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ABSTRACT: The World Health Organization has declared the outbreak of a novel coronavirus (SARS-CoV-2 or 2019-nCoV) as a
global pandemic. However, the mechanisms behind the coronavirus infection are not yet fully understand, nor are there any targeted
treatments or vaccines. In this study, we identified high-binding-affinity aptamers targeting SARS-CoV-2 RBD, using an ACE2
competition-based aptamer selection strategy and a machine learning screening algorithm. The Ky values of the optimized CoV2-
RBD-1C and CoV2-RBD-4C aptamers against RBD were 5.8 nM and 19.9 nM, respectively. Simulated interaction modeling, along
with competitive with experiments, suggests that two aptamers may have partially identical binding sites at ACE2 on SARS-CoV-2
RBD. These aptamers present an opportunity for generating new probes for recognition of SARS-CoV-2, and could provide assis-
tance in the diagnosis and treatment of SARS-CoV-2 while providing a new tool for in-depth study of the mechanisms behind the

coronavirus infection.

The novel coronavirus (SARS-CoV-2 or 2019-nCoV) is
spreading rapidly around the world and infecting people, caus-
ing respiratory illness (named COVID-19),}? and leading to
tens of thousands of deaths. Compared to SARS-CoV, SARS-
CoV-2 appears to spread more easily via person-to-person
contact, which contributed to the WHO’s (World Health Or-
ganization) declaration of a global pandemic on 11 March
2020. This is the first WHO-declared pandemic caused by a
coronavirus.

Several researchers have confirmed that SARS-CoV-2 in-
fects human respiratory epithelial cells using the same receptor
as SARS-CoV, angiotensin-converting enzyme 1l (ACE2).2*
At the outset of the infection, the receptor-binding domain
(RBD) of SARS-CoV-2 spike glycoprotein (S) interacts with
ACE2 expressed on host cells. Since the function of RBD in
CoV S protein is indispensable, it responsible for determining
the range of the hosts, the specificity of the virus, and the mor-
tality rate. This makes the RBD of SARS-CoV-2 spike glyco-
protein a key target for the diagnosis, treatment, and vaccina-
tion of SARS-CoV-2.

Although the overall structural homology and the same re-
ceptor between SARS-CoV S and SARS-CoV-2 S protein, it
has been reported that the three published SARS-CoV RBD-
directed monoclonal antibodies do not bind to SARS-CoV-2
RBD.2 Thus, there is an urgent need to identify efficient
recognition molecules for SARS-CoV-2 RBD. While antibod-
ies have been widely applied in both biology and clinical med-
icine, the application of aptamers-nucleic acid recognition
molecules possess several advantageous traits>’ for the re-
search and treatment of SARS-CoV-2. The smaller size of
aptamers (about 2-3 nm in diameter), as compared to antibod-

ies (about 12-15 nm in diameter), subject them to less steric
hindrance on the surface of coronavirus (about 100 nm in di-
ameter). In theory, the smaller size allows for the binding of
more recognition molecules on the same surface area of coro-
navirus. Due to the chemical nature of nucleic acid, aptamers
can be chemically synthesized, precisely modified, high ther-
mally stable, and possess little batch-to-batch variation. These
traits make for convenient transportation, storage, and stand-
ardization. Additionally, aptamers can be combined with other
technologies to expand their performance and applications.®1*

In this study, we identified aptamers targeting SARS-CoV-2
RBD using an ACE2 competition-based selection strategy and
a machine learning screening algorithm. Among the aptamer
candidates, two sequences (CoV2-RBD-1 and CoV2-RBD-4)
were optimized in length, resulting in hairpin-structured 51-
base CoV2-RBD-1C and 67-base CoV2-RBD-4C aptamers.
The optimized aptamers possess a high binding affinity against
SARS-CoV-2 RBD, with respective Ky values of 5.8 nM and
19.9 nM. The results of molecular dynamics simulations
(MDS) and experiments on competition suggest that aptamers
bind to several amino acid residues of RBD that are key to
ACE?2 binding. Therefore, aptamers have the potential to in-
hibit or block the binding of SARS-CoV-2 RBD to ACE2,
properties that could be used in the treatment of and preven-
tion against SARS-CoV-2.

EXPERIMENTAL SECTION

SELEX Procedures. We performed the aptamer selection
procedure for SARS-CoV-2 RBD in a manner similar to our
previous work.'2 The initial ssDNA library consisted of a 40-nt
randomized region and two flanking regions as PCR primer



(5’- ATCCAGAGTGACGCAGCA - 40N - TGGACAC-
GGTGGCTTAGT-3"). Initially, 5 nmol of ssDNA library was
dissolved in a 500 pL binding buffer (PBS with 0.55 mM
MgCl;) and annealed at 95°C, after which they were immedi-
ately cooled on ice for 5 min and then at 25°C for 10 min. Af-
ter the RBD-Protein A-beads were incubated with the library
at 25°C for 30 min, the supernatant was removed and the re-
covered beads were washed twice in a binding buffer. The
revered RBD-Protein A-beads were then added into a PCR
mixture (forward primer, biotin-labeled reverse primer, dNTPs,
Tag DNA polymerase, and PCR buffer) to amplify the target
bound sequences. To obtain a single-stranded library, the PCR
product was incubated with streptavidin-coated sepharose
beads (GE Healthcare), and denatured by 0.1 M NaOH for 1
minute. After desalting with 3 K ultrafiltration tubes (Milli-
pore), the product was used as the library in the next round.

Twelve rounds of selection were performed, and the selec-
tion pressure was gradually increased as follows: 1) the
amount of library was reduced from 5 nmol to 200 pmol; 2)
the incubation time with RBD-Protein A-beads decreased from
30 min to 8 min; 3) the amount of RBD protein input de-
creased; 4) from the third round of selection, Protein A-beads
and IgG-beads were used as the negative targets in counter
selection; 5) after obtaining the DNA-RBD- Protein A-beads
from the ninth round of selection, 5 ug ACE2 was added and
incubated for 30 min, while the supernatant was collected for
amplification.

SMART-Aptamer V2.0. SMART-Aptamer V2.0 was de-
veloped based on SMART-Aptamer V1.0'® by redefining the
MDA-score in the multidimensional evaluation process. After
clustering the aptamer family based on the BLAST all-vs-all
and MCL (Markov 227 Cluster) system, we characterized the
variation of family size across the sequenced SELEX pools.
The predicted change trends (expansion or contraction) be-
tween specific SELEX pools were predefined as “T”, accord-
ing to the experiment design. We used Tx> 0 and Tx< 0 to
represent the respective trends of family expansion and con-
traction. Ty represents the changing trend between the k™ and
k-1'" sequenced pools. A “C” coefficient was defined as fol-
lows:

family_size, ,  family_size,_ y

c = pool_szzek pooI_stzek_ .
ki . .
family_size, .

pool_szzek_ L

[g‘|‘k,, :Ck,il Tk
Here, family_sizey; represents the family size of family “i”
in the k" SELEX pool and pool_sizey represents the total se-
quenced sequences in the k' pool, where a clear change in
trends has been predefined. Once |Ck;i| > 0.15 and Cx; < 0, the
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MDA-Score of the aptamer family “i”” was redefined as:

rg(IDA-scorei =MDA-score” Pscore
MDA -score; represents the predicted target-binding probability
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of aptamer family “i”. The default Pscore was set to 0.8.

RESULTS AND DISCUSSION

Enrichment of DNA Library against SARS-CoV-2 RBD

We chose recombinant SARS-CoV-2 RBD expressed with
the Fc region of mouse IgG at the C-terminus as the aptamer
selection target. The SARS-CoV-2 RBD was modified to pro-

tein A-beads forming RBD-Protein A-beads via the interaction
of 1gG-tag epitope and protein A, properly displaying the RBD
domain on the micro-spheres, while the protein A-beads and
IgG modified protein A-beads (IgG-beads) were used as nega-
tive controls from the third round of selection. The first eight
rounds of screening followed classic protein SELEX protocols
to ensure that the DNA strands with SARS-CoV-2 RBD bind-
ing capacity amplify to multiple copies. After 8 rounds of
standard selection procedures, we included ACE2 competition
in the next 4 rounds of selection (Scheme, Figure 1A). After
the DNA library was incubated with RBD-beads, the unbound
or weakly bound sequences in the supernatant were removed.
ACE2 was then added and incubated with the RBD-beads to
collect the sequences that were ACE2-competitive (Scheme).
The four subsequent rounds introduced ACE2 and were used
to simulate the infection process, favoring the aptamers
against RBD with binding sites similar to ACE2. This method
can further exclude sequences interacting with the 1gG or pro-
tein A.

ssDNA I,ﬂary
N Negative Target
V32N y
—— Remove Bound

~~\ DNA

etain Unbound
DNA

|
5, & —
—
~
~
“E2 < - s
Remove Unbound

Retain Replaced /
Retain Bound DNA

DNA a:
DNA

Scheme. Aptamers selection against RBD of SARS-CoV-2
spike glycoprotein.
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We selected His-tag RBD-modified Ni-beads (RBD-Ni-
beads) to monitor the enrichment progress and confirm that
the enriched libraries only interact with RBD, and not with
Protein A or IgG. Results from flow cytometry revealed, a
clear increasing trend of fluorescence in the library binding
against RBD-Ni-beads as selection cycles progressed (Figure
1B). Additionally, 12th library also showed stronger fluores-
cence signal against Fc tagged RBD than initial library (SI,
Figure S1). However, we observed no increase in fluorescence
intensity for Ni-beads (Figure 1C). These results indicated that
after 12 rounds of selection, the DNA library was successfully
enriched with sequences specifically recognizing SARS-CoV-
2 RBD.

Aptamer ldentification by SMART-Aptamer V2.0

The development and adoption of high-throughput sequenc-
ing (HTS) technology provides billions of candidate sequences,
making it increasingly possible to identify high-affinity ap-
tamers.*41> However, there is still a lack of tools that can accu-
rately, effectively, and rapidly identify high-performance ap-
tamers from large sets of sequence data. In order to efficiently
discover high-performance aptamers and study the evolution-
ary lineage using changeable selection pressure, we developed
a Sequential Multidimension Analysis algoRiThm V2.0
(SMART-Aptamer V2.0), which is based on our previous work
and accounts for ACE2 competitive pressure.
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Fig 1. (A) Schematic diagram of the pressure change process
with the number of selection rounds. Flow cytometry to moni-
tor the binding increment of enriched pools with (B) RBD-Ni-
beads (target beads) and (C) Ni-beads (control beads).

The HTS data of the 7™, 9™, and 12™ libraries were chosen
as inputs. Like our previous SMART-Aptamer V1.0,** three
scores were calculated, Kscore, Fscore, and Sscore, to respec-
tively assess the enrichment of motif/substructure, the abun-
dance of aptamer families, and the stability of the overall sec-
ondary structure. An MDA-score was then generated by con-
verting these multidimensional metrics into a final metric. We
use the SMART-Aptamer integrated an unsupervised machine
learning process (Markov Cluster Algorithm, MCL)*® to iden-
tify the aptamer families and trace the dynamics of the ap-
tamer family size. This assists in the further integration of
metrics based on family size. We also added Pscore, a metric
based on family size, after considering the new evolutionary
pressure of ACE2 competition added in the 9th round. This

helped modify the MDA-score to achieve the final MDA-score.

Pscore is a penalty score designed to punish aptamer families
displaying opposite changes of family size in response to the
variation of selection pressure. As far as we know, this is the
first in silico tool designed for a non-conventional SELEX
process, which we expected extend to aptamer screening for
the competition of antibodies, receptors, ligands, and others.

SMART-Aptamer V2.0 then calculated the Kscore, Fscore,
Sscore, Pscore, and MDA-score of each family. Six repre-
sentative sequences from six aptamer families were selected
from the ten families with the highest MDA-scores, including
the family with the highest MDA-score (Figure 2A, Table S2).
We synthesized representative sequences (Table S1) from six
families with fluorescent labels, and investigated their binding
performance. All of the six candidate sequences display
stronger binding capabilities toward SARS-CoV-2 RBD com-
pared to the initial library (Figure 2B).

We then chose two representative aptamers with different
histories of family expansion and contraction to further char-
acterize and optimize our selection and ensure we had ap-
tamers with varied characteristics. Family 1 displayed an ob-
vious expansion trend from 9-12 rounds (the sequence number
increases by 320%, Figure 2A&C), while Family 5 remained
largely unchanged (the sequence number decreases by about

14%, Figure 2A&E). Both sequences have high binding ability
against SARS-CoV-2 RBD, and the dissociation constant val-
ues (Kq) of the CoV2-RBD-1 aptamer (the representative se-
quence of Family 1) while the CoV2-RBD-4 aptamer (the
representative sequence of Family 5) were 3.1 nM and 13.6
nM, respectively (Figure 2D&F). These results suggest that
SMART-Aptamer V2.0 functions for HTS data during a pro-
cess with multiple, varied selection pressures.
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Fig 2. (A) Muller diagram shows the dynamic of the sizes of
10 verified target-binding aptamer families across three rounds
(7™, 9™ and 12"") of SELEX pools. The total number of se-
quenced aptamers of each round was normalized to 1. (B)
Flow cytometry to investigate the binding performance of
representative sequences from six families randomly selected
from the ten families with the highest MDA-scores against
RBD. (C) & (E) Radar map of scores of CoV2-RBD-1 ap-
tamer (C) and CoV2-RBD-4 aptamer (E). The binding affinity
of CoV2-RBD-1 aptamer (D) and CoV2-RBD-4 aptamer (F)
against RBD-Ni-beads.

Optimization of the Selected Aptamer

Typically, not all nucleotides are essential for target binding:
a shorter sequence reduces interference from the steric effect
and the cost of synthesis. We retained the whole structure of
the CoV2-RBD-1 aptamer by removing the bases of both ter-
minals that were not involved in forming the stem-loop struc-
ture, yielding a 51-nt 3-hairpin-structured CoV2-RBD-1C
aptamer (Fig. 3A, 5’-
CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAG
GGCGTTAATGGACA-3’). We then evaluated the binding
capability and specificity of the truncated aptamer CoV2-
RBD-1C against SARS-CoV-2 RBD. For RBD-his-beads, the
fluorescence intensities of the CoV2-RBD-1C aptamer were
significantly stronger than in the initial library, while for Ni-
beads the aptamer intensities were similar to that of the initial
library (Figure 3B). We determined that the Ky value of the
CoV2-RBD-1C aptamer against RBD was 5.8 + 0.8 nM (Fig-
ure 3C), similar to that of the full-length CoV2-RBD-1 ap-
tamer. We evaluated the binding performance of the selected
aptamer against SARS-CoV-2 RBD in 80% human plasma, to
explore the practical application value of the selected aptamer.



No obvious decrease in the amount of aptamer binding to the
target RBD in 80% plasma condition was observed, compared
to the buffer (Figure 3D). Similarly, the CoV2-RBD-4 se-
guence was optimized, yielding a 67-nt hairpin sequence
CoV2-RBD-4C (Figure 3E, 5’-
ATCCAGAGTGACGCAGCATTTCATCGGGTCCAAAAGG
GGCTGCTCGGGATTGCGGATATGGACACGT-3"). Further
analysis of binding affinity revealed a Kq of 19.9 £ 2.6 nM for
CoV2-RBD-4C (Figure 3G). Under 80% plasma incubation
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condition, approximately 75% of binding aptamers were main-
tained compared to the buffer (Figure 3H). These results
demonstrated that the two aptamers not only bind to SARS-
CoV-2 RBD with high affinity in a buffer solution, but could
also recognize RBD in complex environments, making them
promising for practical applications. In addition, the two ap-
tamers can also recognize the spike glycoprotein of SARS-
CoV-2 (Figure S4), suggesting that they may be used for S

protein recognition expressed on SARS-CoV-2.
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Figure 3. The secondary structures of CoV2-RBD-1 and CoV2-RBD-1C aptamers (A), and CoV2-RBD-4 and CoV2-RBD-4C ap-
tamers (E), which were predicted using Mfold. Flow cytometric analysis of CoV2-RBD-1C (B) and CoV2-RBD-1C (F) binding to
target beads (RBD-Ni-beads) and control beads (RBD-Ni-beads). Binding curves of CoV2-RBD-1C aptamer (C) and CoV2-RBD-
4C (G) against RBD. (D) The signal/background ratios of CoV2-RBD-1C aptamer (D) and CoV2-RBD-1C aptamer (H) against

RBD in buffer and 80% plasma.

Molecular Docking and Molecular Dynamic Simulations

To better understand the interaction patterns between
SARS-CoV-2 RBD and the two aptamers, we performed mo-
lecular docking and molecular dynamics simulations (MDS).
We first transformed the three-dimensional structure of
equivalent ssRNA of the aptamer from the secondary structure
generated by mfold software using RNAcomposer. After re-
placing U with T base in the RNA structure, MDS were per-
formed to refine the three-dimensional structures of the two
aptamers. Meanwhile, we obtained the three-dimensional
structure of the SARS-CoV-2 S protein with a single RBD
from the RCSB PDB data bank (ID: 6VSB).2 Molecular dock-
ings were then performed to model the structures of SARS-
CoV-2 S protein-aptamer complexes, which were used as start-
ing points for MDS. We obtained final average structures of
the interaction complexes based on 5000 snapshots, which
were extracted from the last 10 ns trajectory of MDS.

The resulting SARS-CoV-2 S protein and CoV2-RBD-1C
contain two consecutive binding interfaces (Figure 4A). The
binding interface near the 3’ terminal of aptamer, T42, T43,
and T43 of the CoV2-RBD-1C form a network of hydrogen
bonds with Thr500, GIn506, and Asn437 from RBD (Figure
4B). This contact cluster between the aptamer and RBD is
very close to that of one end of the “bridge” interaction be-
tween ACE2 and RBD (GIn498, Thr500, and Asn501)*; they
also have the same binding amino acid of RBD (Thr500). The
contact model of CoV2-RBD-4C aptamer and RBD has a
binding interface (Figure 4D) and C53, G54, and A56 of the
CoV2-RBD-4C form a network of hydrogen bonds with
GIn409, Lys417, and Try421 from RBD (Figure 4F). This
binding interface shares the same binding amino acid of RBD

(Lys417) as the ACE2-RBD binding complex, which is in the
middle segment of the ACE2-RBD “bridge” interaction?.

To validate the target-binding sites suggested by MDS, we
proposed 5 mutants of CoVV2-RBD-1C (Figure 4C) and 3 mu-
tants of CoV2-RBD-4C (Figure 4G) by deleting some sug-
gested binding sites. Flow cytometry results indicated that all
the mutants showed weaker binding performance against
RBD-Ni-beads than original aptamers (Figure 4C, G). This
result indicated that, MDS helps us to understand binding pat-
terns at the molecular level of the two aptamers targeting RBD,
and suggest two aptamers may have partially identical binding
sites, like ACE2 on SARS-CoV-2 RBD. Further study of the
binding surface/sites between RBD and aptamers can help
improve the relationship and enhance competitiveness with
ACE2.

To further study the competition between aptamers and
ACE2, ACE2 was added into the SARS-CoV-2 RBD-aptamer
complexes. Even when the amount of ACE2 was five times
that of the aptamer, CoV2-RBD-1C aptamer was replaced by
44% (Figure 4D) of aptamers binding on RBD, while CoV2-
RBD-4C was replaced by 56% (Figure 4H). The moderate
competitive ability of ACE2 to RBD-binding-aptamers sug-
gests that ACE2 and related aptamers could partially share the
same binding sites, which is consistent with the results of our
simulated interaction models. In addition, since the Ky value of
CoV2-RBD-1C against SARS-CoV-2-RBD is 5.5 nM and that
of CoV2-RBD-4C is 19.9 nM, which is less than the reported
Ky of ACE2 against SARS-CoV-2 RBD (34.6 nM),? incom-
plete competition is reasonable. Both the simulation and ex-
perimental results indicate that the two aptamers and ACE2
may have a competitive relationship, meaning the two ap-



tamers could be applied to the diagnosis, prevention, and
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Fig 4. (A) The overall structures of the CoV2-RBD-1C aptamer (cyan) and the SARS-CoV-2 S protein complex (blue), (E) and the
CoV2-RBD-4C aptamer (cyan) and the SARS-CoV-2 S protein complex (blue). (B) Detailed analysis of the interface between
CoV2-RBD-1C and RBD, (F) and the interface between CoV2-RBD-4C and RBD. Hydrogen bonds are shown by red, dashed lines.
The amino acids of SARS-CoV-2-RBD targeted by aptamers are shown in blue; and the amino acids of SARS-CoV-2-RBD targeted
by ACE2 are shown in red. (C) &(G) Flow cytometry results show that mutants with binding sites deleted exhibited significantly
lower binding performance against RBD-Ni-beads compared to (C) CoV2-RBD-1C or (G) CoV2-RBD-4C aptamer. The lines rep-
resent the bases that were deleted. (D) &(H) The normalized binding efficiency of aptamers against RBD, under control or competi-
tion by ACE2. (D) for CoVV2-RBD-1C aptamer and (H) for CoV2-RBD-4C.

CONCLUSIONS

We used the SARS-CoV-2 RBD as a target for the devel-
opment of serial DNA aptamers using ACE2 competition and
a machine learning screening algorithm. By retaining the
main motif of the full-length aptamers, we optimized two
aptamers (with Ky values of 5.8 nM and 19.9 nM) against
SARS-CoV-2 RBD. The selected aptamers are ideal recogni-
tion probes for SARS-CoV-2 RBD due to their high affinity,
their small size, and their ease of modification and use.
These properties make them ideal for performing diagnostic
and basic research on the properties of SARS-CoV-2. Our
simulation and experimental results both suggest that the
aptamers and ACE2 could have a competitive relationship.
Therefore, aptamers are candidates for preventing the SARS-
CoV-2 from infecting human cells and will be increasingly
applied to resist viral infections and antiviral therapeutics.
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