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Abstract

The Severe Acute Respiratory Syndrome Corona Virus-2 (SARS-CoV-2) has resulted in the COVID-19 pandemic, 
which is currently wreaking havoc in human societies. To understand how this virus causes disease, the molecular 
biology of the virus needs to be studied in more detail. There is a large body of work on the molecular strategies of 
previous coronaviruses that infected humans, which can be directly applied to SARS-CoV-2. In the current review 
we highlight the novel aspects of the SARS-CoV-2 coronavirus life cycle, and how this and other viruses interact 
with the biochemistry of the host organism. We provide a discussion of different types of viruses as a background to 
understand coronaviruses. Specifically, we compare the life cycles of coronaviruses with that of a model retrovirus, 
the Human Immunodeficiency Virus (HIV). We describe the genomic, transcription and translation control features 
of coronaviruses with a focus on protein structures and activities that can be selected as molecular targets of therapy.
Keywords: SARS-CoV-2, COVID-19, coronavirus, HIV, Baltimore Classification, ORF10

Öz

Severe Acute Respiratory Syndrome Corona Virus-2 (SARS-CoV-2) virüsünün neden olduğu Şiddetli Akut Solunum 
Sendromu ve COVID-19 pandemisi halen sınır tanımadan büyük zararlar vermektedir. Virüsün hastalığa nasıl neden 
olduğunu anlayabilmek için moleküler biyolojisini daha detaylı çalışmak gerekmektedir. Daha önceki koronavirüs 
salgınlarına neden olan farklı virüslerin kullandığı moleküler stratejiler hakkında pek çok bilgi bulunmakta ve bu 
bilgiler doğrudan SARS-CoV-2’yi anlamamıza yardım etmektedir. Bu derlemede SARS-CoV-2 yaşam döngüsüne özel 
mekanizmaları özetleyerek bu ve benzer virüslerin enfekte ettikleri hücrelerdeki biyokimya ile nasıl etkileşime girdiklerini 
açıkladık. Değişik virüslerin kullandıkları mekanizmaları da özetleyerek koronavirüslerin daha iyi anlaşılmasına neden 
olacak bilgileri derledik. Özellikle çok çalışılmış bir retrovirüs model sistemi olan İnsan Bağışıklık Yetmezliği Virüsünün 
(İBYV) yaşam döngüsü ile koronavirüslerinkini karşılaştırmalı olarak analiz ettik. Bu derlemede koronavirüslerin 
genomik, transkripsiyon ve translasyon mekanizmalarını açıkladık ve tedavi hedefi olarak kullanılabilecek protein 
yapıları ve aktivitelerini detaylı bir şekilde irdeledik. 
Anahtar Sözcükler: SARS-CoV-2, COVID-19, koronavirüs, HIV, Baltimore Klasifikasyonu, ORF10
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Introduction

The Severe Acute Respiratory Syndrome Corona Virus-2 (SARS-CoV-2) pandemic has 
rapidly made virology, immunology and epidemiology very popular fields of research. 
There are many excellent reviews on the molecular biology and the cellular interactions 
of coronaviruses.[1–5] The aim of the current review is to highlight some novel aspects of 
the SARS-CoV-2 coronavirus life cycle, and how this and other viruses interact with the 
biochemistry of the host organism. Herein, we provide a special focus on viral molecular 
strategies and structural features of coronaviral proteins, which should serve as a starting 
point for studying SARS-CoV-2.

Baltimore Classification of Enveloped Viruses
Different conventions exist to classify viruses. Historically, shared properties such 
as morphology of the virion, or sequence alignment were used to classify viruses into 
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different taxonomic ranks.[6] Because the viral life cycle 
switches between an inert viral particle and a replicative 
state inside the host cell, a mechanistic, rather than 
a structural classification seems more suitable.[7] The 
Baltimore Classification system[8] does exactly that, sorting 
viruses according to the type of nucleic acid that gets 
packaged into the virion (Figure 1). The two main limiting 
factors for viruses are genome size and physical size of the 
viral particles. These factors limit the number of molecules 
that can be packaged into the virion. Because of these 
limitations, all viruses are obligate parasites that depend on 
the biochemistry of the cells that they infect. Converting 
the viral genotype (nucleic acid) into a phenotype (protein), 
according to the Central Dogma of Molecular Biology, 
requires translation by cellular ribosomes.[9] While some 
ribosomal proteins and tRNAs may be encoded by some 
viruses, the typical virion is too small to pack a functional 
ribosome.[10] Thus, regardless of the type of nucleic acid 
molecule the viral genome is encoded in, it has to be 
converted into a positive strand, “sense” RNA molecule 
(mRNA) that cellular ribosomes translate into protein.

All viruses use different strategies to convert their genetic 
material to RNA, regardless of the type of nucleic acid 
in which their genetic material is stored.[11] In so doing, 

different classes require the activity of either cellular RNA 
polymerases (viral class I and II) or viral RNA dependent 
RNA polymerases (RdRP) (viral class III, IV and V) or 
in the case of retroviruses, a viral Reverse Transcriptase 
(RT) followed by cellular RNA polymerases (viral class 
VI and VII) (Table 1). For packaging new viral particles, 
the original nucleic acid genome has to be copied and 
amplified.[11] The molecular problem that needs to be 
solved here is that positive or negative strand nucleic 
acid genomes cannot be directly copied to generate exact 
replicas. First, they have to be turned into a daughter 
strand template and then converted back to the original 
strand. This is because all polymerases (DNA, RNA, 
RT, RdRP) read their templates in the 3’ to 5’ direction 
and synthesize the new daughter strands in the 5’ to 3’ 
direction.[12] Regardless of the identity of the template, 
the newly synthesized copy polymerizes by forming a new 
phosphodiester bond between the 3’ OH group of the last 
base of the growing strand and the 5’ phosphate group of 
the nucleotide that is added.[9] Because of this limitation, a 
positive strand RNA virus cannot directly copy its genome 
by duplication, it needs to first synthesize a complementary 
template copy of its genome which in turn is used to 
synthesize duplicate genomes. Whereas class IV positive 

Figure 1. The Baltimore Classification of 
Viruses. Nobel Prize Laureate, virologist 
David Baltimore’s classification system 
is commonly used to classify all viruses. 
Because viruses are obligate parasites 
dependent on the cell that they infect, they 
need to convert their genetic material into 
positive strand mRNA that can be read by 
the cellular ribosome (center). Clockwise 
from top left, class I-VII, with their nucleic 
acid genomes shown either as positive 
strands (blue) or negative strand (red) 
that are either single stranded (ss) or 
double stranded (ds). Some well-known 
members of the six classes are listed in 
Table 1. Belonging to the same class 
does not imply sequence or functional 
similarity between viruses (RNA Pol, RNA 
polymerase; DNA Pol, DNA polymerase; 
RdRP, RNA dependent RNA polymerase; 
RT, Reverse transcriptase). 
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strand RNA viral genomes such as that of SARS-CoV-2, 
can be directly accessed by the host ribosomes, all other 
classes have to first convert their genome emanating from 
the virion, into a positive strand RNA molecule that can 
be translated.

Viruses are Small and Obey the Rules of Their Host’s 
Molecular Mechanisms
Viruses are small in genome size and in physical size. Virus 
diameter varies between 20 and 400 nanometers.[11] A 
typical human cell, for comparison, measures on average 
20 micrometers. This simplicity presumably gives viruses 
a speed advantage when replicating their genomes and 
assembling their virions. The challenge for a virus is to 
pack as many proteins as possible into a small virion that 
gives it a replicative advantage immediately after fusion 
into the target cell. But more proteins in a virion means 
larger genomes that encode them and larger virions that 
have to assemble. The size of the SARS-CoV-2 is ~100 
nm, typical for a coronavirus and average when all viruses 
are considered.[13] However, with a genome size of about 
30 kilo bases, Coronaviruses contain the largest RNA 
genomes.[14] A large genome may encode much more 
complex biochemistry but also increases the number of 
mutations that accumulate, clearly a selective advantage 
and disadvantage respectively. While overall viral mutation 
rate depends on the frequency of replication per cell 
division and environmental pressure, the base mutation 
rate depends on the type of enzyme that replicates the viral 
genome. For DNA and RNA viruses, the mutation rate 

is around 10-7 and 10-4 substitutions per nucleotide per 
cell infection respectively.[15] For large genomes such as 
coronaviruses, these mutation rates could be prohibitive 
in sustaining genome integrity. Unlike retroviruses with 
small genome sizes that rely on high mutation rate reverse 
transcriptases, coronaviruses, with larger size genomes, 
use an RNA dependent RNA polymerase (RdRP) that 
has proofreading activity.[11] The SARS-CoV-2 RdRP 
is encoded by the viral non-structural protein Nsp12 
gene and the protein product of the Nsp14 gene is an 
exonuclease responsible for the proofreading mechanism.
[16]

Eukaryotic ribosomes can only translate RNA molecules 
that are 5’capped and can only initiate translation at 
a start codon near the 5’end of the RNA.[9] At first 
sight, positive strand RNA viruses (class IV) have an 
advantage, as immediately after fusion, their genome can 
be translated by ribosomes without the need for further 
amplification or copying. However, eukaryotic ribosomes 
end translation and dissociate from the mRNA when they 
reach a termination codon. This is a problem for this 
class of virus, because without alternative mechanisms of 
translation, regardless of the number of genes encoded 
in the genome, only a single polypeptide encoded at the 
5’end of the viral genome can be directly translated. In 
the case of coronavirus, this is open reading frame one 
(ORF1). But there are other ORFs with their individual 
start codons in the coronavirus genome. How can these 
be translated from the viral RNA if eukaryotic ribosomes 

Table 1. The Baltimore Classification system compares viruses by the type of nucleic acid packaged into the virion structure. 
Different viruses use different strategies and enzymes to convert these genomes into mRNA molecules that can be converted to 
proteins by cellular ribosomes.

Class Viral genome Intermediates Replication enzymes Example species

I Double strand DNA DNA Dependent RNA 
Polymerase

Herpesvirus, Polyomavirus (SV40), Papillomavirus, 
Cytomegalovirus (CMV), Pox viruses (vaccinia) T4, T7 

bacteriophages 

II Single strand DNA Double strand DNA DNA Dependent DNA 
Polymerase

Adeno associated virus (AAV), 
bacteriophage M13

III Double strand RNA RNA Dependent RNA 
Polymerase

Rotavirus

IV Positive strand RNA Negative strand RNA RNA Dependent RNA 
Polymerase

Coronavirus, Hepatitis A/C/E viruses, Poliovirus, Rubella 
virus, Tobacco mosaic virus

V Negative strand RNA RNA Dependent RNA 
Polymerase

Ebola, Marburg, Lyssavirus (Rabies), Morbillivirus 
(Measles), Rubulavirus (Mumps), Influenza virus A/B/C, 

Lymphocytic choriomeningitis (LCMV)

VI Positive strand RNA Negative strand DNA
Double strand DNA

Reverse Transcriptase + DNA 
Dependent RNA Polymerase

Mouse mammary tumor virus (MMTV), Murine leukemia 
virus (MLV), Human immunodeficiency virus (HIV)

VII Double strand DNA Positive strand RNA
Double strand DNA

Reverse Transcriptase + DNA 
Dependent RNA Polymerase

Hepatitis B virus
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cannot assemble onto their internal start codons? Some 
viruses solve this problem by having multiple RNA 
molecules that are packed into the virion that are translated 
by independent ribosomes, others contain internal 
ribosome entry site (IRES) sequences.[20,21] But not all 
viral ORFs have IRES elements in front of them and there 
must be an evolutionary price for containing such a long 
non-coding IRES sequence in the relatively small genome 
of a virus. We discuss how coronaviruses specifcally solve 
this problem in the pursuing sections focusing on the life 
cycle and genomic structure of the SARS-CoV-2.

SARS-CoV-2 is not a New Virus
The early days of the COVID-19 (Coronavirus Disease 
2019) pandemic brought with it many discussions 
about the origin of the SARS-CoV-2 virus.[22] Human 
coronaviruses (HCoVs), can be separated into two 
families, alpha (HCoV-229E, HCoV-NL63), and 
betacoronavirus (HCoV-OC43, HCoV-HKU1, SARS-
CoV and MERS-CoV). These viruses are known to be 
responsible for about 10% of seasonal colds in humans. 
The latter two were responsible for severe acute respiratory 
syndrome epidemics in 2002 (SARS) and 2012 (MERS) 
respectively.[23,24] These human viruses are related to bat 
coronaviruses. The Virus Pathogen Resource[25] lists more 
than 300 species of coronavirus, many of them in bats.[26-

28] More information about SARS-CoV, MERS-CoV and 
SARS-CoV-2 and the diseases they cause are listed in Table 
2. An easily detectable difference between these viruses is 
the insertion of a putative polybasic cleavage site in the 
spike protein that is surrounded by O-linked glycosylation 
sites and mutations in the receptor binding domain 
(RBD) that potentially explain the different infectivity 
of these viruses.[29] This same polybasic insertion may be 
important in the immune responses against the different 
viruses, potentially encoding a superantigenic peptide.[30] 
As superantigens are typically associated with a polyclonal 
T lymphocyte response to HLA type II, how such a viral 
peptide results in this immune activation is not yet clear. 
With a total of 380 nucleotide substitutions,[22] SARS-
CoV, which was responsible for the 2002–2003 outbreak, 

is the most similar human virus to SARS-CoV-2. A unique 
addition to the SARS-CoV-2 is the last ORF in its genome 
all the way at the 3’end, named ORF10 which potentially 
encodes a very short protein of no known function. Our 
analysis of this ORF is detailed in the last section of the 
manuscript.

The Life Cycles of HIV vs Coronavirus
The AIDS pandemic which started in the early 1980’s 
has infected approximately 75 million humans[31] and 
has resulted in a tremendous amount of knowledge 
accumulated on the HIV-1 virus. As of July 2020, the 
current SARS-CoV-2 pandemic has infected more 
than 17 million people in less than one year and also 
resulted in an explosion of research on coronaviruses.[32] 
While the HIV and coronavirus life cycles have drastic 
differences, it is helpful to compare and contrast the 
strategies of these viruses and the therapeutic options 
targeting them (Figure 2). Both HIV-1 and coronavirus 
are enveloped viruses that use lipidic components 
of the host cell to encapsulate the core of the virion. 
As such, both of these viruses are dependent on the 
eukaryotic post-translational modifications necessary 
for membrane budding and transmembrane insertion of 
proteins. The endoplasmic reticulum (ER) and the ER-
Golgi intermediate compartment (ERGIC) is a critical 
organelle for the coronavirus. The name coronavirus 
comes from the presentation of viral particles in electron 
microscopic pictures that was compared to the solar 
corona during an eclipse.[33] This picture is dependent on 
the viral Spike transmembrane protein. Coronaviruses 
are morphologically characterized as large (~85 nm 
diameter), homogeneously spherical virions, containing 
one of the largest known viral genomes encapsulated in a 
lipidic envelope almost twice as thick as normal biological 
membranes.[34] A model coronavirus is the mouse hepatitis 
virus (MHV).[34] The internal layer of the virion membrane 
is filled by the M proteins (Membrane glycoproteins) that 
contact both the internal ribonucleoproteins (RNP) with 
the C-terminus and the external membrane in which they 
are embedded with 3 transmembrane domains.[35] Cryo 

Table 2. Numerical comparison of coronavirus outbreaks in recent years

Corona Virus 
induced disease

Outbreak Confirmed 
cases

Deaths Average mortality rate Source

SARS 2003 8098 774 9.5% Ref. 17

MERS 2012- 2494 858 34.4% Ref. 18

COVID19
30/07/2020

2019- >17 million >670000 3.9% Ref. 19
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electron microscopy reveals that a typical coronavirus 
virion contains between 50–100 Spike proteins.[36] But 
these are not essential for the packing of the virion and 
only a few Spike proteins (~10) are sufficient for efficient 
infection of target cells when the ligand binding domain 
of this Spike binds the Angiotensin-converting enzyme-2 
(ACE-2) target.[34]

The Spike protein is responsible for the attachment of 
the viral particle to target cells that express its ligand, the 
ACE-2 receptor on their surface.[37] A second target cell 
membrane component is Transmembrane protease, serine 
2 (TMPRSS-2), a type II transmembrane protease that 
cleaves and activates the Spike protein.[38] The fact that 

TMPRSS-2 is an androgen controlled protease, previously 
linked to translocations in prostate cancer, could offer an 
explanation for the male bias of COVID-19 disease.[39-41] 

The Spike protein is a type I single-pass transmembrane 
protein with its N-terminus facing outside and its 
C-terminus facing inside of the virion. Like the HIV gp120, 
the Spike forms a trimeric structure whose ectodomain 
is highly glycosylated in the Golgi compartment.[42] This 
glycosylated Spike protein is cleaved in this intracellular 
compartment by Furin like proteases that generate the form 
that can bind to the ACE-2 receptor when it is packaged 
into the membrane of the virion.[43] Which organ systems 
express the ACE-2 and TMPRSS-2 ligands of Spike are 

Figure 2. The Life cycles of lentiviruses compared to coronaviruses: Coronavirus (a). 1) The virion attaches to the ACE-2 receptor (pink 
membrane protein) though its surface Spike protein (blue). The surface of the virion contains other exposed proteins such as Membrane (pink). 
2) Endocytosis and viral membrane fusion results in the release of the positive strand RNA genome into the host cell cytoplasm and ribosomes 
have access to the start codon of ORF1. 3) Translation of ORF1 results in the synthesis of the viral RdRP among other proteins. 4) RdRP synthesizes 
a negative strand template copy of the viral genome and more positive strand genomes in addition to 5) subgenomic transcripts that encode 
Nucleocapsid, Spike, Membrane and Envelope proteins. 6) The translation of viral proteins that have signal sequences or start transfer sequences 
occurs in the rough endoplasmic reticulum. Viral proteins such as nucleocapsid (N) are synthesized in the cytoplasm. 7) Viral transmembrane 
proteins cause membrane bending similar to the formation of autophagosome multivesicular bodies. 8) Mature virions are packed within these 
bodies and 9) exocytosis results in the release of new virions to the extracellular milieu. HIV (b). 1) Binding of HIV to the CD4 positive helper T 
lymphocyte is through the gp120 viral envelope glycoprotein (brown trimer) targets the CD4 protein (pink single pass transmembrane protein) 
and CCRV (not shown). 2) Viral membrane fusion releases the capsid (green crystalline structure) and two copies of the viral genome and two 
molecules of reverse transcriptase enzyme into the cellular cytoplasm. 3) This viral genome is reverse transcribed into first a first strand cDNA 
copy and then into a double stranded DNA molecule, which is imported through the nuclear pore structure in the nucleus and 4) is integrated 
randomly to accessible sites in the human genome. Viral long terminal repeat (LTR) sequences on either end of the integrated viral genome act 
as strong promoters that synthesize 5) an RNA copy of the lentiviral genome which translocates into the cytoplasm using the same pathway 
as cellular mRNAs. The viral genome is translated 6) and is packaged 7) in the cytoplasm and buds 8) from the plasma membrane using the 
exocytosis pathway resulting in 9) the release of new virions. Similar to coronavirus membrane proteins the gp120 viral envelope glycoprotein 
is synthesized in the ER and is transported to the plasma membrane using the exocytic pathway (not shown). Components of the highly active 
anti-retroviral therapy and the lifecycle steps they inhibit are shown in red. 

(a) (b)



78 Turk J Immunol 2020; 8(2):73–88

subjects of intense scrutiny.[44-46] Tissue specific and age 
and gender dependent differences in the expression of 
these ligands are likely causes for the differential intensity 
of disease in different populations.

When the Spike trimer on the virion is cleaved by the 
TMPRSS-2 protease, it undergoes a conformational shift 
that releases an alpha helical fusion peptide that is targeted 
to the host cell membrane.[47,48] This strategy is shared by 
many viruses that result in an ordered series of events that 
culminate in the fusion of the viral membrane with that of 
the host cell.[47] When this happens, for the coronaviruses, 
the positive strand RNA gains access to the cellular 
translation machinery. The cellular encoded Golgi Furin 
proteases and the TMPRSS-2 should not be confused with 
the virally encoded Papain-like Protease (PLP) and 3CL 
Main Protease. PLP and 3CL are cytoplasmic proteases 
encoded by the viral genome ORF1a and are necessary 
for releasing the ten polypeptide chains from the protein 
product of this ORF1a.[49] On the other hand, Furin 
like proteases and TMPRSS-2 are membrane associated 
proteases encoded by the target cellular genome that 
process the viral proteins during virion assembly and cell 
fusion steps of the life cycle.[37]

An immediate early gene that is translated from the positive 
strand coronavirus RNA genome is the Nsp12 encoded 
RNA dependent RNA polymerase (RdRP) which is a 
subcomponent of ORF1.[50] The concurrent translation 
(by the cellular ribosome) and transcription (by the viral 
RdRP) is thought to occur in the ERGIC. The RdRP in 
complex with co-factors NSP7 and NSP8[51-53], is charged 
with first transcribing a complementary negative strand 
copy of the viral genome and then amplifying this negative 
strand copy into many new positive strand copies that end 
up being packaged into new viral particles. The RdRP is 
also responsible for the generation of shorter, subgenomic 
transcription products, which are necessary to solve the 
aforementioned problem of having a multicistronic viral 
RNA that can only be translated by a ribosome seeking a 
single 5’ start codon. The mechanism and significance of 
these subgenomic transcripts are  detailed in the section 
focussing on the genomic structure of SARS-CoV-2. 

The lifecycle of the coronavirus can be broken down 
into nine steps, 1) binding and viral entry by endocytosis 
or membrane fusion, 2) cytoplasmic release of the viral 
genome, 3) translation of viral genes from positive strand 
viral genome, 4) replication of viral genome in the 
cytoplasm by RdRP, 5) synthesis of sub-genomic transcripts 

by recombination and RdRP mediated transcription, 6) 
synthesis and membrane insertion of viral membrane 
proteins (spike, membrane glycoprotein, envelope protein, 
nucleocapsid protein and some non-virion nonstructural 
membrane proteins necessary for replication) on the 
ER, 7) assembly of the nucleocapsid bound viral RNA 
genome into vesicles by membrane folding mediated by 
viral membrane proteins, 8) formation of mature virion 
inside of double membrane vesicles, 9) shedding of virus 
particles by exocytosis. Our current knowledge of this 
viral life cycle does not indicate that the host cell nucleus 
is involved in any way.[54]

The HIV-1 lifecycle follows a similar path with several 
major differences.[55] The target specificity of the HIV-
1 virus is against CD4 positive helper T lymphocytes. 
The HIV-1 envelope glycoprotein, gp120 binds to CD4 
co-receptor which normally functions in T lymphocyte 
receptor signaling and the chemokine receptor CCR5.[56] 
Like the haploid genome coronavirus, the HIV-1 genome 
is diploid, having two copies of a single stranded RNA 
molecule in the virion.[11] Unlike coronavirus however, 
these HIV RNAs are not directly transcribed by cellular 
ribosomes upon entry into the cytoplasm.[57] Instead, two 
molecules of reverse transcriptase (RT) protein, packaged 
into the virion converts the genome first into a single 
stranded DNA and next into double stranded DNA in the 
cytoplasm.[11] The DNA copies translocate to the nucleus 
and with the help of the retroviral integrase protein form 
a pre-integration complex (PIC) that is randomly inserted 
into the human cell genome.[58] Long terminal repeats 
(LTR) on either side of the viral genome function as 
strong promoter/enhancers when the DNA copy of the 
viral genome is inserted into the T lymphocyte genome.
[11] After genomic integration, LTRs usurp the cellular 
transcription machinery to synthesize mRNA copies of 
the genomic contents of the retrovirus. These mRNAs are 
indistinguishable from cellular mRNAs in terms of 5’G 
capping and 3’polyadenylation and are translocated into 
the cytoplasm where cellular ribosomes translate ORFs 
into viral proteins. Assembly of viral membrane proteins 
again occurs in the ER, but virion assembly occurs in 
the cytoplasm and virions are shed by exocytosis, in the 
process picking up lipids from the plasma membrane that 
form the envelope of the virion.

Molecular Targets of Therapy
Soon after the beginning of the HIV-1 pandemic, 
a wonder drug, AZT, a nucleotide analog reverse 
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transcriptase inhibitor exploded into the market.[59] 

Dramatic improvements in AIDS disease were recorded but 
as in other therapies involving long-term drug use, mutant, 
drug resistant viruses evolved.[60] Currently HIV positive 
patients are treated with a triple therapy labelled highly 
active antiretroviral therapy (HAART) that is composed of a 
cocktail of drugs including: 1) a fusion inhibitor (Maraviroc 
or Enfuvirtide), 2) a reverse transcriptase inhibitor 
(Zidovudine-AZT or Nevirapine), 3) genomic integration 
inhibitors (Raltegravir, Elvitegravir or Dolutegravir) and 
optionally 4) a virion assembly inhibitor (Lopinavir or 
Saquinavir).[61] HAART therapy is hugely successful in 
HIV treatment because of the cocktail of compounds it 
contains that target different stages of the viral replication 
cycle (Figure 2b).[61] The current frenzied search for drugs 
targeting SARS-CoV-2 likely will be fully successful only 
when a similar combination therapy that targets multiple 
steps of the coronaviral life cycle is developed.

The logical initial target for vaccines and drugs targeting 
SARS-CoV-2 is the Spike glycoprotein because it acts 
in the first step of the viral infection using its ACE-2 
receptor binding domain.[37] Another therapeutic target 
could be the enzymes directly involved in the initial steps 
of the viral life cycle.[62] PLP (NSP3) and 3CL-Protease 
(NSP5) are responsible for polyprotein processing; RdRP 
(NSP12) is the main virus polymerase whose function is 
absent in human cells.[52] Because human cells also do not 
have reverse transcriptase activity, drugs (AZT) targeting 
the HIV RT enzyme were the initial candidates in that 
pandemic. Remdesivir is a nucleoside analog drug designed 
to inhibit RdRP enzymatic activity.[63] Differently from 
HIV, the SARS-CoV-2 genome encodes for its own Helicase 
(Nsp13), an evolutionary feature that may render such 
a large viral genome possible and another potential drug 
target.[64,65] In addition to Spike, virion structural proteins 
E and N are also known at the molecular structural level.
[37,66-73] These potential targets have been computationally 
screened against the main drug databases.[74] As in the case 
of HAART therapy of HIV, preferred molecular targets of 
small molecule inhibitors will likely be enzymes involved in 
the intracellular life of the virus.

A different therapeutic approach is the treatment of 
symptoms of the infection, in particular the effects of 
the acute immune response to the viral infection. In this 
respect, immunosuppressive therapies such as Anakinra 
targeting the IL-1R signaling pathway and tocilizumab 
and siltuximab targeting the IL-6R signaling pathway 
seem like front runners in the race.[75] While the Spike 

may be the initial candidate for vaccines or neutralizing 
antibodies, other membrane proteins of the virion may 
also be attractive targets. These studies must bear in mind 
that not all the viral proteins are packaged into the virion 
and that immune responses against these proteins may 
damage the infected cells, exacerbating the auto-immune 
destruction that is so evident in the macrophage activation 
syndrome and cytokine storm seen in many patients. An 
extensive catalog of potential peptides encoded by the viral 
genome that can be presented by major histocompatibility 
complex (MHC)/human leukocyte antigen (HLA)-I or 
-II is a good starting point for finding T cell epitopes.[76] 
Another approach may be to nonspecifically activate the 
immune system against alternative antigens, especially for 
health care workers.[77]

The Genomic Structure of SARS-CoV-2
About 70% of the entire coronavirus genome is dedicated 
to non-structural proteins (NSP) that are expressed in the 
infected cell but are not packaged into the virion. These 
are expressed as a single polyprotein and cleaved into their 
mature versions by the activity of two proteases which 
are also encoded by this polyprotein. The specificity of 
the Papain like protease (PLP)-NSP3 and the 3CL main 
protease-NSP5 are different.[78] By sequence conservation, 
the former has three targets in ORF1a, releasing NSP1, 
NSP2 and NSP3 from the polyprotein.[76,77] The second 
protease, the 3CL main protease can release the NSP4, 
NSP5 (encoding itself ), NSP6, NSP7, NSP8 and NSP9 
from the polyprotein and NSP12-15 from ORF1b. The 
last protein encoded by this ORF1b polyprotein is in fact 
the only one that is not cleaved, but instead terminates 
because of the stop codon located in the transcript just past 
the slippery sequence.[81] A list of the genes and proteins 
encoded by the SARS-CoV-2 genome are detailed in 
Table 3.

SARS-CoV-2 belongs to class IV in the Baltimore 
classification.[8] The positive strand coronavirus RNA 
genome, similar to cellular mRNA, is post-transcriptionally 
processed to contain structures that mimic 5’capping and 
3’polyadenylation which allows direct translation of the 
viral genome by the host cell translation machinery. A single 
ribosome engagement event produces two polyproteins 
from the first open reading frame. ORF1a-b contains all 
the genetic material for the 15 non-structural proteins that 
are then post-translationally cleaved by two viral proteases 
(PLP and 3CL-P).[78] The two polyproteins (a-b) are 
separated by a slippery RNA sequence (UUUAAAC) and 
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a pseudoknot structure located between the Nsp10 and 
Nsp12 genes that causes the translating ribosome to pause 
on the RNA and to recover the read after a -1 frameshift.
[81] Viral slippery sequences followed by pseudoknot 
structures are not unique to coronaviruses; they are also 
present in the genomes of retroviruses and the herpes 
simplex virus.[83]

The last gene in SARS-CoV-2 ORF1a is Nsp10 which 
contains the slippery sequence at its 3’end followed by a 
stop codon.[81] Ribosomes that translate all of the ORF1a 
polyprotein pause at this pseudoknot RNA structure 
immediately following this slippery sequence. Paused 
ribosomes take a single step back and frameshift (-1) one 
nucleotide and continue to translate ORF1b, bypassing 
this Nsp10 stop codon only if they frameshift.[84] Thus the 
five proteins encoded by ORF1b are actually translated 
by the same ribosome molecule as the ten proteins in 
ORF1a. Assuming that the viral RNA is translated by a 
polysome, it would be interesting to find out potential 
interactions between different ribosomes translating the 
molecule, and how many stop at Nsp10 and how many 
continue on to translate ORF1b by frameshifting. Why 
such a mechanism is necessary to translate ORF1 is not 
known.[85] As the ribosome will stall at the pseudoknot the 
five polypeptide chains encoded after this sequence will be 

translated less efficiently than the ten preceding it. This 
imbalance may result in a relative over concentration of 
the two proteases encoded by Nsp3 and Nsp5, which are 
located before the frameshift, focusing the lifecycle into 
chopping the polypeptide chains rather than synthesizing 
more copies of the RNA catalyzed by the RdRP encoded 
by Nsp12, which comes after the frameshift. An important 
step of the viral lifecycle may be the function of Nsp1, an 
RNAse encoded by ORF1a, before the frameshift, that is 
responsible for degrading host mRNAs and focusing the 
infection to escape cellular responses at the early stages of 
the infection.[86]

Once the Nsp12 encoded RdRP is expressed from the 
second polyprotein (ORF1b), it takes control of virus 
genome replication. The original positive strand genome 
from the virion acts as the template for the RdRP to 
synthesize a negative complementary strand.[87] The full 
genome is either replicated into a secondary positive 
strand RNA that gets packaged into the next generation 
viruses, or it is replicated into multiple subgenomic 
mRNAs that become substrates for translation of the nine 
ORFs in the 3’ of the genome. This part of the genome 
encodes all the structural and accessory proteins necessary 
for the assembly of the virion.[50] The four main structural 

Table 3. The sizes of the genes and protein encoded by the genomes of beta coronaviruses. For other coronavirus gene structures see 
reference: Tang XC, et al.[82]

 SARS-CoV MERS-CoV SARS-CoV-2

Protein(s) Encoded Start (bp) Stop (bp) aa Start (bp) Stop (bp) aa Start (bp) Stop (bp) aa

ORF1a (NSP1-10) 265 13398 4377 279 13433 4384 266 13468 4400

ORF1b (NSP12-16) 13398 21485 2695 13433 21514 2693 13468 21555 2695

S (Spike) 21492 25259 1255 21456 25517 1353 21563 25384 1273

ORF3a 25268 26092 274 25532 25843 103 25393 26220 275

ORF3b 25689 26153 154       

ORF4a    25852 26181 109    

ORF4b    26093 26833 246    

ORF5    26840 27514 224    

E (Envelope) 26117 26347 76 27590 27838 82 26245 26472 75

M (Membrane) 26398 27063 221 27853 28512 219 26523 27191 222

ORF6 27074 27265 63    27202 27387 61

ORF7a 27273 27641 122    27394 27759 121

ORF7b 27638 27772 44       

ORF8a 27779 27898 39    27894 28259 121

ORF8b 27864 28118 84 28762 29100 112    

N (Nucleocapsid) 28120 29388 422 28566 29807 413 28274 29533 419

ORF10       29558 29674 38
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proteins encoded by the viral genome are spike, envelope, 
membrane and nucleocapsid.

The generation of the subgenomic transcripts is necessary 
for the translation of coronaviral structural proteins.
[50] As mentioned before, eukaryotic ribosomes can only 
translate new proteins if they assemble onto the first start 
codon (AUG) after the 5’ end of the mRNA molecule. 
If this relatively complex mechanism did not exist, and 
all nine ORFs existed in a single mRNA molecule as a 
polycistronic array, only the first ORF encoding the spike 
protein in this region of the genome would be translated 
by a single ribosome assembling on the Spike start codon. 
This is because the ORFs in this region of the genome 
all have individual start and stop codons (Figure 3). 
This is in contrast to the genes encoded by ORF1a and 
ORF1b which only have a single start codon at the 5’ 
end of the Nsp1 gene and a single stop codon at the 3’ 
end of their last genes, Nsp10 for ORF1a and Nsp16 for 
ORF1b. The discontinuous transcription activity of the 
RdRP generating the subgenomic RNA molecules ensures 
that each transcript has one ORF that is translated.[50] 

The subgenomic transcripts are generated by an intra-
molecular recombination event generated by the RdRP 
which jumps from transcription regulatory sequences 
(TRS) in the 5’ leader sequences upstream of each ORF 
in this 3’ region of the genome (TRS-B) to a homologous 
sequence upstream of ORF1 (TRS-L).[88] Thus, there is 
the potential for generating nine different subgenomic 
RNA molecules all of which share the same 5’ end but 
have different sizes and encode different proteins.[89] The 
longest subgenomic RNA molecules encode all of the 
ORFs but effectively only translate the first gene in the 
array, which happens to be the Spike gene. The second 
longest subgenomic RNA molecule has ORF3a in its 5’ 
end and can only translate this gene into protein, even 
though it has the rest of the ORFs in the molecule. As 
such, each of the progressively smaller subgenomic RNA 
molecule translate into protein, only its most 5’ ORF.

Insertion of Eukaryotic Membrane Proteins into the 
ER Membrane
Because enveloped viruses use cellular lipids and pack viral 
proteins with transmembrane domains into lipid vesicles 
that turn into extracellular virion membranes, they have 
to usurp the eukaryotic cell’s membrane protein insertion 
machinery. For all eukaryotic cells, membrane proteins are 
synthesized in the endoplasmic reticulum. Type I single-
pass transmembrane proteins have their N-termini facing 

the extracellular space and their C-termini facing the 
cytoplasm. Conversely, type II single-pass transmembrane 
proteins have their C-termini facing the extracellular 
space and their N-termini facing the cytoplasm.[90] 

Transmembrane domains can be identified as stretches 
of 10–15 amino acids with hydrophobic properties and 
a propensity to form alpha helical structures.[91] Typically 
type I proteins contain an additional hydrophobic region 
in their N-terminus which serves as a leader or signal 
peptide. During the synthesis of the nascent protein, this 
N-terminal signal peptide is the first thing that comes 
out of the ribosome and is bound by a cytoplasmic 
signal recognition particle (SRP), that targets the nascent 
protein-ribosome complex to the transport channels in 
the rough endoplasmic reticulum (RER). The nascent 
peptide is transferred into this translocon channel and 
the growing peptide is pumped into the RER. An ER 
luminal signal peptidase enzyme recognizes the signal 
peptide and cleaves it from the growing polypeptide. 
This cleavage results in the amino terminal residue of the 
mature protein being not the methionine encoded by the 
ATG start codon of the cDNA encoding it. The synthesis 
of type I transmembrane proteins continues, when the 
transmembrane domain is synthesized, it is transferred 
from the channel into the ER membrane, anchoring the 
protein and serving as a stop transfer sequence.[90]

The SARS-CoV-2 Spike protein is a type I protein with a 
signal sequence and a C-terminal transmembrane domain. 
The ORF7a protein belongs to the same class (type I), 
with its N-terminal 14 amino acids encoding a signal 
sequence and a transmembrane domain in its C-terminus 
followed by a positively charged, lysine and arginine rich 
ER retrieval sequence. As such, these proteins are both 
synthesized in the RER, but their final destination may 
differ because of their sorting signals. While ORF7a has 
an ER retrieval motif, structural similarity to intercellular 
adhesion molecule 1 and 2 (ICAM-1 and ICAM-2) 
indicates that this protein may also have a role in binding 
to Leukocyte Function Associated Molecule 1 alpha (LFA-
1), suggesting a cell surface function.[92]

Type II membrane proteins also begin translation in 
the cytoplasm, but they do not have N-terminal signal 
peptides. Rather, they are synthesized until their first 
hydrophobic transmembrane domain associates with 
the SRP. This nascent protein-SRP complex is recruited 
to the cytoplasmic face of the ER, through associations 
between the SRP and SRP receptor. The nascent protein 
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is transferred into the assembled translocon channel and 
synthesis ensues, keeping the N-terminus of the protein 
in the cytoplasm and pumping the C-terminus into 
the ER lumen. Multipass proteins that have more than 
one transmembrane domain, follow a similar synthetic 
pathway to type II proteins. The first hydrophobic 
transmembrane domain coming out of the ribosome 
serves as a signal anchor sequence, associating with the 
SRP and mediating ER recruitment through the SRP 
receptor. The second hydrophobic transmembrane 
domain serves as a stop transfer sequence which 
allows transfer and insertion of both domains into 
the hydrophobic membrane from the lumen of the 

channel. Synthesis ensues, and if there are alternative 
transmembrane regions, they progressively serve as signal 
anchor and stop transfer sequences, keeping the N- and 
C-terminus of the protein in the cytoplasm.[90]

Membrane and Secreted Proteins Encoded by the 
Coronavirus Genome

Hydropathy analysis indicates that the coronavirus 
viral genome encodes eight proteins with predicted 
transmembrane domains. These are NSP3, NSP4, NSP6, 
Spike, ORF3a, Envelope, Membrane, and ORF7a (Figure 
3). All of these proteins are synthesized on the cytoplasmic 
face of the RER and inserted into the RER membrane. 

Figure 3. The genome structure of the SARS-CoV-2 coronavirus. The genome is a 29903 nucleotide long positive strand RNA. On either end 
of this RNA molecule, are the 5’UTR and 3’UTR, which do not code for protein but make structures necessary for translation initiation and 
polyadenylation. The genome encodes 15 nonstructural proteins from a single ORF at the 5’ half and contains 9 ORFs at the 3’ end. ORF1a is 
13203 nucleotides long and encodes a polyprotein that gets cleaved by at least two viral proteases. In between the ORF1a and ORF1b genes, 
is a structural pseudoknot structure and slippery sequence that causes a single base pair frameshift. The 3’ end of the genome undergoes a 
process of subgenomic transcription that is a product of recombination between the 5’ UTR that behaves as a 5’ G cap and the short intergenic 
sequences between the 3’ genes that is homologous to the 5’ leader sequence. The homologous sequences between selected ORFs at the 3’ of 
the genome and the 5’ leader sequence are indicated by small black arrowheads. For each region of homology, the conserved sequences of the 
SARS-CoV-1 (S), MERS-CoV (M) and SARS-CoV-2 (S2) are indicated. Each ORF of the genome is indicated by a green arrowhead start codon and a 
red STOP sign termination codon. The proteins encoded by the ORFs are shown above and below the genomic structure. For the non-structural 
proteins generated from ORF1a and ORF1b, the peptide sequence at the junction is shown and the protease cleavage site is indicated by an 
asterisk. The transmembrane domains of the relevant proteins are indicated by different numbers of red lines. The predicted structure of the 
SARS-CoV-2 slippery sequence, attenuator hairpin, pseudoknot structure and the shifted reading frames of ORF1a and ORF1b are shown below 
their junction (DMV, double membrane vesicles; OMTASE, O-methyl transferase; ORF, open reading frame).[93]
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Spike and ORF7a are type I proteins whose N-terminal 
signal sequences are presumably cleaved off and have their 
N-termini facing the inside of the ER and their C-termini 
exposed to the cytoplasm. The Envelope protein is a 
type II protein with a single transmembrane domain 
and an ER lumenal C-terminal domain. NSP3, NSP4, 
NSP6, ORF3a, and Membrane protein have multiple 
transmembrane domains.[94-96]

The ER derived double membrane vesicles (DMV) 
observed in cells infected by various members of the 
coronavirus family are thought to be induced by the 
nonstructural proteins NSP3, NSP4 and NSP6.[96,97] 

Electron micrographic pictures indicate that these 
multivesicular structures are the site of viral transcription 
and replication could be functionally analogous to MIIC 
compartments where MHC II molecules exchange 
invariant chain peptides with antigenic peptides.[35,98,99] 

NSP3 is a pleiotropic protein. Its N-terminus encodes the 
papain like protease (PLP) which is cleaved and remains in 
the cytoplasm to cleave the different proteins encoded by 
the ORF1a polyprotein. The cytoplasmic facing protease 
domain contains an YTGNY motif, previously associated 
with superantigen activity in other viruses.[100,101] Crystal 
structures of this motif indicate it to be solvent exposed 
(PDB entries: 6W9C and 6YVA). The C-terminus of 
NSP3 has three transmembrane domains and interacts 
with NSP4 and NSP6 to induce folding of the membranes 
of the ERGIC vesicles, analogous to the formation of 
autophagosome vesicles.[97] Both NSP3 and NSP4 have 
short luminal loops between two transmembrane domains 
containing residues likely involved in glycosylation and 
disulfide bond formation.

The Spike protein of the SARS-CoV-2 virus is the focus 
of numerous studies, as its critical function in viral 
membrane fusion is obviously a targetable step in viral 
infection. However, one must also consider the other 
lives of this protein after the viral RNA is injected into 
the cytoplasm of infected cells, in the form of a nascent 
protein being translated in the rough endoplasmic 
reticulum of the infected cell. The SARS-CoV-2 Spike 
protein is a type I transmembrane protein with a leader 
peptide encoded by the N-terminal 22 amino acids and 
a single transmembrane domain encoded by residues 
1223–1245 and a short cytoplasmic tail. Structural 
studies indicate that this protein trimerizes in the ER 
after synthesis.[42]

The Curious Case of SARS-CoV-2 ORF10

Evolutionary analyses with available sequences of bat, 
pangolin and human coronaviruses show that the genome 
of SARS-CoV-2 has an additional ORF at the genomic 
3’ end; ORF10.[102] While SARS-CoV lineages have an 
early stop codon in the reading frame of ORF10, SARS-
CoV-2 lineages have a longer ORF10. The presence of 
potentially protein-coding ORF10 in SARS-CoV-2 is 
one of its major genomic differences from SARS-CoV. 
Although it is still unknown whether ORF10 encodes 
a protein, its sequence is predicted to encode putative 
protein-like structures. Sequence homology searches using 
Blast pairwise alignment or PFAM domain matching 
using HMMer did not reveal any conservation.[103] A 
more sensitive method of profile-profile comparison 
using CDvist with the hhsearch option revealed a single 
domain (YvrJ) that partially matched the putative ORF10 
polypeptide sequence, but the statistical significance 
of this finding is questionable.[104,105] Transmembrane 
domain prediction failed for the TMHMM algorithm 
but predicted a primary transmembrane domain in the 
SOSUI algorithm.[106] While transcriptomic studies show 
no evidence of subgenomic RNA expression from this 
ORF, its novelty and specificity to SARS CoV-2 warrants 
further study.[89,107,108] In support of a possible gene 
product, ribosome mapping (Ribo-seq) analysis revealed 
a non-negligible translation level of ORF10 based on 
ribosome footprint densities.[109]

Molecular evolution analysis revealed that the putative 
ORF10 protein is under positive selection based on the 
high nonsynonymous over synonymous substitution rate 
while there was no selection on the truncated ORF10.[102] 

Thus, positive selection on ORF10 in the SARS-CoV-2 
lineage, but not in the SARS-CoV lineage, suggests a 
potentially functional protein. Another computational 
analysis suggested that the ORF10 of SARS-CoV-2 evolved 
because of the mutation of a stop codon at nucleotide 76 
and the addition of a new 15 nucleotide long motif in 
the genomic 3’ end.[110] Comparative genomic analysis of 
closely related coronavirus genomes showed that ORF10 
might perform an important function because it has 
nucleotide-level conservation which extends beyond both 
sides of the putative ORF.[111]

If expressed, this 38-amino acid putative protein could 
contain an N-terminal hydrophobic region possibly 
encoding a signal peptide. If indeed this signal sequence 
is cleaved, the remaining 15 amino acid long C-terminal 
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peptide encoded by this ORF could be secreted into the 
ER lumen of infected cells and indeed could be secreted 
outside of the infected cell. Curiously the peptide binding 
groove of MHC-II optimally fits 15 amino acids and 
whether this peptide is somehow loaded onto the MHC-
II is an open question. An MHC II associated CD4 
epitope (MGYINVFAFPFTIYS) from ORF10 protein 
was predicted using the Tepitool resource in the immune 
epitope database (IEDB).[76] Which parts of SARS-
CoV-2 sequence is recognized by the human immune 
system is not entirely known, but these predictions point 
to a possible immune-modulating function for ORF10. 
Furthermore, to predict possible CD8 T cell epitopes, a 
set of the 12 most prominent HLA class I alleles which 
cover the general population were used to predict binding 
of SARS-CoV-2 encoded peptides to HLA class I.[76] The 
IEDB net MHC pan 4.0 EL algorithm was used and 
for each HLA I allele, the top 1% scoring peptides were 
selected. In this analysis, ORF10 had three putative CD8 
T cell epitopes that could be presented by HLA class I. 
Whether these epitopes are actually expressed on infected 
cells is not yet clear.

To experimentally identify CD4+ and CD8+ T cell targets 
encoded by the ORFs of SARS-CoV-2, sets of overlapping 
peptides spanning the entire sequence of SARS-CoV-2 
were synthesized, and pools of antigenic peptides were 
tested for lymphocyte reactivity. In this experiment, 
even though ORF10 had 6 peptides in the pool, none 
were recognized by CD4 T cells of COVID-19 patients.
[112] Also arguing against the presence of a polypeptide 
encoded by ORF10, two very recent studies tested the 
antibody responses from COVID-19 patients against 
SARS-COV-2 proteins by proteome microarray and the 
luciferase immunoprecipitation system. These studies 
could not detect significant antibody levels against the 
ORF10 protein, while antibodies against many other 
SARS-COV-2 encoded proteins were readily present in 
convalescent sera.[113,114]

Many viruses have evasion strategies targeting the major 
histocompatibility complex I or II, often by degradation 
through targeted ubiquitination.[115] ORF10 could be one 
such strategy for SARS-CoV-2. Experimentally expressed 
ORF10 protein was shown to interact with the CUL2 
ligase complex and suggest to hijack it to ubiquitinate and 
degrade restriction factors for replication and pathogenesis.
[116] Other possible outcomes for ORF10 are that it may 
not be cleaved and remain as a membrane protein with 
putative functions either in the ER, ERGIC, Golgi or the 

plasma membrane. If so, the topology of this protein in 
the membrane is not immediately evident by sequence 
analysis. If the C-terminal extension of the protein is 
extended into extracellular space, it may easily be used as a 
biomarker for identifying infected cells if an antibody can 
be generated against this region.

Conclusion

SARS-CoV-2, is responsible for the ongoing COVID-19 
pandemic. In modern history, relatively few diseases 
diffused fast and geographically widely enough to earn the 
title of a pandemic. However, it seems very likely that new 
diseases will emerge and spread worldwide among humans 
again in the future. Recent viral epidemics often involve a 
cross-species jump from other animals. Bats are the largest 
animal reservoir for Coronaviruses.[117,118] With advancing 
environmental change and increasing rates of human 
mobility, the ecosystems in which viruses live in equilibrium 
with host species can more easily be disrupted and cross-
species jumps will likely become more frequent. The current 
pandemic demonstrated that the level of preparedness was 
insufficient. Yet, at the same time, governments, scientists 
and healthcare professionals could join forces to ensure 
immediate data availability. Most of our knowledge about 
SARS-CoV-2, is modelled on the numerous studies already 
available on the previous SARS-CoV and MERS-CoV 
outbreaks (Table 2). Rapid publication of the structural 
and molecular details of SARS-CoV-2 proteins allowed 
screening of drug databases for drug repurposing.[116,119,120] 
Understanding the molecular and cellular biology of 
coronaviruses will increase the speed at which therapies can 
be generated against COVID-19 and other viral diseases. 
It took many years and a global effort to generate HAART 
therapy against HIV-1 infections. Another global effort to 
engineer COVID-19 therapies will surely benefit from the 
faster dissemination of information. An understanding of 
basic virus molecular biology is fundamental to the design 
of new therapies, and to be prepared against the next 
pandemic.
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