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I.

Proposal Overview
Oligonucleotide aptamers synthesized through SELEX (Systemic Evolution of Ligands
Through Exponential Enrichment) are more efficient, sensitive, selective, and cheaper than the
standardly utilized antibodies. The well-established antibody industry surpasses the potential of
aptamers, even though aptamers outweigh antibodies in almost every aspect of biological activity
and production. Proposed is a therapeutic method based on single-stranded DNA aptamers
targeted against the specific sequence (the RBD motif) of Spike protein responsible for SARSCoV2 entry into human epithelial cells. Solubilized and packed in extremely cheap, pressurized
metered-dosed inhalers (pMDI), the selectively chosen aptamer(s) can be quickly and effectively
inhaled in the upper respiratory tree in the form of aerosolized particles covering the epithelial
surface and blocking the SARS-CoV2 entry into the cells, thus inhibiting its replication. Due to
lack of toxicity, high reproducibility, and cost-effectiveness, the designed drug (BABU-ONE™)
can be safely used by every person worldwide for almost no cost. BABU-ONE™ works also as a
prophylactic drug, protecting an individual from COVID-19, hence securing the safety of people
finding themselves in the greatest danger (medical staff, volunteers, essential employees, elders).
This is the first proposed treatment method based on solubilized aptamers and first of a kind
suggested to be used in the fight against COVID-19.

II.

Background and Significance
COVID-19 Global Pandemic.
A novel coronavirus, named by the WHO as “2019-nCoV” but also known as SARSCoV2, is responsible for the new acute respiratory distress syndrome (ARDS) that originated
from Wuhan (Hubei Province) in China on December 12th, 2019 [1]. The disease was designated
as COVID-19. On March 11, the WHO officially acknowledged that COVID-19 had become a
pandemic. On March 18, there were 191,127 confirmed cases of COVID-19 and 7807 deaths in
more than 190 different countries and territories. As of April 3, there are 1,081,952 confirmed
coronavirus cases and 58,149 deaths in 207 countries and territories. The situation worsens every
day with no promise of transmission deceleration and with no effective treatment.
Prevailing symptoms are fever (over 100 ºF), cough, and breathing difficulties [2, 3], but
myalgia, nasal congestion, GI symptoms, anosmia, and dysgeusia are also reported [4, 5]. The
incubation period for COVID-19 is approx. 5 – 6 days, with a range of 1 to 14 days [6, 7], and
with the reproductive number R0 of 3.25 to 3.4, which is extremely high when compared to SARS
[8]. The definite clinical diagnosis must be confirmed by RT-PCR testing of respiratory tract
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samples [9]. Even though the main route of transmission is human-to-human through respiratory
and extrarespiratory secretions [10], the virus shedding can also be detected by testing anal
swabs, blood, and serum samples [11, 12]. The SARS-CoV2 nucleic acid shedding pattern
resembles that of patients infected with Influenza rather than with SARS-CoV, and it is suggested
that the asymptomatic transmission is possible and that individuals infected with SARS-CoV2
can be contagious before the onset of first symptoms [13-15].
Current therapeutic methods can be divided into four main groups. In Group I,
combinations of oral and IV anti-viral drugs serve as a supplemental treatment approach with
little to no therapeutic effects [16-18]. Group II represents antibiotics and general antimicrobial
drugs that show some therapeutic efficacy against SARS-CoV2 [19-21]. Potential drugs of
Groups III and IV are currently under development; Group III represents novel therapeutic
molecules targeting either the antigenic proteins on the surface of SARS-CoV2, the virus
replication machinery enzymes, or the human ACE2 (angiotensin-converting enzyme 2) receptor
which are directly involved in virus entry into the ciliated epithelial (mainly bronchial) cells and
type II pneumocytes [22-25]. Group IV pertains to putative vaccines that still await their
development and clinical trials [26]. In sum, no clinically relevant therapeutic approach has been
developed that could stop the disease spreading and save the infected patients’ lives.

Insights Into the SARS-CoV2 Morphology and Genomic Data.
SARS-CoV2 is a single-stranded, positive-RNA betacoronavirus belonging to the family
Coronaviridae which encompass two other highly infectious coronavirus strains, SARS-CoV and
MERS-CoV, responsible for acute viral pneumonia outbreaks in 2002 and 2012, respectively [27,
28]. Based on genomic and comparative analysis of all the three coronaviruses, the similarity
identity between SARS-CoV2 and SARS-CoV is 79%, and only 50% when compared to MERSCoV [29]. There is growing evidence that all three originate from bats as the primary reservoirs
[29, 30, 31]; for SARS and MERS, civet cats and camels were the amplifier hosts, respectively,
and SARS-CoV2 has also been transmitted from bats to potential secondary hosts until it
generated the human-only transmission [29, 32].
The RNA genome of SARS-CoV2 is made of approx. 29,674 nucleotides, with 10 coding
sequences (CDS) and 14 open reading frames (ORFs) encoding 27 proteins: 15 non-structural
proteins (nsps), 8 accessory proteins, and 4 main structural proteins: Spike (S), Matrix (M),
Envelope (E), and N protein [29, 32, 33]. It is the S glycoprotein that binds the human ACE2
receptor and enables the enveloped virus to fuse with the plasma membrane and enter the cell
[34]. Homotrimeric Spike protein consists of two subunits: S1 and S2. S1 allows SARS-CoV2
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bind to ACE2, especially through its receptor-binding domain (RBD), whose mutations have been
shown to be responsible for the virus superinfectivity and high transmission [32-34]. S2 subunit
mediates the membrane fusion process [34, 35]. The interaction between Spike and ACE2 is a
critical step in the replication cycle of SARS-CoV2. For detailed genomic and morphological
information of SARS-CoV2, see Supplementary Material.

SELEX and High-Affinity Oligonucleotide Aptamers
Aptamers are short, highly structured, single-stranded oligonucleotides; they bind to a
target molecule with a limited number of specific attachment sites, which defines their high
selectivity used commonly in many biomolecular techniques and therapies [36, 37]. SELEX
(Systemic Evolution of Ligands Through Exponential Enrichment) is an effective and verified
method of isolating the high-affinity aptamers, which can remain unmodified or conjugated to
miscellaneous chemical compounds as well as they can be chemically changed to bind to various
biological molecules [38, 39]. The first FDA-approved pharmaceutical aptamer is Macugen
(pegaptanib sodium, Roche), which in 2004 was admitted for treatment of Age-Related Macular
Degeneration (AMD) [40]. Modern clinical therapy notes an enormous promise in these small
and effective oligonucleotides.
Aptamers have also found their pharmaceutical niche as anti-viral drugs. Examples range
from HIV-1 [41], to HCV [42], to Ebola [43], and to Influenza with aptamers targeted against
NTPase [44], full HA1 protein [45, 48], glycosylated HA1 [46], and truncated (recombinant) HA
protein [47]. The first two parameters of the Influenza virus infectivity inhibition is inhibition of
hemagglutination (of chicken red blood cells) and rescuing in vitro cell cultures from a
detrimental viral load (decreasing cell mortality). What must be noted as paramount, the A22
aptamer from [47] showed an imminent prevention action against the used A/Port Chalmers/1/73
virus even after 30 min exposure of the MDCK cells to the virus. The [47] paper is exceptional in
one more sense: the researchers tested the effectiveness of their aptamer (A22) in vivo, by
inoculating the Influenza virus in mice; the viral load was 1.2 log lower than in the infected
control group by treating the mice intranasally with 50 μL of 2.5 nmol/mL of the aptamer. The
mice treated with the aptamer before being introduced to the virus showed over a hundredfold (2.4 log) reduction in their viral titer. This showcases a putative prophylactic effect of
aptamers for viral diseases.
It is the cited Influenza papers that I have used as my guidelines in developing the
following treatment/prophylactic proposal.

Steve Liebich, Founder & CEO at Babu™ 5
COVID-19 POTENTIAL TREATMENT/PROPHYLAXIS METHOD

III.

Objectives.
Goal:
My goal is to develop a set of single-stranded oligonucleotide DNA aptamers with

high binding affinity for the RBD motif (of SARS-CoV2) to human ACE2 receptors
which will disrupt SARS-CoV2 entry into human lung epithelial cells (and other ciliated
epithelial cells of the upper and lower respiratory tract). This potential COVID-19 drug
will slow the infection process (no viral replication) and help the host immune system
respond against SARS-CoV2. The highly selective aptamers, designed through the
SELEX method, will be deposited as aerosolized drug in the oropharyngeal region and
upper airways, which also can serve as a protective and prophylactic drug device best
used in the individuals who have not been exposed to SARS-CoV2 yet or are going to the
areas with high infection rate.

Specific objectives:
1. Objective 1: Expression and purification of the recombinant SARS-CoV2 Spike glycoprotein.
As presented above and described more in detail in the Supplementary Materials section,
a specific target for the aptamer must be chosen in order for the binding to occur. Different sizes
of targeted proteins have been used from a few amino acids to complete long-chain polypeptides.
However, it must be ascertained that the binding specificity between the produced aptamer
through the proposed method and Spike protein is as selective and strong as possible. Therefore,
it must be the RBD motif (437  508 amino acids) that will be expressed in an expression
plasmid in E. coli. There is no glycosylated residue between 437 and 508 (accessed from [49]),
which will facilitate the PCR amplification and sequence cloning steps. The recombinant target
protein (truncated Spike S1 subdomain) must be multihistidine (6x)-tagged.

2. Objective 2: In vitro selection of ssDNA aptamers with high binding affinity for the
recombinant SARS-CoV2 Spike glycoprotein.
a. Objective 2.1.: Selection and synthesis of the pool of ssDNA oligonucleotides with a 40nt randomized region flanked by two well-defined regions.
Since we must be certain that we have selected the most effective aptamers in terms of
their binding affinity, a large pool of randomly synthesized DNA oligonucleotides must be
prepared. According to [44-46, 48], a 40-nt randomized sequence (which will serve the role of the
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aptamer core binding element) must be flanked by two short (~15 to 20 nucleotides) sequences
with the restriction sites, which are also present in the plasmid, used to further clone the obtained
well-functioning aptamer (I suggest the pGEMT plasmid). Proper primers must be chosen for the
amplification step performed at the end of each SELEX cycle; the primers must bind the flanking
regions.

b. Objective 2.2.: SELEX procedure, measurement of affinity of aptamers, cloning and
sequencing of specific ssDNA aptamers.
Each laboratory chooses its own standard procedure for SELEX, selecting proper
incubation time and conditions, immobilization techniques, binding and elution buffers, and
preservation methods. Below (Methodology), I go step by step through each methodology chosen
for all objectives and the recommend desired conditions and buffers for each step. However, the
ultimate decision on how the SELEX part should be executed I leave to the designated research
group. Based on an extensive literature search and available data, I recommend using ssDNA
aptamers due to their potentially lesser toxicity and smaller doses needed to be applied to the
cellular cultures in vitro and to the infected individuals in vivo. Moreover, it is more timeeffective to use ssDNA rather than ssRNA oligonucleotides which must be first transcribed to
DNA for the cloning purposes.

3. Objective 3: Testing the selected aptamers in an engineered VeroE6/TMPRSS2 cell line
infected with an “L” strain of SARS-CoV2.
Papers [45-48] use MDKC (Madin-Darby canine kidney) cell lines as the standard cell
culture for Influenza incubation and aptamers therapeutic action, but I recommend using the
VeroE6/TMPRSS2 engineered cell line which has been shown to be largely susceptible to SARSCoV2 infection and available from the Japanese Collection of Research Bioresources (JCRB)
Cell Bank in Japan [50, 51].
The “L” strains have been shown to have a higher transmission and a major mutations
rate which make them the most dangerous and rapidly evolving strains of SARS-CoV2 [57]. If
we want to find a potential aptamer effective in the most endangered and infected areas, we must
target it against these strains, the “L” strains, that are the main cause of the severity of present
COVID-19 situation.
Note: It has been shown that SARS-CoV2 uses co-receptors on the human cells,
including TMPRSS2, a transmembrane serine protease [25, 52]. It has also been shown that type
II pneumocytes, enterocytes in the terminal ileum, and nasal goblet secretory cells are the human
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cells that co-express both ACE2 and TMPRSS2 [53]. The demographic TMPRSS2 expression
among different population groups vary, and it has been noted that the severity of infection of
COVID-19 is associated with lesser expression or complete loss of TMPRSS2 [54, 55]. These
findings could explain why specific demographic regions in the world suffer worse from COVID19 and experience greater virus transmission. Recent research has focused on finding potent
existing and novel antibodies and biologically active molecules targeting TMRPSS2 [56].

4. Objective 4: Formulation of a pressurized metered-dose inhaler (pMDI) for the solubilized and
stabilized form of the drug
SARS-CoV2 is transmitted through droplets, human to human, and its presence in the
blood is dubious and usually correlated with systemic disease [58, 59]. Therefore, the cloned,
sequenced, and amplified aptamer ready to be used against SARS-CoV2 must not be delivered
through muscle injection or IV, but as aerosolized particles inhaled in the upper respiratory tree
(oropharyngeal, tracheobronchial). pMDIs are used in COPD and asthma with a precise aerosol
amount and their mass makes them perfect carry-on medical devices which can be used by any
trained or non-trained individual.

IV.

Proposed approach

Objective 1


Suggested Design.
An “L” nCoV-19 strain prepared from embryonated chicken eggs. RT-PCR primers must
be corresponding to the RBD motif region (319 – 541) after RNA extraction in order to
synthesize the cDNA transcripts of the region of interest. Amplification of the cDNA should be
done under standard protocol. The suggested plasmid for six-multihistidine tag is pQE80-L or
pQE30 expressed in many commercially available E, coli strains. I suggest using the Ni-NTA
resin columns (5 – 10 mg fusion protein/mL capacity) for affinity chromatography [45-47];
elution with imidazol and dialyzed against binding buffer (50 mM Tris-HCl, pH 7.4, 5 mM KCl,
100 mM NaCl, 1 mM MgCl2). Lyophilize or use it immediately in the next step.



Expected results.
At the end of this procedure, we should have the (6x)His-tagged Spike S1 RBD
subdomain cloned, expressed, and purified.



Further suggestions.
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A different cell culture can be chosen, such as COS, Huh-7, or L20. Another plasmid can
be used for the protein expression. Binding buffer may be changed; for example, addition of
dithioreitol (DTT) and 1% (w/v) BSA.

Objectives 2.1 & 2.2


Suggested Design.
There are a number of miscellaneous SELEX procedures that can be utilized in this
protocol, with every researcher having their individual preferences. Presented below is only an
outline for this objective. Details can be found in [44-48, 60-65]; for exhaustive review of
SELEX, I refer to [63-65].

a. Selection of randomized oligonucleotide sequences:
Choose a chemically synthesized DNA oligonucleotide library first. I recommend using a
big library pool of DNA, approx. 1015 randomized oligonucleotides. The randomized region must
be 40-nt long. According to Objective 2.2, presented is an exemplary construct of the randomized
ssDNA aptamer with its flanking regions and selected primers designed for this sequence (in
silico).

Random DNA oligonucleotides can be synthesized in lab [66] or accessed through
commercially available platforms (Agilent, Arbor Biosciences, ChemGenes Corp.). This is one
of the critical steps in SELEX, make sure you have a large, well-synthesized DNA aptamers
library with the flanking regions constructs. A control sequence must be synthesized (presented in
the figure above). The reverse primer is biotinylated, so that future aptamers will be biotinylated
as well so that during ssDNA creation (see below), the two strands of dsDNA can be separated.

b.

Partitioning of bound from non-bound aptamers:
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Usually, ssDNA oligonucleotides are denatured at 80ºC for 10 min and cooled on ice for
another 10 min. 2-6 μg of the purified recombinant S1 RBD subdomain protein is mixed in an
Eppendorf tube with ~ 20 nmoles of the ssDNA oligonucleotides, 100 – 500 μL Ni-NTA
Superflow, and with 200 – 500 μL binding buffer; the mixture should be incubated for around 30
min in 37ºC with occasional shaking. Radioactive markers can be used to assess the quantity of
the bound and unbound aptamers. Negative selection is favored by some, where the Ni-NTA
Superflow is mixed an initial ssDNA pool for ~30 min in order to eliminate sequences for
immobilization matrix components (the proposed control sequence in the figure above). Apart
from centrifuging the eluted target-bound aptamers, denaturing methods like EDTA addition or
heat treatment can be used to separate the aptamer-target complexes. It is debatable whether to
use a high or low nucleic acid:protein ratio, however, I recommend to use the high ratio in order
to increase the number of high-affinity aptamers. More stringent conditions (buffers, mixing time,
separation methods, temp.) are usually used during the first 3-4 cycles, after which this stringency
gradually decreases.

c. Amplification of the initial oligonucleotide aptamers.
Because the initial ssDNA pool is usually poor, 20-25 rounds of PCR amplification is
required. Additional chemical groups can be added during this process.

d. Turning dsDNA into ssDNA:
Different methods can be used, but I prefer to use the simple, cheap, and quick method of
streptavidin-coated paramagnetic beads which capture the biotinylated amplified dsDNA, which
are further subjected to chemical or thermal denaturation, and the non-biotinylated DNA strands
are eluted.

e. Repeating the cycles:
Steps a  c are repeated until the high-affinity binding ssDNA aptamers are generated.
This usually takes 11-20 cycles, depending on the size of a target molecule and used conditions.
In this protocol, I assume to obtain the right aptamers after ~15 cycles.

f.

Measurement of affinity of the aptamers:
ELISA (Enzyme-linked Immunosorbent Assay) can be used to evaluate the binding

affinity of the obtained aptamers (reverse screen assay) with monoclonal antibodies (mAb)
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designed against the multihistidine tag [62]. A steady increase in the optical density (OD),
indicates the ssDNA oligonucleotides binding affinity efficacy.

g. Cloning and characterization:
The selected aptamer(s) must be cloned into the pGEM-T vector; I used [67] to create the
proposed aptamer flanking regions. Because aptamers very often are characterized by AG-rich
regions and stem-loop structures, programs such as MFOLD can be used to predict the minimum
free energy of the chosen aptamer(s) [68], so that “the best” aptamer can be used for the cloning
step. The chosen aptamer is sequenced and expressed using a different vector, and after RNA
extraction and cDNA generation, it can be amplified for an indefinite time.


Expected results.
At the end of steps a  f, aptamer(s) with the highest binding affinity should be
produced. Step “g” helps select the most optimal ssDNA molecules and offers an infinite
production line for as many patients as needed.



Further suggestions.
Flanking regions of the randomized ssDNA sequences, chemical modification of primers,
separation method of the bound vs unbound ssDNA particles, conditions and buffers used,
number of cycles, amount of the recombinant purified protein used – these can be modified to any
laboratories expectations and protocols.
SELEX aptamer generation can be done by a commercial vendor (Illumina, for instance)
or can be (half)-automated [69, 70]. However, it must be noticed that it is always better to
perform SELEX in your own laboratory setting without automation, so that the entire process and
each step can be tightly controlled and manipulated if needed.
Next-gen sequencing (NGS) of enriched amplicons is another option which could be
recommended by labs having access to this technique. This saves time which would be spent on
vector cloning and further sequencing and also reduces the number of rounds of SELEX to 5-7
(instead of having 15-20). Moreover, NGS provides us with a quantitative result with each
successive round of SELEX.
Using two different ssDNA libraries. Two different libraries can provide us with two
sets of amplified aptamers under the same conditions and choose from one which displays a
better binding affinity to the target after the first round of SELEX.
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Objective 3


Suggested Design.
The antiviral activity of selected aptamers must be determined 72 hours after
VeroE6/TMPRSS2 cell culture infection using the FFA (Focus Forming Assay). Because SARSCoV2 does not have hemagglutinin (HA) protein, the generic HA (hemagglutination) assay
cannot be performed. The FFA assay is based on antibodies targeted against a viral antigen (in
this protocol, I suggest to use this newly designed immunoassay kit [71]). Afterwards, the MTT
assay must be performed to measure host-cell viability. Usually, aptamers show dose-dependent
effectivity/toxicity changes. The MTT can also be used to evaluate the anti-viral activity of an
aptamer (especially useful if the FFA test cannot be performed).



Expected results.
We expect to achieve the most optimal anti-viral activity of a selected ssDNA aptamer
with the smallest dose possible (approx. 25-100 pmol). The FFA and MTT assays must be done
with mock groups and non-infected cells to effectively determine that the viral titers decrease
with the increase of the aptamer concentration.



Further suggestions.
Because SARS-CoV2 is transmissible only among people, infection of mice with the
coronavirus is impossible. However, mice can still be used to evaluate the toxicity and sideeffects of the selected S1 BRD aptamer(s) before clinical trials begin.

Objective 4


Suggested Design.
If a pMDI is chosen for the pulmonary route of the aptamer delivery, there are many
laboratory ways of doing it, but the great advantage is that production of simple pMDIs is its
extremely low cost; moreover, simple and fully effective inhalers can be 3D printed from safe-touse materials. pMDI drug formulation depends on a technique incorporated, but the most feasible
way is to suspend the chosen aptamer(s) in a propellant or in a mixture of propellants, such as
ethanol and surfactants (long-chained with hydrophilic head groups coupled to enhance the iondipole interactions); hydrofluoroalkane (HFA) is the major propellant used in all pMDIs [72-74].
A list of novel, cheap, easy-to-use, and more advanced pMDIs can be found in [75].



Expected results.
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Solubilized aptamer(s) targeting the Spike S1 RBD motif incorporated in a modern
inhaler, which is cost- and time-effective, and very safe to use.


Further suggestions
I am uncertain as to how long the aptamer(s) inhaled into the upper airways remain on the
epithelial surface of the cells. This must be tested in animal and further in human clinical studies.
Based on a brief literature search, I assume 12 to 24 hours of effectivity with one single dose
inhaled.

V.

Broader Impact and Potential In Decelerating COVID-19 Spread
Antibodies have been exhaustively used in the modern biology and pharmacy world
becoming the almost-sole target of interest for most biotech companies [76]. Since the first time
of SELEX employment by Tuerk and Gold in 1990, only Macugen has been approved by FDA in
treating AMD [77]. Until now, approx. 20 aptamers have successfully entered clinical trials for a
plethora of medical conditions including ovular vascular disease and various cancer types
(AS1411 aptamer targeting a few cancer lines, and anemia) [78, 79]. The antibody-oriented trend
seems to be even more peculiar if to consider the advantages that aptamers have over antibodies:
1) high flexibility, 2) much easier and cheaper production, and 3) unlimited amplification of once
produced aptamer [80]. It is the simplicity and reduced costs of production of aptamers that
wakes skepticism in private firms and biotech giants which slows their proliferation. 1564
patents associated with aptamers, thousands of publications, multiple initiated clinical trials, and
only one commercially available aptamer – this proposal can bring one more to the money-fat
market and make a miracle.
Aptamers are characterized by low to no immunogenicity when administered in
preclinical doses 1000-fold greater than doses used in animal and human therapeutic applications
[81, 82]. No aptamers designed for clinical trials so far have shown any toxicity or
immunogenicity in animals and humans [reviewed in 36, 81, 82]. The only exception was Phase
2b of clinical trials for REG1 (novel anti-coagulant) which exposed some patients to severe
allergic reactions, but those were associated with pre-existing anti-PEG (polyethylene glycol)
antibodies found in the patients’ blood [83]. There are two major concerns related to aptamers
toxicology, and these are antibodies produced against PEG-conjugated aptamers (which is not the
case in this proposal) and some toxicity of antisense therapeutics (which is also not the case in
this proposal) [84-86], both concerns related to RNA aptamers (whereas we will use DNA
aptamers). To cite [78]: “We believe the bottleneck of commercialized aptamers for
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diagnostic and therapeutic applications is not due to any deficiencies in aptamer technology
(…), but rather the general public ignorance about aptamer technology and the entrenched
nature of antibody use (…). Another main reason (…) is the huge biotech industry’s
financial investment in the well-established antibody and humanized monoclonal antibody
research.”
Aptamer technology will revolutionize therapeutics and diagnostics within several years,
because aptamers are easy to produce, accessible to production modifications and regulation,
cheap, infinitely reproducible, non-toxic and non-immunogenic (especially that our aptamer(s)
will not be delivered to the blood), highly selective, and immensely effective. Generation of an
aptamer targeting the subdomain of SARS-CoV2’s Spike protein will inhibit the virus attachment
abilities and thus its replication in human host cells. Delivered in another cheap and simple
device, pMDI, this novel COVID-19 drug (BABU-ONE™) has a great chance to rescue patients
with mild to severe acute respiratory distress, help them recover from COVID-19 and alleviate
most symptoms, and to act in prophylaxis, securing medical staff exposed to the virus every day
and other essential employees as well as people living in the most endangered areas. This virus
mutates fast, but not fast enough to undergo 71 successful punctual mutations resulting in 71
codon substitutions (an aptamer will target the 71-amino acid RBD subdomain). This will buy us
time before a successful vaccine is developed.
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VI.
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VII.

Supplementary Information.
Note: Citations not shown to minimalize the length of the proposal. Per request, all citations used
to obtain the data below can be presented.

1. Genomic analysis of SARS-CoV, SARS-CoV2, and MERS.
SARS-CoV and SARS-CoV2 use the human ACE2 receptor in ciliated bronchial epithelial cells
and type II pneumocytes. MERS-CoV enters cells via DPP4 (dipeptidyl peptidase 4) infecting unciliated
bronchial epithelial cells and type II pneumocytes. Both SARS-CoV and MERS-CoV used amplifier
hosts: market civets and dromedary camels, respectively; however, both viruses originated in bats.
The genomic difference between SARS-CoV and bat SARSr-CoV differ in three regions: ORF8,
ORF3, and S. The S1 region is found to be less conserved and in bats it is produced in two clades: normal
or deleted (residues 5, 12, and 13). Different SARS-CoV strains vary in binding affinity for human ACE2
and, consequently, in their infectivity, although residues 479 and 487 of the S1 RBD motif of SARS-CoV
are conserved in all SARS-CoV strains and are responsible for animal-to-human transmission.
SARS-CoV2 shows greater similarity to SARS-CoV (79%) than to MERS-CoV (50%). Some of
the major differences between SARS-CoV2 and SARS-CoV are the lack of 8a protein in the former, and
truncated 8b and 3b proteins in the former. Surprisingly, SARS-CoV2 is closer to the SARS-like bat
CoVs than to the human SARS-CoV (although, SARS-CoV2, SARS-CoV, MERS-CoV, and SARS-like
bat CoVs are all betacoronaviruses. Genome similarity between SARS-CoV2 and the SARS-like CoVs
detected in bats and Malayan pangolins is higher (0.85 to 0.96) than to SARS-CoV (0.80).
The advantage that SARS-CoV2 has is due to 138 non-synonymous substitutions (SNPs) found
mostly in the ORF1ab (papain-like protease, helicase, RNA-dependent RNA polymerase) and Spike
regions. Below are presented some of the identified non-synonymous substitutions in SARS-CoV2
(compared to SARS-like and SARS-CoVs):
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Figure 1. Genome substitutions in SARS-CoV2 (adapted from [33]).

A few more mutations in Spike S1 have been identified (not listed in the figure above), such as
H36Y, N341D, D351Y, and V354F. The SARS-CoV2 mutant with G251V (in ORF3) and V354F (in
Spike S1) has been shown to manifest a super infectivity. Because of all these non-synonymous
substitutions in the ORF1ab and S regions, SARS-CoV2 underwent adaptive evolution after infecting
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humans. We still lack data to determine the pace of genomic variations for SARS-CoV2, however, it is
not as fast as some presume, but still the mutations that have already happened make the virus a “super”
virus with a high R0 (3.250 to 3.40).

Figure 2. Genomic representation of SARS-CoV2.
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2. Genomic analysis of SARS-CoV2.
SARS-CoV2 has 14 ORFs encoding 27 proteins. At the 5’-terminus the pp1ab and pp1a genes are
located, comprising 15 non-structural proteins (nsps) (nsp1 to 10, 12 to 16). The 3’-terminus encodes 4
structural genes (S, E, M, N) and 8 accessory proteins (3a, 3b, p6, 7a, 7b, 8b, 9b, and orf14). Depending
on a paper or database, SARS-CoV2 is built of ~ 29,674 nt having 10 CDS.
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Two main amino acid residues in SARS-CoV’s S protein are associated with its ACE2
recognition: K479 and S487, however, punctual mutations have occurred at these residues in SARSCoV2 causing a shift of the two crucial residues: Q493 and N501. When comparing SARS-CoV2 and
SARS-CoV, there is also a shift in the residues forming the capping loops.
In sum, punctual mutations in the ACE2 receptor-binding motif (changing the tropism of SARSCoV2) and the changes in residues of the capping loops determine the binding specificity and infectivity
of SARS-CoV2 in humans. These changes not only improve the interaction abilities with the human
ACE2, but also improve the receptor recognition.
By March 18, referring to several papers, 27 amino acid substitutions were identified in SARSCoV2: 6 substitutions in the RBD (319-541), 6 substitutions in the underpinning subdomain (SD, 569 –
655), 4 substitutions in the C-terminal of S1 subdomain (650, 570, 572, 575). When compared to SARSCoV and SARS-CoV-like viruses, SARS-CoV2 has gained 380 amino acid substitutions; however,
proteins nsp7, nsp13, E, and M, accessory proteins p6 and 8b have remained unchanged.
Of 101 SARS-CoV2 strains analyzed, 72 strains display a CT haplotype caused by an SNP in
ORF1ab (T8517C, position in the genome: 8,782) known as the “L” haplotype. 29 strains exhibit a TC
haplotype caused by an SNP in ORF8 (S84L, position in the genome: 28,144) known as the “S”
haplotype. Data analysis shows that the “S” type is ancestral, even though its contribution to the total pool
of analyzed strains (~30%) is significantly lower than the “L” type (~70%), which was found to represent
a higher transmission rate and more aggressive infection (worse clinical representation) because of
accumulating evolutionarily advantageous mutations.
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When analyzing the S protein (https://viralzone.expasy.org/resources/Coronav/P0DTC2.txt), I
found that the S1 subdomain encompasses residues 13-685, the S2 subdomain encompasses 686-1273
residues. The RBD region is found in 319-541 (notice that it contains the residues 493 and 501) with the
RBD ACE2 receptor-binding motif between 437 and 508. The cleavage sites are at 685-686 (cleavage site
1) and at 815-816 (cleavage site 2). 22 glycosylation sites have been found, but none of the 71 residues in
the RBD ACE2 receptor-binding motif are glycosylated.
CDC of S protein (3,821 nt) accessed from GenBank (MT263395.1) is presented below:
ATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGTTAATCTTACAACCAGAACTCAAT
TACCCCCTGCATACACTAATTCTTTCACACGTGGTGTTTATTACCCTGACAAAGTTTTCAGATCCTCAGT
TTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGTTACTTGGTTCCATGCTATACATGTC
TCTGGGACCAATGGTACTAAGAGGTTTGATAACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTT
CCACTGAGAAGTCTAACATAATAAGAGGCTGGATTTTTGGTACTACTTTAGATTCGAAGACCCAGTCCCT
ACTTATTGTTAATAACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCCATTT
TTGGGTGTTTATTACCACAAAAACAACAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTATTCTAGTGCGA
ATAATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAAGGAAAACAGGGTAATTTCAA
AAATCTTAGGGAATTTGTGTTTAAGAATATTGATGGTTATTTTAAAATATATTCTAAGCACACGCCTATT
AATTTAGTGCGTGATCTCCCTCAGGGTTTTTCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTA
ACATCACTAGGTTTCAAACTTTACTTGCTTTACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCAGG
TTGGACAGCTGGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTTTTCTATTAAAATATAAT
GAAAATGGAACCATTACAGATGCTGTAGACTGTGCACTTGACCCTCTCTCAGAAACAAAGTGTACGTTGA
AATCCTTCACTGTAGAAAAAGGAATCTATCAAACTTCTAACTTTAGAGTCCAACCAACAGAATCTATTGT
TAGATTTCCTAATATTACAAACTTGTGCCCTTTTGGTGAAGTTTTTAACGCCACCAGATTTGCATCTGTT
TATGCTTGGAACAGGAAGAGAATCAGCAACTGTGTTGCTGATTATTCTGTCCTATATAATTCCGCATCAT
TTTCCACTTTTAAGTGTTATGGAGTGTCTCCTACTAAATTAAATGATCTCTGCTTTACTAATGTCTATGC
AGATTCATTTGTAATTAGAGGTGATGAAGTCAGACAAATCGCTCCAGGGCAAACTGGAAAGATTGCTGAT
TATAATTATAAATTACCAGATGATTTTACAGGCTGCGTTATAGCTTGGAATTCTAACAATCTTGATTCTA
AGGTTGGTGGTAATTATAATTACCTGTATAGATTGTTTAGGAAGTCTAATCTCAAACCTTTTGAGAGAGA
TATTTCAACTGAAATCTATCAGGCCGGTAGCACACCTTGTAATGGTGTTGAAGGTTTTAATTGTTACTTT
CCTTTACAATCATATGGTTTCCAACCCACTAATGGTGTTGGTTACCAACCATACAGAGTAGTAGTACTTT
CTTTTGAACTTCTACATGCACCAGCAACTGTTTGTGGACCTAAAAAGTCTACTAATTTGGTTAAAAACAA
ATGTGTCAATTTCAACTTCAATGGTTTAACAGGCACAGGTGTTCTTACTGAGTCTAACAAAAAGTTTCTG
CCTTTCCAACAATTTGGCAGAGACATTGCTGACACTACTGATGCTGTCCGTGATCCACAGACACTTGAGA
TTCTTGACATTACACCATGTTCTTTTGGTGGTGTCAGTGTTATAACACCAGGAACAAATACTTCTAACCA
GGTTGCTGTTCTTTATCAGGATGTTAACTGCACAGAAGTCCCTGTTGCTATTCATGCAGATCAACTTACT
CCTACTTGGCGTGTTTATTCTACAGGTTCTAATGTTTTTCAAACACGTGCAGGCTGTTTAATAGGGGCTG
AACATGTCAACAACTCATATGAGTGTGACATACCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCA
GACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTTGGT
GCAGAAAATTCAGTTGCTTACTCTAATAACTCTATTGCCATACCCACAAATTTTACTATTAGTGTTACCA
CAGAAATTCTACCAGTGTCTATGACCAAGACATCAGTAGATTGTACAATGTACATTTGTGGTGATTCAAC
TGAATGCAGCAATCTTTTGTTGCAATATGGCAGTTTTTGTACACAATTAAACCGTGCTTTAACTGGAATA
GCTGTTGAACAAGACAAAAACACCCAAGAAGTTTTTGCACAAGTCAAACAAATTTACAAAACACCACCAA
TTAAAGATTTTGGTGGTTTTAATTTTTCACAAATATTACCAGATCCATCAAAACCAAGCAAGAGGTCATT
TATTGAAGATCTACTTTTCAACAAAGTGACACTTGCAGATGCTGGCTTCATCAAACAATATGGTGATTGC
CTTGGTGATATTGCTGCTAGAGACCTCATTTGTGCACAAAAGTTTAACGGCCTTACTGTTTTGCCACCTT
TGCTCACAGATGAAATGATTGCTCAATACACTTCTGCACTGTTAGCGGGTACAATCACTTCTGGTTGGAC
CTTTGGTGCAGGTGCTGCATTACAAATACCATTTGCTATGCAAATGGCTTATAGGTTTAATGGTATTGGA
GTTACACAGAATGTTCTCTATGAGAACCAAAAATTGATTGCCAACCAATTTAATAGTGCTATTGGCAAAA
TTCAAGACTCACTTTCTTCCACAGCAAGTGCACTTGGAAAACTTCAAGATGTGGTCAACCAAAATGCACA
AGCTTTAAACACGCTTGTTAAACAACTTAGCTCCAATTTTGGTGCAATTTCAAGTGTTTTAAATGATATC
CTTTCACGTCTTGACAAAGTTGAGGCTGAAGTGCAAATTGATAGGTTGATCACAGGCAGACTTCAAAGTT
TGCAGACATATGTGACTCAACAATTAATTAGAGCTGCAGAAATCAGAGCTTCTGCTAATCTTGCTGCTAC
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TAAAATGTCAGAGTGTGTACTTGGACAATCAAAAAGAGTTGATTTTTGTGGAAAGGGCTATCATCTTATG
TCCTTCCCTCAGTCAGCACCTCATGGTGTAGTCTTCTTGCATGTGACTTATGTCCCTGCACAAGAAAAGA
ACTTCACAACTGCTCCTGCCATTTGTCATGATGGAAAAGCACACTTTCCTCGTGAAGGTGTCTTTGTTTC
AAATGGCACACACTGGTTTGTAACACAAAGGAATTTTTATGAACCACAAATCATTACTACAGACAACACA
TTTGTGTCTGGTAACTGTGATGTTGTAATAGGAATTGTCAACAACACAGTTTATGATCCTTTGCAACCTG
AATTAGACTCATTCAAGGAGGAGTTAGATAAATATTTTAAGAATCATACATCACCAGATGTTGATTTAGG
TGACATCTCTGGCATTAATGCTTCAGTTGTAAACATTCAAAAAGAAATTGACCGCCTCAATGAGGTTGCC
AAGAATTTAAATGAATCTCTCATCGATCTCCAAGAACTTGGAAAGTATGAGCAGTATATAAAATGGCCAT
GGTACATTTGGCTAGGTTTTATAGCTGGCTTGATTGCCATAGTAATGGTGACAATTATGCTTTGCTGTAT
GACCAGTTGCTGTAGTTGTCTCAAGGGCTGTTGTTCTTGTGGATCCTGCTGCAAATTTGATGAACACGAC
TCTGAGCCAGTGCTCAAAGGAGTCAAATTACATTACACATAA

The entire S protein sequence extracted from Expasy.org database and modified by the author is
presented below:
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1273

MFVFLVLLPL
NVTWFHAIHV
NNATNVVIKV
GKQGNFKNLR
LLALHRSYLT
CTLKSFTVEK
CVADYSVLYN
YNYKLPDDFT
NGVEGFNCYF
FNFNGLTGTG
GTNTSNQVAV
ECDIPIGAGI
SVTTEILPVS
VFAQVKQIYK
LGDIAARDLI
QMAYRFNGIG
TLVKQLSSNF
SANLAATKMS
ICHDGKAHFP
LQPELDSFKE
QELGKYEQYI
SEPVLKGVKL

VSSQCVNLTT
SGTNGTKRFD
CEFQFCNDPF
EFVFKNIDGY
PGDSSSGWTA
GIYQTSNFRV
SASFSTFKCY
GCVIAWNSNN
PLQSYGFQPT
VLTESNKKFL
LYQDVNCTEV
CASYQTQTNS
MTKTSVDCTM
TPPIKDFGGF
CAQKFNGLTV
VTQNVLYENQ
GAISSVLNDI
ECVLGQSKRV
REGVFVSNGT
ELDKYFKNHT
KWPWYIWLGF
HYT

RTQLPPAYTN
NPVLPFNDGV
LGVYYHKNNK
FKIYSKHTPI
GAAAYYVGYL
QPTESIVRFP
GVSPTKLNDL
LDSKVGGNYN
NGVGYQPYRV
PFQQFGRDIA
PVAIHADQLT
PRRARSVASQ
YICGDSTECS
NFSQILPDPS
LPPLLTDEMI
KLIANQFNSA
LSRLDKVEAE
DFCGKGYHLM
HWFVTQRNFY
SPDVDLGDIS
IAGLIAIVMV

SFTRGVYYPD
YFASTEKSNI
SWMESEFRVY
NLVRDLPQGF
QPRTFLLKYN
NITNLCPFGE
CFTNVYADSF
YLYRLFRKSN
VVLSFELLHA
DTTDAVRDPQ
PTWRVYSTGS
SIIAYTMSLG
NLLLQYGSFC
KPSKRSFIED
AQYTSALLAG
IGKIQDSLSS
VQIDRLITGR
SFPQSAPHGV
EPQIITTDNT
GINASVVNIQ
TIMLCCMTSC

KVFRSSVLHS
IRGWIFGTTL
SSANNCTFEY
SALEPLVDLP
ENGTITDAVD
VFNATRFASV
VIRGDEVRQI
LKPFERDIST
PATVCGPKKS
TLEILDITPC
NVFQTRAGCL
AENSVAYSNN
TQLNRALTGI
LLFNKVTLAD
TITSGWTFGA
TASALGKLQD
LQSLQTYVTQ
VFLHVTYVPA
FVSGNCDVVI
KEIDRLNEVA
CSCLKGCCSC

TQDLFLPFFS
DSKTQSLLIV
VSQPFLMDLE
IGINITRFQT
CALDPLSETK
YAWNRKRISN
APGQTGKIAD
EIYQAGSTPC
TNLVKNKCVN
SFGGVSVITP
IGAEHVNNSY
SIAIPTNFTI
AVEQDKNTQE
AGFIKQYGDC
GAALQIPFAM
VVNQNAQALN
QLIRAAEIRA
QEKNFTTAPA
GIVNNTVYDP
KNLNESLIDL
GSCCKFDEDD

The red-marked sequence is the RBD region of the S1 subdomain. The blue-colored sequence is
the RBD ACE2 receptor-binding motif, which contains the two key residues: Q and N (yellow-colored).
With the help of the translation database and ORFs finder (https://web.expasy.org/translate/), it was
manageable to trace the exact RNA sequence of the RBD region containing 695 nucleotides which can be
used for vector cloning and recombinant S1 RBD expression:
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ggaatctatcaaacttctaactttagagtccaaccaacagaatctattgttagatttcctaatattacaaacttgtg
cccttttggtgaagtttttaacgccaccagatttgcatctgtttatgcttggaacaggaagagaatcagcaactgtg
ttgctgattattctgtcctatataattccgcatcattttccacttttaagtgttatggagtgtctcctactaaatta
aatgatctctgctttactaatgtctatgcagattcatttgtaattagaggtgatgaagtcagacaaatcgctccagg
gcaaactggaaagattgctgattataattataaattaccagatgattttacaggctgcgttatagcttggaattcta
acaatcttgattctaaggttggtggtaattataattacctgtatagattgtttaggaagtctaatctcaaacctttt
gagagagatatttcaactgaaatctatcaggccggtagcacaccttgtaatggtgttgaaggttttaattgttactt
tcctttacaatcatatggtttccaacccactaatggtgttggttaccaaccatacagagtagtagtactttcttttg
aacttctacatgcaccagcaactgtttgtggacctaaaaagtctactaatttggttaaaaacaaatgtgtcaatttc
aa

Figure 3. Genomic relatedness and host transmission of betacoronaviruses , including the COVID-19 SARS-CoV2 (adapted from
[29]). Note that this picture presents an RNA library as the valid aptamer pool, however, in this proposal I recommend using an
ssDNA library.

Figure 4. SELEX method (adapted from [64]).

