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DNA aptamers are versatile molecular species obtained by the folding of short single-
stranded nucleotide sequences, with highly specific recognition capabilities against
proteins. Here we test the ability of DNA aptamers to interact with the spike (S-)protein
of the SARS-CoV-2 viral capsid. The S-protein, a trimer made up of several subdomains,
develops the crucial function of recognizing the ACE2 receptors on the surface of human
cells, and subsequent fusioning of the virus membrane with the host cell membrane. In
order to achieve this, the S1 domain of one protomer switches between a closed
conformation, in which the binding site is inaccessible to the cell receptors, and an
open conformation, in which ACE2 can bind, thereby initiating the entry process of the viral
genetic material in the host cell. Here we show, by means of state-of-the-art molecular
simulations, that small DNA aptamers experimentally identified can recognize the S-protein
of SARS-CoV-2, and characterize the details of the binding process. We find that their
interaction with different subdomains of the S-protein can effectively block, or at least
considerably slow down the opening process of the S1 domain, thereby significantly
reducing the probability of virus-cell binding. We provide evidence that, as a consequence,
binding of the human ACE2 receptor may be crucially affected under such conditions.
Given the facility and low cost of fabrication of specific aptamers, the present findings could
open the way to both an innovative viral screening technique with sub-nanomolar
sensitivity, and to an effective and low impact curative strategy.

Keywords: DNA aptamers, SARS-CoV-2, spike protein, molecular dynamics, angiotensin converting enzyme-2, free
energies

1 INTRODUCTION

At the end of 2019, a novel virus belonging to the coronavirus family has been identified, initially in
the population of the Chinese city of Wuhan. Since then, the virus has practically spread across the
whole world, requiring drastic measures both for treatment of the patients and to avoid uncontrolled
spreading of the disease among the human population. This virus has been designated SARS-CoV-2
by the Coronavirus Study Group (CSG) of the International Committee on Taxonomy of Viruses.
Coronaviruses are enveloped viruses, their protein capsid being decorated by club-shaped
glycoprotein spikes (S-protein) that protrude from the surface, as it is the case of, e.g., SARS
and MERS viruses (Xu et al., 2020). However, this novel coronavirus is still distinct from both SARS
and MERS, with multiple mutations identified in different genomic regions (Lu et al., 2020a). The
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surface-covering S-proteins allow the virus to bind to certain
receptors on human cells, such as the widely distributed ACE2.
Like other members of the same family, SARS-CoV-2 carries a
positive-sense, single-stranded RNA genome belonging to the
Coronaviridae family, with about 70% similarity in genetic
sequence to SARS. The characteristic structure of its S-protein
is made up of three protomers, each including two key domains,
S1 and S2. S1 with its receptor-binding subdomain (RBD) is
required for host-cell receptor binding, and S2 is required for
membrane fusion (Walls et al., 2020; Wrapp et al., 2020; Yan
et al., 2020; Lan et al., 2020). Because of its steric prominence, the
S-protein is one of the main targets for both molecular-based
therapy and screening of the virus.

Current anti-viral screening methods mostly analyse throat
and nose swab samples with RT-PCR, which uses nucleic acids as
target, or serologic blood samples and IgM/IgG biomarkers. The
diagnostic accuracy of RT-PCR highly depends on the “virus-
specific diagnostic window”, and the analytical sensitivity of this
assay is potentially plagued by false SARS-CoV-2 negativity,
attributable to the low viral loads especially in asymptomatic
or mildly symptomatic patients. Despite the large acceptance of
these assays, they are expensive and time consuming. On the
other hand, serologic tests are based on recognition of antibodies;
however, IgM have little specificity since they are active for about
any kind of viral infection that may have attacked the organism,
and the more specific IgG arise only several weeks after the
infection thus being of little help for the early detection. Also
“rapid” antigenic tests have been developed, which recognize
parts of the virus proteome, however with a reduced sensitivity
compared to PCR- and antibody-based tests (Smithgall et al.,
2020). Given the highly transmissible nature of this virus, its
relatively high fatality rate, and the rapid development of many
virus variants across the infected populations, there is urgent need
for highly specific, early-stage and selective testing, massively
available, easily adaptable to variants, and at the lowest
possible cost.

Aptamers are artificial oligonucleotide or peptide molecules
that bind to a target molecule with high specificity. Aptamer-
protein-based analytical methods have become popular in the last
years. Just like antibodies, aptamers are capable of binding a
target, and also of modulating or blocking its activity. Generated
by an in vitro selection process from pools of random sequence
oligonucleotides [the SELEX technique, see e.g. Famulok and
Mayer (2014); Darmostuk et al. (2015)], targeted aptamers have
already been produced for hundreds of different protein targets.
A typical aptamer is 10–30 kDa in size (about 30–60 nucleotides),
it binds its target with sub-nanomolar affinity and, most
importantly, can discriminate against closely related targets.
Structural studies indicate that aptamers are capable of using
the same types of binding interactions that drive affinity and
specificity in antibody-antigen complexes. Aptamers of various
type have been already identified and tested in the anti-viral
domain in recent years. For example, Cheng et al. (2008) found
that 5 pg/μL of their ssDNA aptamer could effectively stop
replication of H5N1 avian-influenza virus; (Jang et al., 2008)
demonstrated an efficient SARS-helicase activity inhibition by a
RNA aptamer; recently, (Song et al., 2020) identified two

candidate ssDNA aptamers that seem to bind efficiently to the
RBD of the S-protein of SARS-CoV-2; in another recent study
(Chen et al., 2020), DNA aptamers were shown to be able to
efficiently recognize the SARS-CoV-2 nucleocapsid protein.

In the present work, we investigate by means of state-of-the-
art protein docking and large-scale molecular dynamics
simulations, the interaction of the two experimentally
identified DNA aptamers (Song et al., 2020) with the S-protein
of SARS-CoV-2. Our initial purpose was to characterize the
affinity of the aptamer for the binding domain of the
S-protein, in support of the use of aptamers as fast and
efficient anti-viral screening. However, an even more
interesting question concerns the detailed molecular
interaction between aptamers and the viral protein(s). Indeed,
it could be possible that these same aptamers may block, or at
least considerably slow down, the transition of the S1 domain
from the closed to the open conformation, thereby blocking the
access of the cell surface receptors to the virus surface. In this
work we will focus on this key aspect, showing that the DNA
aptamers, while binding very efficiently to the designated RBD on
one protomer of the S-protein, as shown in the experiments, also
form and maintain stable bonds with other subdomains of
adjacent protomers. This extended bonding creates a sort of
“bridge”, which results in hampering the opening of the RBD
to the cell receptors. By means of extensive MD simulations on
the two experimentally identified aptamers, we could characterize
the nature and strength of the aptamer-protein interactions,
mainly hydrogen bonds complemented by non-covalent, long-
range interactions. Further umbrella sampling simulations of
protein configurations going from closed-to open-RBD, with
and without the DNA aptamer attached, also allowed to
characterize the large variations in free-energy barriers; this, in
turn, permitted to set a relative scale of the announced blocking
effect. Finally, simulations of docking of the human ACE2
receptor to the S-DNA complex, demonstrated that the RBD
is strongly affected by the presence of the DNA aptamer, and may
lead to a drastic reduction of the cell receptor binding efficiency.
Once such predictions would be experimentally validated, DNA
aptamers could contribute an alternative, low-cost and low-
impact therapy, apt to reduce the virus efficacy in the host
organism. Virtual screening of DNA aptamers by computer
simulation could, moreover, quickly and cheaply adapt to
rapidly mutating viral targets, as well as to new Coronavirus-
family strains that could appear in the future.

2 METHODS

2.1 Molecular Structures of the S-Protein
and Angiotensin Converting Enzyme-2
The S-protein is a homologous trimer, with each protomer being
composed of the two domains S1 and S2, and a transmembrane
region. We ran a series of simulations for a glycosylated model of
the S-protein, from the theoretical configurations made available
by the group of R.J. Woods (Grant et al., 2021). All these
glycoforms are based on the PDB entry 6VSB from the RCSB
Data Bank (Wrapp et al., 2020), reporting the experimental pre-
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fusion conformation of the S-protein with one protomer “open”,
and integrated by glycomics data. Given the ample variability of
the N-glycans observed on the S-protein experimental
configurations (Casalino et al., 2020; Walls et al., 2020; Woo
et al., 2020; Grant et al., 2021), we adopted a “worst case”
configuration, by choosing the homogeneous model with the
longest glycan chains, namely the M9 composed by a 3-mer stem
(GlcNAc–GlcNAc–3,6Mannose) and three branched mannose
chains; 18 glycans are attached to each protomer, for a total of 54
glycosylation sites. The “closed” form of the protein, required for
the interaction with the DNA aptamer, was reconstructed by
copying one of the closed protomers and shifting it, to replace the
open protomer of the original configuration (Figure 1); the non-
glycosylated structure 6VXX with all the three closed protomers
was used as template, for aligning the shifted protomer with the
TMalign utility program (Zhang and Skolnick, 2005). The PDB
structures were passed through the pdb2gmx utility of the
GROMACS package, to assign hydrogens to the residues and
write a full topology of the system. For the thermal equilibration
simulations, the protonation state of histidines was automatically
selected based on the closest possible hydrogen bonds; for the
umbrella sampling simulations instead we had to impose a
unique choice to all frames (see below), in order to maintain
the same protein structure, therefore we arbitrarily imposed
single protonation at the ND nitrogen. For the sake of

comparison, we include also a series of simulations that were
originally run on the PDB entries 6VXX and 6VYB (Walls et al.,
2020), as reference for the non-glycosylated form of SARS-CoV-
2 S-protein, in the closed and open forms, respectively. In the
following, we label FG the fully-glycosylated model, and NG the
non-glycosylated model.

The ACE2 human receptor molecular configuration was taken
from the 6M0J entry (Lan et al., 2020). Although ACE2 is
observed to dimerize in vitro (Yan et al., 2020), the interaction
with the S-protein is likely to occur via only one monomer, given
the large steric hindrance of both structures. Therefore, the
monomeric structure of ACE2 was retained for the last part of
our study.

2.2 Molecular Structure of Candidate DNA
Aptamers
We took the sequences of the two candidate ssDNA aptamers
from the recently published study by Song et al. (2020). These
were extracted by a SELEX procedure of 12 rounds, over a pool of
several millions random sequences directed against the RBD
fragment of the S-protein. After reduction of redundant
fragments, the two best candidates sequences are a 51-bp
(apta1 in the foregoing) 5′-CAGCACCGACCTTGTGCTTTG
GGAGTGCTGGTCCAAGGGCGTTAATGGACA-3′, and a

FIGURE 1 | Ribbon model of the SARS-CoV-2 S-protein (glycans omitted for clarity), in the closed configuration (A), and with one monomer open (B) (dashed red
oval). Here and in the following figures, the S1-RBD subdomain of each monomer is depicted in cyan, and the N subdomain in blue. In (B) also the ACE2 human receptor
is represented (purple), interacting with the S1 domain in open configuration (see red arrow); atomic structure obtained by aligning the pdb 6VSB (Wrapp et al., 2020),
with the co-crystallized S-protein RBD and ACE2 structure, pdb 6M0J (Lan et al., 2020).
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67-bp (apta2) 5′-ATCCAGAGTGACGCAGCATTTCATCGG
GTCCAAAAGGGGCTGCTCGGGATTGCGGATATGGACAC
GT-3’.

For each sequence, (apta1 and apta2), we obtained the 2D
structure by the mfold web-server (Zuker, 2003); a double-check
of the structures with NUpack (Zadeh et al., 2011) confirmed the
geometries, with minor differences in the values of free energy.
Supplementary Figure S1 in the Supplementary Material gives
details of the 2D structures, which match those already obtained
by Song et al. (2020). Supplementary Table S1, S3 also give the
associated folding free-energy estimated on the basis of the
nearest-neighbor model Zuker and Jacobson, 1998; it is readily
appreciated that the main negative contributions to the 2D-
folding ΔG come from the paired helices, while the main
positive contributions come from the (more or less large)
hairpin loops. Since there are no programs available to directly
fold DNA, to obtain the 3D structures we firstly changed the
thymines to uracil, in the 2D sequences written in Vienna format,
and ran each structure with the RNAcomposer web-server
(Popenda et al., 2012); then, uracil bases were reverted back to
thymine simply by dropping the O2’ oxygen. Such a procedure,
similar to the protocol proposed by Jeddi and Saiz, 2017, may
induce minor variations in the structure, which were healed with
a subsequent energy minimization step (see below). The final
relaxed 3D structures will be used as starting point for the
subsequent molecular studies.

It may be noted that the 3D conformations of the aptamers are
deduced based on a two-step process, in which the secondary
structure is firstly minimized on the basis of the simple nearest-
neighbor interaction model, and then fed into a 3D model
building program: as such, there is no guarantee that the
lowest-energy structures selected in the first step would remain
at the lowest energy also in the second step, followed by energy

minimization, which implies a substantial contribution of elastic
energy, long-range and dihedral interactions. Secondly, the
stereochemical docking of the aptamer to the protein domains
is also subject to a considerable uncertainty, as different methods
and codes are known to give somewhat different results. For both
these issues, the substantial convergence of the results obtained
for the NG and FG structures constitutes a minimal proof of
internal consistency.

Docking of the aptamers to the S1 domain of the S-protein in
the closed conformation was performed by the HADDOCK web-
server (van Zundert et al., 2016), separately for the NG and FG
structures. In both cases, the protein structure was restricted to a
S1 fragment of one single protomer, residues 1–700 (however
much larger than the single RBD subdomain used in the
experiments). For each sequence, we firstly explored several
dockings with a small number (15–17) of DNA nucleotides as
target, up to spanning the whole sequence; and secondly, a
random docking in which the whole DNA was used as target.
A large number of docked structures with very close energies were
produced by HADDOCK. We selected the best (lowest-energy,
best Haddock score) configuration for the apta1 and apta2.

In Figure 2 we compare the docked configurations for the NG
and FG protein structures, in contact with both the smaller apta1
(left panel) and the longer apta2 (right panel). For the apta1, the
pose of the DNA turns out to be flipped by 180° and mirror
reflected, between the NG and FG structures (yellow and orange
DNA, respectively, in Figure 2A). By this inversion, the part of
DNA in direct contact with the protein (nucleotides 44–49)
remains the same, in particular the H-bond between LYS356
and A49 is common to both the NG and FG; the latter also makes
a second H-bond between THR470 and G25. For the longer
apta2, the DNA covers approximately the same position in the
NG and FG protein (Figure 2B), however with some relative

FIGURE 2 | Schematic of the initial docked DNA/S-protein structures from HADDOCK. The trimer head of the S-protein is shown as a light grey surface, slightly
tilted back with respect to the main (central) axis for better view; the RBD in contact with DNA aptamers is the dark grey area; glycans are depicted by purple spheres; the
DNA conformations are superposed, in yellow the one for the NG protein, in orange the one for the FG protein. (A) The shorter apta1DNA bound to the S1-RBD domain.
(B) The longer apta2 bound to the S1-RBD domain.
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deformation due to the presence of the glycans in the FG. The
initial H-bond network is also different, the key residues
implicated being THR345, SER349, ARG357 in the NG,
compared to THR470, CYS488, ARG509 in the FG; for the
latter, also some H-bonds between DNA and glycans are
identified (see discussion in Binding of DNA Aptamers to the
S-Protein below). While such differences highlight the relevance
of the glycan shield in setting the interactions of the S-protein
(Casalino et al., 2020; Grant et al., 2021), it should be noted that
the docking configurations are just starting points for the
subsequent MD simulations, which may end up with quite
different bonding structures after long thermal equilibration.

2.3 Molecular Dynamics Simulations
For the FG simulations we adopted the CHARMM-36 database
(MacKerell et al., 1998; Foloppe and MacKerell, 2000), which
readily includes a well-tested set of parameters for all the glycan
structures (Mallajosyula et al., 2015). However, for the earlier NG
simulations the AMBER99 force field database (Ponder and Case,
2003; Cheatham and Case, 2013) with the BSC1 extension for
nucleic acids (Pérez et al., 2012), were used for the molecular
bonded and non-bonded force parameters. The two descriptions
are largely equivalent in most respects (see e.g., Fadda andWoods
(2010)), the choice is just a matter of convenience, the glycan
dataset being already included in the CHARMM library with no
need for further adaptation.

For all the molecular dynamics (MD) simulations we used
the GROMACS 2020 computer code package (Berendsen et al.,
1995; Lindahl et al., 2001). For the thermal stability study, the
ensemble of the complete S-protein and DNA aptamers were
solvated in a water box of size 23 × 23 × 23 nm3 with periodic
boundary conditions in the three directions, containing about
380,000 TIP3P water molecules, plus Na+, Cl− and Mg2+ ions
to ensure neutralization of the phosphate backbone charge, at a
physiological concentration of 0.1 M NaCl and 0.005 M
MgCl2. Similar conditions were used for the umbrella
sampling and force-driven studies of Section 3.2 and
Section 3.3, but with a smaller water box of 14 × 14 ×
18 nm3 and NaCl ions only. All the production MD runs
were carried out at the temperature of 310 K and pressure
of 1 atm. The low-mass, N-bonded glycans added to the
experimental protein structures (Walls et al., 2020) were
removed for the MD simulations of the NG structure.

Coulomb forces were summed with particle-mesh Ewald
sum, using a real-space cutoff of 1.2 nm (equal to the cut-off
radius of shifted Van der Waals potentials). We used rigid bonds
for the water molecules, with a time step of 2 fs for the thermal
equilibration phases and 1 fs for production and force-
pulling runs. For the thermal stability study, preparatory
runs at constant-{NPT} and temperatures increasing in
steps of 100 K from T � 10 to T � 310 K lasted 20 ns, and
were followed by thermal stability simulations at constant-
{NVT}, which extended to 200 ns for each configuration.
Statistics were accumulated over the last parts
(100–150 ns) of each trajectory.

For the umbrella sampling and potential-of-mean-force
(PMF) simulations we preferred not to use any of the many

available free-energy sampling methods to obtain the lowest-
energy path, because of the large size and complexity of our
system, for which we study an ample hinge motion of the RBD
(see e.g. the review by Orellana (2019)), and the discussion in the
following Section. Instead, we reconstructed a putative opening
path from the closed to the open conformations of the S1-RBD
subdomain, by using the morph utility of the Chimera package
(Pettersen et al., 2004). 50 intermediate frames were obtained
along the shortest geometric path, at distances of 0.25 Å along this
fictitious reaction coordinate, and the corresponding
configurations were reconstructed (note that such a spacing is
one order of magnitude smaller than usually assumed in PMF
calculations). Then, the 50 conformations were geometrically
realigned on the reference closed structure with TMalign,
thereby obtaining 50 complete configurations of the S-protein,
each with one single monomer transitioning from closed to open.
After this “cold” reconstruction process, the 50 configurations
were run through the pdb2gmx GROMACS utility and solvated
in ionized TIP3P water (see above), in such a way to obtain
strictly the same atom-ordered structures, with the same number
of water molecules and ions, in order to represent the putative
result of a MD trajectory along the closed-to-open transition.
These 50 configurations were relaxed and equilibrated from 10K
to 310 K in steps of 5 ns, and subsequently used in the umbrella
sampling, with short (10 ns) force-constrained runs, to extract the
potential of mean force (PMF) along the putative opening
pathway. The final extraction of the free-energy profiles by
weighted-histogram analysis (WHAM) was done with the
GROMACS wham utility. The same protocol was repeated for
all the docking configurations, by aligning on the reference
structure the ensemble of the S1 and S2 subdomains carrying
the docked DNA. For each new set of 50 frames, the whole
procedure of thermal equilibration and force-constrained runs
was repeated, and the potential of mean force was obtained.

Overall, the study used a total of about 1.2 million hours of
CPU time, on 960–1,280 Intel CascadeLake cores +96 NVIDIA
V100 GPUs of the IDRIS Jean-Zay supercomputer in Orsay, and
on 504–1,008 Intel Broadwell cores of the OCCIGEN
supercomputer in Montpellier, with typical running times of
about 5 ns/h of wall-clock time. About 0.3 Terabyte of raw
data were accumulated for subsequent post-processing.

3 RESULTS

3.1 Binding of DNA Aptamers to the
S-Protein
The results of 150-ns MD trajectories for the two aptamer
configurations interacting with the S-protein trimer
demonstrate a very stable bonding of each aptamer to the S1
domain of one single monomer of the whole protein. We
extracted representative structures from the MD trajectories by
the clustering algorithm of GROMACS. By looking at the
centroid structures that collect most of the statistics (between
30 and 40% of the total trajectory), we observed that both
aptamers make a number of hydrogen bonds with the
S-protein, as detailed in the following.
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The interaction of the two aptamers with the FG structure of
the S-protein, starting from the best docked configurations,
revealed a strong adhesion of the aptamers at the S1-RBD
subdomain, in broad agreement with the observations of Song
et al. (2020). For the shorter apta1, we identified at least 5 H-
bonds that were stable for more than 60% of the trajectory, and a
number of less stable bonds, covering about 20–30% of the time.
Figure 3 shows the time evolution of these H-bonds, together
with some representative snapshots of the DNA-protein contact.
It may be noted that, for the whole duration of the simulation,
there are always at least 3–4 H-bonds keeping the aptamer in
place. However, the conformation of the aptamer evolves
substantially with respect to the initial docked structure. In
particular, the 5’ end opens up, and penetrates within the
interface between two adjacent protomers (red arrows in the
figure). As we will describe below, this movement is chiefly linked
to electrostatic interactions, and allows the aptamer to make
further H-bonds (depicted by thick red lines in the lower panel of
Figure 3); as a consequence, also the RBD conformation is
distorted by such a strong interaction.

Similarly, Figure 4 shows the same data for the case of apta2.
The situation is qualitatively similar, with a large number (up to
6) of H-bonds that maintain a stable bonding with the protein
surface for the whole simulation. However, in this case we observe
a large rearrangement of the aptamer structure after about 100 ns:

starting from a docked configuration in which the DNA runs
approximately parallel to the RBD, the aptamer evolves into a
shape that “hugs” around the subdomain. This is clearly visible
also in the H-bond plots in the lower panel, which show some
bonds detaching and being replaced by others at around
t ≃100 ns.

It has been recently reported (Nie et al., 2021) that small
molecules with negatively charged groups, such as polysulphates,
can bind to the S-protein via electrostatic interactions. The strong
binding occurs in that case at the “cationic patch” of the RBD,
namely ARG346, ARG355, LYS444, ARG466, and ARG509.
While for apta2 the charged patch RBD remains practically
hidden from the interaction, for the apta1 we find GUA22 to
make a stable interaction with LYS444, and CYT6 with ARG509;
furthermore, we find the two phosphates of CYT4 and ADE5 to
make a charge-charge contact with the NH+

3 and NH+
2 charges of

LYS356 and ARG357. It appears, therefore, that the penetration
of the 5’ tail at the interface between RBD and NTD (see above)
should be largely helped by electrostatic interactions.

We did a similar analysis also for a short 100-ns MD run of the
NG S-protein, for the sake of comparison. The results are
qualitatively similar to the FG, besides obvious differences in
the atomic-scale details. Also in this case, the smaller aptamer
apta1 makes on average 10 hydrogen bonds with the S1-RBD
domain, whereas the longer apta2 makes about 11–12 strong

FIGURE 3 | Evolution of the structure and hydrogen bonds formed by the DNA apta1 (51-nt) interacting with the S-protein trimer in the closed conformation. Lower
panel. Time plot of the major H-bonds formed by nucleotides (numbers 1–51) and S-protein residues (numbers >300). Thin lines indicate the H-bonds between the
aptamer and the RBD of monomer one; the thick red lines indicates the four extra H-bonds with the RBD of monomer 2 (times t ≃50–125 ns. The cyan shaded band
indicates the typical interval of H-bond length (2.4–3.6 A

̊
). Upper panel. Snapshots of the aptamer-S-protein contact, at times t � 0,50, 100, 150 ns DNA is

depicted in yellow; protein surface in light grey, with the RBD of monomer one in dark grey; glycans in purple. The red arrows indicates the site of the extra H-bonds with
the RBD of monomer 2. The atomic structures are tilted by about 30deg with respect to the central symmetry axis of the S-protein.
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FIGURE 4 | Evolution of the structure and hydrogen bonds formed by the DNA apta2 (67-nt) interacting with the S-protein trimer in the closed conformation. Lower
panel. Time plot of the major H-bonds formed by nucleotides (numbers 1–67) and S-protein residues (numbers >300). Thin lines indicate the H-bonds between the
aptamer and the RBD of monomer 1, the thick red line indicates the extra H-bond with the RBD of monomer 2 (setting in at times t > 100 ns The cyan shaded band
indicates the typical interval of H-bond length (2.4–3.6 A

̊
). Upper panel. Snapshots of the aptamer-S-protein contact, at times t � 0,50, 100, 150 ns DNA is

depicted in yellow; protein surface in light grey, with the RBD of monomer one in dark grey; glycans in purple. The red arrow at t � 150 indicates the site of the extra
H-bond with the RBD of monomer 2. All figures with the central axis perpendicular to the plane.

FIGURE 5 | Schematic of the hydrogen bonds formed by the DNA aptamers (red ribbons) interacting with the non-glycosylated S-protein trimer in the closed
conformation. (A) Binding of apta1 to the S1-RBD subdomain of monomer 1 (cyan ribbons). H-bonded residues are depicted with atomic spheres, cyan for the protein
and red for the DNA; the 5′ and 3′ ends of the DNA are depicted in yellow. (B) Binding of apta2 to the S1-RBD subdomain of monomer 1. (C) Extra hydrogen bonds
formed by apta2 with the N subdomain of the adjacent monomer 2.
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hydrogen bonds, plus a number of lighter and fluctuating bonds.
Figure 5 shows the average H-bonding configurations from the
GROMACS cluster analysis, by representing with atomic spheres
the interacting residues from the protein (cyan) and the DNA
aptamers (red). For the longer apta2, a subset of 6 H-bonds,
mostly arginine residues ARG346, ARG357 and ARG466, plus
LYS356 and ASN450, are very stable in time, while the other five
or six interactions are somewhat less stable and fluctuating.

Importantly, however, we also find that the DNA aptamer
docked at the S1 domain of one of the protomers of the CoV-2
spike protein, also starts interacting with other subdomains of
adjacent monomers. As shown in Figures 3, 4 above (see the thick
red lines) a number of extra H-bonds are formed between each
aptamer and one subdomain other than the RBD of monomer 1,
to which each DNA was initially docked. In the case of apta1, a
number of extra bonds are brought about by the 5’ end invading
the N domain of protomer 2: notably, CYS166, THR167 and
GLU169 of protomer two make not less than four extra H-bonds
with thymine and cytosine in positions 2 and 3, for the largest
part of the trajectory. In the case of apta2, one strong H-bond is
made at THR500 of the RBD of protomer 2, plus a few less strong
bonds, starting from the moment of the major change in aptamer
conformation at time t > 100 ns. Such interactions constitute a
sort of “bridge” between pairs of adjacent protomers, the DNA
being strongly bound to the RBD of one, while crossing over to
bind to a subdomain of the other. We will show in the next
Section 3.2 how such a bridging may represent a considerable
impediment to the opening of the S1, thereby radically changing
the dynamics of the interaction of the viral S-protein with human
cell receptors like the ACE2.

In the NG simulations, for the smaller apta1 such an extra
interaction is limited only to exchange of long range forces (VdW
and electrostatic) with a few flanking residues from a nearby
protein monomer, whereas the longer apta2 is able as well to
make new H-bonds with the N subdomain of a different
protomer, adjacent to the one to which it was primarily
attached. Up to four extra H-bonds are observed in this case
(see Figure 5C, grey and red atomic spheres for protein and
DNA, respectively); only extra H-bonds with occupancy of more
than 50% along the entire MD trajectory were retained, and such
extra bonds are very stable at occupancies between 60 and 90%.

It is worth noting that such bridging configurations of the
DNA aptamers, covering pairs of adjacent protein monomers,
could not have been expected on the mere basis of the
experimental SELEX procedure (Song et al., 2020), which was
performed in solution with just isolated monomer fragments of
the RBD subdomain. Such a finding opens the way to a different
interaction mode of the aptamers that, while binding to their
target, can also interfere with the mechanical functioning of the
S1-RBD opening mechanism and the subsequent receptor
binding.

A special mention should be reserved for the possibility of
DNA-glycan contacts. This is uncharted territory, since there are
no biological reasons for which DNA should interact with sugars,
and the relative examples in the literature are therefore extremely
scarce. Generally speaking, glycosylation is thought to occur in
the endoplasmic reticulum and Golgi bodies, so that there are no

natural occasions for DNA to come into contact with glycans. In
the few studies reported (Tommasone et al., 2019, and references
therein), no covalent bonding is ever observed, the absence of
charged groups and aromatic ring structures in simple sugars
limiting interactions to hydrophobic sites and hydrogen bonding.
In our simulations of the FG structure, some H-bonds are
observed to form, and last for a substantial amount of time,
typically between the hydroxyl OH oxygen of a mannose, and the
phosphate oxygen O2P of the DNA backbone. Figure 6 depicts
one example of such a bonding structure, implicating three
consecutive guanines and two mannoses, which make up 4 H-
bonds. (Note that the distinction between the two backbone
oxygens–one of which should be doubly-bonded to the central
P atom of the PO−

4 group–is purely geometrical, since the two O
have the same bond length and charge, in both the CHARMM
and AMBER force fields.) None of the currently available glycan
force fields are optimised for interaction with nucleic acids,
therefore such bonding structures must be taken with caution;
however, they are observed to occur always with the same
repeated arrangement, which suggests it could not be a chance
occurrence. Such observations open up a whole new field of
investigation, and will certainly deserve further attention.

To have a more quantitative appraisal of the energy change
associated with the aptamer-protein interaction, molecular
contact surfaces were estimated with the PDBePISA web
utility (Krissinel and Henrick, 2007), by using the standard
rolling-sphere method with 1.4 Å probe radius. The apta2-S
complex has 18.6 nm2 of contact surface with the S1 domain;
the complex with the shorter apta1 has a correspondingly smaller
contact surface of 10.7 nm2. PISA also provides an estimate of the
solvation free energy ΔGs, by taking the difference between the
isolated and interfaced atomic structures of the different

FIGURE 6 | Example of hydrogen bonds formed by the DNA aptamer
interacting with the glycans of the S-protein. In this case, three consecutive
guanines form four bonds with two mannoses. Atoms participating in the
H-bond are highlighted by a transparent red (mannose hydroxyl oxygen)
or yellow sphere (DNA backbone oxygen).
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fragments; such a value can be taken as a first estimate of the
interfacial adhesion between the aptamer and the protein,
however noting that the as-calculated value does not include
the H-bonds energy. We thus obtained a ΔGs � −24 ± 1 kcal/mol
for the apta2, and ΔGs � −14 ± 1 kcal/mol for the apta1.
Furthermore, the extra H-bonding interaction of apta2 with
the N subdomain of the adjacent monomer adds 17.5 nm2 of
contact surface, with a corresponding extra contribution to the
free energy of ΔGs � −10.4 kcal/mol.

It is worth noting that both the DNA aptamers used in the
present study appear to contact the S1 domain in regions adjacent
to the ACE2 small binding area, and likely could interfere with the
ACE2-RBD interaction. The strong bonding interaction of DNA
aptamers with the RBD and N subdomains of the S-protein (as
indicated by the respective ΔGs) leads to severe mechanical
deformations of the latter: many elements of the protein are
destructured from helix and sheet to a disordered coil, and lead to
a much more loose contact at the RBD region (see below).

3.2 Free-Energy of Opening of the S1
Domain
The umbrella sampling study allowed us to obtain the free-
energies and the kinetic barriers for the S1-RBD subdomain
going from the closed to the open configuration. Although
this part of the study was carried out by a simplified free-
energy method, we believe the results may nevertheless shed
some light on the process, at least qualitatively. As detailed in the
Methods section above, we defined a putative reaction coordinate
ζ along the shortest path connecting the two extreme
experimental configurations, and traced the potential of mean
force (PMF). The reaction coordinate is normalized to [0, 1],
corresponding to a physical motion of about 1.2 nm of the center

of mass of the RBD subdomain of S1 (residues 319–541) with
respect to the center of mass of the N subdomain (residues
14–305). Sample snapshots of the intermediate states are
shown in Supplementary Figure S2 of Supplementary
Material. The free energy difference between the open and
closed conformations of the FG protein is in both cases
estimated by taking the difference between the minimum and
the maximum of the PMF all along the ζ coordinate. Figure 7
reports the plot of the PMF for the free S-protein, and for the two
aptamer-protein configurations. It is observed that for the free
protein (full curve) the transition from close to open goes through
a small free energy barrier ΔGt of just about 4.5 kBT (the subscript
“t” stands for “transition”), and proceeds without further barriers
at constant energy from ζ ≃0.35 to 1. The initial barrier is likely
associated with the unfolding of the “front” loop of the RBD
(residues 465–495, see red arrow in Supplementary Figure S2B).
Such findings confirm the experimental observation that the S1
domain can rather freely fluctuate between the two
conformations, at physiological temperatures.

As hinted in Section 2.3 above, techniques such as
metadynamics have been seldom used to study very large
systems experiencing large hinge motions. A recent study (Gur
et al., 2020) applied steered-MD to the opening of the S-protein;
in that case, motion was provided by a force directed along a
straight line connecting the center of mass of the RBD in the two
extreme configurations. However, it appears that the motion of
the RBD rather results from combination of rotations about
different axes (Brotzakis et al., 2021). As a possible alternative,
simplified methods such as rigid-body motions between two
states are not at all new in the community (e.g., Ha and Loh,
2012; Tao et al., 2014) and several software packages exists to
simulate the large-scale motion of domains and subdomains by
similar methods (e.g., HingeProt http://bioinfo3d.cs.tau.ac.il/
HingeProt, FATCAT https://fatcat.godziklab.org/). The method
we designed in our work is also somewhat innovative, as it uses
the finely spaced frames extracted from the rigid-body
transformation between the closed and open states of the S1
subdomain, and applies MD thermalisation to each frame, in
order to use the resulting pseudo-trajectory in the umbrella
sampling free-energy method. The overlap of umbrella
potential windows is extremely dense under such conditions
(see Supplementary Figure S3 of Supplementary Material).
An estimate of the statistical uncertainty of the calculated free
energy plots by the “bootstrap” technique (Hub et al., 2010), is
also shown in Supplementary Figure S4; the maximum
fluctuation is about 15–20% at the end of the opening path.
The more “noisy” free energy plot of Figure 7 is just due to this
very fine spacing of the trajectory (about 50 times finer than
usually done in umbrella sampling). That the final state may not
look like a minimum is due to the fact that, with the aptamer
attached, the final state is probably no longer a true “final state”.
In fact, the radical modification of free-energy profiles upon
binding to the receptor has been very recently suggested at
least qualitatively by FRET studies (Lu et al., 2020b). A more
conventional approach would have been to obtain the same
transformation path by applying a directed force to a small
group of atoms in the S1-RBD, however at the risk of

FIGURE 7 | Plot of the potential of mean force extracted along the
opening pathway ζ, for the free S-protein (full line), and the S-protein with one
DNA aptamer docked (dashed lines). The free energy is in all cases estimated
by the difference between the maximum and minimum value of the PMF
along the reaction coordinate.
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producing unphysical distortions of the spike subdomain, given
the typical speed of deformation in steered-MD (in the limit of
applying the directed force to a larger and larger group of atoms,
the rigid-body transformation is obviously recovered). Notably,
in their already cited preprint Brotzakis et al., 2021 were able to
reconstruct several realistic opening pathways, by introducing a
complex interpolation procedure of cryo-EM images; however,
such an advanced technique is well beyond the limited scope of
the present work.

When a DNA aptamer is docked to the S1 domain, some
important energetic changes indeed arise. As described above, the
shorter apta1 has a strong interaction with neighboring domains
of the S-protein, its 5’ tail penetrating between the RBDs of two
adjacent protomers. It appears here to affect significantly the
opening kinetics (dash-dotted curve): the ΔGt is increased to
about 6 ± 1.5kBT, with a substantial modification of the PMF
profile. The opening follows two successive plateaux of about
2kBT each, up to ζ � 0.4 and 0.8 respectively, to arrive at the fully
opened conformation with a final slope.

The energetic response is similar, and more pronounced with
the longer apta2 docked to the S-protein. TheΔGt jumps to 10.8 ±
2kBT, thus signifying a relative reduction of the opening
probability by about a factor 10–3 (ratio of the ΔGt

exponentials); the opening trajectory follows a nearly steady
linear ramp, with a mild change of slope around ζ ∼ 0.5; a
sharp minimum appears right before the final opening (however,
such a feature could also be due to the numerical noise that affects
the extremes at ζ ∼0 and ∼1 of all PMF plots, because of the
somewhat reduced overlap of the sampling windows).

Despite some known limitations in interpreting PMF results
(Darve, 2007), a steady slope in the PMF vs ζ plot may give an
indication of the force needed to move from one conformation to
another of the system. The average slope of about 10 kBT/nm
observed for apta2, should indicate an extra resistance to
spontaneous switching of the S1-RBD subdomain from closed to
open (with corresponding forces in the range 20–40 pN) once the
DNA aptamer is docked. It may be worth noting that the energy-
(or force-) displacement curves of Figure 7 could readily be subject
to direct experimental testing by means of single-molecule force
spectroscopy methods Ritort (2006); Landuzzi et al. (2020).

3.3 On the Binding of the Angiotensin
Converting Enzyme-2 Receptor to
S1-Receptor-Binding Subdomain
Subdomain
In the light of the previous results, it may be now interesting to
look at the possible interaction of the ACE2 receptor with the S1
domain, in such a partly-open conformation modified by the
presence of the DNA aptamers. We ran a second series of docking
simulations followed by a short MD thermal equilibration of the
best docked structures, on the FG structure of the S-protein.
Notably, even the most recent published experimental structures
of the ACE2-spike interaction (Xiao et al., 2021) describe only
small monosaccharides positioned at the putative sites of
N-glycan binding, or are restricted only to the glycosylated

RBD subdomain (Weekley et al., 2021). The present results
should be taken as indicative of a generic system response, the
atomic-scale details of the interactions being not yet comparable
to any experimental data.

In its native conformation, ACE2 is known to make a large
number of H-bonds at the RBD residues 498–501 with the α1-
helix, plus bonds at LYS417, TYR453 and GLN474, according to
the study by Yan et al. (2020); similarly, H-bonds at LEU455,
ASN487, GLN493 and ASN501 are reported by Lan et al. (2020);
further, weaker interactions (salt bridges, VdW) are also observed
at some other residues in the range 440–505 of S1. A recent,
detailed theoretical study (Wang et al., 2020) accurately described
the H-bonding network, and also indicated the key role of
hydrophobic interfaces and charge complementarity, in
establishing the interaction of ACE2 with the RBD. In the first
panel in Table 1, we report the H-bonds observed after a 50 ns
MD annealing at T � 310 K of the FG S-protein, with the ACE2

TABLE 1 | Hydrogen bonds formed at the ACE2-S1 interface in the
crystallographic experimental configuration (RCSB entry 6MJ0 (Lan et al.,
2020), and in the “best binding” configurations from molecular dynamics
simulations, starting with the apta1 or apta2DNA aptamers docked to S1. Donor/
acceptor species are labelled according to the AMBER99 atom codes
(Ponder and Case, 2003); molecular structure data analysed by the
PDBePISA utility (Krissinel and Henrick, 2007).
Experimental configuration (RCSB entry 6MJ0).

ACE2 side Bond S1 side

Residue Species length (Å) species residue

GLN24a OE1 2.69 ND2 ASN487
ASP30b OD2 2.90 NZ LYS417
GLN42 NE2 3.24 O GLY446
GLN42 NE2 2.79 OH TYR449
ASP38 OD2 2.69 OH TYR449
TYR83 OH 2.79 OD1 ASN487
TYR83 OH 3.54 OH TYR489
GLU35 OE2 3.50 NE2 GLN493
TYR41 OH 2.71 OG1 THR500
TYR41 OH 3.67 N ASN501
GLU37 OE2 3.46 OH TYR505
LYS353c NZ 3.08 O GLY496
LYS353 O 2.78 N GLY502
ARG393 NH2 3.73 OH TYR505

aterminal region.
bcentral region.
cbeta-turn region of ACE2.

Best-binding configuration from docking with aptamer 1

ACE2 side Bond S1 side

Residue species length (Å) species Residue

LYS31 HZ3 1.93 OH TYR453
HIS34 NE2 3.28 O PHE456
SER19 OG 2.67 OE1 GLU471
ASP30 O 2.19 HE22 GLN493

Best-binding configuration from docking with aptamer 2

ACE2 side Bond S1 side

Residue species length (Å) species residue

GLN24 OE1 2.19 HD22 ASN487
TYR83 OH 3.42 N TYR489
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receptor initially placed at the experimental configuration on the
RBD in the open conformation (from J. Lan et al. (2020)); most of
the experimentally identified bonds are maintained, plus a
number of less strong ones; also, most of the H-bonds
identified by Wang et al. (2020) are observed (although in that
study, apparently no glycans were included in the MD
simulations).

However, after binding the DNA aptamers, the adhesion
capability of ACE2 to the open conformation of the S-protein is
clearly reduced. In a first attempt, we contacted the ACE2 receptor
to the RBD of the S-protein with apta2 taken in the final stage of the
opening pathway, by just rigidly shifting the coordinates of ACE2
according to the experimental structure. Due to the presence of the
aptamer, the contact surface area decreases from 8.4 to 6.2 nm2;
bonding is also much affected, the number of H-bonds being
reduced from 14 to 5, after losing contact between the S1 loop
and the C-terminal of the α1-helix; the total free energy ΔG
estimated by the PDBePISA method (also including the
contribution from H-bonds and salt bridges) goes from −10.81
to −2.3 kcal/mol. However, the most notable information that

comes from this rigid-shift superposition, is that the ACE2
sterically conflicts with the DNA aptamer over a large region, so
that the contact structure of the ACE2-S-DNA complex must
necessarily be modified upon the mutual interaction.

Therefore, in a second step we performed a new series of
docking runs, always using the HADDOCK web server. Also in
this case, we ran different dockings by restricting the interaction
of ACE2 with different portions of the RBD, and a larger run

FIGURE 8 | Upper panel Contact regions between the ACE2 receptor (mauve ribbons and transparent surface), the S1 subdomain (cyan ribbons and surface),
and the DNA aptamer (orange ribbons). The remaining of the whole S-protein trimer is shown as a light grey transparent surface, with the glycans in purple. (A)
Experimental configuration 6M0J after 50 ns MD equilibration. (B)MD simulation with the apta1. (C)MD simulation with the apta2. The central axis of the S-protein trimer
is oriented vertically. The symbols above/right of each figure depict the approximate orientation of the α1-helix of ACE2, with respect to the cross section of the
S-protein [the vertices indicate the N-terminals of each protomer, also reported in the panel (a)]. Lower panel Hydrogen bonds formed at the ACE2/RBD interface, for
the experimental configuration (D) (only the central region indicated, see Table 1); apta1 (D); and apta2 (F). The yellow spheres approximately indicate the regions of
residues 455–463 and 471–484 of the RBD, to provide a relative orientation of the lower figures with respect to the panel above.

TABLE 2 | Summary of free energy calculations with the PDBePISA utility (Krissinel
and Henrick, 2007). ΔGs, ΔG values in kcal/mol.

Configuration Contact ΔGs Hydrogen Salt ΔG

Area (nm2) Solvation Bonds Bridges (Total)

Experimental 8.43 −4.5 14 1 −10.81
rigid shift/apta2 6.22 0.0 5 1 −2.35
docking/apta1 7.64 −2.2 4 1 −6.41
docking/DNA 3.57 −5.0 — — −5.00
docking/apta2 5.92 −7.2 2 4 −8.68
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extended to the whole RDB; the configurations with the best score
were then subject to force relaxation and a short, 50 ns MD
annealing at T � 310 K. Cluster analysis of the resulting trajectory
revealed the average binding configuration of ACE2 to the
S-protein in the presence of either one of the two aptamers.
Figure 8 shows in the upper panel the large-scale configurations
of the ACE2 and S-protein system, in the pristine experimental
structure after 50 ns of MD 1); upon interacting with the apta1
aptamer 2); and with the apta2 aptamer 3). It can be noted that
the presence of the DNA strongly interferes with the ACE2
contact: the receptor is forced to turn by ∼90 deg about the
central axis of the protein with the apta1, and it also gets inclined
by ∼45 deg with respect to the central, vertical axis in the presence
of the apta2, which sets up an extended steric protection of the
RBD of the S-protein. Energy and surface results are summarized
inTable 2: the contact surface between ACE2 and S1 is reduced to
7.6 nm2 with the apta1 and to 5.9 nm2 with the apta2; the total ΔG
is reduced to −6.4 and −8.7 kcal/mol, respectively.

Compared to the abundant H-bonds of the experimental
configuration without DNAs (see again Table 1), a much
smaller number of H-bonds is formed by ACE2 with the RBD,
in the presence of the aptamers. The receptor is still able to find
the main binding region of the RBD, however the number of
H-bonds is reduced from about 14 to just four for apta1, and
merely two for apta2; almost no bonds survive from the
experimental configuration, except for the TYR83-TYR489
in the apta2 case; the H-bonding region is now restricted to
the fragment 427–467 of the RBD, and the beta-turn region
(residues 353–393) of ACE2 makes no contact with the RBD;
in particular, the salt bridge between ASP30 and LYS417
disappears. In the lower panel of Figure 8 we zoom on the
contact region between the ACE2 receptor (mauve ribbons)
and the RBD domain (cyan ribbons), in the experimental
conformation (d), and in the MD simulations including the
apta1 5) and apta2 (f); the residues implicated in H-bonds are
highlighted with sticks, and joined by dashed lines. By
comparison with the experimental adhesion structure in
(a), it can be seen that the presence of the aptamers has
the double effect of: 1) deforming the binding site, in
particular by extracting the two loops 455–463 and
471–484 of the RBD (indicated by yellow shading in 4)
and (f)), and 2) of disrupting some of the beta-sheets of
these loops into disordered structures; the RBD interacts only
with the α1-helix of the ACE2 receptor, which remains on the
periphery of the binding surface with a much limited
interaction. In either case 5) and (f), the pose of ACE2 is
largely rotated with respect to the experimental, aptamer-free
interaction (d), and the contact region only partly overlaps
with the original one. In particular, the N-terminal and the
beta-turn regions of ACE2 have lost any contact with
the RBD.

Last but not least, it is worth noting that in the case of apta1
also a rather strong interaction is observed between ACE2
residues ASP67, LYS114, ASN63, ASN64, ASN121 (all charged
or polar residues) and the protruding 5’ hairpin loop of the DNA
aptamer (nucleotides 17–21), with an additional negative ΔGs �
−5 kcal/mol and an extra contact surface of 3.6 nm2, despite a lack

of H-bonds or salt/disulfide bridges. The sum of the adhesion
energy with ACE2 and the aptamer gives a ΔG � −11.41 kcal/mol,
which translates into a factor 2 increase in the affinity with respect
to the DNA-free interaction. (No contact with DNA is
observed for the case of apta2, which keeps the ACE2
more far from the central region of RBD.) Such
conformations with the receptor doubly bonded to a DNA
aptamer and partly to the S1-RBD subdomain, are in
principle very interesting. In a scenario in which aptamers
are administered to a virus-infected ensemble of cells, such
configurations successfully compete with, and preclude
furthering of, the interaction between the cell receptors
and the viral S-proteins, contributing to hamper the very
early stages of the membrane fusion process.

4 DISCUSSION AND CONCLUSION

The spheroidal surface of the SARS-CoV-2 virus is decorated
with a large density of copies of the transmembrane spike
glycoprotein (S-protein), its three protomers being composed
of two major S1 and S2 catalytic domains, plus other structural
regions. As it is becoming clear from the recent literature (Walls et al.,
2020), coronavirus entry in the host cell requires a concerted action of
the receptor binding at the S1-RBD domain (typically, the receptor
ACE2 present at the surface of most human cells), and the subsequent
proteolytic processing of the S1-S2 link (also susceptible to furin
cleavage), to allow the fusion domain S2 to initiate the fusion process
between the virus and cell membranes (Shang et al., 2020). The S1
domain is experimentally found in two conformations: a “closed” one,
in which the receptor binding sites (RBD) are inaccessible to ACE2,
and an “open” one, in which ACE2 can effectively bind one S-protein
from the virus. Both cryo-microscopy and X-ray diffraction data have
shown that the S-protein protomers fluctuate between these two
conformations with about 50/50 occupation probability (Walls
et al., 2020; Wrapp et al., 2020). In our study we analyzed the
interaction of two experimentally identified DNA aptamers (Song
et al., 2020) with the whole trimeric structure of the S-protein, instead
of focusing just on the very small binding regions as is typically done
both in experimental and molecular docking studies. This more
conservative and extensive choice allowed to reach some important
conclusions, as detailed in the following.

One possible way in which aptamers could act as therapeutic
devices would be to design their target nucleotide sequence so as
to directly interfere with the receptor binding at the RBD. This
was not entirely the case for the two experimentally identified
aptamers used in this study. As we showed in the last Section 3.3,
by means of docking and molecular dynamics simulations, their
interaction with S1 occurs at a region very close to the RBD,
enough to strongly modify the interaction site, and partly hide it
from contact with the human ACE2 receptor. However, in order
to exploit a more direct blocking effect, more precisely targeted
aptamers should be identified experimentally.

On the other hand, another possibility is that aptamers may
bind in such a way to limit, or even block the opening of the S1
domain, which is indeed the critical step to elicit the interaction
with the cell receptor. Our finding that DNA aptamers with
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strongly specific interaction with the S1-RBD domain, can also
interact with other subdomains of another protomer, thereby
making a kind of “bridge” between pairs of adjacent protomers,
induces important consequences. Results of free energy
calculations by the umbrella sampling method, clearly
demonstrate the possibility that the DNA aptamer bridging
between two S monomers can actively block, or at least slow
down considerably the opening of S1, which is the critical step to
elicit the interaction with the cell receptor, thereby suppressing,
or strongly reducing the receptor binding probability. The
relatively high free energies of binding of the aptamers to the
S-protein point to a very high (even ∼picomolar) sensitivity of the
recognition mechanism.

In conclusion, we investigated by means of state-of-the-art
protein docking and large-scale molecular dynamics
simulations, the interaction of some experimentally
identified DNA aptamers with the S-protein of SARS-CoV-
2. We characterized in detail the DNA interaction with the
fully glycosylated form of the S-protein in the closed
conformation, identifying a network of hydrogen bonds
that make for a high selectivity of the aptamer, as well as
for a strong and stable adhesion. We showed that the DNA
aptamers can bind efficiently to the designated receptor-
binding domain (RBD) on one protomer of the S-protein,
but also form and maintain stable bonds with other
subdomains of adjacent protomers. Such an extended
bonding interaction, actually impossible to deduce from
the experimental measurements of generic binding affinity
Song et al., 2020, is found to strongly restrain the opening of
the RBD to the cell receptors, and should lead to a drastic
reduction of the virus/cell binding efficiency.

Overall, the present results constitute a qualitative, rather than
quantitative, suggestion for a novel biochemical interaction
process, which may have important impact on the molecular
mechanisms underlying viral invasion of the host cell. The
fact that DNA aptamers are extremely selective, with sub-
nanomolar sensitivity, very cheap to produce in large
quantities, and extremely biocompatible with practically
no adverse effects, since they have very little affinity for

targets different from the one against which they are
designed, make such findings a potential lead for a novel
therapeutic concept.
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