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Abstract

COVID-19, caused by SARS-CoV-2, has been a catastrophic pandemic. While vaccines have
helped restore normalcy, reinfections persist, highlighting the urgent need for antiviral drugs.
The replication transcription complex (RTC) offers a promising target due to its conservation
across strains. The NiRAN (Nidoviruses RdRp associated nucleotidyltransferase) domain of
Nsp 12 (RNA polymerase), which carries out the initial steps of RNA capping, has three
different nucleotide binding poses. Each pose has its own significance for capping viral mRNA
and NMPylation reactions (Nucleotide monophosphate addition to Nsp 9). In this investigation,
using mutagenesis, I tried to delineate the molecular significance of each pose. Additionally,
specific NiRAN residues influence RdRp's extension activity, highlighting their role in RTC
stability and supporting my observations of feeble polymerase activity upon deletion of the
NiRAN domain. These findings contribute to understanding CoV-2 replication and capping
reaction. In addition, my project also provides an RTC mutant for virologists to hunt for the

physiological significance of the NMPylation reaction.
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Chapter 01: Introduction
SARS-CoV-2

An outbreak of pneumonia was first reported in Wuhan, China, by a novel virus in December
2019, and soon it spread all over the world. The World Health Organization (WHO) and
International Committee on Taxonomy of Viruses (ICTV) designated the viruses as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and associated illness as Coronavirus
Disease-2019 (COVID-19) (Gorbalenya et al.). It is the seventh coronavirus that affect humans.
Severe acute respiratory syndrome (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV), along with SARS-CoV-2, are severe pneumonia-causing viruses
with fatality rates of 9.6%, 36%, and 2.9%, respectively. (Mclntosh et al., 1967; Paules et al.,
2020). Apart from these, there are four other human coronaviruses: OC43, HKU1, NL63, and
229E, which primarily induce minor symptoms of a self-limiting illness (McIntosh et al., 1967).
Coronaviruses universally possess a single-stranded, positive sense polycistronic RNA,
enveloped with a distinctive crown-like appearance under the microscope due to the presence
of characteristic spike protein on it. SARS falls within the betacoronavirus genus of the
Coronaviridae family, categorized within the Nidovirales order. Angiotensin-converting
enzyme 2 (ACE2) is the primary receptor for SARS-CoV-2, with host proteases acting as

cofactor for viral entry.

Envelope protein (E) i
JJ-'( ,}

\’B

Spike protein (S)

Genomic ssRNA

Nucleocapsid protein (N)

Figure 01: Schematic representation of SARS-CoV-2 (Brant et al., 2021).

Genomic Organization

SARS-CoV-2 has a single-stranded, positive sense RNA, which means the genome can be
directly translated upon entry into the host cell. The typical length of the genome spans ~29.9
Kbp. The genome is unstable at higher temperatures because of higher A+U content (62 %).
Like all coronaviruses, SARS-CoV-2 has a cap made up of "M°GpppAz-ome on the 5’ end of the
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genome and a ~ 30-60 nucleotide long (Median length = 47 nucleotide) poly-A tail on its 3’
end of the genome (Viswanathan et al., 2020; Park et al., 2022; Tvarogova et al., 2019). The
cap is essential for viruses as it facilitates the translation of viral mRNA, protects the viral
genome from host exonuclease, and helps evade host immunity. Similarly, the poly-A tail also
contributes to the viral genome stability and protects from host exoribonuclease action. SARS-
CoV-2 has untranslated regions (UTR) on both the 5’ and 3’ end of the genome with 265
nucleotides long 5’UTR containing the 72 nucleotides 5’ leader long transcription regulatory
core sequence (TRSL: ACGAAC) and also contains many cis-elements to modulate viral
translation, subgenome mRNA synthesis and viral genome packaging (Miao et al., 2021; Wang
et al.; Rangan et al., 2020). The 3° UTR is 337 nucleotide long and contains the binding site
for replication transcription complex (RTC), which plays an essential role in RNA synthesis
and also harbours many cis-acting elements like bulged stem-loop (BSL) and a pseudoknot

(Miao et al., 2021; Cascella et al., 2022).

SARS-CoV-2
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Figure 02: Schematic representation of genome organisation of various coronaviruses (Brant

et al., 2021)
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The genome of SARS-CoV-2 contains 14 ORFs, which encode for 16 nonstructural, four
structural and nine accessory proteins (Finkel et al., 2020; Pizzato et al., 2022). At the 5’ end,
the Nidoviral genome harbours two sizable ORFs named ORF1a and ORF1b, constituting 2/3™
of the genome and encodes 16 Non-structural proteins (Nsps) in a polyprotein fashion. These
Nsps form the major components of the replication transcription apparatus and play a role in
host immune evasion. Encoded toward the 3’ end of the genome lies the four structural
proteins- spike (S), envelope (E), membrane (M) and nucleocapsid (N) which play essential
roles in viral morphology, genome packaging and host cell attachment (Arya et al., 2021).
SARS-CoV-2 also encodes nine accessory proteins termed ORF3a, 3b, 6, 7a, 7b, 8, 9a, 9b and
10 encoded in a homonymous fashion and is involved in modulating host cell metabolism and

immune evasion (Brant et al., 2021).

Life Cycle

SARS-CoV-2 targets the goblet cells, ciliated cells in the respiratory tract, and endothelial cells
in the lungs within the human body. The receptor binding domain (RBD) on S1 subunit of
spike protein on the viral surface interacts with the human Angiotensin Converting Enzyme 2
(hACE2) receptor on host cells, leading to a conformational change in spike protein followed
by the priming of spike protein by cellular protease, which cleaves the spike protein between
the boundary of the extracellular domain (S1 and S2) giving rise to a metastable prefusion
conformation which remains non-covalently attached (Shang et al., 2020; Shirato et al., 2018).
This is followed by processing by other host proteases like TMPRSS2, which produces a
second cleavage in the S2 domain within the cell surface or the endosomes, resulting in the
release of the S1 domain and exposing the fusion peptide in the S2 domain and activating the
fusogenic potential of spike protein leading to the fusion with plasma membrane followed by
penetration of virus into the cytoplasm (Yoshimoto, 1234; Suryawanshi et al., 2021). Inside
the cytoplasm, the virus unpacks its genome from the viral N-bound packed state by the action
of cellular protease, which is then directly translated with the help of host ribosome machinery
to produce two large polyprotein ppla and pplab from ORF1la and ORF1b respectively. Here,
pplab is expressed as a result of -1 programmed ribosomal frameshift upstream of ORF1a stop
codon, thereby extending ppla with the polyprotein from ORF1b. Sixteen non-structural
proteins are released upon fifteen proteolytic cleavages by Nsp 3 (papin-like protease (PLP™)
or Nsp 5 (main protease (MP™)). In this way, the cleavage of ppla produces 11 non-structural
proteins from Nsp 1 to Nsp 11. The cleavage of pplab produces fifteen non-structural proteins

from Nsp 1 to Nsp 10 and Nsp 12 to Nsp 16 (V’kovski et al., 2021). The released Nsp 1
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mediates the shutdown of host mRNA by binding to the ribosomes, thereby suppressing
cellular immune response (Schubert et al.). Most other non-structural proteins engage in viral
replication transcription complex (RTC). Viral RNA synthesis occurs with the double
membrane vesicles (DMV), which are formed by viral action in the host cytoplasm of infected
cells. The exact mechanism of formation of DM Vs is still unknown (Den Boon et al., 2010). It
is speculated that host and viral protein together play a role in this process. In the replication
process, the viral genome of (+) polarity acts as a template for synthesising (-) strands and vice
versa. This is done by the non-structural proteins Nsp12, Nsp 8 and Nsp 7, which form the core
RTC responsible for the synthesis of both (+) & (-) RNA strands and sub-genomic mRNAs
(sg RNAs) (Yan et al., 2020). RNA replication and sgRNA synthesis happen inside the DM Vs
as they help viral RNA evade host immune sensors (Tsang et al., 2021). The RTC produces
gRNA and sgRNA encoding the four structural genes and other accessory genes. The newly
synthesized (+) g RNA is transported out of DM Vs and can undergo several processes: directly
translated to produce more non-structural proteins, they act as a template for (—) gRNA
synthesis, or be packaged into the new virions. The viral assembly commences with the packing
of (+) gRNA by the N protein, which results in the nucleocapsid structure that buds into the
endoplasmic reticulum- Golgi intermediate compartment (ERGIC) which results in acquiring
the lipid bilayer containing the viral spike, membrane and envelope proteins (Stertz et al., 2007,

Klein et al., 2020).
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Figure 03: Schematic representation of SARS-CoV-2 life cycle (Malone et al., 2022)

Page 16 of 67



Replication Transcription Complex (RTC)

Central to the replication of a virus and its life cycle is the Replication Transcription Complex
(RTC). The core RTC of SARS-CoV-2 is constituted by Non-structural protein 12 (Nsp 12)
bound to Nsp7/Nsp8 heterodimer and a second Nsp 8 monomer. (Yan et al., 2020). Most
structures of RTC reported so far are in complex with an RNA primer-template duplex. In
which the Nsp 12 contacts around 6bp of RNA duplex from 3’ end of primer RNA strand with
two Nsp 8 attached to the RdRp domain of Nsp 12 because of the asymmetry of Nsp 12, it
needs Nsp 7 to attach to Nsp 8 in one side. Nsp 8 has a long N terminal helical structure with
mostly positively charged residue that interacts non-specifically with the synthesised RNA
duplex released from the RdRp active site (Gao et al., 2020; Wang et al., 2020). The addition
of proteins such as Nsp 13 (helicase), Nsp 14 (exonucleases), Nsp 16 (2’-O-methyltransferase),
Nsp 9 (accessory protein) and Nsp 10 (accessory protein) to the core RTC results in the
assembly of extended RTC (Campagnola et al., 2022).

Figure 04: Schematic representation of SARS-CoV-2 RTC (Wang et al., 2021b)

The Nspl2 has three domains: a Nidoviruses RdRp associated nucleotidyltransferase
(NiRAN), Interface and RNA-dependent RNA polymerase (RdRp) domain. NiRAN domain is
246 amino acids long (3-249), the Interface domain is 146 amino acids long (250-396), and the
RdRp domain is 535 amino acids long (397-932) (Gao et al., 2020). The Nsp 12 enzyme
contains two active sites (Wang et al., 2021b)- one is the common and well-known site involved
in the polymerization of RNA molecules, and the second active site is located within the

Nidoviruses RdRp-associated nucleotidyltransferase (NiRAN) domain attributed to

Page 17 of 67



N4 [B] NiRAN

T OHOY—
NN

Figure 05: Schematic representation of different domains and subdomains of Nsp12 CoV

(Gao et al., 2020)

capping functions. The RTC synthesises both (+) and (—) RNA strands and sub-genomic RNAs.
The replication of (—) g RNA produces full-length (+) g RNA in CoV, which can either serve
as a template to produce (—) strand RNA or act as a messenger molecule that can be translated
to produce more polyproteins or act as genome that can be packaged into new virion particles.
Transcription produces the nested set of sg RNAs, which codes for accessory and structural
genes. All sg-mRNAs carry the same 3’-terminal sequence and have a common 5’ leader
sequence like the + g RNA strand. This common 5’ leader sequence in viral transcripts allows
escape from translation shut-off imposed by Nsp 1 binding to the mRNA entry channel. The
structural and accessory gene at the 3” end of the (+) RNA genome acquires the leader sequence
at the 5° end of the RNA strand through template switching via discontinuous synthesis during
the (—) g RNA and (—) sg RNA synthesis which then subsequently act as a template for the
synthesis of corresponding (+) strands. The regulation between the synthesis of full-length (-)
RNA genome and (—) sg RNA is speculated to be decided by various factors like secondary
structural elements in the CoV genome, genome cyclization, flanking RNA sequences, and
interaction with specific protein factors dictate the balance between transcription and

replication (Sola et al., 2015).

Nidoviruses RdRp Associated Nucleotidyltransferase (NiRAN)

The NiRAN domain is one of the two biomarkers of order nidovirales (Lehmann et al., 2015).
The other is the Zinc-finger domain within the Nsp 13 helicase (Gorbalenya et al., 2006).
Among them, NiRAN is the enzymatic biomarker essential for viral propagation. Compared to
the RdRp domain, which is nearly invariant across various RNA viruses (Te Velthuis, 2014),
the NiIRAN domain exhibits a greater level of divergence in sequence and has four conserved
motifs: preAN, AN, BN and CN (Park et al., 2022), The NiRAN domain in initial years of its
discovery was hypothesized to have role in either mRNA capping or protein primed RNA
synthesis or RNA ligases (Lehmann et al., 2015). Recently, in 2022, the NiIRAN domain was
attributed to play a pivotal role in the capping machinery of CoV. The 5’ end of both genomic
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RNA and sg mRNA of coronaviruses possess a "MGpppAz-ome cap structure (Wang et al.,
2021a; Park et al., 2022) which protects the viral nucleic acid molecules from host immune

responses and also promotes translation of viral mRNA using eukaryotic machinery.

NiRAN domain is involved in two crucial reactions: nucleotidylation and de-nucleotidylation
reaction, which are necessary for cap formation. In the NMPylation reaction, the nucleoside
monophosphate (NMP) is transferred from nucleoside triphosphate (NTP) to Nsp 9 (protein
substrate) in which the main chain amino group of N terminal asparagine of Nsp 9 attacks the
o phosphorus of the NTP (present within the NiRAN pocket) to forms a phosphoramide bond
with the release of pyrophosphate. Whereas in the deNMPylation reaction, the § phosphorous
of GDP bound within the NiRAN active site attacks the NMPylated Nsp9 to release free Nsp

9 and GpppN.
%NMPylated Nsp 9
»—NH
NMPylation \

Pyrophosphate

NH2
deNMPylation Gppp
D—E—@
+

Nsp 9

NMPylated Nsp 9

Figure 06: The schema for NMPylation and deNMPylation reactions (created using Bio
Render)

When an RNA with 5’ triphosphate take part in this reaction, it is termed RNAylation and
deRNAylation, respectively. In the RNAylation reaction, the 5’pA-RNA is transferred from
5’pppA-RNA to Nsp9 in which the main chain amino group of N terminal amino acid
(asparagine) of Nsp 9 attacks the a phosphorus of the 5’pppA-RNA to form a phosphoramide
bond with the release of pyrophosphate. In the deRNAylation reaction, the B phosphorous of
GDP bound within the NiRAN active site attacks the RNAylated Nsp9 to release free Nsp 9
and GpppA-RNA, forming the core cap structure. The methyltransferase domain of Nsp 14 can
methylate the 5’GpppA-RNA structure to form cap 0 (7MeGpppA), and subsequent
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methylation by Nsp 16 at the 2’ sugar moiety leads to the formation of final cap structure
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Figure 07: The model for RNA capping by NiIRAN domain of SARS-CoV- 2 (Park et al., 2022)

Previously, many studies have proposed that these reactions occur within two poses of
nucleotides within the NiRAN single active site. The two poses are “Base-In”” and “Base-Out”
(Malone et al., 2023; Park et al., 2022). Here, the Base-In pose was responsible for the de-
nucleotidylation reaction, and the Base-Out pose was responsible for the nucleotidylation
reaction. Recently, another team proposed an alternative model for NMPylation reaction
through a newly discovered “Base Up” pose (Small et al., 2023). Through structural analyses
and mutagenesis study, this project aims to delineate the molecular intricacies of the four
reactions - NMPylation, deNMPylation, RNAylation and deRNAylation. The report
encompasses a detailed account of experiments undertaken to explore different poses of

nucleotides within the NiRAN pocket and their physiological relevance.
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Figure 08: A schematic representation of Base-in and Base-out poses within the NiRAN pocket

(Malone et al., 2023)
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RNA-dependent RNA polymerase
The RNA-dependent RNA polymerase (RdRp) is a member of the superfamily of template-

dependent nucleic acid polymerase and, on average, is 400 amino acids long. The conservation
of sequence in RdRp is highly variable on average, with some regions showing less than 10 %
conservation. In contrast, certain regions involved in nucleotide selection and catalysis are
strongly conserved across various RNA viruses. Typically, RNA polymerases contain seven
motifs named A, B, C, D, E, F (1-3) and G and are arranged in the order G, F1-3, A, B, C, D
and E from N terminus to C terminus(Te Velthuis, 2014; Wang et al., 2020). Each of these
motifs has a specific and conserved fold within the polymerase domain. The seven motifs and
associated amino acid sequences are grouped into three subdomains. These sub-domains are
called finger, palm and thumb by comparing the polymerase domain to the cupped right-hand
(Gao et al., 2020).
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Figure 09: Shows the schematic representation of the seven motifs in the RARp domain (Te

Velthuis, 2014)

RNA viruses have smaller size variations in the genome compared to DNA viruses. The range
of variation of the genome in DNA viruses is the order of magnitude 3, whereas, for RNA
viruses, it is 1. This is fundamentally linked to the fact that RNA polymerases have lower
fidelity in RNA synthesis. This is highlighted by the study which shows that RNA viruses can
produce as much as one mutation per genome per replication (Lauber et al., 2013), which is
mitigated by the production of vast amounts of progeny termed ‘quasispecies’ based on genome
diversity (Holmes, 2011). This property has given rise to remarkable adaptability skills for

RNA viruses, exploring new avenues of replicative mechanisms, exploring the environment
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niche, etc. However, RNA viruses are still constrained by genome length as they must ensure
the mutation load is below the error threshold, above which quasispecies survival is endangered
(Gago et al., 2009). So, because of low fidelity RNA polymerase, its genome length is
constrained. Because of constraints in length, it cannot acquire greater genome diversification
to harbour a proofreading complex, which results in a low state of low-fidelity replication. This
lock of fidelity, genome length and genome complexity among each other is termed the Eigen
paradox. In other words, constrained genome length can be overcome by having a proofreading

complex by the RNA viruses (Steinhauer et al., 1992).

Among the four classes of RNA viruses — (+) sSRNA, (-) ssRNA, dsRNA and retroviruses, only
(+) ssRNA have an expanded RNA genome by comparative standards among them. And
Nidoviruses belong to this class of viruses also harbour exoribonuclease machinery, which can
perform the proofreading activity, but the largest CoV reported to date is planarian secretory
cell nidoviruses (PSCNV), which 41.1kbp (Saberi et al., 2018) Still several orders of magnitude
smaller than DNA viruses. So, nidoviruses have solved the Eigen paradox but still remain
smaller genome viruses compared to viruses as a whole. This hints at the possibility that
genome expansions may be decided by multiple factors, and polymerase nucleotide
misincorporations may be one among them. Hence, the CoV RNA polymerase offers an

exciting system for studying nucleotide misincorporation patterns.

Replication Fidelity

RNA viruses
(no Exal)

zmall small

nidoviruses (ExoN)

DNA-based organisms

Complexity Genome Size

Figure 10: A schematic representation of Eigen paradox (Nga et al., 2011)
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The family Coronaviridae and Roniviridae are characterised by viruses having large positive
RNA genome, which brings the challenge of replicating this large genome quickly to escape
the host's immune reaction. As a result, the CoV polymerases have double the rate of replication
compared to the polymerase of other RNA viruses. Generally, as replication speed increases,
the chance of misincorporating a wrong base increases, i.e., fidelity decreases. However, the
nucleotide misincorporation level of Nsp 12 is similar to polymerases of slower polioviruses
(smaller RNA viruses). This happens because Glu 547 is substituted by Alain Nsp 12 of SARS-
CoV-2; having Ala in motif F doubles the replication rate, and at the same time, the fidelity
cost associated with a higher speed of replication is mitigated by having a Ser at 759 instead of

Gly at 759 as in the case of polioviruses (Campagnola et al., 2022).

3Dro! (E:GDD)

Figure 11: The figure represents the structural details of the RdRp polymerase domain of
polioviruses (towards the left side) and SARS-CoV-2 (towards the right), representing the key
residues that are involved in tuning the rate and fidelity of the polymerase (Campagnola et al.,

2022).

Using this previous study of coronaviruses and polioviruses polymerases, we plan to study the
nucleotide misincorporation by mutating the Nsp 12 of CoV RTC into Nsp124347E Nsp 125736
and Nsp124-SG47.759E. G These mutants will change the rate, fidelity and both rate and fidelity,
respectively, of CoV RTC, and studies conducted with this will shed light on how the

nucleotide incorporation is affected by kinetic and fidelity variations of polymerases.
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Chapter 02: Materials And Methods
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Chapter 02: Materials and Methods
Cloning

Cloning of Nsp 12 Sub-domains mutants

To create the subdomain clones of Nsp 12, I used the pRSF Duet-1 (nsp7-nsp8) (nsp 12)
plasmid (Addgene Id: 165451) as the parent vector (Madru et al., 2021). During the course of
my project, I have prepared four subdomain clones, which include -14XHisInRdRp,
14XHisRdRp, 6XHisInRdRp and RTC RdRp. The constructs to be prepared require regions of
Interface to RdRp (InRdRp) and RdRp alone to be cloned separately into pRSF vector retaining
the 14-histidine tag and associated TEV site from the parent plasmid. To generate these

constructs, we employed a Restriction-Free (RF) cloning strategy.
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Figure 12: The diagram represents the parent plasmid

In this technique, the parent plasmid is transformed into a Dem or Dam positive strain so that
the plasmid DNA is methylated by bacterial Restriction Modification machinery. Using parent
plasmid as a template, the 14XHisInRdRp megaprimer was created through a PCR reaction
via using a forward primer lacking regions complementary to nsp 7, nsp 8 & NiRAN and

reverse primer containing region complementary to RdRp domain. The megaprimer for
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14XHisRdRp was created in another PCR reaction using parent plasmid as the template and
designing a forward primer lacking regions complementary to NiRAN, nsp 7, nsp 8 and
interface domain and reverse primer containing region complementary to RdRp domain (as

shown in Figure 13).

BamHI Xhol
I HisTag | Nsp8 —1 3 I — | niRan -:RdRp
| : . L
' Nsp 12
: Reverse primer
O Forward primer for InRdRpclone .

Forward primer for RdRp clone

Figure 13: The diagram represents the cloning strategies for 14XHisInRdRp and 14XHisRdRp

Table 01: List of reagents and their concertation in PCR for megaprimer synthesis

Reagents Final Concentration
Pfu Buffer 1X

dNTPs mix 100-250 uM
Forward primer 0.4 uM

Reverse primer 0.4 uM

Template DNA 100 ng

Pfu polymerase 0.6 uL in 50 pL

The megaprimer was purified using a column (from a Qiagen PCR purification kit) to remove
proteins and buffer salt from the reaction mixture. Then, this megaprimer is used to perform
Restriction Free Polymerase Chain Reaction (RF PCR) using the parent plasmid as a template.

After the PCR, the samples are digested with Dpn I restriction enzyme for 6 hours to cleave
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the methylated template strand and rescue the amplicon strands as they are unmethylated. Later,
the digested product is transformed into electrocompetent NEB turbo cells through
electroporation under 1800 V voltage, 25 uF capacitance and 200 Q resistance. GenePulser
Xcell electroporator was used for all the electroporation. After the pulsing, 150 ul of 1X LB
media was added to the cells and kept for revival for 20 minutes at 37°C and later plated onto
a kanamycin plate.

Whereas in 6XHisInRdRp construct was generated using parent plasmid as a template with a
forward primer containing regions complementary to InRdRp domain and RBS of pHis vector
backbone and a reverse primer containing region complementary to RdRp domain and 6 XHis
tag (as shown in Figure 14). Then, this megaprimer is used to perform Restriction Free

Polymerase Chain Reaction (RF PCR) using pHis plasmid as a template.

pRSF Duet vector
backbone

Figure 14: The diagram represents the cloning strategy of the 6XHisInRdRp monomer

In generating the construct RTC RdRp, the RARp domain is co-transcribed along with Nsp 7
and Nsp 8. This construct was developed using a forward primer containing sequences
complementary to the RdRp domain and an Nsp12 reverse primer. The megaprimer obtained
in the first PCR was used for the second PCR with the parent plasmid as a template. But this

time, the clone retains both Nsp 7 and Nsp 8 genes in it.

Cloning of NiRAN point mutants

For generating the constructs - RTC Nsp 127514 RTC Nsp 12N24 RTC Nsp 121 E(583A, A
and RTC Nsp 12™9A, T used parent plasmid as the template for all three except for RTC Nsp
121, EOS8)A, A in which RTC Nsp 124734 (created by Mohammad Navas) was used as a

template. Using four different mutated primers (RTC T51 Rev, RTC N52A Rev,
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RTC HE Rev and RTC N39A Rev) and a common Nsp 8 primerl all the mutants were
generated (see the list of primers shown in Table 03). All protocols involving generating
megaprimers, purifying the megaprimer and using it for RF PCR, later followed by digestion
with Dpn I, remain the same. Except in the case of NiRAN mutants, the digested product was
transformed into DH5a ultracompetent cells through heat shock at ice for 5 to 10 minutes and
37 °C for 3 minutes and immediately back to ice for 10 to 15 minutes. After the heat shock,
150 pl of 1X LB media was added to the cells, kept for revival for 60 minutes at 37°C, and

later plated onto a kanamycin plate.

Table 02: List of reagents and their concertation in second PCR or RF PCR

Reagents Final Concentration
Pfu Buffer 1X

dNTPs mix 100-250 uM
Megaprimer primer 50-100 ng/ pL.
Template DNA 1 ng/ pL

Pfu polymerase 0.3 uL in 25 pL

Cloning of RARp point mutants

For generating the constructs- RTC Nsp 124547E, RTC Nsp 125%°G and RTC Nsp 124
SGATTSNE, G yged parent plasmid as a template and using two mutated primers for generating the
Nsp12 mutated megaprimers. The two mutated primers and two common nsp 12 primer3 and
nsp 12 rev primers were used for cloning this construct (list of primers shown in Table 03). For
generating the RTC Nsp 124%7E megaprimer, I used AS47E_F and nsp 12_rev primer; for
developing the RTC Nsp 12573C megaprimer, I used nsp12_primer3 and S759G rev and for
generating RTC Nsp 124 SG47.79E, G megaprimer [ used A547E F and S759G rev. All other

protocols remain similar (as discussed in the previous section) to that of NIRAN mutants.
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Table 03: List of primers used for all the cloning and their sequences

Name of the Primer

Sequence of the primer in 5’ to 3’ direction

Nspl2 InRd F

GTATTTTCAAGGGACGGGGGATGGATCCACCGATCTGACAAAACC

Nspl2 Rd F

GTATTTTCAAGGGACGGGGGATGGATCCCTGAGCTTTAAAGAACTG

pHis InRdRp F

GTTTAACTTTAAGAAGGAGATATACATATGACCGATCTGACAAAACCG

pHis InRdRp R

GCTTTTAATGATGATGATGATGATGGGATCCCAGCACGGTATGCGGTG

RdRp RTC F

GTATAAGAAGGAGATATACAT ATGCTGAGCTTTAAAGAACTGCTGG

Nspl2 Rev

GCGGTTTCTTTACCAGACTCGAGTTACAGCACGGTATGC

RTC T51A Rev

GGCAACAATTGGCTTTCAGAAATTTGGC

RTC N52A Rev

GCGGCAACAAGCGGTTTTCAGAAATTTGGC

RTC_HE Rev

GCAGATTGTAAATGGTTTCCGCGTGCTGATAGTTGC

RTC N39A Rev

CCGGCAACTTTATCGGCGTAGATATCAAATGCACG

Nsp8_primerl CCTGCATTAGGAAATTAATAC
AS47E F CTGAAATACGAAATTAGCGCAAAAAATC
S759G R GGCATCATCACCCAGAATCATCATGC

nspl2_primer3

CCGAATTGTGTTAATTGTCTG
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Screening of Nsp 12 Sub-domain mutants

For screening of colonies, multiple single colonies from the test plate were inoculated on
multiple Sml 1X LB containing kanamycin antibiotics and incubated overnight. The bacteria
were pelleted down by spinning at 5000 rpm for 7 minutes at 4°C. The supernatant was
discarded, and the pellet was resuspended using 250 ul of solution I (details shown in Table
04), followed by adding 200 pl of solution II and mixed well by inverting the closed
microcentrifuge tube 4-6 times. Later, 200 pl of solution III was mixed. Followed by spinning
the sample at 15000 rpm for 15 minutes at 4°C. The supernatant was discarded, and 70%
ethanol was added to the pellet, and given a short spin at 4°C. The supernatant was discarded,
and the sample was dried at 55-65°C for 15 minutes and resuspended using deionized
autoclaved water. The purified plasmid was kept for digestion with BamHI and Xho I
overnight. And loaded onto a 1% agarose gel to check the presence of respective insert bands

under UV light and the image captured by BioRad ChemDoc Imager.

Table 04: List of solutions used for plasmid purification from bacterial pellet

Buffer Name Composition

Solution I 50 mM Tris (pH: 8), 10 mM EDTA and 100pg/mL
RNAase A

Solution II 200 mM NaOH and 1% (w/v) SDS

Solution III 3M CH3COOK (pH =5.5)

Screening of NiRAN and RdRp point mutants

As the point mutations didn’t alter the restriction sites within the clones, the screening of
NiRAN point mutant and RdRp point mutants was done directly through sequencing the
plasmid purified from the clone grown from the test plate. For the purification of plasmids from
the bacterial lysate, we used a Qiagen miniprep kit. The sequencing was provided by Barcode

Bioscience.
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Recombinant Protein Expression check and Optimization

Protein expression check of Nsp 12 Sub-domain mutants

For checking the recombinant protein expression, the plasmid DNA of various clones obtained
in the cloning step was transformed into a suitable strain through heat shock, in which 100 ng
of the DNA was added to 50 pl of cells and incubated on ice for 5 to 10 minutes and given a
heat shock at 37°C for 3 minutes and kept back on ice for 10 to 15 minutes. After the heat
shock, 150 pl of 1X LB media was added to the transformation reaction mixture and kept for
revival for 20 minutes at 37°C and later plated onto a suitable antibiotic plate. A single colony
was picked for setting the primary culture containing kanamycin or a combination of
kanamycin with chloramphenicol (for strains like Rosetta 2 (DE3) and Codon plus RIL). Later,
the secondary culture containing respective antibiotics or its combination was inoculated with
1% of the primary culture. The secondary culture was grown till the OD 600 nm reached 0.6
to 0.8. Then, one of the secondary cultures was induced with an appropriate inducer like - 0.1
mM IPTG (Isopropyl B-D-1 thiogalacto pyranoside); after the induction, the culture was shifted
to an incubator at a lower temperature of 16 °C. Post induction, the culture was kept for a long
incubation period of 18 hours, and 5 ml of induced culture was taken to prepare the “Total”
and “Pellet” fractions. The OD normalized volume of uninduced culture was transferred to the
“Uninduced” fraction. The culture was spun to pellet the bacteria. Total and Uninduced
fractions were resuspended in 5X TGS (Tris-glycine sodium dodecyl sulphate), whereas the
“Pellet” fraction was resuspended in the lysis buffer (500 mM sodium chloride, 50 mM of
sodium HEPES of pH 8 and 10mM Imidazole). Sonication was performed for all three fractions
for 1 minute for 5 seconds on and 5 seconds off at 60 % amplitude. The pellet fraction was
spun in a centrifuge at maximum speed for 15 minutes- the supernatant was transferred to
another vial named “Soluble” fraction, and the obtained pellet was resuspended in 5X TGS.
An aliquot of the four fractions was heated to denature the protein and loaded on a 12% SDS
PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis). The gel was run at 210
V for 40 minutes and, stained by Coomassie Blue and later imaged by E-Gel Imager by Life

Technologies.
Protein expression check of NiRAN and RdRp point mutants

Most parts of protocols involving transforming clone constructs to various expression strains
and growing of primary and secondary cultures expect that the complex constructs (containing
Nsp 7 and Nsp 8) be grown at 30 °C postinduction for 8 hours instead of 16 °C for monomer

constructs. The induction was done with 0.1 mM IPTG in both cases. The remaining part of
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processing the samples for denatured proteins remains the same, followed by loading it onto

15% SDS PAGE and staining it using Coomassie Blue and later imaged by E-Gel Imager by

Life Technologies.

Protein Purification

Protein Purification of Nsp 12 Sub-domain mutants

The construct plasmids generated during the cloning step were transformed to their respective

expression strain (which was optimized during a small culture expression check) by heat shock.

Table 05: List of buffers used for all the protein purifications

Buffer Name

Composition of the Buffer

Ni-NTA equilibration buffer (Sub-domain
mutant)

50 mM NaHEPES (pH = 8) and 500 mM
NaCl

Ni-NTA equilibration buffer (NIRAN mutant)

50 mM NaHEPES (pH = 8), 500 mM NacCl
and 10 mM Imidazole

Ni-NTA elution buffer

50 Mm NaHEPES (pH = 8), 500 mM NacCl

mutant)

and 500 mM Imidazole
Hitrap QHP equilibration buffer (Sub-domain | 50 mM NaHEPES (pH = 8) and 100 mM
mutant) NaCl
Hitrap QHP equilibration buffer (NiRAN | 50 mM NaHEPES (pH = 8) and 120 mM

NaCl

Hitrap QHP elution buffer

50 mM NaHEPES (pH = 8) and 1000 mM
NaCl

RTC SEC Buffer

20 mM Tris (pH = 8), 200 mM KCl and 1 mM
MgCl

RTC Dilution Buffer

50mM Tris (pH = 8)
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For protein purification of mutants obtained at the cloning step, the constructs were
transformed to their respective expression strain and plated on suitable antibiotic plates. A
single colony was picked for setting up the primary culture containing kanamycin or a
combination of kanamycin with chloramphenicol (for strains like Rosetta 2 (DE3)) and
incubated at 37 °C overnight. The next day, the primary culture was inoculated to two to three
1L of 1X LB containing appropriate antibiotics or its combination and incubated at 37°C. The
secondary culture was grown till the OD at 600 nm reached 0.6 to 0.8. Then, all the secondary
cultures were induced with 0.1 mM IPTG (Isopropyl B-D-1 thiogalacto pyranoside); after the
induction, the culture was shifted to an incubator at a lower temperature of 16 °C. Post-
induction, the culture is kept for a long incubation period of 18 hours. After the long incubation
period, cultures were harvested and pelleted down using a Thermo Scientific high-speed floor

centrifuge, and the pellet was flash-frozen and stored at -80 °C.

The pellet was thawed and resuspended in 60-75 mL of lysis buffer and lysed using a sonicator
for 3 minutes duration with a pulse of 1 second ON and 3 seconds OFF at 60 % amplitude for
three cycles. The lysate was spun at 16000 rpm for 45 minutes at 4°C using Avanti J-26XP
(Beckman Coulter Life Science). The resulting supernatant fraction was loaded onto a 5 mL
Ni-NTA (Sigma-Aldrich) column pre-equilibrated with Ni-NTA equilibration buffer. A 16-18
CV (column volume) wash was given to the column using Ni-NTA equilibration buffer to
remove the non-specifically bound impurities to the column. The protein was eluted with
increasing concentration of imidazole in a step-wise gradient — 5%B, 10%B, 20%B, 30%B,
50%B and 100%B where B is Ni-NTA elution buffer. The fraction containing the protein of
interest was pooled and diluted using a dilution buffer so that the resulting NaCl concentration
of the protein sample was set similarly to the NaCl concentration of the equilibration buffer of
QHP. The diluted protein sample is then loaded onto a 5 mL HiTrap QHP column pre-
equilibrated with equilibration buffer QHP Sub-domain. This was followed by a 16-18 CV
wash given to the column using equilibration buffer QHP_Sub-domain. The protein was eluted
using increasing concentration of NaCl in a linear gradient. The fractions containing the protein
of interest were pooled and concentrated using centricon (Merck Millipore) and loaded onto a
size exclusion chromatography (SEC) 200 10/300 or 650 (Bio-Rad) to check the homogeneity
of the protein of interest. The fractions containing pure protein were pooled and concentrated
using a 30 kDa centricon. The concentrated protein was given a short spin at 15000 rpm for 7
minutes at 4°C and aliquot into 200 pL tubes and flash frozen and stored at -80 °C. The end

purified protein sample was used for all assay purposes.
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Protein Purification of NiRAN point mutants

For protein purification of NiRAN mutants, all protocols involving culturing of clones,
pelleting down the cells, and sonicating the cells remain the same except that the Ni-NTA
equilibration buffer (NiRAN mutant) contains 10 mM Imidazole whereas Ni-NTA equilibration
buffer of Sub-domain mutant doesn’t contain any imidazole, a change incorporated aftermath
of 14XHisInRdRp purification (discussed more on Result and Discussion chapter). Another
difference accounts for the equilibration buffer of HiTrap: the equilibration buffer contains 120
mM NaCl concentration for NiRAN mutant, unlike the equilibration buffer of the Sub-domain,
which has only 100 mM NaCl. The increase in NaCl concentration was incorporated to remove

excess Nsp 8 during the HiTrap wash step.

All other steps involving protein concentration, loading it into SEC 650 or Superdex 200,
further concentrating of protein, flash freezing and storage remain the same. The result chapter
encompasses details of where SEC 650 was used and where Sup 200 was used. There were no
particular reasons to select one column over the other. The use of a column from the two kinds

of SEC columns was determined purely by the availability of the column in the lab.

Extension Assay

Extension Assay for Nsp 12 Sub-domain mutants

The purified RARp domain is mixed with Nsp 7 and Nsp 8 (purified by Ashwin Uday) and
incubated with cyanine fluorophore labelled template primer RNA duplex along with
nucleotide at 37 °C for one hour. The reaction is stopped using formamide EDTA dye and
heated at 98 °C for 10 to 15 minutes to denature the protein. And loaded onto 21% Urea PAGE
and ran for two hours at 230 V. The gel is visualized for the labelled primer strand at cyanine

5 wavelengths using Amersham Typhoon (Cytiva).

Table 06: The sequence of RNA primer and template used for generating the RNA duplex

Name of the RNA strand Sequence of the RNA strand (5’ to 3°)

Primer (25 mer) [Cy5] CAGUGAGUCGUAUUA AUCCCGUGA A

Template (45 mer) [FAM] CUAUAUUCAUAAAGCUGCUAUUCA
CGGGAUUAAUACGACUCACUG
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Figure 15: Represents the schematic description of the extension assay

Table 07: Concentration of various components in the extension assay

Reagents Concentration
10X Extension buffer (100 mM KCI, 100 | 1X

mM Tris (pH:8),20mM MgCl,10mM DTT)

RNA template (L25/L45) 20 nM

14XHis RdRp or RTC 1 um

Nsp 8 3 um

Nsp 7 2 uM

RTC 250 nM
Nucleotides (rNTP mix) 200 um
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Extension Assay for NiRAN point mutants

The mutant RTC protein along cyanine fluorophore labelled template primer RNA duplex (the

same sequence primer and template were used) was incubated with nucleotide at 37 °C for one

hour. The reaction is stopped using formamide EDTA dye and heated at 98 °C for 10 to 15

minutes to denature the protein. And loaded onto 21% Urea PAGE and ran for two hours at 230

V. The gel is visualized for the labelled primer strand at cyanine 5 wavelengths using

Amersham Typhoon (Cytiva).

Table 08: Concentration of various components in the extension assay of NiRAN mutants

Reagents Concentration
10X Extension buffer (10 mM KCI, 10 mM Tris | 1X
(pH:8),2mM MgCl,,1mM DTT)

RNA template (L25/L45) 20 nM

RTC Nsp 1275'A RTC Nsp 12M24 RTC Nsp | 250 nM

121 ETS8)AA and RTC Nsp 128394

RTC Nsp 12 WT 250 nM
Nucleotides (rNTP mix) 200 uM

NMPylation Assay

The wild-type RTC and mutant RTC (at NiRAN) were incubated with Nsp 9 at 37 °C in the

presence of one of the four canonical NTPs for 45 minutes. The reactions were stopped using
SDS loading dye containing Bromophenol Blue, SDS and DTT, heated at 98 °C for 10 to 15
minutes, and loaded onto 19 % SDS PAGE. The gel was run at 200 V for 118 minutes. The

mixture was stained using Coomassie Blue and destained using an acetic acid and ethanol

solution. Imaged using E-Gel Imager by Life Technologies.
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Figure 16: Represents the schematic description of the NMPylation assay

Table 09: Concentration of various components in the NMPylation assay

Reagents Concentration

5X Extension buffer (50 mM KCI, 125 mM | 1X
Tris (pH:8),25mM MgCl,,5mM DTT)

Nsp 9 7 uM

RTC Nsp 1214 RTC Nsp 12N924 RTC Nsp | 250 nM
120 ET38)AA and RTC Nsp 128394

RTC Nsp 12 WT 250 nM
NTPs 300 uM
deNMPylation Assay

The wild-type RTC and mutant RTC (at NiRAN) were incubated with AMPylated Nsp 9 at 37
°C in the presence of GDP for 45 minutes. The reactions were stopped using SDS loading dye
containing Bromophenol Blue, SDS and DTT, heated at 98 °C for 10 to 15 minutes, and loaded
onto 19 % SDS PAGE. The gel was run at 200 V for 118 minutes. The mixture was stained
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using Coomassie Blue and destained using an acetic acid and ethanol solution. Imaged using

E-Gel Imager by Life Technologies.
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Figure 17: Represents the schematic description of the deNMPylation assay

Table 10: Concentration of various components in the deNMPylation assay

Reagents Concentration

5X Extension buffer (50 mM KCl, 125 mM | 1X
Tris (pH:8),25mM MgCl,,5mM DTT)

AMPylated Nsp 9 7 uM

RTC Nsp 12714 RTC Nsp 12V?A RTC Nsp | 750 nM
12 ETS8)AA and RTC Nsp 121394

RTC Nsp 12 WT 750 nM

GDP 1500 uM

Page 38 of 67




Chapter 03 Results
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Chapter 03: Results

Screening of Clones

Screening of Nsp 12 Sub-domains mutants

All clones obtained positive from restriction mapping were sent for sequencing to Barcode

Biosciences and were confirmed positive.

A B C D DNA Ladder E F G H I A g

Figure 18: Screening of 6XHisInRdRp clones labelled as 13, 14, 15, 16 & 17. Lanes A, C, E,
G & I represent uncut plasmid clones. Lanes B, D, F, H & J, respectively, represent clones 13,
14,15, 16 & 17 digested with BamHI + Ndel. Clone 14 turned out to be the positive one, which
shows the required bands of 2028 bp and 2750 bp.

Five clones named 13, 14, 15, 16 and 17 were cultured, and plasmids were isolated as discussed
in the section “screening of sub-domains” of the chapter “Materials and Methods”. This was
followed by the overnight digestion of purified plasmids by BamHI and Ndel and, loaded the
digestion mixture to 1% Agarose gel and ran for 45 minutes. Clone 14, which contained the
insert of the required size, i.e., 2028 bp, was transformed to NEB turbo cells by heat shock and
cultured to purify plasmid construct using a Qiagen miniprep kit. The purified plasmid was
sent for DNA sequencing to Barcode Bioscience. Later, clone 14 conformed to the positive for

6XHisInRdRp by sequencing.
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Figure 19: Screening of 14XHisRdRp clones labelled as 1, 2 & 3. Lanes A, C & E,
respectively, represent uncut plasmid clones. And Lanes B, D & F, respectively, represent
clones 1, 2 & 3 digested with BamHI + Xhol. All three clones turned out to be positive,
showcasing required bands of sizes- 1707 bp and 3672 bp.

Three clones named 1, 2 and 3 were cultured, and plasmids were isolated, as discussed in the
screening section of the Subdomains of chapter materials and methods, followed by the
digestion of purified plasmids by BamHI and Xhol overnight. Subsequently, the digestion
mixture was loaded into 1% Agarose gel and ran for 45 minutes. All three clones contained
the insert of the required size, i.e., 1707 bp. All three plasmid constructs were transformed to
NEB turbo cells by heat shock and cultured to purify plasmid constructs using a Qiagen
miniprep kit. The purified plasmids were sent for DNA sequencing to Barcode Bioscience.
Later, clone 1 was confirmed positive for 14XHisRdRp. Clones 2 and 3 contained random point

mutation, which altered the frame of the RdRp operon and were discarded later.
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Figure 20: Screening of 14XHisInRdRp clones labelled as 1, 2, 7, 8, 9,10 & 11. Lane A
represents uncut parent plasmid; lane B represents parent plasmid + BamHI + Xhol. Lanes C,
E, G, I, K, M & O, respectively, represent uncut plasmid clones. And Lanes D, F, H, J, L, N
&P, respectively, represent clones 1, 2, 7, 8, 9,10 & 11 digested with BamHI + Xhol. Clone 9
has the two required bands of sizes- 2028 bp and 3672 bp.

Three clones named 1, 2, 7, 8, 9, 10 and 11 were cultured, and plasmids were isolated as
discussed in the screening section of sub-domains of chapter materials and methods and
followed by digestion of purified plasmids by BamHI and Xhol for overnight. Subsequently,
the digestion mixture was loaded into 1% Agarose gel and ran for 45 minutes. Clone 9
contained the insert of the required size, i.e., 1707 bp. The plasmid construct of clone 9 was
transformed into NEB turbo cells by heat shock and cultured to purify the plasmid construct
using a Qiagen miniprep kit. The purified plasmid was sent for DNA sequencing to Barcode

Bioscience. Later, clone 9 was confirmed positive for 14XHisInRdRp.

Screening of NiRAN and RdRp point mutants

As these are point mutants, this mutation didn’t alter the restriction sites of the parent plasmid.
We screened it directly by sending it for DNA sequencing to Barcode Bioscience. And we
obtained positive clones for RTC Nsp 1274 RTC Nsp 12N2A RTC Nsp 12 ET389A.A RTC
Nsp 12M%A RTC Nsp 12437 RTC Nsp 1257%S and RTC Nsp 124 S G479 E.G,
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Recombinant Protein Expression check and Optimization

Protein expression check of Nsp 12 Sub-domain mutants

BL 21 DE3 Rosetta 2 (DE3)
A

14XHisInRdRp 6XHisInRdRp

—E:M TAXHiSInRdRD I 45 6XHisIRARD IéxﬂlsL

U: Uninduced Total T:Induced Total P: Pellet S:Soluble M: 1KDa Protein Ladder

Figure 21: A) Expression check of 14XHisInRdRp in BL21 DE3 and Rosetta 2 (DE3). The
lane towards the left of the protein ladder represents data for BL21 DE3, whereas the lane
towards the right of the protein ladder represents data for the Rosetta strain. The lanes U, T, P
and S represent the uninduced total, induced total, and pellet and soluble fractions, respectively.
The induction was done with 0.1 mM IPTG, and the induced culture was incubated at 16 °C
for 16 hours post-induction. B) Expression check of 6XHisInRdRp Rosetta 2 (DE3). The lane
U, T, P1, P2, S1 and S2 represent the uninduced total, the induced total, and the pellet and
soluble fractions, respectively. S1 and S2 represent two different lysis buffer conditions (Lysis
buffer 1 = 50 mM NaHEPES (pH = 8) + 500 mM NaCl. And Lysis buffer 2 = 50 mM
NaHEPES (pH = 8) + 500 mM NaCl +1% CHAPSO). The induction was done with 0.1 mM
IPTG, and the induced culture was incubated at 16 °C for 16 hours post-induction.

The molecular mass for 14XHisInRdRp and 6XHisInRdRp are 81 kDa and 78 kDa,
respectively. The bands are running differently from the desired size. Both buffer conditions
have good protein expression and a significant amount of protein in the soluble fraction.
Concluded the use of BL21 DE3 strain as the expression strain for both 14XHisInRdRp and
6XHisInRdRp constructs. To maintain uniformity, we decided to use Lysis Buffer 1 for further

downstream protein purification protocols.
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Figure 22: A) Expression check of 14XHisRdRp in Codon plus RIL strain. The lanes U, T, P
and S represent the Uninduced total, Induced total, Pellet and Soluble fractions, respectively.
The induction was done with 0.1 mM IPTG and post-induction, the culture was incubated at

16 °C for 16 hours.

B) Expression check of RTC RdRp in Codon plus RIL strain. The lanes U, T, P and S represent
the Uninduced total, Induced total, Pellet and Soluble fractions, respectively. The induction
was done with 0.1 mM IPTG and post-induction, the culture was incubated at 30 °C for 8 hours.
The top, middle and lower bands correspond to the RdRp domain, nsp 8 and Nsp 7.

The protocols for culturing, induction, and sample preparation were followed as described in
the chapter materials and methods section for recombinant protein expression optimization.
The molecular mass for 14XHisRdRp and RTC RdRp are 69 and 125 kDa, respectively. The
14XHisRdRp band is running higher compared to its actual size. RTC RdRp comprises three
bands: RdRp (64 kDa), Nsp 8 (25 kDa) and Nsp 7 (10 kDa). A good level of protein expression
is seen, and a significant amount of protein is present in the soluble fraction. We used Codon
plus RIL strain as the expression strain for both 14XHisRdRp and RTC RdRp constructs with
post-induction temperature 16°C for 14XHisRdRp and 30°C for RTC RdRp.
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Protein expression check of NiRAN point mutants
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Figure 23: A) Expression check of RTC Nsp 127514 in Rosetta 2 (DE3) strain. The lanes M,
U, T, P and S represent the 100 kDa protein ladder, including the uninduced total, induced total,
pellet and soluble fractions. The induction was done with 0.1 mM IPTG and post-induction,
the culture was incubated at 30 °C for 8 hours. B) Expression check of RTC Nsp 12824 in
BL21 DE3 strain. The lanes M, U, T, P and S represent the 100 kDa protein ladder, including
the uninduced total, induced total, pellet and soluble fractions. The induction was done with
0.1 mM IPTG and post-induction, the culture was incubated at 30 °C for 8 hours (Nsp 7 had
run out). C) Expression check of RTC Nsp 121 E(738)A.A in BL.21 DE3 strain. The lanes M,
U, T, P and S represent the 100 kDa protein ladder, including the uninduced total, induced total,
pellet and soluble fractions. The induction was done with 0.1 mM IPTG, and post-induction,

the culture was incubated at 30 °C for 8 hours.

The protocols for culturing, induction, and sample preparation were followed as described in
the chapter materials and methods section for recombinant protein expression optimization.
The molecular mass of RTC is 160 kDa. The RTC comprises three bands: Nsp12 (106 kDa),
Nsp 8 (25 kDa) and Nsp 7 (10 kDa). A good level of protein expression is seen, and a significant
amount of protein is present in the soluble fraction. Concluded, to use BL21 DE3 strain as the
expression strain for both RTC Nsp 12™?4 and RTC Nsp 12 EU38IAA constructs. Rosetta 2
(DE3) strain is the expression strain for the RTC Nsp 1274 construct used to conduct the
protein purification protocol. The post-induction temperature and durations remain the same

for all three, i.e., 30 °C for 8 hours.
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Protein Expression check of RARp point mutants
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Figure 24: A) Expression check of RTC Nsp 124547E in Rosetta 2 (DE3) strain. The lanes U,
T, P and S represent the Uninduced total, Induced total, Pellet and Soluble fractions,
respectively. Here, S1 represents the lysis buffer conditions 50 mM NaHEPES (pH = 8) + 500
mM NaCl, and S2 represents the lysis buffer conditions 50 mM NaHEPES (pH = 8) + 500
mM NaCl +1% CHAPSO. The induction was done with 0.1 mM IPTG, and post-induction,

the culture was incubated at 30 °C for 8 hours. B) Expression check of RTC Nsp 124 SG47.759)E,

G in Rosetta 2 (DE3) strain. The lanes M, U, T, P and S represent the 100kDa protein ladder,
uninduced total, induced total, pellet and soluble fractions, respectively. Here, S1 represents
the lysis buffer conditions 50 mM NaHEPES (pH = 8) + 500 mM NaCl, and S2 represents
the lysis buffer conditions 50 mM NaHEPES (pH = 8) + 500 mM NaCl +1% CHAPSO. The
induction was done with 0.1 mM IPTG, and post-induction, the culture was incubated at 30 °C
for 8 hours. C) Expression check of RTC Nsp 12575%G in Rosetta 2 (DE3) strain. The lanes M,
U, T, P and S represent the 100 kDa protein ladder, uninduced total, induced total, pellet and
soluble fractions, respectively. Here, the lysis buffer conditions used involve 50 mM NaHEPES
(pH = 8) + 500 mM NaCl. The induction was done with 0.1 mM IPTG and post-induction, the

culture was incubated at 30 °C for 8 hours

Rosetta 2 (DE3) strain was used as the expression strain for RTC Nsp 124%7E, RTC Nsp 1257396
and RTC Nsp 1248 G477 E.G congstructs to conduct the protein purification protocol. The post-
induction temperature and durations remain the same for all three constructs, i.e., 30 °C for 8

hours.
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Protein Purification

Protein Purification of Nsp 12 Sub-domain mutants

14XHisInRdRp
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Figure 25: Ni-NTA purification gel of 14XHisInRdRp through BL21 DE3 strain. The lane L,
FT, and W represents Load, Flow through and Wash. The protein was eluted with increasing
concentrations of imidazole represented by 5%B, 10%B, 20%B, 30%B, 50%B, and 100%B,

where B represents the elution buffer of the NiNTA column.

The growth of culture, induction of protein of interest, pelleting down cells, sonicating the
cells, spinning the sample, and loading it into the column was followed as stated in the section
protein purification of the chapter Material and Methods. Here, we observe that the majority of
the protein is present in the flow through and wash, which implies that the protein is not binding

to the column.

To mitigate this trouble, we construct a new clone for InRdRp with a 6XHis tag in the C
terminus of the gene of interest in a pHis vector backbone. The decision to use the 6XHis tag
instead of the early 14XHis tag was made because of speculation that the 14XHis tag may not
be folding correctly and we tried to see if a 6XHis tag at the C terminus would fix this problem.
Furthermore, to remove imidazole from the equilibration buffer for all the subsequent

purification of sub-domain or monomer domain mutants.
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Figure 26: A) Represents the Ni NTA elution fractions of 6XHisInRdRp from 5% B, 10% B,
20%B, 30%B, 50%B and 100 % B. Here, L, FT and W represent the load, flow through and
wash. Fractions 20% and 30% were pooled, diluted to reduce the salt concentration to 100 mM
NaCl and used for further downstream process. B) Represents the selected elution fractions of
HiTrap QHP column of 6XHisInRdRp; the bounded protein was eluted using increasing
concentration of NaCl. Due to confusion in band patterns, the fractions from 15%B to 23%B
were concentrated and flash frozen, stored at -80 °C and used directly for assays. Selected
fractions from 27%B to 35%B, pooled, concentrated, and loaded onto SEC 200. C) The gel
represents the selected elution fractions of Size Exclusion Chromatography (SEC) 200 for
6XHisInRdRp. Fractions from 10 mL to 11 mL were pooled, concentrated using a centricon
and flash frozen and stored at -80 °C. D) The graph plots the UV absorbance against the volume
of SEC 200 for the purification of 6XHisRdRp.

Both purified samples were later used to study the extension activity, but the heavy nuclease
contamination in the purified samples degraded the RNA template. We need to troubleshoot

the purification and get a purer sample. I decided to try out 14XHisRdRp purification.
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Figure 27: A) Represents the Ni NTA elution fractions of 14XHisRdRp from 5% B, 10% B,
20%B, 30%B, 50%B and 100 % B. Here, L, FT and W represent the Load, Flow through and
Wash. Fractions 20%, 30%, 30%, 50% and 50% were pooled, diluted to reduce the salt

concentration to 100 mM NaCl and used for further downstream process.

B) Represents the selected elution fractions of HiTrap QHP column for 14XHisRdRp; the
bounded protein was eluted using increasing concentration of NaCl. Selected fractions from

30%B to 39%B were pooled, concentrated, and loaded onto SEC 200

C) The gel represents the selected elution fractions of Size Exclusion Chromatography (SEC)
200 for 14XHisRdRp. Fractions from 10.9mL to 12.5mL were pooled, concentrated using a

centricon flash frozen and stored at -80 °C.

D) The graph plots the UV absorbance against the volume of SEC 200 for the purification of
14XHisRdRp.

Here, we also observed that 14XHisRdRp was binding very well with the Ni-NTA column. The
purified sample was later used to check the extension activity of the RdRp domain alone and

with various accessory proteins.
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Protein Purification of NiRAN point mutants
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Figure 28: A) Represents the Ni NTA elution fractions of RTC Nsp 12754 from 5%B, 10%
B, 20%B, 30%B, 50%B, 70%B and 100 % B. Here, FT and W represent the Flow through and
Wash. Fractions 30% and 50% were pooled and diluted to reduce the salt concentration to 100

mM NaCl and used for further downstream process.

B) Represents the selected elution fractions of the HiTrap QHP column of RTC Nsp 127314,
The bounded protein was eluted using increasing concentrations of NaCl. Selected fractions

from 8%B to 14%B pooled and concentrated the sample and loaded it onto SEC 650.

C) The gel represents the selected elution fractions of Size Exclusion Chromatography (SEC)
650 for RTC Nsp 12T!4 Observed two peaks of nearly equal magnitude decide to pool fraction
from 11.5 mL to 12.6 mL (peak 1 in the blue shade) and 13 mL to 14.2 mL (peak 2 in the red
shade) separately and concentrate both the peaks separately using a centricon and flash frozen

and stored at -80 °C.

D) The graph plots the UV absorbance against the volume of SEC 650 for the purification of
RTC Nsp 127514,
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Figure 29: A) Represents the Ni NTA elution fractions of RTC Nsp 12N2A from 5%B, 10%
B, 20%B, 30%B, 50%B and 100 % B where B represents the elution buffer of NiNTA column.
Here, FT, W represents the Flow through and Wash. Fractions 50% and 100% were pooled and
diluted to reduce the salt concentration to 100 mM NaCl and used for further downstream

process.

B) The gel represents the selected elution fractions of the HiTrap QHP column of RTC Nsp
12N52A. The bounded protein was eluted using increasing concentrations of NaCl. Selected

fractions from 16%B to 19%B pooled, concentrated the sample, and loaded it onto SEC 650.

C) The gel represents the selected elution fractions of Size Exclusion Chromatography (SEC)
650 for RTC Nsp 12N%2A, Fractions from 11.5 mL to 13.7 mL were pooled, concentrated using

a centricon and flash freeze and stored at -80 °C.

D) The graph plots the UV absorbance against the volume of SEC 650 for the purification of
RTC Nsp 12124,
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Figure 30: A) Represents the Ni NTA elution fractions of RTC Nsp 128 E 7589 A A from 5%
B, 10% B, 20%B, 30%B, 50%B and 100 % B where B represents the elution buffer of NiNTA.
Here, L, FT and W represent the elution buffer of Ni-NTA, Load, Flow through and Wash.
Fractions 20 %, 30%, 30%,50 %and 50% were pooled diluted to reduce the salt concentration

to 100 mM NaCl and used for further downstream process.

B) Represents the selected elution fractions of the HiTrap QHP column for RTC Nsp 121 F
(7583)A.A The bounded protein was eluted using an increasing concentration of NaCl. Selected

fractions from 18%B to 26%B were pooled, concentrated and loaded onto SEC 200

C) The gel represents the selected elution fractions of Size Exclusion Chromatography (SEC)
200 for RTC Nsp 12H-E7389A.A ‘Eractions from 11.4 mL to 12.4 mL were pooled, concentrated

using a centricon and flash frozen and stored at -80 °C.

D) The graph plots the UV absorbance against the volume of SEC 200 for the purification of
RTC NSp 12H, E (75,83) A, A.
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Figure 31: A) Represents the Ni NTA elution fractions of RTC Nsp 12¥%4 from 5% B, 10%
B, 20%B, 30%B, 50%B and 100 % B where B represents the elution buffer of NiNTA. Here,
L, FT and W represent the Load, Flow through and Wash. Fractions 30%, 30%, 50 %and 50%
were pooled diluted to reduce the salt concentration to 100 mM NaCl and used for further

downstream process.

B) Represents the selected elution fractions of the HiTrap QHP column for RTC Nsp 12N%4,
The bounded protein was eluted using increasing concentrations of NaCl. Selected fractions

from 14%B to 15%B were pooled, concentrated, and loaded onto SEC 200

C) The gel represents the selected elution fractions of Size Exclusion Chromatography (SEC)
200 for RTC Nsp 1284, Fractions from 11.5mL to 12.5mL were pooled, concentrated using a

centricon flash frozen and stored at -80 °C.

D) The graph plots the UV absorbance against the volume of SEC 200 for the purification of
RTC Nsp 12N,

All four NiRAN point mutants were purified and later used for NMPylation and Extension

assays to study how each mutation affects the same.
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Extension Assay

Extension Assay of Nsp 12 Sub-domain mutants

To check the activity 14XHisRdRp mutant. Extension assay was performed as described in
section extension assay chapter materials and methods. Here, the purified mutant was incubated
with NiRAN-Int (purified by Mohammad Navas) in the presence and absence of NTPs to check

for a complete extension.
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Figure 32: The gel represents the extension assay carried out by the 14XHisRdRp domain and
RTC-WT.

Here, we observe a feeble extension of RNA primer-template complex by RdRp domain +
Nsp8 + Nsp 7 only in the presence of NTPs—and maximum extension by RTC-WT (positive
control). Unfortunately, we don’t observe even minimal extension when adding the NiRAN-
Int domain. We also observe many degradation bands when the purified domain is added to the
reaction mixture, most possibly caused by RNAase contamination. We plan to mitigate this by
designing another construct of RARp containing Nsp 7 and Nsp 8 in a single operon, essentially

copurifying it as complex (RTC RdRp).

Next, I carried out assays to investigate how the activity of the RdRp domain is affected when
the accessory proteins are varied. For this, the purified RARp domain mutant was incubated

with RNA primer-template duplex alone with Nsp 7 and Nsp 8 separately in the presence of
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NTPs. The RdRp domain alone was incubated with RNA primer-template duplex in the

presence of NTPs without any accessory factors.

Nsp 7 - + - - + -
Nsp 8 - + | - |+ | -
RdRp - + + + + -
RTC - |- - 5 - |+
rNTPs - + + + + +

Figure 33: The gel shows the extension assay of
14XHisRdRp carried out by varying ancillary

- = = & proteins.

Observe that the RARp domain requires at least Nsp 8 to show the basic feeble extension of the
RNA primer-template complex. And can’t extend the RNA primer-template duplex by itself.

Extension Assay of NIRAN mutants

To check if point mutation in NiRAN affects the RdRp activity, we decided to check the
extension activity of RTC Nsp 1275!4 peaks 1 and 2.

RTC T51A (peak 1) - + +
RTC T51A (peak 2) z p - S
RTCWT » p P s » +
rNTPs + + +
- P
- -~ - . .
e - - -~ Figure 34: The gel represents the extension

activity of two RTC Nsp 12734 peaks.

While we observed a weaker extension activity by peak 2 fraction, peak 1 fraction extended

RNA duplex similar to RTC WT. Based on previous experience and studies, we came to the
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conclusion that peak 2 has proteins in the wrong stoichiometry. Whereas peak 1 has it in the

correct stoichiometry.

To check if point mutation and other NIRAN mutants also have any effect on the RdRp activity,

we decided to check the extension activity of RTC Nsp 1224,

RTC N52A + - + _ Figure 35: The gel represents the

RTCWT -+ -
rNTPs - -+

1 2N52A.

+ +

‘ extension activity of two RTC Nsp

. % Maximum extension
-

Cy 5 25mer —

primer strand - =

N52A does not affect the extension activity and is comparable to RTC WT.

NMPylation And deNMPylation Assay
NMPylation and deNMPylation Assay of NiRAN mutants

T51 is aresidue in the vicinity of the nucleotide in the Base-Out pose. To check if T51 interacts
with the NTP in the Base-Out pose, I performed an NMPylation Assay of RTC Nsp 12714

mutant.

RTC T51A (peak 1) + - + - + s +
RTCWT E + z + . + 2 +
ATP + +

GTP - - + +

cTP . - . - + +

uTpP - 5 E = - = + +

NMPylated Nsp 9

Nsp 9 -

Figure 36: The gel represents the NMPylation assay for the RTC Nsp 12754 mutant.

Observe that the NMPylation activity of the T5S1A mutant is similar to RTC WT for all four

NTPs. Hence, T51 does not interact with a nucleotide in the Base-Out pose.
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Another residue in the vicinity of nucleotide in the Base-Out pose is N52. To check if N52

interacts with the NTP in the Base-Out pose, I performed an NMPylation Assay of RTC Nsp

12N2A mutant.

' RTCWT - + - + - + - +
)
RTC-Mut | + - + - + - + - 3
ATP + + - - - - - - =
2
- - - - - - =]
» GTP ‘ _ ‘ + » + ‘ A A » &
©
CTP - - - - + + - - Q
-
uTpP = = - - - - + +
NMPylated Nsp 9 | == - S
Nsp9 | = - % - = - - s

Figure 37: The gel represents the NMPylation assay for the RTC Nsp 128524 mutant.

We observe that the N52A mutant is dead for NMPylation activity compared to RTC WT for
all four NTPs. This could mean that Base-Out is the most significant pose for NMPylation

reaction.

A recent model published by (Small et al., 2023) attributes the Base-Up pose of nucleotide as
the pose responsible for the NMPylation reaction. The shortcoming of the study was that the
authors had not conducted mutagenesis experiments to validate the model. We decided to test
this model by mutating H75A and E83A of the NiRAN pocket- which is responsible for the

coordination bond with Mg?" in the recently proposed model (Refer to diagram).

\( UMPCPP

e .v
D83 NN

Figure 38: The recently proposed alternative model for the
NMPylation reaction (Small et al., 2023).

To test this, we generated RTC Nsp 12t EU389A. A and conducted NMPylation and
deNMPylation Assay of RTC Nsp 12 E7383)A.A
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Figure 39: The gel represents the NMPylation assay for RTC Nsp 12 E 7589 A A mytant.

Based on the model, we expect that when H75 and E83 are mutated to alanine, the coordination
with Mg?" is lost, and the NMPylation reaction is affected. However, the mutant has NMPylates
Nsp 9 using all four nucleotides, similar to RTC-WT. The mutant also shows deNMPylation
activity similar to RTC WT. This could mean that Mg?" is NOT required for the NMPylation

reaction.

To further check the Base-Up model for NMPylation, We decided to mutate N39, a residue in
the Up pose that interacts with the 4-oxo group of nucleotides in the Up pose.

N713S s E D711
N&

‘l'rL 2 N52 R55
ES3

H75 NiRAN residues ) )
Figure 40: The recently proposed alternative model
for the NMPylation reaction (Small et al., 2023)
Generated RTC Nsp 12M°4 and conducted NMPylation and deNMPylation Assay using the

same.
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NMPylated Nsp 9 PR

Nsp 9 —

Figure 41: The gel represents the NMPylation assay for the RTC Nsp 12N4 mutant.

Observe that the CMPylation and UMPylation activity of the N39A mutant is similar to RTC
WT. Surprisingly, there was a 50 % reduction in AMPylation activity and no GMPylation
activity for N39A mutant compared to RTC-WT, which is contrary to what the Bae-Up model

proposes.

RTC Nsp 128 E 7589 A.A and RTC Nsp 12N NMPylation assays tell us that the Base-Up
pose of nucleotide is NOT the significant pose for NMPylation. NMPylation using NTPs
proceeds through the Base-Out pose similar to the bacterial homolog of NiRAN - SelO.

RTC N52A
RTC N39A

RTC WT

Nsp 9 Marker
AMPylated Nsp 9

AMP-Nsp9
Nsp9 —

Figure 42: The gel represents the deNMPylation assay carried out for RTC Nsp 12N?A, RTC

Nsp 1294 mutant.

The deNMPylation assay with RTC Nsp 12M24 and RTC Nsp 12N¥*4 mutants show that the
deNMPylation reaction, which proceeds through the Base-In pose, is affected by N39 - a
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residue in the Up pose, while NOT affected by N52 - a residue in the Out pose. This observation
led to the proposal that AMPylated Nsp 9 binds the NiRAN pocket in the Base-Up pose.

RTC N52A

RTC N39A

RTCWT

ATP

GpppA

AMP-Nsp 9

Nsp 9

Nsp 9 Marker

S
Q
-
=
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=
()]
Q.
L)
=
-]
@
-
e
>
o
=
<

GpppG

Figure 43: The gel represents the NMPylation assay using GpppA and GpppG.

Observe that the N52A, which is inactive for NMPylation of Nsp 9 using NTPs as substrate,
uses both GpppA and GpppG to NMPylate Nsp 9. This, along with RTC Nsp 12N"3Aand RTC

Nsp 12P71A mutants (shown by Navas in the lab), show an effect on NMPylation reaction using

GpppA and GpppG while other activities are similar to RTC-WT. This observation led to the

proposal that GpppN binds in the NiRAN pocket in the Base-Up pose.
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Chapter 04 Discussion
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Chapter 04: Discussion

During the course of this project, I successfully conducted the cloning and recombinant protein
optimization of all the constructs that were planned. The purifications of most proteins were
finished. Purified proteins were used to perform three main assays, extension, NMPylation,

and deNMPylation, to delineate the biochemical intricacies of SARS-CoV-2 RTC.

The project focused on gaining more fundamental insights into NiRAN activity and its effect
on the RdRp activity of SARS-CoV-2 RTC. Previous studies had suggested that the capping of
nascent viral mRNA (as discussed in the introduction chapter) proceeds through the cascade of
viral enzymatic reactions performed by various non-structural proteins. NIRAN domain of Nsp
12 plays a crucial role in forming core cap structure (GpppA). The NiRAN catalyses different
nucleotidyltransferase reactions by different poses of nucleotides within the NiRAN pocket.
The earlier studies proposed that the NMPylation reaction proceeds through the Base-Out pose
while the deNMPylation reaction proceeds through the Base-In pose. A recent study by (Small
et al., 2023) proposed a model for the cap formation in which the nucleotide occupies the Base-
Up pose for the NMPylation reaction. The shortcoming of this study is that the authors have
not conducted a mutagenesis study to validate their model. Through our structural analysis and
mutagenesis study, we illustrated that the RTC Nsp 12t E 7389 A A and RTC Nsp 1284 show
NMPylation activity contrary to what the Base-Up model for NMPylation proposes. RTC Nsp
12N924 mutant did not show any NMPylation activity for all four nucleotides, which implies
that the Base-Out pose is the most significant pose for the NMPylation reaction. Interestingly,
N39 - a residue that interacts with the Up pose, affected the deNMPylation reaction; this
observation led us to propose a model on how AMPylated Nsp 9 binds the NiRAN pocket- in

a Base-Up fashion (as shown in the diagram below).

Figure 44: The proposed model for AMPylated
Nsp 9 binding to the NiRAN pocket
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The RTC Nsp 12M?4 is dead for NMPylation reaction with all four NTPs but exhibits activity
using GpppN (where N = A and G) as substrate. Along with the mutagenesis study of RTC Nsp
12N7134 and RTC Nsp 12P7M4 mutants conducted by Navas showed an effect on NMPylation
using GpppN as substrate. This combined observation led to the proposal of a model on how

GpppA binds the NiRAN pocket- in a Base-Up fashion (as shown in the diagram).

Figure 45: The proposed model for GpppA binding to the NiRAN pocket

The other question we asked was- Does the NIRAN domain affect the RdRp activity of Nsp
12?2 We observe that RTC Nsp 12N°?4, which is NMPylation inactive, does not affect the RARp
activity of Nsp 12. To investigate if the NIRAN domain of Nsp 12 affects RdRp activity, we
deleted the NiRAN-Interface domain and generated the construct 14XHisRdRp. When the
extension assay was performed using this construct, we saw only feeble activity, and the RdRp
domain required at least Nsp 8 as an accessory factor to exhibit this minimal extension of RNA
primer-template duplex. The major problem with the 14XHisRdRp was that the purified sample
contained nuclease contaminations, so we are planning to either copurify the RARp domain
along with Nsp 7 and Nsp 8 or mix Nsp 7 and Nsp 8 during size exclusion chromatography. A

nuclease-free RARp domain can be used for biochemical characterization in the future.

The fidelity and rate mutants of SARS-CoV-2 RTC have to be purified hereafter to explore the
difference in their nucleotide misincorporation patterns. This could possibly shed more light

on the fundamental details and evolution of polymerase in large RNA viruses.
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