrance of the nucleic acid binding cleft, while
E503 flanks the exit of the nucleic acid binding cleft, E493 is located directly inside the cleft and
T416 is located above the bound strand pointing downward into the cleft. The structure of AzF
was modeled onto each of these sites to further gain an initial understanding of the proximity of
the AzF to the nucleic acid (Supplemental Figure 2.1). For mutations K372AzF and T416AzF,
the reactive groups are both positioned near the phosphate backbone. Mutants ES03AzF, E493 AzF
and Q580AzF have the AzF positioned to interact with the nucleobases.

We generated five constructs of NS3h protein with the TAG amber stop at each of the
chosen sites. To determine if AzF was being incorporated in the chosen positions, the five
constructs were expressed in E.coli with and without AzF supplemented in the media. The culture
was then lysed and electrophoresed on an SDS-PAGE gel and imaged for equal loading. A His-
tag western blot was performed on the lysates to probe for full length NS3h which expresses a C-
terminal His-tag (Figure 2.1 B). Except for E493AzF, each NS3h AzF mutant was expressed when
AzF was included in the growth media. We see little to no expression of the mutants in the absence

of AzF in the growth media.
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Figure 2.1 Site-specific Incorporation of AzF into NS3h: (A) The five sites chosen for AzF
incorporation are modeled onto the NS3h crystal structure (PDB: 308C). The chosen sites are
highlighted in red and bound RNA is shown in blue. (B) Western blot of the expression of all
NS3h amber stop mutants. Mutants were expressed with 1 mM IPTG in the presence or absence
of 1 mM AzF in the growth media. Cells were harvested 4 hours post-induction.
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2.3.2 Photo-crosslinking of NS3h AzF Mutants to Nucleic Acids

The next step was to determine if the incorporated AzF was in close enough proximity to
an element of the nucleic acid where, upon UV irradiation, it could form a stable covalent bond.
To do this, we first purified NS3h WT and all four of the expressing AzF NS3h mutants using a
His-tag protein purification system. We further purified our protein through size-exclusion fast
protein liquid chromatography (FPLC). The protein purity can be seen in the chromatograms
(Supplemental Figure 2.2). The fractions containing the pure NS3h were pooled and
concentrated.

To assess the photo-crosslinking capabilities of all the mutants, purified mutants were
incubated with a random 20-mer ssDNA substrate labelled with a Cy5 fluorophore on the 3" end
and a duplexed double-stranded DNA (dsDNA) substrate with a PolyT(20) loading region for
NS3h to bind (Figure 2.2 A). To induce photo-crosslinking post-incubation, samples were
irradiated with 302 nm light and band shifting was examined using denaturing SDS-PAGE gels
(Figure 2.2 B, D). First, we observed a shift in mass from 52 kDa in the stain-free gel to 60kDa
and 78kDa for NS3h photo-crosslinked to Cy5 ssDNA and dsDNA, respectively. In the Cy5 image
of both SDS-PAGE gels, NS3h WT has a very faint band when photo-crosslinked to ssDNA and
the dsDNA substrate. Mutants E503AzF and Q580AzF have intense bands for both DNA
substrates. Using densitometry, we compared the Cy5 intensity of WT NS3h against ES03AzF and
Q580AzF (Figure 2.2 C). The CyS5 intensity of the bound ssDNA compared to WT is 4- and 2-
fold greater for mutants ES03AzF and Q580AzF, respectively. With the dsSDNA substrate, we
observed a larger photo-crosslinking efficiency compared to the WT with a near 10-fold and 5-
fold Cy5 intensity increase for ES03AzF and Q580AzF. For mutants T416AzF and K372AzF, we

observed similar photo-crosslinking to that of WT under UV irradiation (Figure 2.2 E).
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Figure 2.2 Mutants ES03AzF and QS80AzF Demonstrate Enhanced Photo-crosslinking
Activity: (A) Structure of 20-mer ssDNA and dsDNA Cy?5 labelled substrates used in the photo-
crosslinking assay. Cy5 is shown as a red circle. (B and D) Photo-crosslinking SDS-PAGE gels
for mutants ESO3AzF, Q580AzF, T416AzF and K372AzF. 10 uM of purified NS3h was
incubated with 250 nM of DNA substrate and irradiated with 302 nm UV light for 10 minutes.
On the top is the Cy5 fluorescence scan and on the bottom is the stain-free image to confirm
equal loading. (C and E) Densitometry analysis was performed by normalizing the CyS5 intensity
with the protein abundance. The adjusted intensity was then compared relative to WT as a

control.
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2.3.3 Characterizing AzF for CLIP Applications

To determine if AzF incorporated into a protein could provide enhanced photo-crosslinking
capabilities against the traditional 254 nm wavelength used in CLIP methods, we measured the
photo-crosslinking ability of WT NS3h using 254 nm light and mutants ES03AzF and Q580AzF
at 302 nm light. We then ran the photo-crosslinked products on an SDS-PAGE gel and imaged for
CyS5 fluorescence (Figure 2.3 A). We can see that with 10 minutes of 254 nm UV light exposure,
there is little photo-crosslinking for WT NS3h; however, for both ES03AzF and Q580AzF, we
observe more intense bands. Densitometry analysis was used to compare the intensity of mutants
E503AzF and Q580AzF bands at 302 nm irradiation to WT and at 254 nm light. We obtained a
4.5-fold increase in the intensity of the Cy5 signal for ES03AzF. (Figure 2.3 B). We can also see
banding patterns above the expected bands for mutant ES03AzF.

Research determining the reactivity of didehydroazepine, an intermediate formed when
AzF is irradiated with UV reacts very readily with guanosine monophosphate, adenosine and
uridine. However, it was found that the didehydroazepine, did not react with cytidine at a
measurable rate 2. As AzF is being used to photo-crosslink nucleic acids with the end goal of
CLIP applications, we wanted to ensure that there was no sequence bias to the nucleobase the
incorporated AzF was able to photo-crosslink. To do this, we tested the photo-crosslinking ability
of ES03AzF and Q580AzF to three different Cy5 labelled DNA substrates: a random 20-mer
ssDNA, a PolyT(15-mer) and a PolyC(15-mer) (Supplementary Table 2.1). Each substrate was
incubated and photo-crosslinked to ES03AzF, Q580AzF, or WT and analyzed on a denaturing
SDS-PAGE gel. (Figure 2.3 C) We can see that there is no visible difference between the photo-
crosslinking ability of AzF to any of these substrates as the band intensities are comparable. Again

we observed banding patterns above the expected bands for both ES03AzF and Q580AzF.
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Figure 2.3 Assessing Photo-crosslinking Capabilities of NS3h AzF Mutants: (A) Photo-
crosslinking SDS-PAGE gel comparing mutants ES03AzF and Q580AzF against WT. 10 uM of
purified NS3h was incubated with 250 nM of DNA substrate and irradiated with 302 nm or 254
nm UV light. (B) Densitometry analysis was performed by normalizing the CyS5 intensity against
the protein abundance. The adjusted intensity of ES03AzF and Q580AzF photo-crosslinked at
302 nm light was then compared relative to WT photo-crosslinked at 254 nm light. (C) Testing
to see if there are any sequence biases to AzF photo-crosslinking. 10 uM of purified NS3h was
incubated with 250 nM of a random 20-mer, PolyT(15-mer) and PolyC(15-mer) DNA substrate
and irradiated with 302 nm UV light.
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2.3.4 Measuring Helicase Activity for AzF Photo-crosslinking Mutants

Next, we needed to ensure that the introduction of AzF did not alter the nucleic acid binding
or ATPase functions of NS3h. Having identified ES03AzF and Q580AzF as the two constructs
which could efficiently photo-crosslink a labelled nucleic acids substrate, we used a molecular
beacon helicase assay to monitor the helicase activity of the enzyme (Figure 2.4 A). This assay
uses a dual labelled DNA oligomer with a quencher on the 5’ and fluorophore on the 3" annealed
into a duplex, allowing the measurements of the fluorophore wavelength. As the helicase unwinds
the duplex, the labelled strand will form a stable hairpin loop bringing the quencher and
fluorophore in close proximity terminating the fluorescent signal.

As a negative control, an NS3h construct was created with the well-characterized loss of
helicase activity W501A mutation. This mutant was His-tag purified and size-exclusion
chromatography was used to obtain pure W501A. The unwinding rate of the WT NS3h was found
to be 0.36 + 0.02 nM/min and the most efficient photo-crosslinking mutant ES03AzF had a faster
unwinding rate of 0.80 = 0.08 nM/min, more than a 2-fold increase compared to WT (Figure 2.4
B). Q580AzF had a reduced unwinding rate of 0.12 = 0.02 nM/min in comparison to WT. An
unwinding rate could not be obtained for the W501 A mutant, though a small downward trend is
observed.

Next, we wanted to consider how the binding affinity of the AzF mutants could be altered
by the ncAA. To investigate this, fluorescence polarization was used to measure the difference in
polarized light from NS3h when bound and unbound from DNA. The concentration of a Cy3
labelled random 15-mer was kept constant and NS3h was titrated in a 2-fold dilution (Figure 2.5).
With an increasing amount of WT NS3h, we observe a clear increase in polarization of the Cy3

15-mer in a concentration dependant manner, where the amount of WT NS3h needed to bind half
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Figure 2.4 Mutant ES03AzF has a Faster Unwinding Rate than WT NS3h: (A) Schematic of

the molecular beacon helicase assay. Upon the addition of ATP, the helicase unwinds the
substrate allowing the fluorophore to be brought near the quencher resulting in a loss of signal.
(B) Molecular beacon helicase assay substrate unwound upon the addition of 0.5 mM ATP.

Reactions contained 150 nM NS3h and 5 nM of a molecular beacon helicase assay nucleic acid

substrate. All values represent the mean + SD (n=3).
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Figure 2.5 Mutant ES03AzF Binds ssDNA with a Similar Magnitude to WT: (A) Binding
plots were constructed using 2-fold serial diluted (0.48 - 1000 nM) NS3h protein and 5 nM Cy3
labelled DNA substrate. Fluorescence polarization was monitored by exciting at 535 nm and
measuring parallel and perpendicular polarized light at 595 nm. Data were fitted to a
concentration-response equation (four-parameter, variable slope). Ko s represents the amount of
NS3h needed to bind half of the Cy3 DNA substrate. All values represent the mean + SD (n=3).
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the Cy3-15mer (Kos) was 11 = 1.6 nM. E503AzF and Q580AzF had concentration-dependent
curves with Kos of 15 + 1.8 nM and 26 + 2.4 nM, respectively. The reduced binding mutant
WS501A had a Kos of 63 £ 5.3 nM and plateaued at a higher concentration of around 125 nM,
compared to the 31.2 nM plateau of WT.

With both the molecular beacon helicase assay and fluorescence polarization analysis
showing a higher level of nucleic acid unwinding and a minimal change in nucleic acid affinity,
we identified ESO3AzF to be the most suitable mutant to move forward with further CLIP-based
applications to generate and isolate RNA binding locations for NS3h on the HCV RNA genome.
2.3.5 Optimizing a CLIP-based protocol

We next constructed and optimized an in vitro photo-crosslinking and affinity
chromatography methodology to identify binding locations of NS3h along the genomic RNA of
HCV. The schematic of the general protocol is shown in Figure 2.5. Briefly, we first generated
full length Japanese Fulminant Hepatitis 1 (JFH-1) HCV genomic RNA through in vitro
transcription (IVT) and folded it to ensure the proper formation of secondary structure. Next, we
needed to photo-crosslink our ES03AzF to bind to the IVT HCV genome using 302 nm light. For
this step, we needed to find a buffer to fold the HCV genome and allow for efficient NS3h photo-
crosslinking. We assessed two HCV RNA folding buffers that have been previously used in the
identification of RNA secondary structures folding, which we identify as buffers A and B
(Supplemental Figure 2.3 A) 4?3, Since both buffers had a large ionic concentration of salts, we
sought to test if the different folding buffers would have an adverse effect on NS3h binding and
photo-crosslinking ability. To do this, we photo-crosslinked ES03AzF to a random 20-mer labelled

ssDNA substrate in both folding buffers A and B and ran this on an SDS-PAGE gel, and imaged
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Figure 2.6 Generating and Optimizing a Protocol to Generate NS3h Binding Locations:
Schematic of the general CLIP-based protocol. Full length JFH-1 HCV genomic RNA is folded
to ensure the formation of the proper secondary structure before being introduced to ES03AzF.
The reaction is photo-crosslinked using 302 nm UV light. RNase I will be used to partially digest
the bound RNA generating proper-sized fragments. The resulting ES03AzF photo-crosslinked to
HCYV genomic RNA will be further separated from background RNA by isolating it using SDS-
PAGE gel and transferring it onto a nitrocellulose membrane. The nitrocellulose is cut removing
the ES03AzF and HCV RNA complex and treated with proteinase K to digest ES03AzF
releasing the bound RNA. The RNA is then sent for library preparation and Next-Gen
Sequencing.
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for Cy5 photo-crosslinking (Supplemental Figure 2.3 B). We found that neither of the folding
buffers allowed for photo-crosslinking. Upon further investigation, we found that with increasing
concentrations of NaCl, there was a loss of photo-crosslinking between ES03AzF and the labelled
DNA substrate (Supplemental Figure 2.3 B).

The next step of the protocol was to use RNase to fragment the RNA bound to ES03AzF,
resulting in fragments bound in the range of 50-100 bp in length. This step needed to be optimized
as the duration of digestion and quantity of RNase differs for each method. As well, determining
the optimal fragmentation time is essential for downstream applications of the RNA. We
fragmented using multiple dilutions of RNase I and ran the resulting products on a 12% urea
denaturing gel (Figure 2.6). It was found that a 1/10 dilution of RNase I at 37°C for 20 minutes
led to a large smear of fragmented RNA found within the desired range of 50-100 bp in length.
The addition of undiluted RNase I led to the complete degradation of the genomic RNA. At much
higher dilutions of 1/100,000 and 1/1,000,000, we have little to no degradation.

The final steps of this CLIP-based protocol are NS3h-RNA complex isolation and RNA
purification (Figure 2.5). To do this, we need to first isolate the photo-crosslinked RNA-protein
complex from the RNases and unbound RNA fragments. Instead of using immunoprecipitation,
we decided to use the His-tag on ES03AzF and perform affinity chromatography under denaturing
conditions. The resulting ES03AzF bound to HCV genomic RNA will be further removed from
background RNA by isolating it using SDS-PAGE gel and transferring it onto a nitrocellulose
membrane. From here we cut the nitrocellulose membrane to remove the ES03AzF and HCV RNA
complex. These nitrocellulose fragments are then treated with proteinase K to digest ES03AzF and
release the bound RNA. This RNA can be purified and sent for library preparation and Next-gen

sequencing to identify the precise locations where our ES03AzF is bound.
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Figure 2.7 Optimizing RNase I Digestion with HCV Genomic RNA: Determining the ideal
concentration of RNase I to obtain optimal fragment sizes. HCV genomic RNA was incubated
with dilutions of RNase I at 37°C for 20 minutes and the resulting fragments were run on a 12%
urea denaturing gel and stained using SybrGold and imaged.
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2.4 Discussion

CLIP methods are an important technique used to understand RBPs and their impact on
cellular mechanics. Many of these protocols rely on the formation of free radicals in nucleobases
upon 254 nm light absorption to crosslink with nearby residues; however, this process has low
photo-crosslinking capabilities of around >1% 3¢, Knowing this, we investigated if the photo-
crosslinking ability of the ncAA AzF could be used to enhance CLIP-based protocols. Secondly,
we were also interested in the role HCV NS3h plays in binding and unwinding the HCV genome
as NS3h has been theorized to influence HCV genomic RNA secondary structure 2*. This made
NS3h the perfect candidate for site-specific AzF incorporation to determine the interactions
between NS3h and the HCV genome.

We began by analyzing an NS3h crystal structure bound with RNA (PDB: 30X8) and
found five sites in close proximity to the bound nucleic acid strand (E493, E503, T416, Q580 and
K372). To do this, we used Pymol to mutate each of the chosen sites to an AzF residue to visually
inspect the proximity of AzF to the bound nucleic acid strand. Except for Q580, each of the chosen
sites is conserved across many NS3h genotypes 2°. K372 and T416 are located in motifs IV and V,
E493 repels the nucleic acids from the back of the binding cleft, and E503 is located near the W501
bookend. Though four sites are conserved, E493 is the only known residue to have a functional
role in helicase unwinding. The mutagenesis of LexA and RecA with the ncAA acridonylalanine
has shown that elements such as conservation, hydrophobicity, or accessibility are not great
predictors of tolerability towards unnatural amino acid mutagenesis 2°.

E503AzF and Q580AzF were the only constructs that were able to photo-crosslink a
nucleic acid substrate using the AzF (Figure 2.2 A). These sites were flanking both the entrance

and exit of the nucleic acid binding cleft. The reasoning behind this is that it would allow the
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nitrene intermediate to undergo addition reactions with a double bond, an active hydrogen insertion
in a C-H or N-H, or the dedihydroazepine to be in close proximity to react with a nucleophile. We
think, T416AzF and K372AzF were incapable of having AzF in a close enough proximity to the
bound DNA strand to react with. The low photo-crosslinking effiency seen for T416AzF and
K372AzF could also be explained by the positioning of the AzF against the phosphate backbone.
This would allow AzF to react with phosphodiester bonds and a potential ribose group. Previous
work has found ribose does not to react with the dedihydroazepine at a measurable rate 22. As
expected, we do observe photo-crosslinking between WT NS3h and the DNA substrates as 302
nm light will still be able to photo-crosslink DNA to proteins 2. Though we did observe a 5- and
2-fold increase in the relative intensity of photo-crosslinked Cy5 ssDNA substrate for ES03AzF
and Q580Azf compared to that of the WT. These results were again recapitulated when we tested
WT NS3h photo-crosslinking with 254 nm light against the ES03AzF and Q580AzF mutants. We
found that similarly, both ES03AzF and Q580AzF photo-crosslinked ssDNA 4.5- and 1.8-fold
more compared to WT NS3h, respectively. These results were not as high as the 7-fold increase in
photo-crosslinking efficiency observed for diazirenes when compared to conventional 254 nm
light . However, these results indicate that site-specifically incorporated AzF in an optimal
position does have the ability to photo-crosslink with higher yields than conventional 254 nm light
irradiation. While the photo-crosslinking ability of the ES03AzF and Q580AzF mutants are
directly related to their proximity to the nucleic acid, there may be more optimal locations on NS3h
where AzF incorporation could potentially lead to higher photo-crosslinking capabilities.

While investigating into the selectivity of AzF nucleic acid photo-crosslinking, we
discovered an article which ran reactions with the dedihydroazepine intermediate AzF forms after

UV irradiation ?2. Through quenching studies of dedihydroazepine in HEPES buffered solution,
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they evaluated the reactivity of common biological materials. They found that guanosine
monophosphate, adenosine, and uridine all had very quick reactions and cytidine had no
measurable reaction rate. This was concerning as we want AzF to be used for CLIP and any
technical bias in nucleobase sequence specificity could skew the final binding results after
sequencing . We decided to test the ability of ES03AzF and Q580AzF to photo-crosslink with a
DNA substrate consisting of fully cytidines, thymines and a random assortment of nucleobases
(Figure 2.3 C). We found that there was no difference in photo-crosslinking efficiency between
each of these different substrates, although these results could be explained by AzF crosslinking
to a ribose group or the phosphate backbone instead of the nucleobases.

We observed strange banding patterns above the expected bands for both ES03AzF and
Q580AzF in the photo-crosslinking gels (Figure 2.3 A and C) and wanted to further investigate
what they could represent. We thought that due to the mutations being close to the surface of the
protein, they could potentially be photo-crosslinking to other NS3h monomers. It has been shown
that two NS3h molecules can bind to the same DNA/RNA strand and that surface residues mediate
protein-protein interactions between subdomains 2 and 3 of adjacent molecules 2. To test this
hypothesis, we performed a strained-promoted azide-alkyne cycloaddition (SPAAC)
(Supplemental Figure 2.4 A) with our WT and AzF mutants ES03AzF and Q580AzF with Cy5
tagged dibenzocyclooctyne (DBCO) (Supplemental Figure 2.4 B). We discovered that both
E503AzF and Q580AzF readily reacted with the solvent-accessible DBCO. Crystal structures of
multiple bound NS3h on a single strand of nucleic acid revealed that ES03AzF is positioned to
react with a neighbouring NS3h lysine and asparagine and Q580AzF was in close proximity to an
aspartic acid of the NS3h next to it, and could potentially form a covalent bond (Supplemental

Figure 2.4 Cand D). This is not surprising as photo-crosslinking ncAAs have been primarily
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focused on preserving protein-protein interactions 2°-!. The photo-crosslinking gels (Figure 2.3
A and C) show the majority of photo-crosslinking was to the DNA substrate, so we decided that
it would have a negligible impact on the proceeding CLIP experiments.

We needed to ensure that the working AzF NS3h mutants maintained as similar binding
properties as possible compared to the WT NS3h. As a negative control, the bookend tryptophan
501 was mutated to an alanine, causing a loss of stacking interactions between it and the
nucleobase. This mutation has been found to inhibit unwinding and severely reduce nucleic acid
binding ability 28233, We tested the two photo-crosslinking mutants first using a molecular beacon
helicase assay to determine if the AzF substitution had any effect on unwinding capabilities.
(Figure 2.4 B) Surprisingly, we found that ESO3AzF had an unwinding rate of 0.80 + 0.08
nM/min, a 2-fold increase in unwinding rate compared to the WT with an unwinding rate of 0.36
+ 0.02 nM/min. While this was unexpected, mutations of conserved residues such as E493 to a
lysine or glutamine have shown both increased ATPase activity and unwinding activity 3*. As
expected for W501A, there was no detectable unwinding rate upon the addition of ATP. We
observed a lowered unwinding rate for Q580AzF of 0.12 + 0.02 nM/min. Seeing these results we
then sought to investigate and test the affinity of NS3h mutants for nucleic acids with fluorescence
polarization.

The amount of WT NS3h needed to bind half the Cy3-15mer (Ko.5) was 11 + 1.6 nM, which
is in good accordance with what has been previously published for NS3h fluorescence polarization

35, Our best photo-crosslinking mutant, E503AzF, also had very similar

experiments
concentration-dependant curves with Kos of 15 + 1.8 nM, which is in close range to that of the
WT. Mutant Q580AzF had a Ko 5 of 26 = 2.4 nM which was expected as we observed a reduced

unwinding rate for this mutant. We think that the AzF moiety at the entrance could be interfering
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with nucleic acid entry. This loss of nucleic acid binding affinity may have played a part in the 2-
fold photo-crosslinking efficiency observed compared to the 5-fold increase for ES03AzF (Figure
2.3 B). The reduced binding mutant had a Kos of 63 + 5.3 nM and plateaued at a significantly
higher concentration of 125 nM (Figure 2.4 B). Taken together, ES03AzF, with a 5-fold increase
in photo-crosslinking capabilities and a similar affinity for nucleic acid substrate would be used
for the next steps in the CLIP and identification of NS3h binding locations on the HCV genomic
RNA.

To begin our CLIP methods we wanted to add NS3h directly into folded IVT genomic
HCV RNA. After performing a photo-crosslinking gel of NS3h to a DNA substrate in different
HCYV folding buffers previously used to investigate secondary structure, we found that NS3h did
not photo-crosslink in either buffer (Supplemental Figure 2.3 A and B). We realized that the
increased ionic strength in both buffers was causing the loss of photo-crosslinking. NS3h is highly
sensitive to ionic strength so much so that NaCl inhibits unwinding with an Icso of 15 mM and a
doubling in NaCl concentration leads to Kq being increased 4 times 3%%7. To test this, we
incrementally increased the concentration of NaCl in our binding buffer and observed a loss in
photo-crosslinking (Supplemental Figure 2.3 C). To resolve this problem, we decided to simply
fold the HCV RNA genome in Folding Buffer A, then photo-crosslink NS3h with the folded IVT
HCV genome in a modified binding buffer containing an identical MgCl> concentration which is
more crucial for RNA secondary and tertiary structure formation 3849,

The next step we wished to optimize is the RNase I partial digestion. We chose RNase I
because it was unbiased in nuclease sequence specificities and has previously been used in CLIP

4143

protocols . Optimization of this step is crucial as it allows us to obtain proper fragmentation

size for RNA which is crucial for the downstream ¢cDNA synthesis and sequencing applications 44,
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The results of our RNase partial degradation determined that a 1/10 RNase I dilution digested for
20 minutes at 37°C yielded fragments sizes of 50-100 bp (Figure 2.6). After partial digestion,
performing a His-tag purification under denaturing conditions would work best in removing the
RNase I and ensure that only RNA molecules that were covalently linked to protein were purified
4. The final steps in our methods as seen in Figure 2.5 are common in all CLIP-based
methodologies. For our experiment, we chose to adapt a protocol that was created to locate binding
interactions between brome mosaic virus capsid protein and the RNA genome *°. They performed
an SDS-PAGE and nitrocellulose membrane transfer to reduce the contamination of non-
crosslinked RNA since the membrane has poor RNA binding capacity **. The nitrocellulose
segments above the expected molecular weight of the protein containing the RNA-protein complex
are extracted and the protein is digested with Proteinase K releasing the RNA crosslinked with a
protein adduct. This RNA will be purified and prepared for downstream library preparation and
sequencing protocols using polynucleotide kinase which will dephosphorylate the 3’ ends of the

RNA and phosphorylate the 5'-OH.
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2.5 Conclusion

Overall, with NS3h mutant E503AzF, we have provided proof that site-specific
incorporating AzF into a position close to the nucleic acid increased photo-crosslinking
capabilities when compared to that of the conventional 254 nm UV irradiation. Furthermore, we
showed that the incorporated AzF in mutant ES03AzF has little effect on the affinity and helicase
functionality of NS3h. We hypothesize that this could be a useful tool for CLIP with low
abundance RBPs or those which have a weaker RNA binding and thus a lower chance for photo-
crosslinking. We also hope that the incorporation of AzF into RBPs could be implemented in future
CLIP-based applications and studies. We are currently working on an in vitro CLIP method to

determine NS3h binding locations on the highly structured HCV genomic RNA.

50



2.6 Materials and Methods
2.6.1 Amber Stop Codon Site-directed Mutagenesis

The coding sequence for HCV NS3h (genotype 1a) corresponding to amino acids 167—631
of NS3 with C- terminal His-tag was subjected to site-directed mutagenesis and amber stop TAG
mutations were generated at positions: E503, Q580, E493, T416,and K372. This was performed
in a reaction mixture of containing 20ng NS3h plasmid DNA, 1X xtremebuffer, 0.4 mM dNTPs,
0.3 uM amber stop mutagenesis primers (Supplemental Table 2.2), 0.02U/uL. KOD polymerase
and placed in the thermocycler 98°C for 2 minutes, 93°C for 30 seconds, 55°C for 1 minute, 72°C
for 7 minutes. This full process was repeated a total of 18 times. Amber stop mutants were

confirmed through Sanger sequencing performed at Genome Quebec (Montreal, QC, Canada).

2.6.2 Small Batch AzF Incorporation Screening

Small-scale 4mL LB cultures were inoculated with E. coli BL21 (DE3) cells transformed
with NS3h plasmid as well as a plasmid encoding the orthogonal tRNA/tRNA synthetase pair, a
gift from the lab of Dr. Peter Schultz. The small-scale cultures were grown to an OD of 0.6 and
proteins were expressed with the addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG)
and 1 mM AzF for a total of 4 hours at 20°C. The cells were lysed using 1X Laemmli Buffer
(Biorad #1610737EDU). The cell lysates were run on a 12% SDS-PAGE gel imaged using the
Chemi Doc MP imager (Bio-rad) and transferred onto a PVDF membrane. This was followed by
probing for the NS3h using the 6X-His Tag monoclonal Antibody (Thermo Scientific # MA1-

21315-HRP).
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2.6.3 Large Scale NS3h Purification

Competent E. coli BL21 (DE3) cells were transformed with NS3h plasmid as well as a
plasmid encoding the orthogonal tRNA/tRNA synthetase pair, a gift from Dr. Peter Shultz (The
Scripps Research Institute). Transformed E.coli were plated on spectinomycin/ampicillin plates
and incubated overnight at 37°C. A single colony was selected and grown for 4 hours in 2 ml of
LB media with working concentrations of ampicillin (100 ug/mL) and spectinomycin (50 ug/mL).
This culture was then used to inoculate 75 ml of LB with appropriate antibiotic selection and grown
overnight. The media was spun down and used to inoculate 600ml of LB and grown until an
optimal OD 0.6 was achieved. Protein expression was induced with the addition of 1 mM of IPTG
and 1 mM AzF (MedChemExpress LLC #HY-16714) into the media. The proteins were expressed
overnight at 18°C. The NS3h proteins were purified from pelleted cells through a two-stage
process.

First, the cells were resuspended with 1X binding buffer (50 nM Tris pH 8, 300 mM NaCl,
and 10 mM imidazole pH 8) and sonicated on ice for 2 minutes at 50% amplitude. The lysate was
then added into a HisTrap HP column (Sigma #GE17-5319-01) and washed with 1X wash buffer
(50 nM Tris pH 8, 600 mM NaCl, and 60 mM imidazole pH 8) and eluted in a buffer consisting
of 50 mM Tris (pH 8), 300 mM NaCl, and 250 mM imidazole. Next, size-exclusion
chromatography was performed using an S75 column (GE Healthcare Life Sciences) in a filtered
buffer containing 20 mM Tris (pH 8) and 150 mM NaCl. Fractions containing NS3h were pooled
together and purified protein concentrations were determined by absorbance at 280 nm on a
NanoDrop 2000 (Thermo Scientific) using the calculated extinction coefficient of 48,205 M—1
cm—1.47 NS3h visualization was performed through western blotting using a six-His tag

horseradish peroxidase-conjugated antibody.
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2.6.4 Photo-crosslinking Gels and Analysis

Photo-crosslinking experiments were performed as previously shown in 3. Briefly, 1 uM of
purified NS3h protein (WT, ES03AzF, Q580AzF, K372AzF, and T416AzF) was incubated with
250 nM of various fluorophore labelled DNA substrates (Supplemental Table 2.1) in a binding
buffer consisting of 25 mM MOPS pH 7.5, 10 mM NaCl, 3 mM MgCl, and 0.1% Tween 20 unless
otherwise indicated. Following a 45 minute incubation, the reactions were exposed to 1-10 minutes
of UV light at 302 nm or 254 nm. The samples were run on a 12% SDS denaturing gel and imaged
for Cy5 fluorescence using a ChemiDoc MP imaging system (Bio-Rad). Images were imported to
Imagel and densitometry was performed to determine the CyS5 intensity. Densitometry analysis
was performed by normalizing the CyS5 intensity by the protein quantity in the stain free. The

adjusted intensities were then compared relative to WT as a control.

2.6.5 Fluorescence Polarization

Fluorescence polarization binding assays were performed in a total volume of 100uL in 96
well, flat bottom, white plates. Purified NS3h and mutants were serially diluted using FP-buffer
(25 mM MOPS pH 7.5, 1.25 mM MgCl2, 0.0025mg/ml BSA, 0.005% Tween 20) and combined
with 5 nM Cy3 labelled DNA substrate (5'-Cy3- GGTAGTAATCCGCTC -3'). Fluorescence
polarization was monitored with a SpectraMax i3 plate reader (Molecular Devices) by exciting at
535 nm and measuring parallel and perpendicular polarized light at 595 nm. Grating factors were
calculated using measurements taken from wells with Cy3 labelled DNA alone. A total of three
independent experiments were performed (n=3) and the data were fitted to a concentration-

response equation (four-parameter, variable slope) using Graphpad- Prism.
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2.6.6 Molecular Beacon Helicase assay

The helicase activity of NS3h was monitored using a molecular beacon helicase assay as
described previously with the following changes #’. Briefly, reactions were carried out at room
temperature in S0uL reactions performed in triplicate, in 96-well black round bottom plates. 150
nM NS3h and 5 nM of molecular beacon helicase assay nucleic acid substrates were combined in
a binding buffer containing 25 mM MOPS, pH 7.5, 1.25 mM MgCl2, 0.0025 mg/ml BSA, 0.005%
Tween 20. Fluorescence was monitored using a SpectraMax i3 plate reader (Molecular Devices)
every 30 seconds by exciting at 635 nm (9 nm slit width) and measuring the emission at 670 nm
(15 nm slit width). After an initial 5 minute incubation, ATP was added to the reaction wells to a
final concentration of 0.5 mM to initiate helicase activity. A total of three independent experiments
were performed (n=3) and the data were fitted to (non-linear) plateau followed by one phase decay

using Graphpad- Prism.

2.6.7 In Vitro Transcription of HCV

To get full length HCV genomic RNA, a restriction digest was performed for 3 hours with
5 ug of JFH-1 pDNA, 1X Cutsmart buffer and 20 U of Xbal (NEB #R0145S). Transcription and
subsequent RNA purification was performed according to the MEGAscriptTM T7 transcription
kit (ThermoFisher scientific #AM1334) kit protocol. The length and quality of the HCV IVT

genomes were confirmed using 1% agarose gel electrophoresis.

2.6.8 RNase I digestion Tests
Purified IVT HCV genomic RNA was incubated with various dilutions of RNase I

(ThermoFisher scientific #EN0601) ranging from 1U-0.001 U. The reaction was performed in 1X
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modified binding buffer 25 mM MOPS pH 7.5, 10 mM NaCl, 5 mM MgCl,, and 0.1% Tween 20.
Reactions were incubated at 37°C for 20 minutes and the resulting fragments were run on a 12%
urea denaturing gel. An ssRNA low-range molecular ladder (NEB #N0364S) was run on the gel
as well to determine fragmentation size. The gel was stained a 1X SYBR Gold (ThermoFisher

scientific #S33102) and imaged using a ChemiDoc MP imaging system (Bio-Rad).

2.6.9 Protein labelling by SPAAC
1 uM NS3h WT and AzF mutants with 2 uM Cy5-DBCO were allowed to react at room
temperature for 30 minutes. The reactions were combined with 1X Laemli SDS-PAGE loading

buffer and heated at 95°C for 10 minutes. The resulting labelling reactions were electrophoresed

on a 12% SDS-PAGE gel and imaged for Cy5 using a ChemiDoc MP imaging system (Bio-Rad).

2.6.10 WT NS3h and ES03AzF Photo-crosslinking and RNA Isolation

HCV genome folding was performed as previously described 2°. Briefly, purified full
length JFH-1 RNA was heated to 90°C for 10 seconds and placed on ice. The genome was then
folded in a 1X folding buffer (50 mM HEPES pH 8.0, 5 mM MgCl,, 200 mM potassium acetate)
at a final concentration of 50ng/uL by heating at 65°C for 5 minutes followed by slow cooling to
room temperature. 10ug of full-length genomic RNA was incubated with 0.4 ug of ES03AzF for
30 minutes in 1X modified binding buffer 25 mM MOPS pH 7.5, 10 mM NacCl, 5 mM MgCl,, and
0.1% Tween 20 at a final volume of 200uL. This was irradiated with 302 nM light for 20 minutes.
0.1 U of RNAse I (ThermoFisher scientific #£EN0601) was added to the photo-crosslinked RNA-
NS3h and incubated at 37°C for 20 minutes and then placed on ice.

Next, the RNA-NS3h complexes were isolated using Promega MagneHis™ (#V8500)

following the manufacturer's protocol for denaturing conditions with some modifications. First,
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the binding buffer was supplemented with urea to a final concentration of 8 M and NaCl to a final
concentration of 500 mM before it was added directly into the RNA-NS3h mixture. After the
addition of the denaturing binding buffer, 30 uL of MagneHis™ Ni-particles are added to the
mixture. The beads were placed on magnetic stands and were washed 3 times using MagneHis™
Binding/Wash buffer. The NS3h-RNA complexes were eluted in 100 uL of Elution buffer. (4X)
NuPAGE™ LDS Sample Buffer (ThermoFisher scientific #NP0007) was added to the eluate and
heated to 95°C for 5 minutes. These samples were loaded onto a NuPAGE 4-12% Bis-Tris gel
(ThermoFisher scientific #NP0326BOX) and run in 1X NuPAGE™ MOPS SDS (ThermoFisher
scientific #NP0001).

We further isolated the photo-crosslinked products as previously described in 46 with minor
modifications. Briefly, the NS3h-RNA complexes were transferred onto a nitrocellulose
membrane using a wet transfer apparatus at 100 V for 1 hour. The nitrocellulose was cut above the
expected molecular weight of our protein using a fresh razor blade and transferred into a sterile
1.5 mL tube and rinsed with PBS. Proteinase K (ThermoFisher scientific #255530049), diluted to
Img/ml in 1X PK buffer (50 mM Tris, 75 mM NaCl, 6.3 mM EDTA and 1% SDS), was added to
the nitrocellulose fragments and digested for 1 hour at 37°C with occasional mixing. The RNA
fragments were purified using a Zymo RNA clean and concentrator (#R1019) following the
manufacturer’s protocol and eluted in 35 uL of elution buffer. To prepare the RNA for cDNA
synthesis, 50U PNK (NEB #M0201L), 1X PNK buffer, and 10 mM ATP were added to the RNA
and incubated at 37°C for 30 minutes. The RNA was purified one final time using Zymo RNA

clean and concentrator (#R1019) following the manufacturer’s protocol.
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Chapter 3: Photo-crosslinking of PspCas13b to Bound
crRNA to Increase RNA Knockdown Longevity
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3.1 Abstract

PspCas13b is an RNA-targeting CRISPR effector, which has been previously shown to
knockdown viral RNA and mRNA through designable crRNAs. Here we incorporated the photo-
crosslinking ncAA AzF into PspCas13b to form a stable covalent bond to irreversibly bind the
crRNA. We wanted to test if the photo-crosslinked crRNA-PspCas13b complex could produce
significant changes in knockdown longevity of viral RNA and mRNA targets. We were able to
design crRNAs that produced an 88 + 2% knockdown when targeting the mRNA of a luciferase
renilla reporter system. When using PspCas13b to target an HCV subgenomic replicon, we did not
observe any relevant knockdown. Out of six sites chosen for AzF photo-crosslinking, only
[1440AzF and F513AzF produced a 2.6- and 2.4-fold increase. However, there was photo-
crosslinking between the crRNA and the WT PspCas13b which was unexpected and could be

detrimental to our future applications.
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3.2 Introduction

PspCas13b has shown to be the most resourceful Cas13b in mammalian cells due to its
robust knockdown efficiency, lack of protospacer flanking sequence constraints, and low off-target
effects 3. Due to this flexibility, PspCas13b has become a powerful platform for RNA targeting
and has become widely used for mammalian RNA interference and manipulation. A catalytically
dead PspCas13b fused with an adenosine deaminase has allowed for select adenosine to inosine
conversions on disease-relevant mRNA transcripts 4. Cas13b RNA targeting capabilities are now
being designed to destroy single-stranded genomic viral RNAs as an antiviral therapeutic strategy.
PspCas13b has been programmed to target and knockdown SARS-COV-2 spike and nucleocapsid
mRNA transcripts as well as suppress viral replication in mammalian cells while avoiding viral
mutational escape °. It has also been used to target influenza A virus (IAV), causing a 22-fold
reduction in viral RNA, and vesicular stomatitis virus (VSV) causing a 43.3-fold decrease in
secreted VSV viral RNA °©.

PspCas13b has been thought of as a promising therapeutic technology with antiviral
capacities . However, increasing the efficiency and longevity of PspCas13b knockdown in vivo
is essential for this to occur. One aspect which could be fine-tuned is the stability of Cas13b
crRNAs in mammalian cells since they are rapidly degraded by endogenous nucleases and only
have a half-life of seven hours '°. It has been shown that the chemical modification of 2'-O-
methylation on the 3’ end of Cas13b crRNAs increased their stability while also improving RNA
targeting efficiency and half-life in human cells as well as extending targeting activity from 2 to 4
days !'!. Taking these results into account, we wanted to protect the crRNA from degradation by
irreversibly binding it to their PspCas13b counterpart, potentially enhancing the knockdown

longevity. To do this, we incorporated the photo-crosslinking ncAA AzF into PspCas13Db targeting
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the DR section of the crRNA as it is not directly involved in hybridizing with target RNAs and
forms extensive interactions with the protein. We then wished to use this photo-crosslinked
PspCas13b-crRNA complex to assess the RNA knockdown efficiency and longevity in
mammalian cells. As functional crRNAs were needed to asses if knockdown could still occur for
photo-crosslinked PspCas13b-crRNA complexes, we designed crRNAs targeting luciferase
mRNA as well as a tricistronic HCV subgenomic replicon in hepatocellular carcinoma cells
(HuH7-SGR-Luc). This HCV replicon produces all the non-structural proteins required for
subgenomic replication (NS3-3'UTR) as well as a luciferase enzyme to quantify replicon levels
(Supplemental Figure 3.1). We designed crRNAs targeting the NS3 gene of the subgenomic
replicon hoping to see decreases in replication through a loss of luciferase signal. This replicon
system has been widely used to monitor HCV replication 12715,

In the current work, we describe the incorporation of the photo-crosslinking ncAA AzF
into PspCas13b and screening for photo-crosslinking mutants. We also created crRNAs to target
a luciferase renilla reporter system in HEK293Ts to monitor the knockdown efficiency of each

crRNA. To test if we could obtain robust knockdown against viral RNA, we then designed crRNAs

focusing on a tricistronic HCV subgenomic replicon.
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3.3 Results

3.3.1 Incorporation of AzF into Selected Sites in PspCas13b

Since the crystal structure of PspCas13b has not yet been resolved, we needed to use
Cas13b orthologs Bergeylla zoohelcum (BzCas13b) and Prevotella buccea (PbuCas13b) crystal
structures to find sites for AzF incorporation into PspCas13b 617, We first performed a multiple
sequence alignment looking for areas of high conservation using 15 Casl3b orthologs
(Supplemental Table 3.1). Next, the crystal structure of PbuCas13b and BzCas13b were used to
determine if these locations of high conservation were in close proximity to bound crRNA. Based
on these findings, six residues were chosen from PbuCasl13b and BzCas13b for their close
proximity to the DR of the crRNA. The corresponding PspCas13b residues 1440, N358, R477,
L1048, F513 and Y626 were chosen for AzF incorporation. The results of this analysis can be seen
in Figure 3.1 and Supplemental Figure 3.2. We can see that for each of the six chosen sites, the
tyrosine residue is highly conserved and thus we hoped that the incorporation of the AzF would
not negatively affect binding, except for 1440 which demonstrates histidine as the main conserved
residue among the orthologs.

We generated six PspCas13b constructs with the amber stop codon at each of the chosen
sites. To determine if AzF was being incorporated, the six constructs were expressed in E.coli with
and without AzF supplemented in the media. The culture was lysed and electrophoresed on an
SDS-PAGE gel and imaged for equal loading. Full-length PspCas13b was assessed by western
blot (Figure 3.1 B). With the exception of L1048AzF, each PspCas13b AzF mutant was expressed
when AzF was included in the growth media. We see little to no expression of the mutants in the
absence of AzF in the growth media. We also observed a reduced expression of Y626AzF in

comparison to the other mutants.
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1440AzF N358AzF  R477AzF  L1048AzF  F513AzF Y626AzF
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— — -
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Figure 3.1 Site-specific Incorporation of AzF into PspCas13b: (A) The six sites chosen for
AZzF incorporation are modelled onto the PbuCas13b crystal bound to DR (PDB: 6DTD)
structure as a reference to where they are expected to be. The chosen sites are highlighted in

green, the bound crRNA DR is shown in blue. The full structure is shown in grey. (B) A western
blot of the expression of all PspCas13b amber stop mutants. Mutants were expressed with | mM

IPTG in the presence or absence of | mM AzF in the growth media. Cells were harvested 4
hours post-induction.
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3.3.2 Photo-crosslinking of PspCas13b AzF Mutants to crRNAs

Next, we wanted to determine if the incorporated AzF was in close proximity to an element
of the nucleic acid whereupon UV irradiation, could form a stable crRNA AzF covalent bond. To
do this, we first purified WT PspCas13b and the five successful expressing AzF mutants by His-
tag protein purification. To assess the photo-crosslinking capabilities of all the mutants, WT and
mutant PspCas13b were incubated with tagged fluorescein crRNA. To induce photo-crosslinking
post-incubation, samples were irradiated with 302 nm light and band shifting was examined using
denaturing SDS-PAGE gels (Figure 3.2 A). First, we observed a shift in mass from 140kDa in the
stain free gel to 160-170kDa for PspCas13b photo-crosslinked to labelled crRNA which can be
observed in the overlayed image of the stain free and fluorescein scan. We did observe multiple
bands in the fluorescein scan below the expected. The densitometry analysis showed the relative
photo-crosslinking intensity of [440AzF and F513AzF compared to WT was 2.4- and 2-fold more,
respectively. (Figure 3.2 B) Mutants N358 AzF, R477AzF and Y626AzF have similar intensities
to WT PspCas13b UV photo-crosslinking. We also noticed a noteworthy change in PspCas13b
protein band intensities for UV irradiated PspCasl3b samples compared to their non-UV
counterparts. We noticed a large amount of non-AzF photo-crosslinking observed in the

PspCas13b WT with the crRNA.

3.3.3 Testing crRNAs for Luciferase mRNA and HCV Subgenomic Replicon Knockdown

The next objective was to obtain working crRNAs in cell culture that would provide optimal
knockdown efficiency. We designed five crRNAs (Luc 1-5) to target luciferase mRNA as well as
a negative control non-targeting (NT) crRNA which will not target the luciferase mRNA. We
transfected our designed crRNAs, WT PspCasl3b and luciferase renilla reporter system in

HEK?293Ts. 24 hours post-transfection and luciferase and renilla were measured (Figure 3.3A).
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Figure 3.2 Assessing the Photo-crosslinking of AzF PspCas13b Mutants: (A) Photo-
crosslinking SDS-PAGE gels for PspCas13b AzF mutants. Purified PspCas13b at 10 pM was
incubated with 250 nm of crRNA substrate and irradiated with 302 nm light for 10 minutes. The
gel is an overlapped image of the fluorescein scan and the stain free image. (B) Densitometry
analysis was performed by normalizing the fluorescein intensity by the protein quantity of the non-
UV controls. The adjusted intensities were then compared relative to WT as a control.
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Figure 3.3 Using WT PspCas13b for RNA Knockdown in Mammalian Cells: (A) WT
PspCas13b knocks down luciferase signal in HEK293Ts. For luciferase knockdown, HEK293Ts
were transfected with cloned or empty crRNA plasmid, WT PspCas13b mammalian expression
plasmid, and a luciferase renilla reporter system. Cells were lysed 24 hours post-transfection and
analyzed on a luminometer. (n=3) (B) WT PspCas13b knockdown of HCV subgenomic replicon
in HuH7-SGR-Luc. For replicon knockdown, HuH7-SGR-Luc were transfected with cloned
crRNA plasmid (HCV 1-4 and NT) and WT PspCas13b mammalian expression plasmid. Cells
were lysed 24 hours post-transfection and analyzed on a luminometer. (n=3) Significance was
assessed using two-tailed, unpaired student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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We observed a decrease in luciferase signal for all designed crRNAs. The best performing crRNAs
were Luc-2 and Luc-5 in which we observed a 88 + 2% decrease and an 80 + 3% decrease in
luciferase signal, respectively. The worst-performing crRNA was Luc-3 with a modest decrease
of 58 + 10%. The non-targeting crRNA (NT) provided no significant changes in the knockdown
of the luciferase signal. The control was an empty crRNA backbone vector, WT PspCas13b
plasmid, and the luciferase renilla reporter.

We next set our sights on trying to target the HCV subgenomic replicon luciferase construct
found in the HuH7-SGR-Luc cell line. We designed four crRNAs (HCV 1-4) to target the NS3
section of the subgenomic replicon as well as a negative control non-targeting crRNA. We
transfected our target crRNAs with the WT PspCas13b into HuH7-SGR-Luc. We lysed 24 hours
after to measure the luciferase signal and normalized it to the protein concentration (Figure 3.3B).
We did not observe any significant decreases in luciferase signal for crRNAs HCV 1-4. We do
see a decrease in luciferase signal for crRNA HCV-1 and HCV-4 which has a loss of over 18 +

5% and 17 = 5%, respectively.
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3.4 Discussion

Knowing that Cas13b knockdown longevity is linked to the stability and half-life of the
crRNA!, we wanted to test if protecting crRNA through site-specific photo-crosslinking the DR
section of crRNA to PspCasl13b using AzF would lead to increased longevity of mRNA
knockdown. As we did not have the crystal structure of PspCas13b, we had to work with the solved
crystal structures of orthologs PbuCas13b and BzCas13b to locate sites for AzF incorporation. We
still decided to work with PspCas13b as it has one of the highest RNA knockdown efficiencies
and lacks a protospacer flanking sequence in mammalian cells out of many Cas13b orthologs *.
To work around this limitation, we first performed a sequence alignment of 15 Cas13b orthologs
and looked at areas of high conservation and located these on the PbuCas13b and BzCas13b crystal
structures. We then chose sites that were both visually near the crRNA and showed they could
tolerate the substitution of a tyrosine moiety (Supplemental Figure 3.2). We found six sites for
AzF incorporation, namely 1440, N358, R477, L1048, F513 and Y626, that were in areas of high
conservation located in the binding pocket near the DR. Mutations N358, R477 and 1440 are all
located in the lid domain which caps the 3’ of the DR crRNA. Y626, 1847, and F513 are all found
in helical domains 1 and 2 and are important for bound crRNA coordination. The F513 is close to
a flipped nucleobase and the 1440, N358, R477, L1048, F513 and Y626 are all directed toward the
phosphate backbone (Figure 3.1A).

The photo-crosslinking gel showed PspCas13b-crRNA fluorescein bands for all mutants
and WT (Figure 3.2A). When we normalized the intensity of the fluorescein to the no UV control,
we were able to see that there was a 2.6- and 2-fold increase in photo-crosslinked crRNA for both
1440AzF and F513AzF, respectively (Figure 3.2B). However, we still witnessed a large amount

of photo-crosslinking in the WT PspCas13b which was not what we had expected. In the previous
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chapter, we only observed small amounts of non-AzF photo-crosslinking with WT NS3h. We had
not fully considered how the extensive interactions between the larger bound crRNA and the free
spacer section of the crRNA would affect photo-crosslinking. It has been shown that nucleobases
located in the DR of crRNAs bound in both PbuCas13b and BzCas13b have direct interactions
with many charged residues '®!8. The nucleobases in the spacer section of the crRNA bound in
BzCas13b also form extensive interactions with multiple domains of the protein '8,

We did not test to see if the photo-crosslinking had any detrimental effect on WT
PspCas13b crRNA binding and RNA nuclease activity. Although we speculate that the photo-
crosslinking to the bound crRNA would most likely be detrimental to the hybridization between
the crRNA and target RNAs as well as the subsequent cleavage. If the covalent bond formation to
PspCas13b were to occur between a nucleic acid in the 30 bp spacer section of the crRNA, it could
reduce or eliminate activity as WT PspCas13b is intolerant to single and double mismatches in the
crRNA spacer and target RNA “.

We think further optimization and investigation into AzF as a method to photo-crosslink
crRNAs bound by WT PspCas13b is needed so we can reduce this amount of photo-crosslinking.
First, we would need to find an optimal UV irradiation time to determine maximized levels of AzF
photo-crosslinking while lowering the photo-crosslinking seen in WT PspCas13b. We could also
employ the use of UV bandpass filters while irradiating samples to reduce the amount of high-
energy light which could potentially be helpful. If AzF is not optimal for this application, we could
also look to using the ncAA photo-crosslinking family of diazines, which uses 350 nm light for
excitation which could be used as an alternative to AzF !°. We think that at this wavelength it
would reduce potential damages to WT PspCas13b and lower the photo-crosslinking as nucleic

acids are less likely to absorb 365 nm UV radiation 202!,
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We did design working crRNAs which provided a robust luciferase knockdown (Figure
3.3 A). We obtained an 88 + 2% decrease of luciferase signal with crRNA Luc-2 which mimics
the average 92% luciferase knockdown using PspCas13b previously reported 4. We do see a small
decrease in luciferase activity when targeting the HCV subgenomic replicon with crRNAs HCV-
1 and HCV-4 but only an 18% and 17 + 5% decrease, respectively (Figure 3.3B). Comparing our
replicon knockdown to the robust 88% knockdown achieved with our luciferase renilla reporter
and previous work with PspCas13b effectively knocking down influenza A virus and vesicular
stomatitis virus, we don’t think that we are getting knockdown of the replicon 6. There could be
RNA secondary structures and dsRNA elements blocking accessibility to the target chosen for
hybridization which has been shown to reduce knockdown 2. Additionally, the HCV RNA may
not be accessible for PspCas13b to target to begin with. Non-structural proteins, as well as viral
plus-strand RNA, have all been shown to be contained in the membranous web in Huh7 cells
harboring the HCV subgenomic replicons. Under normal HCV infections, the membranous web
is used to hide the RNA genome to limit host cell immune activation which we think may make it

harder to target the viral RNA 2324,
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3.5 Conclusion

Ultimately, the results of this section show further optimization is needed for AzF photo-
crosslinking crRNAs to PspCas13b as we obtained non-AzF photo-crosslinking in WT PspCas13b.
We speculate that this may have disadvantageous effects on PspCas13b’s ability to hybridize with
target RNAs and subsequent nuclease activity. We were able to obtain a functional crRNA
targeting luciferase mRNA in mammalian cells which led to an efficient knockdown of luciferase
signal. However, when designed crRNAs targeting an HCV subgenomic replicon, we were unable
to obtain working crRNAs that provided any knockdown. We think a new approach could be
investigated if crRNAs and PspCas13b are to be covalently crosslinked to protect the crRNA from

degradation.
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3.6 Materials and Methods
3.6.1 Amber stop Codon Site-directed Mutagenesis

The coding sequence for PspCas13b found with N-Terminal His-tag (Addgene #115219)
was subjected to site-directed mutagenesis and amber stop TAG mutations were generated at
positions: 1440, N358, R477, L1048, F513 and Y626. This was performed in a reaction mixture of
containing 20ng PspCas13b bacterial expression plasmid DNA, 1X xtremebuffer, 0.4 mM dNTPs,
0.3 uM amber stop mutagenesis primers (Supplemental Table 3.2), 0.02 U/uL KOD polymerase
and placed in a thermocycler at 98°C for 2 minutes, 93°C for 30 seconds, 55°C for 1 minute, 72°C
for 7 minutes. This full process was repeated a total of 18 times. Amber stop mutants were

confirmed through Sanger sequencing performed at Genome Quebec (Montreal, QC, Canada).

3.6.2 Small Batch PspCas13b AzF Incorporation Screening

Small-scale 4mL LB cultures were inoculated with E. coli BL21 (DE3) cells transformed
with PspCas13b bacterial expression plasmid (Addgene #115219) as well as a plasmid encoding
the orthogonal tRNA/tRNA synthetase pair, a gift from the lab of Dr. Peter Schultz. The small
cultures were grown to an OD of 0.6 and proteins were expressed with the addition of 1 mM IPTG
and 1 mM AzF (MedChemExpress LLC #HY-16714) for a total of 4 hours at 20°C. The cells were
lysed using 1X Laemmli Buffer (Biorad #1610737EDU). The cell lysate was electrophoresed on
a 12% SDS-PAGE gel and imaged using the Chemi Doc MP imager (Bio-rad) before being
transferred onto PVDF membranes for western blot analysis. This was followed by imaging using
a primary PspCas13b antibody (Diagenode #C15200250) and secondary HRP goat anti-mouse

(Jackson Immuno-research #115-035-062).
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3.6.3 Large Scale PspCas13b Expression and Purification

Competent E. coli BL21 (DE3) cells were transformed with PspCasl3b bacterial
expression plasmid (Addgene #115219) as well as a plasmid encoding the orthogonal tRNA/tRNA
synthetase pair, a gift from Dr. Peter Shultz (The Scripps Research Institute). Transformed E.coli
were plated on spectinomycin/ampicillin plates and incubated overnight at 37°C. A single colony
was selected and grown for 4 hours in 2 ml of LB media with working concentrations of ampicillin
(100pg/mL) and spectinomycin (50pg/mL). This culture was then used to inoculate 75 mL of LB
with appropriate antibiotic selection and grown overnight. The media was spun down and used to
inoculate 600 mL of LB and grown until an optimal OD 0.6 was achieved. Protein expression was
induced with the addition of 1 mM of IPTG and 1 mM AzF (MedChemExpress LLC #HY-16714)
to the media. The proteins expressed overnight at 18°C. The PspCas13b proteins were purified
from pelleted cells through a two-stage process.

First, the cells were resuspended with 1X binding buffer (50 nM Tris pH 8, 300 mM NaCl,
and 10 mM imidazole pH 8) and sonicated on ice for 2 minutes at 50% amplitude. The lysate was
then added into a HisTrap HP column (Sigma #GE17-5319-01) and washed with 1X wash buffer
(50 nM Tris pH 8, 600 mM NaCl, and 60 mM imidazole pH 8) and eluted in a buffer consisting
of 50 mM Tris (pH 8), 300 mM NacCl, and 250 mM imidazole. Eluted proteins were concentrated
using Amicon Ultra-15 Centrifugal filter units (Sigma-Aldrich #UFC910024). Purified protein
concentrations were determined by absorbance at 280 nm on a NanoDrop 2000 (Thermo
Scientific). To confirm PspCas13b purification full-length protein was visualized through western
blotting using a primary PspCas13b antibody (Diagenode #C15200250) and secondary HRP goat

anti-mouse (Jackson Immuno-research #115-035-062).
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3.6.4 Photo-crosslinking Gels and Analysis

Photo-crosslinking experiments were performed as previously shown in 2°. Briefly,
purified PspCas13b protein (WT, N358AzF, 1440AzF, R477AzF, F513AzF, and Y626AzF) at
1uM were incubated with 250 nM of fluorescein labelled crRNA substrate (5 FAM AGUCGUG
GCAGGAUAUCGAAUGUUCUUGUAGUUGUGGAAGGUCCAGUUUUGAGGGGCUAUU
ACAAC 3') in a buffer consisting of 25 mM Tris-HCI pH 7.5, 200 mM NaCl and 2 mM MgCl.
Following a 30 minute incubation, the reactions were exposed to 10 minutes of light at 302 nm.
The samples were electrophoresed on a 12% SDS denaturing gel and imaged for fluorescein
fluorescence using a ChemiDoc MP imaging system (Bio-Rad). Images were imported to ImageJ
and densitometry was performed to determine the fluorescein intensity. Densitometry analysis was
performed by normalizing the fluorescein intensity by the protein quantity in the stain free. The

adjusted intensities were then compared relative to WT PspCas13b as a control.

3.6.5 Cloning PspCas13b crRNAs into Expression Plasmid for Cell Culture Assays

The crRNA oligomers were phosphorylated and annealed in a reaction mixture containing
10 uM of forward and reverse primer (Supplemental Table 3.3) in 1X T4 ligation buffer and 10U
of T4 Polynucleotide Kinase (NEB #M0201S). The oligomers were then placed in a thermocycler
and ran at 37°C for 30 min; 95°C for 5 min before ramping down to 25°C by lowering 5°C every
minute. The duplexed oligomers were then cloned into the PspCas13b crRNA backbone (Addgene
#103854). The reaction mixture contained Ing of plasmid crRNA plasmid, 10 uM duplexed
oligomers, 1X Cutsmart Buffer (NEB), 500 uM ATP, 4U of Bbsl (NEB# R0539S), and 60U of T4
ligase (NEB# M0202S) to a final volume of 20 uL in water. The cloning reactions were placed in

a thermocycler and run as follows: 37°C for 5 min and 21°C for 5 min. This cycle was repeated six
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times before heating to 60°C for Smin in a heat block and cooling to 10°C. Successful cloning of
the crRNA backbone was confirmed through Sanger Sequencing performed at Genome Quebec

(Montreal, QC, Canada).

3.6.6 Cell Culture

Hepatocellular carcinoma cells containing the HCV subgenomic replicon-luciferase
construct (HuH7-SGR-Luc) were grown in DMEM media (ThermoFischer scientific # 11995065)
supplemented with FBS (10%, Wisent Cat. # 080-450), 100 nM non-essential amino acids
(ThermoFischer scientific #11140076) and 500 pg/mL G418-Sulfate antibiotic, Geneticin
(ThermoFischer scientific. #11995065). HEK293Ts were grown in DMEM media (ThermoFischer
scientific # 11995065) supplemented with FBS (10%, Wisent Cat. # 080-450). Cells were grown

at 37°C at 5% COa.

3.6.7 Luciferase mRNA Knockdown

For luciferase knockdown, HEK293Ts were seeded at 100,000 cells/well in a 24-well plate
and transfected with 800 ng of crRNA PspCas13b expression plasmid (Addgene #103854), 400
ng PspCas13b mammalian expression plasmid (Addgene #103862) and 25 ng of psiCHECKTM-
2 (Promega #C8021) using Lipofectamine 2000 (ThermoFischer scientific # 11668030) following
the manufacturer’s protocol. Cells were lysed 24 hours post-transfection in 150 pL of passive lysis
buffer (Promega Cat.# E1941) and analyzed using a Lmax luminometer microplate reader
(Molecular Devices). A luciferase solution (25 mM Glycylglycine, 15 mM K2PO4 (pH 8.0), 4 mM
EGTA,2 mM ATP, 1 mM DTT, 15 mM MgSOs, 0.1 mM CoA, 75 uM luciferin) was added to the

cell lysate and the signal was measured. Following this, a renilla solution (1.1 M NaCl, 2.2 mM
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NaEDTA, 220 mM K>POg4 (pH 5.1), 0.44 g/ BSA, 1.3 mM NaNjs, 1.43 uM coelenterazine) was
added to the wells to measure renilla signal. Relative chemiluminescence was achieved by
normalizing the luciferase signal to that of the renilla. Three biological replicate were performed

and significance was assessed using two-tailed, unpaired student’s t-test, *p < 0.05, **p < 0.01,

wx%p < 0,001

3.6.8 HCV Subgenomic Replicon Knockdown

HuH7-SGR-Luc cells were seeded at 200,000 cells/well in a 12-well plate and transfected
with 1.2 pg of cloned crRNA PspCasl3b expression plasmid (Addgene #103854) and 600 ng
PspCas13b mammalian expression plasmid (Addgene #103862) using Lipofectamine 2000
(ThermoFischer scientific #11668030) following the manufacturer’s protocol. Cells were lysed 24
hours post-transfection in 300 pL of passive lysis buffer (Promega Cat.# E1941) and analyzed
using a Lmax luminometer microplate reader (Molecular Devices). A luciferase solution (25 mM
Glycylglycine, 15 mM K;POs4 (pH 8.0), 4mM EGTA, 2 mM ATP, 1 mM DTT, 15 mM MgSOs,
0.1 mM CoA, 75 puM luciferin) was added cell lysate and the signal was measured. Protein
concentrations were determined using a Pierce™ BCA Protein Assay Kit (ThermoFischer
Scientific #23227). Relative chemiluminescence was achieved through normalizing luciferase
signal to protein abundance. Three biological replicate were performed and significance was

assessed using two-tailed, unpaired student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Chapter 4: Future Directions
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In regard to using AzF in different CLIP methodologies, we have demonstrated that photo-
crosslinking E503AzF and Q580AzF yielded an increase in photo-crosslinked nucleic acid
compared to conventional CLIP 254 nm light. The incorporation of AzF into RBPs is not
applicable in many circumstances as it does require significant additional steps to ensure that it
has not negatively affected the RBP's binding affinity and testing to ensure AzF is in close enough
proximity to photo-crosslink bound nucleic acids. Another limitation of this method is the lack of
crystal structures available for RBPs and more specifically, a crystal structure complexed with
target RNA. Finding sites for AzF incorporation is very much an inspection of the crystal structure
and amino acids in close proximity to the RNA. Despite this, we think that AzF could be used for
CLIP methodologies for low abundance RBPs and those which have low affinities for their RNA
targets and would benefit from this additional photo-crosslinking boost. We have shown that DNA
is photo-crosslinked using AzF suggesting that incorporation of AzF into DNA binding proteins
for photo-crosslinking and binding location mapping could also be performed, again with all the
same limitations mentioned above.

Identifying NS3h binding sites located in the HCV genome through a CLIP-based protocol
would provide a wealth of information on NS3h’s role in binding the secondary structure of the
HCYV genome. This information could give additional insights into the changes from replication to
translation in the HCV life cycle by the smoothening of secondary structures expected to be
performed by NS3h. All that remains to be performed is to optimize the CLIP-based protocol and
ensure the proper size of the fragmented RNA can be isolated and sent for library-preparation,
sequencing and subsequent analysis.

We have demonstrated that using AzF to photo-crosslink crRNAs to PspCas13b produced

photo-crosslinking between WT PspCas13b and a bound crRNA. We need to further optimize AzF
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photo-crosslinking if we wish to continue investigating the possibility of increasing the longevity
of PspCas13b RNA knockdown through the covalent linking of crRNAs. We think that the use of
different photo-crosslinking ncAAs such as benzophenone and diazirines could be explored as
alternatives to AzF as they are excited at higher wavelengths in comparison. This would potentially
mitigate the photo-crosslinking observed for the WT. We could also look to use photoreactive
nucleotide analogs such as 4SU and 6SG to be incorporated into the DR section of the crRNA for
the formation of a covalent bond to PspCas13b as both of the analogs are excited with 365 nm
light as well. Photo-crosslinking crRNA to PspCas13b could have negative effects. PspCas13b
affinity for crRNAs and nuclease activity and would need to be tested. Increasing the longevity of
PspCas13b mediated RNA knockdown in mammalian cells could be important for its potential

uses as a potent antiviral platform to target a variety of RNA viruses.
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Appendix A — Supplemental Figures and Tables for
Chapter 2
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E503A2F Q580AzF

Supplemental Figure 2.1 Modelling AzF Mutations onto the NS3h Crystal Structure: The
AZzF structure was isolated from PDB: 5SXHF and superimposed at all five residues chosen for
incorporation into the NS3h crystal structure (PDB 308C).
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Supplemental Figure 2.2 Size-Exclusion FPLC Chromatograms of the Purification of WT
NS3h and all Mutants: The relative absorbance at 280 nm is shown as a black line.
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Supplemental Table 2.1 Oligomers used for NS3h Photo-crosslinking.

Photo-crosslinking Substrates Sequence
Random 20-mer 5’-CACAGGTCAAGACTGCAACC-Cy5-3’
40-mer Complementary to 20-mer with poly(20)r  5-TTTTTTTITTITTTITITTTGGTTGCAGTCTTGACCTGTG-3’

PolyT(15-mer)
PolyC(15-mer)

5'- Cy-TTTTTTTTTTTTTTT-3
5’- Cy-CCCCCCCCCCCCCCC-37
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A Folding Buffer A Composition (Mauger et al. 2015)
50mM HEPES (pH 8.0), 5mM MgCl,, 200mM potassium acetate

Folding Buffer B Composition (Stewart et al. 2016)
330mM HEPES (pH 8.0), 20mM MgCl,, 330mM NaCl

Binding Buffer Composition (Albenas et al. 2020)
25 mM MOPS pH 7.5, 10 mM NaCl, 3 mM MgClI2, and 0.1% Tween 20

. N Py
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CY-5 [

Supplemental Figure 2.3 Ionic Concentrations in HCV Genome Folding Buffers are too

High for ES03AzF NS3h Photo-crosslinking: (A) Composition of the two selected buffers for

RNA folding and the binding buffer used in all photo-crosslinking gels. (B) Photo-crosslinking
SDS-PAGE gel with the binding buffer was substituted for either folding buffer A or B. 10 uM
purified ES03AzF was incubated with 250 nM of ssDNA substrate and irradiated with 302 nm
light. (C) NaCl concentration affects photo-crosslinking efficiency. 10 uM purified ES03AzF
was incubated with 250 nM of ssDNA substrate in binding buffer with increasing NaCl
concentrations (10 - 250 mM). The photo-crosslinking reactions were irradiated with 302 nm
light and ran on an SDS-PAGE gel and imaged for Cy5.
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Supplemental Figure 2.4 AzF Locations are Solvent Accessible and Near Adjacent NS3h
Molecules: (A) Overview of the SPAAC reaction between an azido group and strained
cyclooctene leads to stable triazoles. (B) Fluorescent labelling of NS3h WT and AzF mutants
using Cy5-DBCO. SPAAC reaction between 1 uM NS3h and 2 uM Cy5-DBCO was incubated
for 30 minutes and ran on an SDS-PAGE gel and imaged for CyS5. (C+D). Proposed crosslinking
of ES03AzF and Q580AzF to neighbouring residues of NS3h molecule bound to the same
substrate (PDB: 2F55). The AzF structure was isolated from PDB: 5XHF and superimposed on
positions E503 and Q580 on the red NS3h molecule. The blue NS3h molecule has the
neighbouring residues in close proximity to AzF shown in green.
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Supplemental Table 2.2 Oligomers used for NS3h Site-directed Mutagenesis.

TAG Mutation

Location Forward Primer Reverse Primer

NS3h K372 5'-AGCTCGTCGCACTTCTACTTTGAGTGGCAGAAG-3' 5'-CTTCTGCCACTCAAAGTAGAAGTGCGACGAGCT-3'
NS3h T416 5'-GAAGTCGCCGGTAAAGCCCTACATGAGAGCATCGGTCGA-3' 5'-TCGACCGATGCTCTCATGTAGGGCTTTACCGGCGACTTC-3'
NS3h E493 5'-CGTCATAGCACTAACAGAGGACGGACGAGTCG-3' 5'-CGACTCGTCCGTCCTCTGTTAGTGCTATGACG-3'

NS3h E503 5'-GGCGTGAGCTAATACCAAGCACAGCCCGCG-3' 5'-CGCGGGCTGTGCTTGGTATTAGCTCACGCC-3'

NS3h Q580 5'-AACACTTCCACATCTAGTCCCACGATGGGGG-3' 5'-CCCCCATCGTGGGACTAGATGTGGAAGTGTT-3'
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Supplemental Table 3.1 Cas13b Accessions Chosen for PspCas13b Ortholog Multiple

Sequence Alignment: PspCas13b is highlighted in red, PbuCas13b is highlighted in green and

BzCas13b is highlighted in blue.
Species

Cas13 Accession

BzoCas13b Bergeyella zoohelcum

PinCas13b Prevotella intermedia

AspCas13b Alistipes sp. ZOR0009
PsmCas13b Prevotella sp. MA2016
RanCas13b Riemerella anatipestifer
PauCas13b Prevotella aurantiaca
PsaCas13b Prevotella saccharolytica
Pin2Cas13b Prevotella intermedia
CcaCas13b Capnocytophaga canimorsus
PguCas13b Porphyromonas gulae
PspCas13b Prevotella sp. P5-125
FbrCas13b Flavobacterium branchiophilum
PgiCas13b Porphyromonas gingivalis

Pin3Cas13b Prevotella intermedia

WP_002664492
WP_036860899
WP_004343973
WP_047447901
WP_036929175
WP_004919755
WP_025000926
WP 051522484
WP_061868553
WP_013997271
WP_039434803
WP_044065294
WP_014084666
WP 053444417
WP_050955369

92



Tricistronic Subgenomic HCV Replicon
HCV (PFK-1389neo/luc/NS3-3'/5.1) Hev

5'UTR TN 3'UTR
—@E R AL

Supplemental Figure 3.1 HCV Subgenomic Replicon Model used for PspCas13b Mediated
Knockdown: HuH7-SGR-Luc encodes all the non-structural proteins (NS3-NS5B) required for
replication (purple) as well as a luciferase reporter (green) which are both translated using the
encephalomyocarditis virus EMCV IRES (yellow). HuH7-SGR-Luc also encodes a neomycin
resistance gene (red) which is used as a selection marker and is translated using the HCV IRES

(orange).
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Alignment Position 590 ‘ 656 ‘ 747 803 948 ‘ 1268 ‘
PbuCas13b Residue Y409 H452 F496 Y540 Y661 Y863
BzuCas13b Residue T466 P518 Y597 1653 H779 Y919
PspCas13b Residue N387 1440 R477 F513 Y626 1847

Supplemental Figure 3.2 Sequence Logos of Multiple Sequence Alignment Demonstrates
PspCas13b AzF Sites have Conserved Tyrosine: 15 Cas13b orthologs were aligned using
NCBI constraint-based multiple alignment tool. The six residues were chosen from analysis of
PbuCas13b and BzCas13b structures looking at conserved residues in close proximity to bound
crRNA. The corresponding PspCas13Db residues can be seen. Sequence logos for each residue
shows high tolerance for a tyrosine moiety.

94



Supplemental Table 3.2 Oligomers used for Pspcas13b Site-directed Mutagenesis.

TAG

Mutation Forward Primer Reverse Primer

Location

Cas13b 1847 5'-CTGCTGGCGTTTCTCTACTGCCGGTTGCTGCG-3' 5'-CGCAGCAACCGGCAGTAGAGAAACGCCAGCAG-3’
Casl3b Y629  5-CTGCATGATCCGCTAGTTCAGGCCGGTGATC-3' 5'-GATCACCGGCCTGAACTAGCGGATCATGCAG-3’

Cas13b N387  5-GTCTGCCGAAGCCCTACAGGGGCTGCTCG-3' 5'-CGAGCAGCCCCTGTAGGGCTTCGGCAGAC-3’

Casl3b R477  5-TTCCAGGGTGCTCATCTAGCAGCTGGGGATTGTC-3' 5'-GACAATCCCCAGCTGCTAGATGAGCACCCTGGAA-3’
Casl13b F513  5-TCTTTCTGCATGGCCTGCTACAGTCTCTTGTACCGG-3' 5'-CCGGTACAAGAGACTGTAGCAGGCCATGCAGAAAGA-3'
Cas13b 1440 5'CTCGACCTTGTTGTTTTCCAGCTAGTAGTGTGTGTAGGTGTCC — 5'GTGGACACCTACACACACTACTAGCTGGAAAACAACAAGGTCG

AC-3’

AG-3’
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Supplemental Table 3.3 List of Oligomers Cloned into PspCas13b crRNA Expression

Plasmid.

Target crRNA

Forward Primer

Reverse Primer

Luc-1

Luc-2

Luc-3

Luc-4

Luc-5

Non-Target crRNA
HCV-1

HCV-2

HCV-3

HCV-4

5’-CACCGGCCCTTCTTAATGTTCTTAGCATCGGCCAT-3’
5’-CACCGAGACATCTCGAAGTACTCGGCATAGGTGAT-3’
5’-CACCGCTGCAGGCCCTTCTTAGACACGAACACCAC-3’
5’-CACCGCACCCGAAAGCCGCAAATCAGGTAGCCCAG-3’
5’-CACCGCCGGACATAATCATAGGGCCGCGCACACAC-3’
5-CACCGAGTCGTGGCAGGATATCGAATGTTCTTGTA-3’
5’-CACCGGGTAATATGCTACAGCATTGAGTCCGAGGC-3’
5’-CACCGCCCTACCAGTCCTGCCTCGCCGCTGCGAGC-3’
5’-CACCGTCTGGGACAAGAAATGGGCGTCTATGTGGG-3’
5’-CACCGCATGCCATGATGTATTTGGTTATGGGGTGT-3’

5’-CAACATGGCCGATGCTAAGAACATTAAGAAGGGCC-3’
5’-CAACATCACCTATGCCGAGTACTTCGAGATGTCTC-3’
5-CAACGTGGTGTTCGTGTCTAAGAAGGGCCTGCAGC-3’
5’-CAACCTGGGCTACCTGATTTGCGGCTTTCGGGTGC-3’
5-CAACGTGTGTGCGCGGCCCTATGATTATGTCCGGC-3’
5’-CAACTACAAGAACATTCGATATCCTGCCACGACTC-3
5’-CAACGCCTCGGACTCAATGCTGTAGCATATTACCC-3’
5’-CAACGCTCGCAGCGGCGAGGCAGGACTGGTAGGGC-3’
5’-CAACCCCACATAGACGCCCATTTCTTGTCCCAGAC-3’

5’ CAACACACCCCATAACCAAATACATCATGGCATGC-3’
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