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OZET
Yiiksek Lisans Tezi

SARS-COV-2 Spike Geninin Bakteri ve Mayalara Klonlanmasi ve Ifadesi
Okan OZSAHIN

Inonii Universitesi
Fen Bilimleri Enstitiisi
Molekiiler Biyoloji ve Genetik Anabilim Dali

57+ IX sayfa
2023

Danisman: Prof. Dr. Hikmet GECKIL

Siddetli Akut Solunum Sendromu Koronaviriis 2 (SARS-CoV-2), 2019 yilinda Cin'in
Wuhan sehrinde ortaya cikan, koronaviriis hastaligina (COVID-19) neden olan, zarfli,
pozitif anlamli, tek sarmalli bir RNA viriisiidiir. Viriis partikiilleri bir RNA (mRNA), yapisal
proteinler, yapisal olmayan proteinler (NSP'ler) ve yardimci proteinler igerir. Viriis, konakg1
hiicrelerin ylizeyindeki reseptorler araciligiyla hiicreye girdikten sonra 4 yapisal protein;
Spike, Membran, Niikleokapsid, Zarf (S, M, N, E), yaklasik 20 yapisal olmayan protein
(NSP'ler) ve bir diizine yardimci protein (AP'ler) yapilir. Viriisiin girisi, partikiil olugsmas1 ve
bagisikliktan kagmasi i¢in yapisal proteinler gerekliyken, NSP'ler ve AP'ler transkripsiyon,
replikasyon ve konak hiicre kontroliinde 6nemlidir. Viriisiin en biiyiik protein olan Spike
glikoproteini viral baglanma ve konakg¢iya girise aracilik ettiginden as1 gelistirme,
monoklonal antikor tedavileri ve antijen bazli veya PCR tani testleri i¢cin 6énemli bir hedef
olmustur. Bu ¢alismada Spike geni hem bakteri hem de mayada replikasyon ve ekspresyon
yapabilen bir mekik vektoriine klonlanmis ve proteinin ifade profili arastirilmistir.
Calismamiz hem bakteri hem de mayanin Spike proteinini ifade ettigini ve rekombinant

mekik vektoriiniin her iki hiicre tipinde de kararl bir sekilde muhafaza edildigini gosterdi.

Anahtar Kelimeler: SARS-CoV-2, COVID-19, Koronaviriisler, Spike proteini, Mekik

vektorler, Escherichia coli, Sacharomyces cerevisiae.
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Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is an enveloped,
positive-sense, single-stranded RNA virus that causes coronavirus disease (COVID-19) that
emerged in 2019 in Wuhan city of China. Virus particles contain an RNA (mRNA),
structural proteins, non-structural proteins (NSPs), and accessory proteins. After the virus
enters the cell via receptors on the surface of host cells, 4 structural proteins; Spike,
Membrane, Nucleocapsid, Envelope (S, M, N, E), about 20 non-structural proteins (NSPs),
and a dozen accessory proteins (APs) are made. While structural proteins are required for
virus entry, assembly, and immune evasion, NSPs and APs are important in transcription,
replication, and host cell control. Since the Spike glycoprotein, the largest protein of the
virus, mediates viral attachment and entry into the host, it has been an important target for
vaccine development, monoclonal antibody therapies, and antigen-based or PCR diagnostic
tests. In this study, the Spike gene was cloned into a shuttle vector that can replicate and
express in both bacteria and yeast, and the expression profile of the protein was investigated.
Our study showed that both bacteria and yeast expressed the Spike protein and the

recombinant shuttle vector was stably maintained in both cell types.

Keywords: SARS-CoV-2, COVID-19, Coronaviruses, Spike protein, Shuttle vectors,

Escherichia coli, Saccharomyces cerevisiae.



1. INTRODUCTION

1.1 Pandemics and Epidemics

Pandemics are global epidemics of viral and bacterial origin, affecting many populations and
covering many countries and continents around the world (Bhadoria, Gupta & Agarwal
2021). Etymologically, pandemic is a concept of Ancient Greek origin in 8th century BCE,
the modern usage of the term in referral to infectious diseases dates back only to 19th and
20th centuries as the field of epidemiology evolved. It was formed by combining the words
"pan” meaning “everyone” or “everywhere” and "demos™ meaning people (Qiu, Rutherford,
Mao & Chu 2017).

Pandemics have occurred countless times in the past, infecting, injuring, and killing millions
of people. Many of agents of disease such as plague, cholera, smallpox, flu changed the life
and the course of human history. While the concept of pandemics as we know today did not
exist in prehistoric times, archaeological and anthropological evidence suggest the
occurrence of pathogens with pandemic potential for diseases such as tuberculosis, plague
(a.k.a the Black Death), and smallpox and their significant impact on prehistoric human
populations. Pandemics have not only caused a great deal of human suffering, they also have
caused social and political disturbance, deterioration of economies, serious demographic
shifts and human migration. Thus, pandemics have been a part of human culture and life
since the beginning of written history. After all, while we modern humans (Homo sapiens)
have only been around for 200-300 thousand years bacteria and viruses have existed for 2-3

for billion years.

The term pandemic particularly gained prominence during the Spanish flu, a global influenza

pandemic in 1918-1919 that caused millions of deaths. Based on specific criteria related to



the geographic spread and impact of a disease, the declaration of an outbreak as pandemic
by the World Health Organization (WHQO) has been influential in shaping how we

understand and respond to pandemics in the modern era.

Several pandemics and epidemics have also occurred in the 21st century. HIN1 Influenza
(2009-2010), often referred to as the swine flu spread globally and resulted in millions of
cases and thousands of deaths. Also Ebola outbreak (2014-2016) in West Africa and
Democratic Republic of Congo and Zika outbreak (2015-2016) primarily in the Americas
(Brazil, Colombia, Venezuela, Mexico, Puerto Rico) happened in this century. Cholera
outbreaks have been occurring in various parts of the world, including Haiti, Yemen, and
East Africa. Several countries have experienced measles, a long forgotten disease, due to
recent vaccine hesitancy and declining vaccinations. Dengue, a mosquito-borne viral disease
like Zika, has seen periodic epidemics in various regions, including Southeast Asia and Latin
America. Lassa fever outbreaks have occurred in West Africa, particularly in Nigeria,
leading to significant morbidity and mortality. Although, the first cases of Human
Immunodeficiency Virus/Acquired Immunodeficiency Syndrome (HIV/AIDS) cases were
reported in the early 1980s and it has been an ongoing global health concern with millions

of people affected worldwide.

Also, in the last 20 years the World experienced 3 significant outbreaks caused by newly
emerging coronaviruses: Severe Acute Respiratory Syndrome (SARS) virus which emerged
in China in 2002 (Xu, et al., 2004), Middle East Respiratory Syndrome (MERS) virus which
emerged in the Middle East in 2012 (Alsahafi & Cheng, 2016). and COVID-19, the disease,
caused by SARS-CoV-2 (Wu et al., 2020) which emerged at the end of 2019 in Wuhan,
China. While the former two led to epidemics, the latter was officially declared as a
pandemic by WHO and has had a profound impact by causing a global health crisis which

killed millions and devastated economies.

Coronaviruses (Coronaviridae in Latin) are a family of RNA viruses from Nidovirales order.
These viruses cause respiratory tract infections ranging from mild to lethal in mammals and
birds. Estimates of the emergence of the first coronavirus suggest a wide time period ranging
from 10,000 years to 150 million years ago (Hayman & Knox, 2021). To date, there are
seven coronaviruses that infect humans. Four of them (229E, NL63, OC43, and HKU1)

cause mild cases of the common cold. Indeed about 20% of seasonal common cold is caused
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by these coronaviruses, the second highest after rhinoviruses. Three coronaviruses (SARS-
CoV-1, MERS, and SARS-CoV-2), with epidemic and pandemic potential, are newly
emerging viruses in the last quarter century (Pollett et al., 2021).

1.1.2 SARS and MERS Epidemics
The first SARS epidemic occurred between November 2002 and July 2003. It was caused

by the SARS-CoV-1 virus, a closely related virus to the current SARS-CoV-2. The SARS
outbreak started in the Guangdong province of China in 2002 and spread to some other
countries through international travel. With a case fatality rate (CFR) 10%, SARS (SARS-
CoV-1) caused 8,098 confirmed cases and 774 deaths recorded worldwide (Zizza et al.,
2021).

The MERS epidemic began in 2012. The disease is caused by the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV). The first case was reported in Saudi Arabia, and the
virus has since been identified in several other countries in the Middle East and beyond. The
epidemic has been characterized by sporadic outbreaks and has resulted in cases in various
countries, with most cases reported in the Arabian Peninsula (Rabaan et al., 2020). MERS-
CoV is believed to have originated in bats and then transmitted to camels before infecting
humans. The transmission to humans typically occurs through close contact with infected
camels or through human-to-human transmission in healthcare settings. MERS-CoV causes
severe respiratory illness, with a higher CFR (%35) compared to other coronaviruses (Huang
et al., 2020).

1.1.3 SARS CoV-2 pandemic
The COVID-19 pandemic, caused by the Severe Acute Respiratory Syndrome Coronavirus

2 (SARS-CoV-2), began in December 2019 in Wuhan, China (Wu et al., 2020). It quickly
spread globally, leading the WHO to declare it as a pandemic in March 2020. COVID-19 is
characterized by a wide range of symptoms, from mild respiratory illness to severe
pneumonia and acute respiratory distress syndrome (ARDS). With a 0.5% CFR, it can cause
various non-respiratory symptoms and has been associated with long-term effects, named
“long COVID” in some individuals. The pandemic has resulted in millions of cases and
deaths worldwide, significantly impacting public health, economies, and societies (Fontanet
etal., 2021; Wiersinga, Rhodes, Cheng, Peacock, & Prescott, 2020). As of October 20 2023,
there were about 700 million COVID-19 cases and 7 million deaths worldwide (COVID-19
Dashboard at Johns Hopkins University).



The exact origin of “SARS-CoV-2"’, the virus responsible for the COVID-19 pandemic, is
still under investigation. However, the prevailing theory is that the virus is of zoonotic origin,
meaning it likely originated in animals and then jumped to humans (Andersen et al., 2020).
Many early cases were linked to a seafood market in the city of Wuhan, China. However,
further research has suggested that the market may have played a role in amplifying and
spreading the virus rather than being the original source (Xiaolu et al., 2020). Bats are
considered the be the natural reservoir of coronaviruses and it is suspected that the virus
might have been transmitted from bats to another animal species (still unknown), which in
turn transmitted the virus to humans (Zhang et al., 2020). There is a need for extensive
research and collaboration, including examining the original viral genetic sequences and

investigating early cases and possible animal hosts, to determine the exact origin of the virus.

1.2 Coronaviruses

Coronaviruses are single-stranded positive (+) sense RNA (MRNA) viruses belonging to the
Coronaviridae family (Leao et al., 2022). These viruses have the largest genomes (~30 kbp)
among RNA viruses. The genome has a 3'-polyA tail, two large overlapping Open Reading
Frames (ORFs) at the 5' end and encodes major nonstructural proteins such as protease,
helicase, nucleocapsid protein, and RNA dependent RNA (RdRp) polymerase expressed by

ribosomal frame shifting.

Coronaviridae can infect a variety of animals, particularly birds and mammals.
Coronaviruses are viruses that have been circulating in the human population and animals
for a long time. To date, there are seven human coronaviruses belonging to either alpha
coronaviruses (NL63 and 229E) or beta coronaviruses (OC43, HKU1, SARS or sometimes
named as SARS-CoV-1, MERS and SARS-CoV-2). This family of viruses has their own
uniqgue morphological features. Virions are enveloped and spherical. There are envelope
glycoproteins embedded in each virion and protruding from the virion. These glycoproteins
surround the virion and are in the form of a fringe or "corona”, thus the name coronaviruses
(Burrell et al., 2017; Hu et al., 2021).

1.2.1. Classification of coronaviruses
Coronaviruses are classified based on their genetic and antigenic properties. The family

Coronaviridae is divided into four genera (Figure 1.1): alpha (o)) coronaviruses, beta ()

coronaviruses, gamma (y) coronaviruses, and delta (3)coronaviruses.
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Figure 1.1: The Taxonomy of Coronaviruses (Santos-Sanchez et al., 2020).

1.2.1.1 Alphacoronaviruses (a-CoVs)

Like other coronaviruses, a-CoVs (represented by human coronaviruses NL63 and 229E)
have spherical virions with a viral envelope and stick-shaped surface projections formed by
trimers of the Spike (S) protein. Both o-CoVs and B-CoVs come from the bat viral gene pool
(Cui et al., 2029).

1.2.1.2 Betacoronaviruses (B-CoVs)
The latest pandemic virus SARS-CoV-2 is a member of betacoronaviruses which have other

four other known human coronaviruses (OC43, HKU1, SARS an MERS). The B-CoV virions
are also enveloped and spherical, 120-160 nm in diameter in size with a core shell of about
65 nm. Homotrimers of S protein form large surface protrusions that create the appearance
of the solar corona, thus the name coronavirus (Hu et al., 2021).

1.2.1.3 Gammacoronaviruses (y-CoVs)
This genus primarily infects birds, and there are no known human coronaviruses in this group

(Jackwood et al., 2012)

1.2.1.4 Deltacoronaviruses (8-CoVs)
This genus includes coronaviruses that primarily infect birds, but some strains have been

found in pigs and other animals (Cui et al., 2019).

1.3 SARS-CoV-2

The largest pandemic of the 21% century, still ongoing, has been caused by an emerging virus
named as SARS-CoV-2. Like other coronaviruses, the virus is an enveloped virus containing
a single-stranded, positive (+) sense RNA (mRNA) genome. The “International Virus
Taxonomy Committee” (ICTV), which oversees virus taxonomy, has classified the virus as

a strain of Severe Acute Respiratory Syndrome viruses from the family Riboviria, the order
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Nidovirales, the suborder Cornidovirineae, the family Coronoviridae, genus,
Betacoronaviruses, subgenus Sarbecoviruses (Figure 1.1) (Santos-Sanchez et al., 2020). We
know more or less the morphological structures of coronavirus particles examined by cryo-
electron microscopy. These viruses have a large (approximately 30,000 nucleotides),
positive-strand (sense) RNA genome (Wu et al., 2020). This means that as soon as the
genetic material (the genome or mRNA) of SARS-CoV-2 enters the cell, it can be directly
read by the ribosomes in the cell and viral proteins can be produced. Moreover, we will see
that new mRNAs are produced from this mRNA by the virus' own enzymes (as we will see
later, the replicase complex consisting of several different viral proteins, including RdRp.
SARS-CoV-2, like other coronaviruses, has a Spike (S) protein composed of a type | fusion
machine with and envelope anchoring S2 domain and receptor binding S1 domain. The S
protein forms a homotrimer, a heavily glycosylated protein complex appending from the
surface of the virus or virions. Data obtained from cryo-electron microscopy structure show
that this protein consists of two overlapping subunits (S1/S2). The upper rough part is the
S1 subunit, the lower part is the S2 subunit embedded in the envelope. Three of complete
identical Spike proteins (homotrimer) come together to form a "closed” prefusion complex.
Its lower domain (i.e., S2) is involved in fusion with the cell and has a relatively conserved
structure. This domain helps the virus genome (MRNA) to enter to the cell by promoting the
fusion of the virus' envelope and the cell's membrane. The upper part (i.e., S1) contains the
receptor binding domain (RBD), which binds when it finds the appropriate receptor
(Angiotensin Converting Enzyme-2 receptor, ACE-2) in our cells, and has a highly mutation
prone structure. This region is also the target of all vaccines. When the RBD of the S1 binds
to ACE-2, the whole Spike protein (S) is processed with host proteases such as TMPRSS2
and furin and the closed perfusion protein complex turns into an active fusion open complex
that helps the fusion of viral envelope and cell membrane for the entry of viral genome into
the cell cytoplasm (Wrapp et al. 2020; Mobini et al., 2021; Rahimi et al. 2021; Velusamy et
al., 2021; Nassaret al. 2021).

Compared to SARS (a.k.a. SARS-CoV-1), SARS-CoV-2 has sequence made of 6 different
amino acids in the RBD, corresponding to 18 nucleotides (Wu et al., 2020; Wrapp et al.
2020). However, this mutated RBD can still bind to the ACE2 receptor effectively. The
second, and perhaps the most important, difference is that SARS-CoV-2 has a polybasic
“furin cleavage site” consisting of basic amino acids. This region has not been identified so

far in any member of Sarbecoviruses. There are about 14 ORFs on the SARS-CoV-2 genome
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which encodes about 30 proteins with structural, non-structural, and accessory functions.
The single MRNA genome with 14 ORFs, encoding approximately 30 proteins is truly a
remarkable characteristic of the virus, given that most mMRNAs in humans are single ORFs
coding for a single protein. The large part of the genome contains a single ORF (ppla/pplab)
between 1-7096 nucleotides located at the 5' end of the genome, which is the end of the
genome that first binds to the ribosome and encodes a large protein without stop codons.
Then, this large protein is converted by proteolytic cleavage into about 16 nonstructural
(NSP) proteins which are also made by a process called “programmed ribosome
frameshifting” (Dinman, 2006; Yan et al., 2020; Guo et al., 2021).

There are 4 structural genes genes at the 3' end of the genome that code for structural
proteins; spike (S), matrix (M), envelope (E), and nucleopcapsid (N). These proteins are
produced small subgenomic mRNAs with a completely different strategy called

"discontinuous transcription”.

Although, all these proteins (structural or NSPs) can be made from the original (+) sense
MRNA genome of the virus entering the cells, the same mRNA genome can first be copied
to a (-) non-sense strand and then be re-copied to (+) sense mMRNA (replication) needed to

make more viral proteins for more virions.

Figure 1.2: Transmission electron microscope image shows SARS-CoV-2, the virus that causes COVID-19,
isolated from a patient in the U.S. Virus particles are emerging from the surface of cells cultured in the lab.
The spikes on the outer edge of the virus particles give coronaviruses their name, crown-like. NIAID-RML.
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attasaqqtttataccttcocaqqtascasaccaaccaactttcqatctcttqtagatctgtt chctasacqaacttt aaaat ctat qhagct ot cact cqqctqoatgot tagt goact cacqe
agtataattaataactaattactgtcgttgacaggacacqaqtaactcqtctatcttctgcagget gettacggttt cqt coqt qtt geagocgat cat caqoacat ctagqtttogt cogggtg
tgaccqaaagqtaagat.ggaga goott gt cootgrtttcaacqagaaaacacacyt coaack cagttt goct gbtttacaqott cgogacyt oot oot act g gotttogaqact cogt gagya
qotcttatcagaqoacgtcaacatcttasaqatqyracttghqgcttagtagaaqtt qasasaqgoqttttgoct caactt qaacagooctat qhatt cat canacqttoqgat got cqaact g
cacctcat gotcat ghtat gt tgagotggt agragaact cgaagqrattcaqtacyqhogtaghaqt gagqacacttggh gt cottgt coctoat gt grgeqaaataccagtgqottaccyraag
qttcttottogtaagaacygtaatasaqragct gotgqocataqtt acqgoqocgat chaaagt catttgacttaggoqacgagett gycact gat oot tat gaagattit caagaaaact ggaa
cactaaacatageaghgqtgtt accogtgaact cat gogtgagett aacqgagggqoatacact cqot at gt cqat aacaacttcbgt gqooct gat goctaccot cttqa gt qoattaaagace
ttotagoacqtgot qrtasagqott cat gractttqtocqaacaact gactttatt qacact aagaqyqqt gtatact gotgocgt qaacat qagcat qasat tqctt gt acacqqaacqttct
qasaaqaqctat qaattqragqacaccttityasattasatt gyrasagaaattt gacacctt caat grqgaatgtccaaattttqtatttoortt aaattocataat caagactattoaaccaag
qrttgaaaaqasasaqottat grotttat gootagaat togatct gtotat coaqht gogt caccaaat qaat qoaaccaaat gycctttoaa ch ot cat yaagt ot gat.catt gt oot jaaa
cttcatqqoagacggyogattttottaaagocacttqogaattttqtggoact jaqaatttactasagaagqqt gocactactt qygttacttaccccaasatqot gttgttasaatttattat
coagqoat qtracaatt caqaagtaggacct gageataqt cttgooqaataccat aat gaat of goottgaaaaccattcttoqtaaggqtyqtcgcact attgoctttgqaggct qhat qitcte
ttatqtt gottgocat aacaagt gt goct at tqgott coacgt ot agqogot aacatagqtt gt aaccat acagqt gttt qttgqagaagqttoogaagrtott aat gaceacott ctt gaaatac
tocaaaaagagaaa gt caacat caatatt gt togt gact ttaaact tast qaagaqatcgocattatttt gooat ottt ttctgctt coacaagt gotttt gt graaact gt gaaagot tEggat
tataaaqrattcaaacaasttgttgaateoct ghgqtaat tttasagttacasaagqassaget asassagqt goct graatattqot qaacaqasat caat act qagqh.cot chttatqoatttqe
atcagagqqct got gt gttgtacgat caatt thotcocgoact cbt qaaact got caaaatt ot gb gogt gt thtacagaagqocqot ataacaatact agat gyaatttcacagtatt cact ga
qactcat.tgatgct at gat.qtt cacat ctgatttogotact sacaat ctbaght gt aat.groct acatt acaggt got.ot tottoagt tgactt cqcaqt gyot aactaacat.ctitggoact gbt
tatgaaaaactcaaaccogt cottgattoqott gaaqagaaqittaagqaagqt gtagqaqtit chtagagacqrtt qgyaaatt qtt aaatttat ctcaacct gt gott gt qaaattqt cqgtog
acaaatt qtracct gt qoaaaqgaaattasggagagt ot tcagacattotttasgcttobaaat aaatttt tggottt gt ot got gact.ctat cattat tgqt gragot aaacttaaagoottoa
atttagqtgaaacatttqtcacqeact caaaqggatt gt acagaaaqt qtottaaat ccagagaagaaact gooctact cat qoctctaaaaqocccaaaaqaaattat cbbottagagggagas
acacttcoracagaaqt qttaacagagqaaqttghcttgaaaact gotgatttacaaccattagaacaacct actagt qaagct qtt gaagct coattgqttgotacaccaqittgtattaacyg
qottatqttgct coasat casaqacacagaaaagt act gtqocctt qoacctaat at gat ot sacaaacaataccttcacact caaaqqogqt qraccaacaaagytt actttt qot gat gaca
ctotgat agaagt gaaqqttacaagaqt gt gaatat cacttitgaacttgat qaaagqatt gatasaqtacttaat gagaaqt qot ctqoctat acagtt qaact cqtacagaagtaaat gag
ttogoct gttt gt grcagat ot gtcat asaaactttgoaaccagt at ot gaat tacttacaccact ggyoattgattt agat gagt ggagtat gctacat actacttatttgatqagtctyg
tgagttt asattqycttcacat at gtattgb totttotacoot cocagat gaggat qaagaagaaqqtgatt qhoaaqaaqaagaqtt t qagceat caact caatatgaqtat qqtact gaagatg
attaccaagytaaacctitogaatttqotgocact totgot gotot toaacct raagaagaqoaagaagaagattgott agat.gat gatagt caa caaact ot tqgt caacaaqacqCagt gag
qacaat cagacaactactattcasacaattqttgagott caacct casttagagatgqaactt acaccagttgttcagactatt qaagqtqaatagttttaqtgqttatttaasacttact gacas
totatacattaaaaat qragacattghgraagaagct aaaaagqtaaaaccaaca gt qgttottaat qgragocaat gt taccttaaacat qraggagqtott graggagocttaaataagocta
ctaacaat gooat.goaagtt gaat ctgat gattacatagotactaatgraccact tasagtqyotoqtagt t ot bttt aagoggacacaatctt qotasaca okt cttcat qhtob cggoooa
aatqttaacaaaqitqaagacattcaacttettaagagt gottat gasaattttaat cageacqaagttct acttgraccattattat cagotgrtatttitgotgct gaccotatacatt ottt
aagagtttotgtagatactgtt cqracaast qbotactt agohqtctttgatasaaatctotat qacasacttqtttcaaqottitt gqasat jaagaqt qasaagoaaqt tjascasaagatcg
ctgagattoctaaagaggaaqt taagocatt tataact gaaagtaaacctt caqt tgaacaga gaasacaagat gataagaaaat caaaqett gt ghtgaaqaagqttacaa caact ct ggaagaa
actaaqttoctoacaqasaact tottacttt atattgacattaat gooaat cbt cat coagat t ot gocact chtgttagtgacatt gacat cactttottaaagaaagat got.ocatatatagt
qygt.gat qttgttcaagaggqt qttttaact gotgtogt tatacct act aaaaagqot qotggractact qaaat gotagogasaqetttgaqaaaagqt qocaacaqacaattatataaccactt
acceggqtcaggat thaaat gottacact gt agaggagycasagacagtqottaaaaaqt gtaaaaqt goottttacat totaccat ctattatctctaat gaqaagoaagaaat toht qyaact
qtttctt qoaattt gogagaaatgott qoacat goagas qgaaacacqcaaattaatgoct ghotgb gt qgasact asaqocataqtt toaact at acagogtaaatataagqrtattaaaataca
agaqgqt qbggttgattatgqt gotagatth tacttttacaccaqt aaaacaact qtagogh cact tatcaacacactt aacqat ot aaat gaaact cttgtt acaat gccacttggot at gtaa
cacatqqcttasat thqgaagaagct oot o gt at at ga gat oot casagqt.qocagctacagtttch gttt ot cacct qat gotgttacagogtatast qottat cttacttotbctbtot aaa
acacct Jaagaacattttattgasaccat of cacttgct gott oot atasagatt qot cotattot gracaatctacacaactaqqt atagaatt tottaagagagqt gat asaaqtot atatta
rcactaqt aat ootacracatt ccacct agat qot gaaqt tatcacctttgacast cttaagacacttottt ctttgagagaaqt gaggact attaaggt gttt acaacaqt agacaacattaace
tocacacqoaaqtt gt qgacat gt caat gacat at gracaacaqtttggtcoaacttatttogatggaget qat qttact aaaataaaacctcat aatt cacatgaaqqtasaacattttat qtt
ttacctaatgatgacactctacqtgttgagyottttyagtactaccacacaact gatootaqt ttt ot ggqtagqtacat gt cagoattaaat cacact aaaaaqtgqasataccoacaaqttaa
tqgtttaacttctatt aastqygcagatascaact gttatett qocact gattgttascact coaacasatagaqtt gaaqtttaat ccacct ot chacaagatgottattacagagcaagyg
ctoqtgaagotgct aactittgtgcacttat chtagect actgtaat aagacaqt aggtgagt taggt gat gttagagaaacaat qgaqttacttotttcaacatgocaatt tagattot tooaaa
agaqtottgaacat grtgtqtaasacttqt qqacascagcagacaaccott aaggqt ghagaagot ghtat qtacat gqqcacactttottat Jaacaatttaaqasagqt gttcagat acctty
tacgtqt gotaaacaaqotacasaatatchagtacaacagragtcaccttttght at gat gt cagqraccacctgct caghat gaact taagqrat gotacattt acttqbgctagt qaqt acact g
qtaattaccagt gt got.cactatasacat at aacttotasagaaactttqtatt goataqacgqhoctttacttacasaqtoct cagaatacasaqrtoctat tacqqat gttt ctacasagas
aacagtt acacaacaaccatasaaccaqitacttatasattgratgotottqttt qtacagaaatt gaccctaaqttggacaattat tataaqaaaqacaatt chtatttcacagaqraaccaat
tyatcttgtaccaaaccaaccatatccaaacgraagott ogataattttaagttt gratgtoataatatcaaatttgot gat gattt asaccagt taactgqt tataagaaacct okt caagag
agcttaaagttacatttticocotgacttaaatgot gatgtgqt qgotattgattatasacact acacaccet chtttaagaaagqagctasattottacatasacctattgtttggcat ghtaac
aatqraactaataaagqocacyt atasaccaaatacct gototatacgtt gt ctit qgagracaaaaccagt t gaaacat caaatt cqtttyat gt act gaaqt cagaggacqoqoagygaat gga
taatctt goctgoqaaqat ctasasccaqtot ot jaaqaaqtat grasaat oot accat acaqaaaqacqttott gagt gt aat gt qesaactacogaaqtt ghagqagacattatacttasac
cagraaataataqt thaasaat tacagaagaqytt grccacacagat chaatgqotgottat gtagacaat tcbaqtct tactattaagaaacct aat gaatt at ctagagtattagrtttgaaa
acccttqotactcatqtttagctgct qttaataqtqtococttqggatact atagctaattat gotaagocttttottaacaaaqtt ghtaqtacaact actaacat aght acacqgt gttt aaa
coghgtttgtactaattatatgocttatttetitacttt attgctacaatt qtqtacttttactagaaqtacasattct agaattaaageatctat qocqact actataqoasagaatact gtta
agaqt.ot ogrtaaathttgbot agagrottoatttaatt atth gaaqtoacctaattitictasact gataaatattat aatttgob ttttactattaagt gt ttgoctagottotttaat chac
tragcoqotyctit agqt gttt tast qtotaatttagqoat qoctt cttact gtactgottacagagaagqetattt qaact chact ast qteactatt qoaacctact gt act qottctatace
thgtagt gittgtcttagtgotttagatt chttagacacctat cottoctitagaaactatacaaat taccattt cat cttttaaat gqgat thaact gotitt gycttagt tocagagt gotttt
toqeatatattcttttcactaggittttctatqbactt ggatt qgot goaat cat qraattotttttoagotattttgoagtacatt ttattagh aatt cttggottat gt gottaat aatt aat
cttqtacaaatgqooccgattt caqotat gyttagaatgtacat cttotttqoat cattitat tat gtat qraaaagtt atqhgcat qttotagacyqttotaattcat caacttqtat gatgtg
ttacasacqtaatagaqcaacaagaqt ofaat qtacaactatt bt aat gotgtt aqaaqgt cotttbat gt ctat got aat gagot ssaggct tttqcaaact acacaatt gaatt ghotta
attqtgatacattctqtqotqotagtacatt tattagtgat gaaqttgcqagqaqactt gt cactacagttt aasagaccaat asatcotact qgaccagt cbtocttacat cott gatagt ghtaca
qtgaaqaatgottocatccatctttactttyataaaqct grtcasaagacttat jasaqacattctobotoctcattttghtaacttagacaacct qagagetaatascact asagqtt catt qoo
tattaat gttatagtttttqat gotaasat casast gt qaagastcat ctgoasaat cageghctgtttact acaqtcagettat qbqt caacctatact gttactagat caqgoattagtqtoty



gttetTataaaggaqhbooaccagrtacaqutgttttaagacartyrttqoctangyrtacgotqettytogatteaqa tettastqacttt mietetgatqeagat teaacttbqathqrtqat
totgraactqtacatacagetaataaatqqratetoattattagtqatatgtacgacectaagactasaaatgttacas aaqaasatgactetasaqagggtttittcacttacatttobooot £
tatacdacaaaaqetaqetettgragrttergtyyetatasagataacagaacattottqraatgetqatetttataageteatqyracact teqratgytygacag oo tttgttactaatotga
atqogtoateatetqaaqoatttttaatbqratgtaattatettqqeasaceacqeqaacaaatagatgottatqgtoat qratqraaattacatattttggagraatacaaatecaatieagttg
tetbectattotttabttgacatgagtaaatttecoettasattaaggygtactoetqttatobetttasaaqaagytoaaateaatgatatqattttatotettet ftagtaaaggtagacttat
aatbagagaaaacaacaqagttgttatttetagtgatgtiottrttaacaactaaacqaacaatgttbgtttttett ot thtattqecactaghetetagteagtgt qh taatettacaacraga
actraattaccecetyeatacactaattettteacacgtgqbgtttattacectgacasagttttcaqatecteagt th tacatteaacteaqracttgttettace thtettttocaatottac
ttggttocatgetatacatgtetetgggacraatggtactaagagg tttgataacectgtectaceatttaatgatgqt gt ttatttbqetteractgagaagtetaarataataagaggetqga
tttttggtactact thagattegaagacecaghecctacttattgttaataacqetactaa tyttottattasagte iy traattteaattt g taatgatecat th thgggtgtttattaceac
aaaaacaacaaaaqttqgatggaaagtgaqttoagagtttattetagtqoqaataattqeactittqaatatgtetetoaqeettttettatqracettgaagraaaacagggtaattteaaaaa
trottagggaatttgtytttaagaatattgatggttattttaaaatatattetaagracacqoetattaatttagtgeqtgateteceteagggt ttttegetttagaaceattggtagatttge
caataggtattaacatcactaggtiteaaartttacttgetttacatagaagttatttgactectygtgattettet teagttqggacagetqr tqetgeagettat tatgtgggttatetteaa
ceotaggacttttetattaaaatataatgaqaatqgaaceattacaqatqetgtagactytyoacttqacecteteteagaaacasagtgtacqh tqaaatectteac iytagaaaaaggaateta
traaacttetaact tbagagteocaaceaacagqaatetatiqhtagatttectaatattacaaacttgtqeeetittgqt qaagttittaacg ez aceagatttgeat chgtttatgetigaaca
ggaagagaateageaactgtgttqetgat tattetgtectatataa tteeqrateattttecacttttaagtgttatqyagtgtetectactaaattaaatqatete tyotttactaatgtetat
gragatteatttgtaattagaggtgatgaagteagacaaateqetecagggeasactqaaagattqetqattataattataaattaccagatyattttacaggetgogttatagettqgaatie
taacaatettgattetaaggttggtgotaattataattacekgtatagattgtttagraagtetaateteaaacett thqagagagatattteaactqaaatetateaggoegytageacacet t
gtaatggtgttgaaqrttttaattgttactttoctttacaatoatatgrtttoraacocantaatqrtgttgrttacca aceatacagagtaqghagtactttotttbqaaottotacatqracea
graactgtttgtggacctaaaaagtetactaatttggttasaaacaaatgtgbcaattteaacticaatqytttaacagqracaqgtgttettactqagtetaacaa aaagtttetgoetttona
acaatttggoagagacattgotgacactactgatgotgtecqtgatecacagacacttgagaticttqacattacacea tottettttgytgqtgteagtgttataacaceaggaacaaatact £
ctaaccaggttqoet ghtetttateagratqbtaactqeacagaagtocetgtbqotattos tgeagateaacttact eo tacttqgogtytt ta ttetacaggttotaa tygttttteaaanang t
goagqotgtttaatagqggetqaacatgbeaacaacteatatgagtgtgacatacecattggtgeaggtatatqege taqgbtateagacteaqactaatteteetegqegqyoacgtagtotage
tagteaatocateatbqectacactatgbeacttggtgeaqaaaatteagtiqettactetaataactetattqocatacocacaaattttactattagtgttaccacagaaattctaccagtgt
ctatgaceaagaca toagtagattqtacaatgtacatttqbqrtyatteaactraatqoageaatettbtgttqoaata tyqeagtttttgtacacaattaaaceqtqutttaactqraataqet
gttgaacaagacaaaaacacccaagaagbttttqoacaagtrasacaaatttacasaacaccaccaatbtaaaqattttgqbqottttaatttttcacaaatattaccagatecateasaaccaag
caagaggtcatttatbqaagatetactitteaacasagtgacacttgoagatqetqetteateasacaatatqggtyat tqoettggtgatathqotqetagagace ieatttgtgeacasaagt
ttaacggecttact ghtttqocacetttqetvacagatqaaatrattoeteaatacactte tyeactqbtageqyot ac aateact tetqgt by qacetttygtgeagrtqetqeattacaaata
coabtttgetatgeaaa tqgettatagotttaatqgtattgqagttacacagaatgttectetatgagaaccaasaattga thqecaaccaatttaatagtgetattqyeaaaattcaagacteact
ttettoracagraagtgracttgraaaacttcaagatgtggtoaaccaaaatqracaaget ttaaacacqottgttaaa caacttaqetecaat tttgqtgraatttcaagtgttttaaatgata
tootttoacqtottqaciaagttqagretqaagtgoaaattqataqyttgateacagqoagacticasagtttqoagacatatytqacteaacaattaattagaqetqeagasateagaqette t
getaatettqotgetactaaaatgteagaqtgbgtacttgqacaateaaaaaqagtiqatttttgtgqaaagggetateatettatqgtoetteoeteagteageace ieatggtgtagtettet £
gratgtgacttatgtooctqracaagaaaagaactteacaactqetectqeeatttgteatgatgraadageacact tteetegtqaagqetg te tttgtttraaatggracacactggtttgtaa
cacaaaggaatttttatqaaccacaaateattactacagacaacacatttgtqtetqotaactotqatqttqtaatagyaattqteaacaacacagtttatgatect ttqeaacctqaattagac
teattoaaggaggaqbtagataaatattttaagaateatacateaccagatgbtgatttaggtgacatetetqgeat taatqetteagttgtasacatteaaasagaaattqgacegecteaatga
gottgoraagaatttaaatqaateteteategatetecaagaacttqaaagtatgagragtatataaaatgqoeatqg tacatttqgetaggt tttatagetgget tyattqeeatagtaatyg
tgacaattatgetttgetgtatgaccagttyetgtagttgteteaagggetgttgttettgtyggatectqetqoaaa th tyatqaagacqac te tqagecagtqeteasaggagteasattaca t
tacacataaacgaacttatggatttgtitatqagaatettcacaattggaactotaactttgaagraaqotqaaatesa qratqetactecttoagattttgtteqeqetactqeaacqataceg
atacaagecteactoocetttoqratgget tattgttqgegttgeae ttettgetgttttteaqagegettocaaaatea taaceetraaaaagagatgqeaactageac teteraagggtgttea
ctttgtttgeaact tgetgttgttgttiqtaacagtttacteacacettttgeteqttgetgetgyocttgaagece et thtetetatetttabqetttagtetact e ttgoagagtataaact
ttotaagaataataatqaggotttggetttyetqgaaatqeeqttecaaaaacecattactttatqatqocaactat th tetttqetggeatac taattgttacqac tattgtatacettacaat
agtgtaacttetteas ttgteattactteaggtgatqgracaacaaqtectatttetqaacatqactaceagattgy tygttatactqaaaaatgggaatetgragt aaaaqactgtgttgtat t
acacagttactteactteagactattaceagetqtacteaacteaattqagtacaqacactgrtgttqaacatgttace thetteatetaca ataaaattgttqatareetqaagaacatotoc
aaattoacacaateqacqgtteatecggagttgttaatecagtaatggaaccaatttatqatgaaceqacqgacqact ac taqeqtqectttgtaaqracaagotgatqgagtacqaacttatgtac
toattegtttegraagaqacaggtacgttaa taghtaataqegtac ttetttttotbqott togbqgtattettqot ag thacactagoeaton ttactqeqottegat tytgtqogtactqet g
caatattgttaacgtyagtettgtaasacet tetttttacqbttac tetegtqttaaaqatetqaattettetagag th cotqatettetgr e taaacqaactasa tattatattaghtttte t

thraact tteattaattgac ttotatttgtgetttttaqeetttetqotattoocttgttttaattatqet tattatotb bty theteacttraactyeaagateataatgaaact
totoacqectaaacqaacatgaaatttettyttttettagqaateateacaactgtaqetgoatiteaccaaqaaty taghttacagteatg tacteaacateaaceatatgtagttqatqace o
gtgtectatteact totattetaaatggtatattagagtaggagetagaaaateagracetttaattqaattqbqeg tygatgaqgetgettetaaateacecatteagtacategatateggta
attatacagtttectytttacettttacaattaattgecagraacetaaattqrotagtet tygtagtqegttgtteg thetatqaagactttttagagtateatgac qhtegtgttgthttaga t
tteatetadacgaacaaactaa

acteatgoagaceacacaaggoagatqrgetatatasacgttbtogotttteoqtttacga tatatagtetact chtqtqragaatgaatic
togtaactacatageacaagtagatgtagttasctttaatetoacatageaatetttaateagtgtotaacattagy qaqracttqasagagonaceacatttteacoragyocacqeqgagtac
gateqagtgtacagtyaacaatgetaggqagagetqectatatqgaagagecctaatqtqtaaaattaattttagtaghqotatececatgtqattttaatagettethagyagaatqacaaaaa
44333333333343 3433343333433~ 3
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5'UTR 1265 arrow_on Filled Yellow

CDS 266 21556 arrow_on Filled .
§21563 21384 arrow_on Filled Yellow
ORF3a 25393 26220 arrow_on Filled Silver
E 26245 26472 arrow _on Filled Green

M 26523 27191 arrow_on Filled

ORF6 27202 27387 arrow_on Filled
ORF7a27394 27759 arrow_on Filled

ORF8 27894 28259 arrow_on Filled Green
N 28274 29533 arrow_on Filled .
ORF10 29558 29674 arrow_on Filled Yellow

Figurel.5: Genomic sequence of SARS-CoV-2 (Wu et al., 2020).

Given its large genome and its error-prone viral polymerase (RdRp), SARS-CoV-2
accumulates mutations that contribute to its pathogenicity. However, one surprising feature
of SARS-CoV-2 is that its ExoN (NSP14, NSP10 complex) has error (i.e., mutation)
correction and chain recombination activities, normally not found in other viruses (Moeller
etal., 2022).
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Figurel.6: Genomic construction of SARS-CoV-2. The virus genome encodes two large genes ORF1 (yellow),
ORF1b (blue) coding for NSP1-NSP16. Some NSPs form a replication-transcription complex (RTC) involved
in replication and transcription. NSP3 and NSP5 also encode papain-like protease (PLP) and 3CL- protease.
These two proteins are involved in the breakdown of polypeptides and inhibit the host's innate immune system.
NSP12 encodes for RNA-dependent RNA polymerase (RdRp). NSP15 encodes RNA helicase. Structural genes
encode Spike (S), Matrix (M), Envelope (E), and Nucleocapsid (N) proteins (green) (Alanagreh, et al. 2020).

1.3.1 Proteins of SARS-CoV-2
SARS-CoV-2, like other coronaviruses structural, non-structural, and accessory proteins that

are essential for its replication, assembly, interaction with host cells, infection, and immune

evasion. These proteins play different roles in the life cycle of the virus and understanding
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their functions is crucial for developing drugs and vaccines. SARS- CoV-2 have a 4
structural, 16 nonstructural, and half a dozen accessory proteins with unknown functions
(Figure 1.6) (Alanagreh, et al. 2020; Yan et al., 2020; Guo et al., 2021).

1.3.1.1 NSPs and accessory proteins
Approximately 25 proteins of the virus are non-structural proteins (such as NSPs, e.g., 3-

chymotrypsin-like protease, papain-like protease, helicase, and RdRp) and accessory
proteins with unknown functions yet (Yan et al., 2020; Guo et al., 2021).

Electron micrograph
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Figure 1.7: Electron micrograph and schematic view of SARS-CoV-2 (Li & Li, 2021).

The Spike (S) protein, the envelope protein (E), the membrane protein (M), and the
nucleocapsid proteins are all required for the assembly, integrity and host cell invasion of
viral particles (Figure 1.7) (Hu et al., 2003; Mandala et al., 2020; Li & Li, 2021). N also
wraps around the mRNA genome (Cubuk et al., 2021) and may have a function in regulation
of viral RNA synthesis and may interact with the M protein during virus budding (Wu et al.,
2023).

1.3.1.2 Envelope protein

The envelope protein of SARS-CoV-2 is a small structural membrane protein composed of
about 100 amino acids that plays a vital role in the assembly and release of new viral
particles. While it is less studied compared to the spike glycoprotein, the envelope protein is
essential for the life cycle of the virus (Mandala et al., 2020). The E protein interacts with
other structural proteins, such as the S glycoprotein, the M protein, and, N protein to shape

the viral envelope and package the viral genome (Chai et al., 2021). These interactions are
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essential for stabilizing the viral envelope and incorporating the viral RNA into new viral

particles and into the host cells (Kuzmin et al., 2022).

1.3.1.3 Membrane protein

The membrane (M) protein of SARS-CoV-2 is a crucial structural protein that plays a
significant role in shaping the viral envelope and facilitating viral assembly and budding.
The M protein is a transmembrane protein, spanning the lipid bilayer of the viral envelope.
It is relatively large, consisting of about 230 amino acids. The protein is highly conserved
among coronaviruses and its sequence is crucial for maintaining the overall structure and
stability of the virus (Thomas & Immunity, 2020; Boson et al., 2021; Zhang et al., 2022;
Mahtarin et al., 2022).

1.3.1.4 Nucleocapsid protein

The nucleocapsid (N) protein of SARS-CoV-2 is a fundamental structural protein that plays
a central role in the viral life cycle. It is a highly conserved protein found in all coronaviruses,
including SARS-CoV-2. The N protein is a multifunctional protein with a molecular weight
of approximately 50-60 kDa. It is a phosphoprotein that binds to the viral RNA genome,
forming a ribonucleoprotein complex known as the nucleocapsid (Cubuk et al., 2021). The
N protein consists of two domains: the N-terminal domain (NTD) and the C-terminal domain
(CTD). The NTD is involved in RNA binding, while the CTD is responsible for protein-
protein interactions with other viral and host proteins (Zeng et al., 2020). The N protein
interacts with other viral proteins, such as RdRp complex (i.e., replicase) to facilitate viral
RNA synthesis (Dutta et al., 2020; Ye et al., 2020).
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1.3.1.5 Spike glycoprotein
e »

SARS-CoV-2 ‘)
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Figure 1.8: The general homotrimeric structure of the S protein (a), its binding to the ACE-2 receptor (b), the
virus—cell fusion process mediated by the S (c), and the life cycle of SARS-CoV-2 in host cells (d) (Huang et
al., 2020).
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Spike (S) gene consists of 3822 nucleotides, encoding a 1273 amino acids protein (Figure
1.9) (Figure 1.10) with a size about 150 kDa. The S protein is a transmembrane with two
domains (S1/S2). The S2 domain is embedded within the viral membrane. The S1 domain
carries a RBD for the binding of the virus to a receptor (i.e., ACE-2) on the host cell (Wrapp
et al. 2020). When the virus interacts with the host cell, the S protein undergoes a major
structural rearrangement, helping the virus envelope to fuse with host cell membrane and
initiate infectious cycle (Figure 1.8) (Huang et al., 2020; Nassaret al. 2021; Zhang et al.,
2021).

1 mfvflvllplvssqgcvnlttrtglppaytnsftrgvyypdkvirssvlhstgdlflpffs
61 nvtwfhaihvsgtngtkrfdnpvlpfndgvyfasteksniirgwifgttldsktgslliv
121 nnatnvvikvcefgfcndpflgvyyhknnkswmesefrvyssannctfeyvsgpflmdle
181 gkggnfknlrefvfknidgyfkiyskhtpinlvrdlpggfsaleplvdlpiginitrfqgt
241 llalhrsyltpgdsssgwtagaaayyvgylgprtfllkynengtitdavdcaldplsetk
301 ctlksftvekgiygtsnfrvgptesivrfpnitnlcpfgevfnatrfasvyawnrkrisn
361 cvadysvlynsasfstfkcygvsptklndlcftnvyadsfvirgdevrgiapggtgkiad
421 ynyklpddftgcviawnsnnldskvggnynylyrlfrksnlkpferdisteiygagstpc
481 ngvegfncyfplgsygfgptngvgygpyrvvvlsfellhapatvcgpkkstnlvknkcvn
541 fnfngltgtgvltesnkkflpfggfgrdiadttdavrdpgtleilditpcsfggvsvitp
601 gtntsngvavlygdvnctevpvaihadgltptwrvystgsnvigtragcligaehvnnsy
661 ecdipigagicasyqgtgtnsprrarsvasgsiiaytmslgaensvaysnnsiaiptnfti
721 svtteilpvsmtktsvdctmyicgdstecsnlllqgygsfctglnraltgiavegdkntge
781 vfagvkgiyvktppikdfggfnfsgilpdpskpskrsfiedllfnkvtladagfikgygdc
841 lgdiaardlicagkfngltvlpplltdemiagytsallagtitsgwtfgagaalgipfam
901 gmayrfngigvtgnvlyengkliangfnsaigkigdslsstasalgklgdvvngnagaln
961 tlvkglssnfgaissvlndilsrldkveaevgidrlitgrlgslgtyvtggliraaeira
1021 sanlaatkmsecvlggskrvdfcgkgyhlmsfpgsaphgvvilhvtyvpageknfttapa
1081 ichdgkahfpregvfvsngthwfvtgrnfyepgiittdntfvsgncdvvigivnntvydp
1141 lgpeldsfkeeldkyfknhtspdvdlgdisginasvvnigkeidrlnevaknlneslidl
1201 gelgkyegyikwpwyiwlgfiagliaivmvtimlccmtsccsclkgceescgscckfdedd
1261 sepvlkgvklhyt

Figurel.9: Amino acid sequence of the S protein of SARS-CoV-2 (Wu et al., 2020).

21601 tcagtgtgttaatcttacaaccagaactcaattaccccctgcatacactaattctttcac
21661 acgtggtgtttattaccctgacaaagttttcagatcctcagttttacattcaactcagga
21721 cttgttcttacctttcttttccaatgttacttggttccatgectatacatgtctctgggac
21781 caatggtactaagaggtttgataaccctgtcctaccatttaatgatggtgtttattttge
21841 ttccactgagaagtctaacataataagaggctggatttttggtactactttagattcgaa
21901 gacccagtccctacttattgttaataacgctactaatgttgttattaaagtctgtgaatt
21961 tcaattttgtaatgatccatttttgggtgtttattaccacaaaaacaacaaaagttggat
22021 ggaaagtgagttcagagtttattctagtgcgaataattgcacttttgaatatgtctctca
22081 gccttttcttatggaccttgaaggaaaacagggtaatttcaaaaatcttagggaatttgt
22141 gtttaagaatattgatggttattttaaaatatattctaagcacacgcctattaatttagt
22201 gcgtgatctccctcagggtttttcggectttagaaccattggtagatttgccaataggtat
22261 taacatcactaggtttcaaactttacttgctttacatagaagttatttgactcctggtga
22321 ttcttcttcaggttggacagctggtgctgcagcttattatgtgggttatcttcaacctag
22381 gacttttctattaaaatataatgaaaatggaaccattacagatgctgtagactgtgcact
22441 tgaccctctctcagaaacaaagtgtacgttgaaatccttcactgtagaaaaaggaatcta
22501 tcaaacttctaactttagagtccaaccaacagaatctattgttagatttcctaatattac
22561 aaacttgtgcccttttggtgaagtttttaacgccaccagatttgcatctgtttatgettg
22621 gaacaggaagagaatcagcaactgtgttgctgattattctgtcctatataattccgecatce
22681 attttccacttttaagtgttatggagtgtctcctactaaattaaatgatctctgctttac
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22741
22801
22861
22921
22981
23041
23101
23161
23221
23281
23341
23401
23461
23521
23581
23641
23701
23761
23821
23881
23941
24001
24061
24121
24181
24241
24301
24361
24421
24481
24541
24601
24661
24721
24781
24841
24901
24961
25021
25081
25141
25201
25261
25321
25381

taatgtctatgcagattcatttgtaattagaggtgatgaagtcagacaaatcgctccagg
gcaaactggaaagattgctgattataattataaattaccagatgattttacaggctgcgt
tatagcttggaattctaacaatcttgattctaaggttggtggtaattataattacctgta
tagattgtttaggaagtctaatctcaaaccttttgagagagatatttcaactgaaatcta
tcaggccggtagcacaccttgtaatggtgttgaaggttttaattgttactttcecctttaca
atcatatggtttccaacccactaatggtgttggttaccaaccatacagagtagtagtact
ttcttttgaacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaattt
ggttaaaaacaaatgtgtcaatttcaacttcaatggtttaacaggcacaggtgttcttac
tgagtctaacaaaaagtttctgcctttccaacaatttggcagagacattgctgacactac
tgatgctgtccgtgatccacagacacttgagattcttgacattacaccatgttecttttgg
tggtgtcagtgttataacaccaggaacaaatacttctaaccaggttgctgttctttatca
ggatgttaactgcacagaagtccctgttgctattcatgcagatcaacttactcctacttyg
gcgtgtttattctacaggttctaatgtttttcaaacacgtgcaggctgtttaataggggce
tgaacatgtcaacaactcatatgagtgtgacatacccattggtgcaggtatatgcgctag
ttatcagactcagactaattctcctcggcgggcacgtagtgtagctagtcaatccatcat
tgcctacactatgtcacttggtgcagaaaattcagttgcttactctaataactctattge
catacccacaaattttactattagtgttaccacagaaattctaccagtgtctatgaccaa
gacatcagtagattgtacaatgtacatttgtggtgattcaactgaatgcagcaatctttt
gttgcaatatggcagtttttgtacacaattaaaccgtgctttaactggaatagctgttga
acaagacaaaaacacccaagaagtttttgcacaagtcaaacaaatttacaaaacaccacc
aattaaagattttggtggttttaatttttcacaaatattaccagatccatcaaaaccaag
caagaggtcatttattgaagatctacttttcaacaaagtgacacttgcagatgctggctt
catcaaacaatatggtgattgccttggtgatattgctgctagagacctcatttgtgecaca
aaagtttaacggccttactgttttgccacctttgctcacagatgaaatgattgctcaata
cacttctgcactgttagcgggtacaatcacttctggttggacctttggtgcaggtgetge
attacaaataccatttgctatgcaaatggcttataggtttaatggtattggagttacaca
gaatgttctctatgagaaccaaaaattgattgccaaccaatttaatagtgctattggcaa
aattcaagactcactttcttccacagcaagtgcacttggaaaacttcaagatgtggtcaa
ccaaaatgcacaagctttaaacacgcttgttaaacaacttagctccaattttggtgcaat
ttcaagtgttttaaatgatatcctttcacgtcttgacaaagttgaggctgaagtgcaaat
tgataggttgatcacaggcagacttcaaagtttgcagacatatgtgactcaacaattaat
tagagctgcagaaatcagagcttctgctaatcttgctgctactaaaatgtcagagtgtgt
acttggacaatcaaaaagagttgatttttgtggaaagggctatcatcttatgtccttccce
tcagtcagcacctcatggtgtagtcttcttgcatgtgacttatgtccctgcacaagaaaa
gaacttcacaactgctcctgccatttgtcatgatggaaaagcacactttcecctecgtgaagg
tgtctttgtttcaaatggcacacactggtttgtaacacaaaggaatttttatgaaccaca
aatcattactacagacaacacatttgtgtctggtaactgtgatgttgtaataggaattgt
caacaacacagtttatgatcctttgcaacctgaattagactcattcaaggaggagttaga
taaatattttaagaatcatacatcaccagatgttgatttaggtgacatctctggcattaa
tgcttcagttgtaaacattcaaaaagaaattgaccgcctcaatgaggttgccaagaattt
aaatgaatctctcatcgatctccaagaacttggaaagtatgagcagtatataaaatggcc
atggtacatttggctaggttttatagctggcttgattgccatagtaatggtgacaattat
gctttgctgtatgaccagttgctgtagttgtctcaagggctgttgttecttgtggatcecctyg
ctgcaaatttgatgaagacgactctgagccagtgctcaaaggagtcaaattacattacac
ataaacgaacttatggatttgtttatgagaatcttcacaattggaactgtaactttgaag

Figure 1.10: Nucleotide sequence of the S protein of SARS-CoV-2 (Wu et al., 2020).
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Figure 1.11: Three-dimensional structure of the SARS-CoV-2 S protein at atomic-level. The receptor binding
domain (RBD) is colored green (Wrapp et al. 2020).

The SARS-CoV-2 spike protein has a signal peptide (1-13) at its N-terminus. The S1 subunit
(14-685) and S2 subunit (686-1273) are responsible for receptor binding and cell membrane
fusion, respectively. The N-terminal domain (14-305) and receptor binding domain (RBD,
319-541) are located within the S1 subunit. The S2 subunit contains the fusion peptide (FP)
(788-806), heptapeptide repeat sequence 1 (HR1) (912-984), HR2 (1163-1213), TM domain
(1213-1237), and cytoplasmic domain (1237-1273) (Figure 1.12) (Nassaret al. 2021).

Signal peptide $1 subunit S2 subunit  Cytoplasm domain

A A |
1)
N-l nterminat domain H e FPHWH <
113 305 319 541 685 788 806 912 984 1163 1213 1237 1273
£ e 3\
£
X  H - >

Spike monomer Trimeric spike

Figure 1.12: The structure of the SARS-CoV-2 S protein. The monomeric spike is illustrated as a bar by
coloring different areas from the N-terminus to the C-terminus. The S protein is homotrimeric and forms a
crown structure on the virus (Nassaret al. 2021).

The aim of this study was to clone the SARS-CoV-2 S gene in bacteria and fungi using
shuttle vectors to determine and analyze its expression profile.
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2. MATERIALS AND METHODS
2.1 Reagents

The chemicals used in cell growth, agarose gel electrophoresis, SDS-PAGE, and other tests
were all reagent quality. Acrylamide, bisacrylamide, Ammonium persulfate (APS),
methanol and Brilliant Blue R-250 from Merck Co.; TEMED, SDS, Isopropyl alcohol,
Bromophenol blue and glycerol from Sigma Co.; Tris was from Ambresco Co.6X loading
dye (Fermentas), DNA Marker BLUE 1kp, protein markers were from Abcam (ab 116029),
pcDNA3.1-SARS2-Spike (Addgene Cat No: 145032) and pRG201 (Addgene Cat No:
64394) plasmids were purchased from Addgene. Ultrapure water (UPW) was used in the

preparation of all solutions throughout the study.

2.2. Bacteria and yeast strains

The strains of BL21(DE3) and E. coli DH5a type were obtained from Thermo Scientific.
The yeast strains S. cerevisiae BY4741 type were obtained from American Type Culture
Collection.

2.2.1 ldentification of bacterial species

2.2.1.1 Plasmid isolation

Bacteria, bearing the plasmids (pcDNA3.1-SARS2-Spike and pRG201), were supplied from
Addgene in deep agar form. The bacteria were inoculated on LB amp agar plates and
incubated at 37°C overnight. A single colony was taken from these plates and transferred
into liquid LB amp medium and incubated at 37°C overnight (about 10 h). Plasmid isolation
was performed with a commercial kit (“ROCHE Genopure Plasmid Midi Kit, Catalog

number 03 143 414 001 ) according to the supplier's instructions with minor modifications.

“Genopure Plasmid Midi Kit”
1 Black Suspension Buffer

2 Black RNase A

3 White Neutralization Buffer

5 Red Equilibration Buffer

6 Blue Wash Buffer

7 Yellow Elution Buffer

8 NucleoBond AX 100 Columns.
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Plasmid isolation protocol

10.

11.

30 ml of bacterial culture was taken and transferred to the falcon tube. It was centrifuged
at 9,000 rpm for 10 min at +4 °C. The supernatant was discarded. 4 ml of suspension
buffer was added to the pellet and gently mixed.

4 ml of lysis buffer was added, gently mixed, and incubated for 5 min at room
temperature.

4 ml of cold neutralization buffer was added to the suspension, mixed thoroughly until a
homogeneous suspension was formed and incubated on ice for 5 min.

The suspension was centrifuged at 9,000 rpm for 45 min at +4 °C.

The spin column was fixed into a Falcon tube and 2.5 ml of equilibration buffer was
added, allowed to flow, and the flow was discarded.

The supernatant from step 4 was loaded onto the fixed column and the flow was again
discarded.

The column was washed with 5 ml of washing buffer twice.

5 ml of warm (about 50-60 °C) elution buffer was added to the column and the flow was
collected into a different tube.

3.6 ml of 90% cold ethanol was added to the mixture containing the plasmid and
centrifuged at 9000 rpm for 60 min at +4°C. The supernatant was discarded.

3 ml of 70% cold ethanol was added onto the pellet and centrifuged at 9000 rpm +4°C.
The supernatant was discarded and the tubes were allowed to dry at room temperature
for 15 min to evaporate ethanol.

To the plasmid DNA pellet 100 pul TE buffer was added gently dissolved and
spectrophotometeric nanodrop measurements of the plasmid solutions were made for the
purity and quantity of DNA.

2.3 Construction of recombinant plasmids
Plasmids pcDNA3.1-SARS 2-Spike and plasmid pRG 201 were used for the construction of

new recombinant shuttle vector. Both plasmids double digested with Xbal and Sacl

restriction enzymes from their multi cloning sites (MCS) and the fragment were run on in

agarose gel electrophoresis (minipreps) and they were isolated from the agarose gel using a
commercial kit (“Thermo Scientific GeneJET Gel Extraction Kit 00532467) for the
purification of the Spike gene from pcDNA3.1-SARS 2-Spike plasmid and the larger

fragment of pRG201 resulting from double digests. These fragments were ligated to

construct the recombinant shuttle vector named pRG-Spike in this study.

19



2.3.1 Restriction digestion of plasmids
Before the isolated plasmids were exposed to the ligation reaction, they were cut from the

determined regions with appropriate restriction enzymes. Below are the components of the

restriction reaction and the reaction conditions.

PCDNAS3.1-SARS 2-Spike (pcDNA3.1-SARS2-Spike (Addgene Cat No: 145032))

2 ul plasmid solution
1.5 ul Xbal enzyme

1 pl Sacl enzyme

1 pl Tango buffer 10X
4.5 ul UPW

Total volume to 10 pl 4 h 37 °C after 65°C 10 min.

PRG 201(pRG201 (Addgene Cat No: 64394))

2 ul plasmid solution
1.5 pl Xbal enzyme

1 ul SaCl enzyme

1 ul Tango buffer 10X
4.5 ul UPW

Total volume to 10 ul 4 h 37 °C after 65°C 10 min.

2.3.2 Agarose gel electrophoresis
Plasmids digested with particular restriction enzymes were run in 1% agarose gels at 90

Volts for 60 min.
1% agarose gel

e 0.25gagarose
e 25ml1XTAE
e 1pulEtBr

The solution 1% agarose was heated in microwave oven until a clear uniform solution was
formed and then the solution was allowed to cool. Then, EtBr was added and the solution
was poured into gel tank. After the gel was solidified, markers and samples were added into

the wells and the gel electrophoresis were run.

2.3.3 Plasmid extraction
Plasmids digested with restriction enzymes were isolated from agarose gel using a

commercial kit (“Thermo Scientific GeneJET Gel Extraction Kit 00532467”)
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“Thermo Scientific GeneJET Gel Extraction Kit”

Binding Buffer

Wash Buffer

Elution Buffer (10 mM Tris-HCI, pH 8.5)

GeneJET Purification Columns (preassembled with collection tubes)
Ethanol 100%

Microcentrifuge

1.5 ml or 2 ml microcentrifuge tubes

Heating block (ESCO)

1) A gel piece containing the DNA fragments of interest was taken into a microcentrifuge
tube and weighed for purification of DNA.

2) A binding buffer was added at a ratio of 1:1 (w/v) and was mixed gently until the gel
dissolved.

3) The solution was transferred to a centrifuge column and was centrifuged at 16,000 xg for
1 min and the fluid beneath the tube was discarded.

4) 700 ul Wash buffer was added to the column, centrifuged at 16,000 xg for 1 minute and
the fluid beneath the tube was discarded.

5) The column was centrifuged empty at 16,000 xg for 1 min.

6) 50 ul of elution buffer was added to the middle of the column and centrifuged at 16,000
xg for 1 min. The solution was taken into a new microcentrifuge tube and stored at -20 °C

for use.

2.3.4 Ligation
The desired plasmid was obtained by ligation reaction of plasmid fragments isolated from

agarose gel into a shuttle vector, resulting a recombinant plasmid.
Ligation

3 ul digested pRG plasmid
6 ul Spike plasmid fragment
2 ul T4 Ligase Buffer 10X
2 ul T4 Ligase

0.25 ul DDT

7.75 ul UPW

The ligation solution was incubated overnight at room temperature, then at 65°C for 10

min.
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2.4 Bacteria Growth Medium

2.4.1. Bacterial stocks
The main strains were taken from the -80°C stock and grown in LB medium. The culture

was incubated at 37°C for 12 h. For stock solutions, glycerol was added at 1:1 ratio to

cultures and stored at -20°C.

2.4.2 LB media
25 g LB broth Microbiology (Merck 1.10285.0500)

The pH of the medium was adjusted to 7.0 at room temperature. The content was dispensed
into 50 ml flasks and autoclaved. The medium in the flasks was clear yellowish in

appearance.

2.4.3. LB agar
25 g LB Microbiology Agar (Merck 1.10283.0500)

The medium was autoclaved at 121 °C for 15 min and poured into petri dishes and was kept

at room temperature to solidify.

2.5 Preparation of component cells
Transformation competent cells were prepared using a standard protocol (Green &
Sambrook, 2018).

2.5.1 CCMB80 transformation buffer (500 ml)

e 1 M Potassium acetate pH 7.0 5ml

e CaCl2.2H0: 599
e MnCl;.4H,0 20¢g
e MgCl2.6H20 1.0g¢
e Glycerol %100 50 ml

The buffer was autoclaved at 121 °C for 15 min and stored at +4 °C to ensure homogeneity

and preserve the competent cells.

2.5.2 SOB medium preparation (1 Liter)

e 209 Tryptone
e 5¢g Yeast Extract Powder
e 0.05¢ NaCl
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The solution was mixed until there is a complete dissolve. 10 mL of a 250 mM solution of
KCI was added (this solution is made by dissolving 1.86 g of KCI in 100 mL of deionized
H20.) pH of the medium was adjusted to 7.0 with 5 N NaOH and the final volume was
adjusted to 1 L with deionized H2O. The final solution was sterilized by autoclaving for 20
min. Before use, 5 mL of a sterile solution of 2 M MgCl. was added (this solution is made
by dissolving 19 g of MgClz in 90 mL of deionized H,O. The volume of the solution was

adjusted to 100 mL with deionized H20 and sterilized by autoclaving for 20 min.

2.5.3 SOB agar preparation
To SOB medium above agar was added at 2%.

2.5.4 Preparation of competent cells of DH5a and BL21

1) Asingle colony was taken from cells grown on LB agar and inoculated on SOB agar and
incubated for 24 h at 23°C.

2) A single colony was taken from SOB agar plates and inoculated into SOB medium. It
was incubated at 23°C for 16 h (125 ml DHS alpha, 125 ml BL21).

3) 1 ml was taken and inoculated into two 250 ml SOB media and incubated at 20°C for 16
h.

4) 50 ml cultures were transferred into 5 falcon tubes and were centrifuged at 3,000 rpm at
+4 °C for 10 min.

5) The supernatant was discarded and 4 ml of cold CCMB8O0 buffer was added to the pellets.
Pipetting was done until the pellets were thoroughly dissolved. Then, 12 ml of CCMB80
buffer was added to the suspension and mixed until well-suspended.

6) The content in Falcon tubes were combined in 2 tubes for each bacterial strain (i.e., 2 for
DH5 alpha, 2 for BL21).

7) The cultures were incubated in ice for 20-30 min.

8) 5 ml of cold CCMB80 buffer was added to each tube and centrifuged at 3,000 rpm for
10 min at +4 °C and the supernatant was discarded.

9) The pellets were aliquoted in 100 ul portions, held on ice for 20-30 min and stored at -
80 °C.
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2.5.5 SOC media (1 Liter)
The SOC medium was the same as SOB, except that it included 1 M 20 ml glucose solution.

2.5.6 LB amp medium (1 liter)
25 g of LB broth (Merck 1.10285.0500) was dissolved dH»O and the final volume was made

to 1 L with water. The pH of the medium was adjusted to 7.0 at room temperature. After the
media was cooled, ampicillin at 100 pg/ml concentration (i.e., 1 ml ampicillin from a 100
mg/ml stock ampicillin solution was added to 1 liter broth). The medium was dispensed into

125 ml sterile flasks at 20 ml volumes.

2.5.7 LB amp agar
LB amp plates contained 2% agar.

2.5.8 Transformation of competent bacterial cells
Transformation of the recombinant plasmid (pRG-Spike) into the competent DH5a E.coli.

1. 100 pl of DHSa cells taken from -80 °C were placed on ice and allowed to dissolve (about
5-10 min).

2. The sell suspension were mixed with 5 pl of recombinant plasmid, the cells were placed
in ice, and incubated for 30 min.

3. Cells were heat-shocked in a water bath at 42 °C for 45 sec.

5. They were transferred on ice and incubated for 5 min.

6. 950 pul of SOC medium was added to the cells and the mixture was incubated at 37 °C for
1h.

7. The cell mixture was centrifuged at 2,000 rpm for 5 min and 700 ul of supernatant was
discarded.

8. The remaining supernatant + pellet was spread at 50ul1, 100ul and 150ul volumes over the
LB amp plates and the plates were incubated overnight at 37°C.

9. The observable colonies (particularly those with satellite colonies) were selected for

recombinant plasmid isolation and minipreps.

2.6 Isolation Prg-Spike recombinant plasmid

Plasmid isolation was performed with a commercial kit (“QIlAprep Spin Miniprep Kit (50)

Cat. N0.27104”) using the supplier's instructions.
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“QIAprep Spin Miniprep Kit”
“QIAprep Spin Columns”
Buffer P1

Buffer P2

Buffer N3

Buffer PB

Buffer PE (concentrate)

Buffer EB

Collection Tubes (2 ml)

2.6.1 “QIAprep” plasmid isolation protocol”

1. 5 ml of cells grown overnight were taken and centrifuged at 4000 rpm for 10 min.

2. Supernatant was discarded, 250 pul of P1 buffer was added to the pellet and waited for 5
min. Then 250 ul of P2 buffer was added, the tube was inverted 6-8 times.

3.After adding the buffers, the pellet and buffer mixture was transferred to the
microcentrifuge tube.

4. On top of the mixture, 350 ul of N3 buffer was added and inverted.

5. The mixture was centrifuged at 13,000 rpm for 10 min. The supernatant was then
transferred to the spin column.

6. The column was centrifuged at 13,000 rpm for 60 sec and the flow was discarded.

7. 0.5 ml of PB buffer was added to the column and centrifuged at 13000 rpm for 60 sec.
Then the fluid part was discarded.

8. 0.75 ml of PE buffer was added to the column, centrifuged at 13,000 rpm for 60 sec, and
the liquid was discarded.

9. The column was centrifuged empty for 60 sec at 13,000 rpm.

10. The column was placed into a 1.5 ml microcentrifuge tube and 50 ul of EB buffer was
added and centrifuged at 13,000 rpm for 1 min. The eluted part was taken and maintained at
-20 °C.

2.6.2 Restriction digestion of the Prg-Spike plasmid
After plasmid isolation, a nanodrop spectrophotometer measurements of the plasmids were

made and the purity and amount of DNA were determined. The plasmids were digested with

restriction enzymes and the presence of recombinant plasmids was confirmed by minipreps.
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Restriction Digestion

2 ul new recombinant plasmids (Prg-Spike)
1.5 pl Xbal enzyme

1 ul SaCl enzyme

1 ul Tango buffer 10X

4.5 n UPW

2.6.3 Agarose gel electrophoresis of the recombinant Prg-Spike plasmid
Restriction digestion was carried for 4 h at 37 °C and then enzymes were deactivated by

holding the solution at 65°C 10 min. Plasmids cut with the restriction enzymes were run at

90 Volts for 60 min in 1% agarose gel.

2.6.4 Transformation of the newly constructed plasmid (i.e., recombinant pRG-Spike)

into the competent BL.21 cells.

1. 100 ul of BI21 cells taken from -80 °C were placed on ice and allowed to dissolve (about
5-10 min).

2. To the cell mixture 5 ul recombinant plasmid was added, placed in ice and incubated for
30 min.

3. The cell mixture was heat shocked in a water bath at 42 °C for 45 sec.

5. The mixture was transferred onto ice and incubated for 5 min.

6. 950 ul of SOC medium was added to the cells, the mixture was incubated at 37 °C for 1
h.

7. The cells were centrifuged at 2000 rpm for 5 min and 700 pl of supernatant was discarded.
8. The remaining supernatant + pellet was plated at 50 ul, 100 ul and 150 ul volumes into
LB amp plates and incubated overnight at 37°C.

9. The observable colonies (particularly those with satellite colonies) were selected for

recombinant plasmid isolation and minipreps.

2.7 Isolation of spike protein from transformed BL21 cell

1) Single colonies were picked from transformed BL21 plates, inoculated into 50 ml of LB
amp medium, and incubated at 37 °C overnight.

2) 1.5 ml of cell cultures of non-transformed and transformed BL21 were inoculated into
two 20 ml LB amp containing flasks and the media were incubated at 37°C for 10 h.

3) When the OD600 value was 1.4, 2 ul 1 M IPTG was added.

4) The media were incubated at 16°C for 12 h.

5) The medium was divided into sterile centrifuge tubes in equal volume and centrifuged for
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20 min at 16000 g at +4°C.

6) After centrifugation, the supernatants were discarded and the pellets were thoroughly
dissolved by adding lysis buffer on ice and cells were sonicated for 2 min at 50% capacity,
in 3 repetitions.

7) The pellet suspension was taken into 2 ml microcentrifuge tubes and was centrifuged at
18,000 rpm for 1 h at +4°C and stored at -80°C.

2.7.1 Analysis of spike protein using SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is an analytical
method that separates protein mixtures according to their molecular mass in the presence of
an electric field. Sodium dodecyl sulfate (SDS) molecules help the isolation and
identification of proteins. The SDS-PAGE procedure consists of electrophoresis through a
porous polyacrylamide gel matrix, separating the molecular masses of proteins in the
presence of electric field after initial denaturation with an anionic detergent (SDS) that

imparts a negative charge to the proteins.

40 ul of the samples from protein isolation were taken and 2x Laemmli Buffer (Biorad) was
added at 1:1 ratio and boiled at 95 °C for 5 min. Then, 30 pul of dye (coomassie blue) was
added. To each well on the SDS-PAGE gel about 10 ul of the sample mixture was loaded
(Table 2.1).

Table 2.1: SDS-PAGE Gel Components

%10 Runnig Gel (ul)
ddH,0 4000
30% Acryl/Bis 3340
Tris-HCI (1.5 M, pH 8.8) 2500
SDS (20%) 50
Ammonium persulfate (10%) (APS) 50
TEMED 5
%5 Stacking Gel (ul)
ddH>0 4176
30% Acryl/bis 37.5:1 1012
Tris-HCI (1.0 M, pH 6.8) 750
SDS (20%) 30
Ammonium persulfate (10%) 30
TEMED 3

27



2X SDS gel-loading buffer

100 mM Tris-Cl (pH 6.8)

4% (w/v) SDS

0.2% (w/v) bromophenol blue
20% (v/v) glycerol

%620 SDS 100 ml solution

20 g sodium dodecyl sulfate was dissolved in 80 mL of dH20 and the final volume made to
100 ml with dH20.

10% Ammonium persulfate

0.1 g of ammonium persulfate was dissolved in 1 ml of ddH20.

Tris-HCI

1 M Tris base solution: 12.11 g of Tris base was dissolved in 80 mL ddH.O and total volume
was completed to 100 ml. The pH of solution adjusted to 6.6 with 1M HCI.
1.5 M Tris base solution: 18.7 g of Tris base was dissolved in 80 mL ddH20 and total

volume was completed to 100 ml. The pH of solution was adjusted to 8.8 with 1M HCI.

Running Buffer (10X) 1 Liter pH: 8.3

e Tris Base (MWt 121.14g/mol) 30.3¢g
e Glysine (MWt 75.07 g/mol) 144.4 g
e SDS (MWt 288.38) 10g

The final volume was completed to 1 liter with ddH20 and the pH was adjusted to 8.3.
2.8 Transformation of Yeast (BY4741) Cells

2.8.1 YPD media (200 ml)

o %2 Peptone
e %?2 d- Glucose
e 001 Yeast Extract

The medium was dispensed into 50 ml flasks and autoclaved.

2.8.2 YPD agar (200 ml)

%2 Peptone

%?2 d-Glucose
%1 Yeast Extract
%2 Agar
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The medium was autoclaved at 121 °C for 15 min and poured into petri dishes which were
kept at room temperature to solidify before paraffin sealing and storing them upside down

in a refrigerator at 4 °C.

2.8.3 YNB media (250 ml)

1.679g YNB
5g Dextrose
2.5 mg Ura
25mg Leucine
12.5 mg His

The medium was dispensed into 50 ml flasks and autoclaved.

2.8.4 YNB agar (250 ml)

1.679g YNB

5g Dextrose

2.5 mg Uracil
25mg Leucine
12.5 mg Histidine
2 g Agar

The medium was autoclaved at 121 °C for 15 min and poured into petri dishes which were
kept at room temperature to solidify before paraffin sealing and storing them upside down
in a refrigerator at 4 °C.

2.8.5 Preparation of LiOAc-TE buffer and PEG mixture

e 1X TE-LIOAc Solution

e 10mM Tris-HCI, pH 8.0, with ImM EDTA and 0.1 M Lithium Acetate (BLD Pharm
Cat No: BD126427)

e PEG Mix

e 40% PEG (4000 or 3350) in 1X TE-LIiOAc solution

The solution was autoclaved and stored at +4 °C.

2.8.6 Yeast transformation
1) Cells from the BY4741 cell line were inoculated on YPD agar and incubated for 12 h at

30 °C.

2) After the cells have grown, a single colony is taken with the help of a loop and inoculated
into YPD media and incubated at 30 °C for 12 h.

3) 2.5 ml of cells grown in YPD media inoculated into YPD media and when the OD600 of

cultures was 0.5 they were used for transformation.
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4) Cultures were centrifuged for 5 min at 3000 rpm.

5) Pellets were washed with 1ml 1X LiOAc-TE solution.

6) Cultures were centrifuged again for 5 min at 3000 rpm and the pellet was resuspend in
100 pl 1X LiOAc-TE solution left in shaker at 30° C for 1 h.

7) Transformation mix was 100 pl cells + 2 ul recombinant plasmid + 5ul carrier (bait) DNA
(ssDNA) and the mixture was incubated at 30°C for 30 min.

8) 700 ul PEG added and mixed well and incubated at 30°C for 1 h.

9) The suspension was heat shocked in a 42°C water bath for 14 min.

10) The suspension spined down at 4000 rpm for 2 min to remove PEG.

11) The pellet was resuspended in 10 ul UPW, let to mix in a shaker at 30°C for 20 min
12) The mixture diluted and plated.

The plated petri dishes were incubated overnight at 30°C. Colonies were observed after
incubation. A single colony was taken with the help of a loop and planted in YNB medium

incubated overnight at 30°C and protein isolation was run.

2.8.7 Isolation of spike protein from yeast cells

2.8.6.1 Preparation “Laemli Buffer” (10 ml 1X) (Uk, 1970)
%100 glycerol 500 pl

%20 SDS 1000 pl

%0.1 Bromfenolblue 25 ul

-merkaptoetanol 400 ul

Tris-HCI pH: 6.8 600 ul

dH20 7475 ul

2.8.6.2 Protein isolation from yeast cells (Kushnirov, 2000)
1) 50 ml of yeast culture was taken and transferred to the falcon tube.

2) Centrifugation was done at 4000 rpm for 5 min at +4 °C. The supernatant was discarded
and 100 ul of UPW was added to the pellet, well suspended.

3) On the suspended pellet, 0.2 M 100 ul NaOH solution was added, mixed, and pellet
formation was observed.

4) Then 100 ul of 1X Laemmli Buffer was added to the mixture. The cap of the tube was
tightly closed.

5) The tubes were placed in the boiling water and allowed to boil for 5 min.

6) The mixture was centrifuged at 5000 rpm for 5 min and the supernatant was used for SDS-
PAGE (Table 2.2).
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Table 2.2: SDS-PAGE Gel

: (ul)
%10 Running Gel
ddH;0 4000
30% Acryl/Bis 3340
Tris-HCI (1.5 M, pH 8.8) 2500
SDS (20%) 50
Ammonium persulfate (10%) (APS) 50
TEMED 5
%5 Stacking Gel (ul)
ddH;0 4176
30% Acryl/bis 37.5:1 1012
0.1 M Tris-HCI pH: 6.8 750
SDS (20%) 30
Ammonium persulfate (10%) 30
TEMED 3

2X SDS PAGE gel-loading buffer
e 100 mM Tris-Cl (pH 6.8)

e 4% (w/v) SDS

e 0.2% (w/v) bromophenol blue
o 20% (v/v) glycerol

9020 SDS 100 ml solution

20 g sodium dodecyl sulfate was dissolved in 80 mL of dH20, then the solution was adjusted
to final 100 ml volume with dH-O.

10% Ammonium persulfate (1 ml)

0.1 g of ammonium persulfate was dissolved in 1 ml of ddH20.

Tris-HCI and Tris-base solutions

1M Tris base solution: 12.11 g of Tris base was dissolved in 80 mL ddH20 and total volume
was completed to 100 ml. The pH of solution adjusted to 6.8 with 1M HCI.

1.5 M Tris base solution: 18.7 g of Tris base was dissolved in 80 mL ddH0O and total
volume was completed to 100 ml. The pH of solution was adjusted to 8.8 with 1M HCI.

Running Buffer (10X) (1 Litter, pH 8.3)

e Tris Base (m/w 121.14 g/mol) 30.3¢g
e Glysine (m/w 75.07 g/mol) 144.4 g
e SDS (m/w 288.38) 10¢

The content was dissolved in 800 ml ddH-O, pH was adjusted to 8.3 and the final volume
was made tol L with ddH20.
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3. RESULTS
3.1 Bacterial and Yeast Cultures
E. coli DH5a, E. coli BL21(DE3) and S. cerevisiae BY4741 cell lines were taken from -
20°C and inoculated into petri dishes. E. coli DH5a and E. coli BL21(DE3) was incubated
at 37°C and S. cerevisiae BY4741 was incubated at 30°C until the colonies were observable.

Figure 3.1: Single-cell colony formation of DH50. (A), BY4741 (B) and BL21 (C).

3.2 Plasmid Isolation

The plasmids used were pcDNA3.1-SARS2-Spike (Addgene Cat No: 145032) (Shang et al.,
2020) and pRG201 (Addgene Cat No: 64394) (Gniigge, Liphardt, & Rudolf, 2016). Plasmids
were isolated using ROCHE Genopure Plasmid Midi Kit according to manufacturer’s
manual. The purity of plasmids (DNA) was quantified by using a Denovix DS-11 FX+

Spectrophotometer.
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Figure 3.2: “pcDNA3.1-SARS2-Spike (“SARS-CoV-2 spike protein with C9 tag at C-terminal expressed in
mammalian cells”) (Shang et al., 2020).
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Figure 3.3:“pRG-201 (Empty Backbone) Integrative E. coli/S. cerevisiae shuttle vector” (Gniigge, Liphardt,
& Rudolf, 2016).

33



- e

Microvolume

Blank Measure ————————
dsDNA

1193 260/230

Optimized baseline

C) GENERAL ACCOUNT &

—1. |

Blank Measure '°""'"

193.088 ng/pL 38618 VG

229 260/230

Optimized baseline

Figure 3.4: Purity and quantity of plasmids pcDNA3.1-SARS 2-Spike (above panel) and pRG201.

3.3 Restriction, Ligation and Gel Electrophoresis.

Plasmids pcDNA3.1-SARS 2-Spike (Figure 3.2) and pRG201 (Figure 3.3) were restriction
double digested with the same enzymes (Xbal and SaCl) at the multi cloning site (MCS).
The larger fragment of pRG201 (5348 bp) which is the result of the removal of 16 bp
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sequence during the digestion of whole pRG201 plasmid and the Spike gene (3944 bp) on
the pcDNA3.1-SARS 2-Spike plasmid were purified from gel by using a “Thermo Scientific
GeneJET Gel Extraction Kit’’. The fragments were combined to construct a recombinant
shuttle vector with a size 9295 bp and expression capacity in both bacteria and yeast. The
result showed that (Figure 3.3) the Spike gene was successfully integrated into the region
between the Xbal and SaCl restriction sites in MCS, resulting a recombinant plasmid named
as pRG-Spike in this study (Figure 3.9).

10000 o
8000 bp

6000 bp

5000 bp
4000 bp
3000 bp
2500 bp
2000 bp
1500 bp
1000 bp

Figure 3.5: Double (Sacl and Xbal) digests of pcDNA3.1-SARS 2-Spike and PR201 DNA fragments. Line 1
are DNA markers, line 2 is pcDNA3.1-SARS 2-Spike plasmid (9202 bp), line 3 is pRG201 plasmid (5364 bp)
and line 4 is also DNA markers.
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Figure 3.6: Plasmid fragments cut from the gel with a scalpel.

The purity of DNA (plasmids) isolated from the gel were measured with a Denovix DS-11
FX+ Spectrophotometer.
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Figure 3.7: The purity and the quantity of isolated pike gene (A) and pRG201 (B).
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To confirm the newly constructed recombinant shuttle vector (Prg-Spike) obtained after the
ligation reaction of the plasmid fragments, first ligated plasmids were measured with a
Denovix DS-11 FX+ Spectrophotometer. The plasmids (donor and acceptor) then digested
with Xbal and Sacl restriction enzymes and the restriction fragments were purified from the

gel.

Figure 3.8: The purity and the quantity of constructed “Prg-Spike” plasmid.
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Figure 3.9: The recombinant plasmid “pRG-Spike” constructed in this study. The red line indicates the

location where the Spike gene is cloned.
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Figure 3.10: The restriction digest of the recombinant “pRG-Spike” plasmid (line 3). Line 1 are DNA markers,
Line 2 is pRG-Spike with Xbal digest, line 4 is uncut pRG-Spike, line 5 is pRG201 (acceptor plasmid) double
digested with Sacl and Xbal, and line 6 are also DNA markers.

3.4 Growing Bacterial Cultures

Bacterial stocks at -20°C previously prepared were grown on LB agar by incubation at
37°C for 12 h. Then, a single colony was taken into LB medium and incubated at 37°C for
12 h.
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Figure 3.11: BL21 colonies and DH5a LB colonies on LB agar plates (above) and in liquid media.
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3.4.1 Preparation of Cells for Transformation
Cells were prepared to make them transformation competent according to the ‘‘Hanahan

Competent Cell Protocol Prepared’’. They were stored at —80°C for future use. The
constructed new recombinant plasmid (Prg-Spike) was transformed into these competent

cells.

3.4.2 Transformation of recombinant Prg-Spike plasmid into competent E.coli DH5a.
cells

The newly constructed 5 ul of recombinant Prg-Spike plasmid was transfard into an
Eppendorf tube with 100 ul E. coli DH5a. competent cells. Then, as given in Materials and
Methods the transformants were selected based on their growth and satellite forming
characteristics. Selected colonies were streaked on LB amp agar plates (Figure 3.12) and
single colonies were selected to incubate in LB apm medium overnight 37°C. Plasmids were

isolated from the fresh cultures grown at 37°C for 12h.

Figure 3.12: Prg-Spike plasmid bearing DH5a cell colonies on LB amp agar. Colonies formed from 50 pl (A),
100 pl (B), and 150 pl (C) cell culture.

Figure 3.13: DH5a cells bearing Prg-Spike plasmid in LB amp medium. (left: control).
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3.4.3 Isolation of Prg-Spike plasmid from transformed DHSa cells
Plasmid isolation was performed from transformed DH5a cells. Isolations were made with

the “QlAprep Spin Miniprep Kit (50)”. The plasmids obtained after isolation were first
measured with a Denovix DS-11 FX+ Spectrophotometer, and their purity and amount were
determined. Then, they were cut with Xbal and Sacl restriction enzymes, and their size was
differentiated by agarose gel electrophoresis with the help of electric field. In this way, the

accuracy of the plasmid was confirmed.
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Figure 3.14: Isolation of Prg-Spike plasmid from DH5a transformed cell. The purity of the plasmids was
confirmed by absorbance ratios of 260/230 and 260/280.
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Figure 3.15: Line 1 are DNA markers, Line 2 is pRG-Spike with Xbal digest, (9295 bp). The restriction digest
of the recombinant “pRG-Spike” plasmid (line 3). Line 4 pRG-Spike non-digest plasmid (9295 bp) in supercoil
structure.

3.4.4 Transformation of Prg-Spike plasmid into competent Escherichia coliBL21 cells
The high copy Prg-Spike plasmid from DH5a cells was transformed into competent BL21

cells. BL21 cell line is a special cell line with T7 RNA polymerase activity. In this way,

Spike protein was produced with the Spike gene in our plasmid. The transformation was
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done on the principle of heat shock. Transformed cells were first inoculated on LB amp agar
plates. Selection was made by antibiotic resistance. The seeded cell plates were incubated at
37°C for 12 h. A large number of colonies formed after incubation. A single colony was
taken from the created colonies by half of the loop, inoculated into LB amp medium and

incubated for 12 h at 37°C. Cells were observed to grow after incubation.
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Figure 3.16: (A) BL21 growing on LB amp medium, (B) BL21 growing on LB amp agar.

3.4.5 Isolation of spike protein from transformed BL21 cells and its analysis by SDS-
PAGE

Spike protein was obtained from transformed BL21 cells. First, T7 RNA polymerase was
activated by stimulating the transformed cells with IPTG. Afterwards, the cells activated the
cloned Spike gene present in the shuttle vector and protein production was ensured. Cells
were first treated with Lysis buffer to isolate the produced Spike protein. Afterwards, they
were exposed to ultrasonic waves with the help of a sonication device, and the cell membrane
was broken. Finally, other cellular structures were precipitated, except for the Spike protein,

by centrifugation, and protein was isolated from the supernatant.
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Figure 3.18: The sonication apparatus.

The total proteins obtained were boiled in 2X Leammli Sample Buffer (Bio-Rad) for 5 min
at 90°C. Then SDS-PAGE installation was done. Loadings were done in 3 repetitions (Figure
3.15). Loading was done as BL21 normal strain, BL21 pRG-Spike IPTC- and BL21 pRG-
Spike IPTC+, respectively. The gel was run for 1 h at 90 Volts. As a result, Spike protein
was observed in the gel in IPTC+ able BL21.
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Figure 3.19: Total protein in IPTG induced (A) and non-induced (B) BL21 cells. (C) BL21 total protein
amount.
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Figure 3.20: Gel image as a result of SDS-PAGE. Lines 1 and 2: total proteins of cells transformed into BL21
cells with Prg-Spike plasmid and stimulated with IPTG; lines 3 and 4 lines: total proteins of cells transformed
into BL21 cells with Prg-Spike plasmid and not stimulated with IPTG; lines 5 and 6: total proteins of wild-
type BL21 cells.

3.5 Transformation pRG-Spike Plasmid into Plasmid of Yeast BY4741

The pRG-Spike plasmid obtained as a result of cloning has the ability to express both
bacteria and yeast. The cell line used for yeast transformation is Saccharomyces cerevisiae
BY4741. This cell line cannot grow when it is not in Met Ura Leu and His medium. The
YNB media we prepared contain Leu, His and Ura. Met is our selective maker. Since there
is a Metl7 promoter in the plasmid, cells that receive the plasmid will grow, but those that
do not, could not reproduce because they could not produce Met. In this way, colony

selection was made.
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The transformation process was done by the Lithium Acetate method. Transformed cells
were first seeded on YNB Ura*, Leu™ and His" agar. It was incubated at 30°C for 12 h.
colonies formed. Then, YNB Ura®, Leu* and His" medium were seeded and incubated at

30°C for 2 h. Cell proliferation was observed.

Prp-Spike BY4741 :
B agar His+ Leu+ Ura+ §

Figure 3.21: BY4741 cells transformed into pRG-Spike plasmid YNB Ura™, Leu* and His*
agar.

Figure 3.22: BY4741 cells transformed into pRG-Spike plasmid YNB Ura®, Leu” and His"
medium.

3.5.1 Isolation of spike protein from transformed yeast BY4741 and its analysis by
SDS-PAGE

Spike protein was isolated from the obtained transformed yeast cell culture based on a
protein extraction from yeast (Kushnirov, 2000) method, adapted for this study. Transformed
yeast cells obtained first were taken from solid YNB His* Ura* Leu™ medium was inoculated
into YNB His™ Ura™ Leu™ 20 ml medium in a 50 ml flask. The culture was incubated at 30°C
for 12 h (Figure 3.20). 50 ml of yeast culture was transferred to the Falcon tube and
centrifuged at 4000 rpm for 5 min and boiled in “1X Leammli buffer” for 5 min (Uk, 1970),
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the total cell protein was electrophoresed using SDS-PAGE gel (Figure 3.23).

Figure 3.23: SDS-PAGE Gel image of Spike protein from transformed yeast cells.
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4. DISCUSSION

The main goal of this work was to recombinantly produce and characterize the SARS-CoV-
2 Spike protein in bacteria and fungi. A recombinant shuttle vector was constructed which
can be expressed in bot bacteria (E. coli BL21 and Saccharomyces cerevisiae BY4741) to
produce the Spike (S) protein of SARS-CoV-2, which is the main target of all vaccines to
date. Producing the S protein at scales in microorganisms such as bacteria and yeast may
have various advantages and applications. Given that bacteria and fungi can easily be
manipulated and grown under low cost conditions, producing the S protein in these
organisms have its advantages. Such production at scales may help to understand the basic
structure, function of this protein and thus design better antiviral drugs, vaccines, and
monoclonal antibodies. Also, the protein can be used in a rapid, cheap, and easy way in
antigen-based test kits and in diagnostic tests such as lateral flow and ELISA, compared to

time consuming, expertise needed and expensive PCR based test.

There have been similar studies using recombinant DNA technology and producing the
Spike gene in bacteria for formulization of vaccines during the early stages of the COVID-
19 pandemic in 2021 (Keech et al., 2020; Polack et al., 2020).

Thus, cloning the SARS-CoV-2 Spike gene in a shuttle vector for expression of the Spike
protein in both bacteria and yeast at scalable level could serve for various applications, such
as for vaccine development, diagnostic tests, studying the structure and function of the
protein, comperative studies on post-translational modifications as yeast, shares some
eukaryotic features with human cells. Also the protein can be used to facilitate drug
screening and testing of potential antiviral compounds. Not only purified protein, but also
both bacterial and yeast systems expressing this protein can be used to screen for inhibitors
to understand the effects of various drugs or chemicals on the Spike protein expression. The
recombinant Spike protein produced can be used as an antigen for serological tests, for
antibody development, and immune response studies. Research on the Spike protein in
different hosts can inform the design variant-specific vaccines to address emerging strains
of SARS-CoV-2. In summary, cloning the SARS-CoV-2 Spike gene into a shuttle vector for
expression in both bacterial and yeast systems opens up various avenues of research and

development for understanding the viral pathogenesis, diagnosis, and medical interventions.
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