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ARTICLE INFO ABSTRACT

Handling Editor: Brian S Cummings The SARS-CoV-2 pandemic still poses a threat to the global health as the virus continues spreading in most
countries. Therefore, the identification of molecules capable of inhibiting the binding between the ACE2 receptor
and the SARS-CoV-2 spike protein is of paramount importance. Recently, two DNA aptamers were designed with
the aim to inhibit the interaction between the ACE2 receptor and the spike protein of SARS-CoV-2. Indeed, the
two molecules interact with the ACE2 receptor in the region around the K353 residue, preventing its binding of
the spike protein. If on the one hand this inhibition process hinders the entry of the virus into the host cell, it
could lead to a series of side effects, both in physiological and pathological conditions, preventing the correct
functioning of the ACE2 receptor. Here, we discuss through a computational study the possible effect of these two
very promising DNA aptamers, investigating all possible interactions between ACE2 and its experimentally
known molecular partners. Our in silico predictions show that some of the 10 known molecular partners of ACE2
could interact, physiologically or pathologically, in a region adjacent to the K353 residue. Thus, the curative
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action of the proposed DNA aptamers could recruit ACE2 from its biological functions.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the causative agent of Coronavirus Disease 2019 (COVID-19) and it is
responsible for the current pandemic, unfortunately still in progress [1,
2]. Although the development of vaccines has led to excellent preventive
effects of the disease [3], the development of new therapeutic molecules
is still crucial to tackling the epidemic. Indeed, albeit the health emer-
gency is now more tempered, COVID-19 infection is still largely present
in the whole world, with nearly 600 million cases and 770.000 deaths.

To date, thanks to the knowledge of the molecular mechanisms the
virus adopts for host cell entry, many approaches have been proposed to
hinder the spread of the virus. Among the various possible therapeutic
strategies against covid-19 disease, two are mostly proposed: (i) the
vaccines, eliciting immune responses able to potently neutralize SARS-
CoV-2 [4], and (ii) the identification of both small molecule and/or
peptide inhibitors, acting to prevent the binding between the
receptor-binding domain (RBD) of the SARS-CoV-2 glycosylated Spike
protein and the cell surface receptors (ACE2) [5,6]. Intuitively, blocking

RBD-ACE2 interaction can affect infection efficiency, the goal of most
vaccines and neutralizing antibodies (nAbs) [7].

Despite the widely known role of small molecules to prevent the
formation of protein-protein interactions (PPIs), traditionally they were
not considered because the presence of a well-defined binding pocket on
the protein surface is not always guaranteed [8]. However, small mol-
ecules could yield antiviral therapies more broadly active and less
immunogenic. Moreover, small-molecule-based therapies are more
controllable (better bio-distribution) than antibodies [9]. Indeed, spe-
cifically for COVID-19, an additional benefit of small molecules is the
possibility of direct delivery into the respiratory system via inhaled or
intranasal administration [8].

Of course, such kinds of therapies are not the only alternative. The
design of short aptamers, typically defined as short single-chained oli-
gonucleotides or peptides [10], to block the interaction between
SARS-CoV-2 spike protein and ACE2 human receptor is another prom-
ising strategy [11]. Indeed, aptamers exhibit significant advantages with
respect to protein therapeutics in terms of size, synthetic accessibility,
and modification by medicinal chemistry [12].
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Being the ACE2-RBD complex experimentally solved, the starting
point of the development procedure is the ACE2 consecutive segment
(peptide) that directly interacts with the corresponding molecular
partner [13,14]. In particular, in most cases the inhibitory peptides are
designed against Spike RBD [15-17], exploiting the knowledge of the
ACE2 region that interacts with the spike protein (more specifically
involving the residues at positions 21-40 and 76 [18]).

Symmetrically, it is possible to define an ACE2-binding peptide by
considering the interacting region of Spike RBD consecutive in
sequence. Such a strategy would have the benefit of being less influ-
enced by the high mutational rate of the virus. Indeed, while the spike
protein is subject to a high selective pressure [19], ACE2 is much more
stable. In this scenario, in a recent work, Villa and coworkers have
proposed two single-strand DNA molecules as possible aptamers for the
inhibition of spike-ACE2 complex [20], where both aptamers interact
with the region surrounding the K353 residue of the human receptor.
Indeed, K353 is considered a key residue for the spike-ACE2 complex
formation, since it directly interacts with the N501 residue of the spike
RBD [21]. The interaction between the aptamer and this specific region
of ACE2 has an inhibitory effect on the formation of the ACE2-RBD
complex. Therefore, this work aims to investigate the possible unde-
sired effect of two DNA aptamers proposed in Villa et al. [20].

The work of Villa et al. [20] is based on a mix of experimental, like
SELEX, and computational, like molecular docking, approaches, where
the resulting molecules represent powerful candidate drugs against
SARS-CoV-2. Given the importance of these results, it could be funda-
mental to investigate the possible effect, in physiological and patho-
logical conditions, of the binding between ACE2 and the candidate
aptamers. Indeed, the aptamer binding on the K353 region could in
principle interfere with the interactions between ACE2 and all its mo-
lecular partners. However, in such cases, the identified aptamers could
also block the formation of functional protein-protein complexes
involving ACE2 in physiological conditions. Hence, this work aims to
investigate the possible undesired effect of two DNA aptamers proposed
in Ref. [20]. Indeed, the interaction of the previously described mole-
cules does not involve the spike protein of the virus but rather involves
the ACE2 receptor. Therefore we believe that a discussion on the
possible impairment of ACE2 functions following the interaction with
the two candidate aptmas is necessary. To do so, we first selected the set
of proteins that we know from experimental evidence interact with
ACE2, calling them Molecular Partners (MP). We thus investigate if such
interactions involve the regions interested in aptamers binding. As
widely known, the prediction of the binding sites between two inter-
acting proteins as well as the estimation of the three-dimensional
conformation of the complex are still open problems of computational
biology [22,23]. The idea of this work is to use a mix of computational
approaches to discuss the possible interaction between the ACE2 re-
ceptor and its molecular partners in the interaction region between
ACE2 and the aptamers developed for therapeutic purposes. To this end,
more specifically, we adopted a molecular docking approach for esti-
mating any ACE2-MP complexes. We moreover filtered the suggested
poses using a shape complementarity evaluation of the putative inter-
acting regions. To do it, we adopted a method we recently developed
based on the formalism of 2D Zernike polynomials [24], which can
provide the Binding Propensity (BP) for each residue of the two inter-
acting proteins.

The advantage of combining the molecular docking approach with
the analysis based on Zernike polynomials to evaluate the shape
complementarity between interacting regions, allows to perform a
screening of the poses proposed by the docking algorithm based on the
van der Waals contribution which is known to play a crucial role in
protein binding [25], as well as allows exploiting the speed of execution
of the Zernike method which can thus be applied to many possible
conformations [24]. The best ACE2-MP complexes obtained from the
molecular docking procedure and characterized by high shape comple-
mentarity were selected and analyzed through short molecular
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dynamics simulations, to perform statistical analysis on inter-molecular
contacts and refine the docking model. This computational study helps
to clarify the possible effect of ACE2-spike interaction inhibitory mole-
cules, analyzing how the binding between ACE2 and DNA aptamers
could influence the interaction between ACE2 and other molecular
partners. The paper is organized as follows. In the Results and Discussion
section we describe each step of the analysis reported in this work. First
of all, we describe the procedure for selecting the ACE2 molecular
partners. Then we describe the molecular docking procedure and the
method based on the Zernike formalism, in order to evaluate the shape
complementarity between the molecular surfaces of the interacting
proteins. Finally, we describe the procedure of molecular dynamics
simulations and the corresponding obtained results. In Materials and
Methods section we provide details on (i) the simulations performed, (ii)
the molecular docking, (iii) the evaluation of the molecular surface
complementarity through descriptors based on Zernike formalism, and
(iv) the procedure for the hydrophaty profile calculation.

2. Results and discussion
2.1. Selection of the molecular partners of ACE2

Firstly, we need to identify all the protein-protein interactions where
ACE2 is involved. Indeed, using Uniprot database [26] (as well as con-
firming the information on other DBs available in the literature, such as
[27]) we have determined the proteins with experimental evidence of
direct interaction with the human ACE2 receptor (UniProt code:
Q9BYF1).

The list of 10 molecular partners of ACE2 we identified is reported in
the following list. Indeed, according to our analysis human ACE2 can
interact with:

@ Angiotensinogen (UniProt code: P01019, gene: AGT), a glycoprotein
produced mainly in the liver, that is the sole precursor of all angio-
tensin peptides, playing, therefore, a key role in the renin-
angiotensin system [28].

@ Excitatory amino acid transporter 5 (UniProt code: 000341, gene:
SLC1A?7), a protein, expressed mainly in the retina, that recognizes
with high-affinity i-glutamate (excitatory amino acid), allowing the
conduction of chloride ions [29].

@ Transmembrane protease serine 2 (UniProt code: 015393, gene:
TMPRSS2), a membrane-anchored serine protease involved in the
physiologic function of the prostate [30]. It has been shown that this
protein can promote SARS-CoV-2 infection. This protease can
perform the proteolytic cleavage of ACE2, necessary for the viral
uptake, and the cleavage of spike protein [31,32].

@ Kininogen-1 (UniProt code: P01042, gene: VKNH1), a precursor
protein that can generate High molecular weight kininogen
(HMWK), is essential for blood coagulation, and low molecular
weight kininogen. In addition, HMWK release a peptide, bradykinin,
with numerous physiological effects [33]. Interestingly, when
SARS-CoV-2 infection reduces the levels of ACE2, it increases the
concentration of a bioactive metabolite of bradykinin, associated
with lung injury and inflammation [34].

@ Vitronectin (UniProt code: P04004, gene: VNT), a glycoprotein that
can be found in blood, extracellular matrix, and bone. It is recognized
by some integrins working as a cell-to-substrate adhesion molecule.
In addition, it inhibits the membrane-damaging effect of the terminal
cytolytic complement pathway [35,36].

@ Integrin beta-1 (UniProt code: P05556, gene: ITB1), is a cell surface
receptor. It can form complexes with an integrin alpha protein to
form integrin complexes, to work as receptors of several compounds,
such as collagen [37].

@ Neurotensin/neuromedin N (uniprot code: P30990, gene: NEUT).
Neurotensin is a 13 amino acid neuropeptide, synthesized as part of a
larger precursor that also contains neuromedin N, a six amino acid
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peptide. Neurotensin is important in the regulation of fat metabolism
[38].

@ Defensin-5 (UniProt code: Q01523, gene: DEFAS5), is the main
member of a family of microbicidal proteins that control the
microbiota composition [39].

@ Sodium-dependent neutral amino acid transporter B(0)AT1 (UniProt
code: Q695T7, gene: SLC6A19), is a transporter that is necessary for
the reabsorption of neutral amino acids in renal and intestinal cells.
In intestine, it requires ACE2 for expression and transporter activity
[40,41].

@ C-type lectin domain family 4 member M (UniProt code: Q9H2X3,
gene: CLEC4M), a receptor involved in pathogen recognition in liver
[42]. Interestingly, it has been proposed as an attachment receptor
for SARS-CoV [43].

An ACE2-interacting drug can in principle interfere with all these
suggested protein-protein interactions. Here we focused on the two
aptamers proposed by Villa et al. [20], whose ACE2 binding region is
centered around residue K353. In Fig. 1 we show two examples of mo-
lecular docking between ACE2 and its MPs. In the next sections, we
investigated the ACE2 region most probable involved in the complex
with each of these possible interactors, explaining the rationale for the
selection of MP prone to interact in the K353 region.

2.2. Selection of protein complexes involving ACE2: molecular docking
and Zernike-based binding propensity

In the previous section, we reported experimental information
generating the list of proteins that interact with the ACE2 receptor.
However, to the best of our knowledge, no experimental information is
available regarding the region of ACE2 where the molecular interaction
takes place.

Hence, we designed a fully computational procedure intending to
propose: (i) the ACE2 protein interactors that bind ACE2 in the region of
K353 residue, (ii) the corresponding poses provided by molecular
docking, and (iii) an evaluation of the binding properties through short
molecular dynamics simulations. In particular, a combination of several
computational techniques was used to address the first of these three

ACE2-Q695T7
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steps. As said, if a molecular interactor binds in the neighborhood of
K353, such interaction could be hampered by the two aptamers designed
in Villa et al. [20]. Therefore, we split the computational procedure into
several phases and we reported our results in Fig. 2.

First of all, we modeled the structure of each MP (not known
experimentally) using AlphaFold-2 [44], currently the best available
method for protein structure prediction [45]. Analyzing the protein
structures of the two interacting proteins (ACE2 and its molecular
partners), we evaluated the shape complementarity between protein
regions applying our recently developed method, based on the mathe-
matical formalism of Zernike polynomials [24]. Thus, we were able to
identify regions of the ACE2 molecular surface with high shape
complementarity with any other region of each of the 10 MP. In this way
we can identify, for each ACE2-MP pair, the regions of ACE2 that are
more prone to bind, since the higher the shape complementarity, the
greater the probability to have a binding mediated by van der Waals
forces [25]. Using the Zernike-based description, we defined the binding
propensity, a residue-level descriptor indicating the tendency of each
residue to interact with a specific protein. In particular, we compare
each patch of the ACE2 receptor with each other patch of the corre-
sponding MP and assign to each patch the value of minimum distance
obtained by comparing all patches. Since each patch is centered on each
surface point, multiple patches are attributed to each residue of each
protein. At the end of this procedure, the minimum distance values
between all the surface points belonging to each residue are averaged for
the definition of the Binding Propensity (see Ref. [24] for more details).
In the top panels of Fig. 2a-d, we reported the binding propensity for
four of the possible ACE2 MPs. In addition, we perform a docking
simulation for each ACE2-MP pair using the ZDOCK method [46]. We
selected in each case the ten best docking poses, according to the ZDOCK
score.

For each docking pose, we select the ACE2 residues interacting with
the molecular partner (i.e. the residues of the ACE2 binding site), in
accordance with a threshold value on the distance between the C, atoms
(see Methods). Indeed, in the central plot of Fig. 2a-d we show the
minimum distance between ACE2 C, and the closest MP C,. These plots
regard some docking poses of 3 ACE2-MP pairs.

Finally, we also check the reliability of the structural prediction

b

ACE2-000341

Fig. 1. Molecular docking results. a) Molecular representation of the different poses obtained for the human ACE2-Q695T7 complex. ACE2 molecular surface is
colored in blue and the K353 residue of ACE2 is highlighted in green. Cartoon representations of Q695T7 protein with different shades of gray show the different
poses provided by the docking algorithm. In all poses, the green region is not directly involved in the binding. b) Same as in a), but for human ACE2-000341

complex. In this case, one pose involves the marked region.
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Fig. 2. Selection of the best docking poses. a) From top to bottom, binding propensity scores for each residue of the ACE2 protein to binding its corresponding
molecular partner (UniProt code: 000341); minimum distance between each residue of the ACE2 protein and any of the residue of its MP; and the AlphaFold
reliability score for the residues found in contact. Blue shaded regions mark the residues found in contact in the selected docking pose, while the green shaded region
highlights the target region of [20]. b) Same as in panel a) but for ACE2 protein vs MP, uniprot code: P05556. ¢) Same as in panel a) but for ACE2 protein vs MP,
uniprot code: P30990. d) Molecular surface representation of human ACE2 and cartoon representation of P05556 (blue). The surface is colored according to the

binding propensity score.

provided by the AlphaFold-2 algorithm. Indeed, AlphaFold-2 provides a
reliability score of its prediction for each residue. We report in the
bottom panels of Fig. 2a—d the reliability score of AlphaFold-2 for the MP
residues found in contact with ACE2. The higher the score, the more the
binding region is well structured. Regions predicted as highly unstruc-
tured by the algorithm have to be discarded, since our approach based
on Zernike polynomials evaluates the shape complementarity between
two regions with a well-defined structure. More specifically, for each
residue of ACE2, we calculate the average of the AlphaFold-2 descriptor
over all interacting residues of the MP, to know if each residue of the
binding site of ACE2 is interacting with a well-structured region
(structural stability descriptor > 50) of the partner.

We thus combined all these analyses to identify the MP that most
probably interacts in the K353 region. Indeed, first of all, we select the
MP characterized by a high binding propensity with ACE2 in the K353
region. Moreover, these MPs must have almost one of the docking pose
where the ACE2 binding region is close to K353. Finally, the interacting
region has to be properly folded, according to the AlphaFold-2 reliability
score.

Considering these constraints, we selected 3 MP as potential inter-
actors in the region of K353 and we reported them in Fig. 2 (analyzes of
all other systems that were not selected in this work are reported in the

Supplementary Information, SI). To better understand the output of this
procedure, in Fig. 2-d we report the molecular surface of the ACE2 re-
ceptor in complex (predicted by molecular docking) with one of its
partners. The molecular surface of ACE2 is colored in accordance with
the binding propensity of each portion of the molecular surface: the
higher the binding propensity, the greater the intensity of the red color.
The 3 MP selected are Excitatory amino acid transporter 5 (UniProt
code: 000341), Integrin beta-1 (P05556), and Neurotensin/neuromedin
N (P30990). In this study, we add a further system (UniProt code:
P01019) whose binding between ACE2 and the MP occurs in a region
that does not involve the K353 residue of ACE2. The purpose of this
additional system is to compare the properties of molecular systems
whose interactions involve the K353 residue from a case that does not
have this characteristic. In the following sections, we analyze the results
of the molecular dynamics simulation performed for such complexes.

2.3. Molecular dynamics simulation for each selected complex

For each of the four selected ACE2-interactor complexes, we per-
formed a 100 ns long molecular dynamics simulation. The aim of this
procedure is both to refine the predicted docking model [47,48] and to
statistically study the structural stability of the estimated complex by
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analyzing the inter-molecular interactions during the simulation.
Indeed, the greater the stability of the interaction between the ACE2
receptor and the corresponding molecular partner (each of the 4
selected), the greater the probability that the two macromolecules
interact with high-affinity [16,25]. For this purpose, we first calculate
two descriptors that provide information on the mobility of each system:
the Root Mean Square Deviation (RMSD) and Root Mean Square Fluc-
tuation (RMSF). The first descriptor reports the deviation of the atomic
positions between each structure related to each frame of the trajectory
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and a reference structure (usually, as also, in this case, the starting
structure is considered). On the other hand, the second descriptor
evaluates the average fluctuation of each residue, allowing us to
distinguish the more mobile regions from the more stable ones of the
analyzed complex. The analysis of the RMSD, shown in Fig. 3a, was
carried out by fitting the structures of the entire complex onto the ACE2
receptor since it is the molecule in common to all the molecular systems
analyzed. To evaluate the binding effect with each molecular partner,
four RMSD curves were calculated: (i) the RMSD of the entire ACE2
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Fig. 3. RMSD and RMSF analysis by fitting the system on the ACE2 receptor. a) Cartoon representation of the 4 selected systems. The ACE2 receptor is shown in
blue, its molecular partner in red and the ACE2 residue 353 in green. b) RMSD values as a function of time. In blue is the RMSD of ACE2, in red is the RMSD of the
molecular partner, in yellow is the RMSD of the interface, and in green the RMSD of the patch centered in the K353 residue of the ACE2 receptor. ¢) RMSD dis-
tributions of each system. In blue is the RMSD distribution of ACE2, in red the RMSD distribution of the molecular partner, in yellow is the RMSD distribution of the
interface, and in green is the RMSD distribution of the patch centered in the K353 residue of the ACE2 receptor. d) RMSF for any residue of each molecular system. In
blue and in red the RMSF of the residues belonging to ACE2 and molecular partner, respectively. €) RMSF distributions of each system. In blue is the RMSF dis-
tribution of ACE2, in red the RMSF distribution of the molecular partner, in yellow is the RMSF distribution of the interface, and in green is the RMSF distribution of

the patch centered in the K353 residue of the ACE2 receptor.



E. Milanetti et al.

structure, (ii) the RMSD of the entire molecular partner structure (MP),
(iii) the RMSD of the two interfaces of the complex and (iv) the RMSD of
the region around the K353 residue of ACE2 receptor. After an initial
transient phase, we note that after about 30 ns all simulated systems
reach equilibrium, allowing us to study the distributions of RMSD for the
phase in which the system is at equilibrium (lower part of Fig. 3a). Not
surprisingly, the RMSDs of all ACE2-interacting proteins is greater than
the RMSDs of ACE2 itself. Indeed, this is certainly since the whole sys-
tem is fitted only on ACE2. Furthermore, the ACE2 receptor structure is
experimentally resolved, while the structures considered for the 4 MPs
are predicted with the AlphaFold-2 algorithm, which may need further
refinement through molecular dynamics simulations. A more surprising
result, on the other hand, is shown when we consider the distributions of
the RMSD values in the structural equilibrium phase of each trajectory.
In all systems, the standard deviation of the RMSD values of the entire
structure interacting with ACE2 is greater than the standard deviation of
ACE2 (see Table 1).
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To better investigate the binding between the macromolecule pairs,
we also consider both the binding interface (defined by the two binding
sites of the two interacting proteins) and the region around the K353
residue of the ACE2 receptor (which is defined by the residues whose

alpha carbons have a distance less than 8A from with the alpha carbon of
residue 353). For system 4 (UniProt code: P01019) the RMSD of the
interface is on average higher than the RMSD of the whole interacting
protein. Conversely, the patch centered in ACE2 residue K353 is
particularly stable. Since the MP of system 4 does not interact with the
K353 residue of the ACE2 receptor, this result would suggest the stability
of the region centered in the K353 residue regardless of the binding with
the molecular partner. Therefore, the region centered in the K353 res-
idue is less fluctuating than the other binding and non-binding residues.

The most interesting case concerns system 2 (UniProt code: P05556)
as the RMSD of the patch centered in 353 is more stable than both the
interface and the whole structure of ACE2 (see Table 1). The analysis of
the RMSF (Fig. 3b) is instead specific residue, allowing us to consider
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how much each residue fluctuates during the simulation of MD. The
analysis confirms that residues belonging to ACE2 partners are generally
more fluctuating than residues belonging to the ACE2 receptor. How-
ever, especially for systems 1 and 2, the patch centered in K353 is
particularly stable (more stable than the interface and more stable than
the ACE2 receptor) as shown in Table 1. ACE2 is the molecule in com-
mon to all systems analyzed in this work, therefore in Fig. 3, we have
shown the results related to the fit of the entire molecular system on the
ACE2 receptor, thus allowing us to quantify how much each MP fluc-
tuates with respect to ACE2. Obviously, by construction, in this first
analysis ACE2 receptor will be more rigid than the corresponding mo-
lecular partner but, on the other hand, this procedure allows us to
compare the atomic mobility of the 4 molecular partners with each
other.

Despite the importance of this first analysis, we show in Fig. 4 the
same analyzes but considering the fit on the whole system (ACE2-part-
ner complex), so that we can better quantify (and compare) the motion
of every single part of the system: (i) the ACE2, (ii) the MP, (iii) the
interface between the two proteins and (iv) the patch centered around
the K353 residue of the ACE2 receptor. Typically, also, in this case, the
ACE2 receptor is more stable, showing greater rigidity than any corre-
sponding molecular partner (see Table 2). In particular, the proteins
interacting with ACE2 have some more fluctuating residues (which are
characterized by a high RMSF value, as shown in Fig. 4-b), having values
in a range from 5 to 25 A.

Interestingly, we note that for the first three systems analyzed
(UniProt code: 000341, P05556, and P030990) the binding interface is
typically more stable, in terms of RMSD, than the two single proteins
(ACE2 and the molecular partner). In contrast, system 4 (UniProt code:
P01019), which is defined as a control because the partner does not
interact with the K353 residue of the ACE2 receptor (according to our
computational predictions), is characterized by a very mobile binding
interface (13.50 + 2.70 A) and the RMSD of the entire ACE2 system
(3.91 £ 0.47 }o\) is comparable with the RMSD of the patch centered
around the K353 residue (4.14 £+ 0.75 ./0\). However, we note that this
system is characterized by a very compact binding interface, as shown
by the gyration radius analysis in Fig. S2, which is calculated consid-
ering all residues belonging to the two interacting regions. On the
contrary, the systems 1 and 2 are characterized by gyration radius value
higher than the other two systems. In order to verify the reliability of the
results, we performed a molecular dynamics replica for each analyzed
system. In particular, for each of the 4 systems we perform a new 100 ns
long molecular dynamics simulation. Both RMSD and RMSF values are
compatible between the two sets of simulations. The values of both the
RMSD comparisons (see Table 1 of SI) and the RMSF correlations (0.77,

Table 1
Mean values with the corresponding standard deviations of RMSD and RMSF for
each system, obtained by fitting the entire molecular system onto ACE2 receptor.

system  UniProt part mean sd mean sd
code RMSD RMSD RSMF RSMF
@& @& @& @&

1 000341 ACE2 3.39 0.63 1.32 0.78
1 000341 interactor 41.88 10.28 6.98 5.02
1 000341 interface 16.64 4.28 3.17 2.44
1 000341 patch 3.83 0.81 0.98 0.08
2 P05556 ACE2 4.72 1.12 1.93 1.40
2 P05556 interactor 18.99 4.89 7.48 491
2 P05556 interface 5.19 0.88 1.94 0.72
2 P05556 patch 3.71 0.70 1.08 0.09
3 P30990 ACE2 2.70 0.50 1.09 0.49
3 P30990 interactor 28.69 4.52 6.98 3.30
3 P30990 interface 6.63 1.55 217 1.19
3 P30990 patch 3.36 1.05 1.03 0.11
4 P01019 ACE2 2.53 0.36 1.30 0.63
4 P01019 interactor 11.28 1.67 4.14 1.65
4 P01019 interface 13.98 2.71 1.47 0.76
4 P01019 patch 2.62 0.72 1.07 0.07
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Table 2

Mean values with the corresponding standard deviations of RMSD and RMSF for
each system, obtained by fitting the entire molecular system onto the entire
system (which is composed of ACE2 and its molecular partner).

system  uniprot part mean sd mean sd
code RMSD RMSD RMSF RMSF
(€S &Y & &

1 000341 ACE2 13.17 3.35 2.63 1.10
1 000341 interactor 18.19 3.30 4.16 4.73
1 000341 interface 13.85 3.76 3.28 1.39
1 000341 patch 10.68 3.86 3.13 0.25
2 P05556 ACE2 8.40 2.14 3.51 1.80
2 P05556 interactor 13.52 3.65 5.08 3.74
2 P05556 interface 5.39 1.35 2.68 0.53
2 P05556 patch 3.92 1.95 2.84 0.16
3 P30990 ACE2 5.98 1.14 1.79 0.60
3 P30990 interactor  20.35 2.46 4.86 2.43
3 P30990 interface 5.51 0.83 2.40 0.57
3 P30990 patch 4.23 0.98 1.51 0.09
4 P01019 ACE2 3.91 0.47 1.70 0.70
4 P01019 interactor  9.11 1.39 2.30 1.76
4 P01019 interface 13.50 2.70 1.76 0.64
4 P01019 patch 4.14 0.75 1.47 0.11

0.72, 0.89 and 0.61 for the system 1, system 2, system 3 and system 4,
respectively) are shown in the Supplementary Information (see Fig. S3).

Additional analysis for evaluating the role of hydrogen bonds at the
interface was also conducted for all 4 simulated systems. In particular,
we defined for each system the distribution of the number of hydrogen
bonds between the interacting residues of the two proteins. Analyzing
the entire trajectory of each system, we obtain a single distribution for
each ACE2-MP system. We note that system 2 and system 4 are char-
acterized by a higher number of H-bonds than the other two systems
(Fig. 5-a). The average number of hydrogen bonds is 9.00 + 2.47 and
8.98 + 3.29 for systems 2 and 4 respectively. The variance of the system
4 distribution is higher than the variance of system 2, suggesting that
system 4 can adopt different types of poses during the simulation (since
from 5 to 12 hydrogen bonds there is approximately the same proba-
bility). Furthermore, we note that in system 1 the number of hydrogen
bonds does not play a predominant role, because the mean value of the
number of hydrogen bonds is 0.25. To better investigate the role of the
ACE2 receptor in the possible binding with its corresponding molecular
partners, we analyze how many contacts each residue of ACE2 estab-
lishes with the residues of the partner Fig. 5-b. In particular, to consider
side chain packaging, for this analysis, we define contact between two
residues if the distance between the centroids of their side chains is less

than 15A. Also in this case the simulated system 2 is remarkably inter-
esting. In fact, as shown in Fig. 5-b, system 2 has many residues with a
high number of contacts, and the K353 residue is widely involved in
binding with the molecular partner. More specifically, the ACE2 resi-
dues in system 2 have on average 6.13 interacting residues belonging to
the corresponding MP. On the other hand, the other three systems have a
very similar average number of contacts for each residue: 4.50, 4.40, and
4.64 for systems 1, 3, and 4 respectively.

2.4. Hydropathy compatibility between the two binding sites of each
ACE2-MP system

It is known that the balance between hydrophilicity and hydropho-
bicity in the binding regions plays a primary role in the recognition and
interaction between two proteins [25,49]. Therefore, a quantification of
both the hydrophilic and hydrophobic contribution, and therefore of the
entire hydropathy profile, is useful to better characterize the interaction
between two proteins. However, when we consider the molecular
complex (in this case the interaction between ACE2 and each of its
molecular partners) the two binding sites have no direct interaction with
water molecules, as hydration water is excluded to favor the interaction
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Fig. 5. Contact analysis at the binding interface. a) Distributions of the number of H-bonds at the binding interface for each of the 4 molecular systems composed
of the ACE2 receptor and the corresponding molecular partner. b) For each residue of the ACE2 receptor the mean value of the number of its interacting residues
belonging to the corresponding molecular partner is reported. The residues belonging to the patch centered on the K353 residue of the ACE2 receptor are highlighted

in green.

between the two proteins. In order to evaluate the hydropathy proper-
ties of the two binding sites, it is therefore necessary to split the two
proteins and analyze the two structures separately, alone in solution,
focusing the analysis on the water molecule disposition around the two
binding sites. Here, we select the most representative structures of each
ACE2-MP system, extracting from the molecular dynamics simulation of
each system the conformation of the ACE2-MP complex with the RMSD
vale closest to the mean RMSD value in the equilibrium phase of the
simulation. For each selected structure, both of ACE2 and of MP, we
perform a 10 ns long molecular dynamics simulation in order to analyze
the arrangement of water molecules around each binding region. The
idea is to define the hydrophilic and hydrophobic properties of the in-
terfaces in their bound conformation, since 10 ns is too short to expect
large conformational changes but sufficient to perform statistical anal-
ysis on the motion of hydration water molecules. More specifically, we
describe the hydrophilicity and hydrophobicity properties by measuring
the orientation of water molecules (analysing the orientation of the
hydrogen bonds among water molecules) in first and second hydration
shells respectively, as shown in Refs. [50,51]. The analysis shows a high
correlation between the histograms obtained from the interacting re-
gions (see Fig. S4 of SI) belonging to ACE2 and the corresponding MP
respectively. In particular, in agreement with the results obtained in the
analysis of the number of H-bonds, system 2 has a higher correlation
value (the Pearson coefficient is 0.93) between the two histograms
describing the hydropathy profile of the two interfaces, highlighting a
high level of compatibility both hydrophilic and hydrophobic.

3. Conclusions

In this pandemic scenario, a great effort is being spent to identify
possible drugs that could prevent SARS-CoV-2 infection [52]. Therefore,
it is worth noting that such a study can be generalized to any type of
proposed ACE2-interacting molecule. In general terms, just as it is of
fundamental importance to have possible drug candidates capable of
inhibiting the interaction between ACE2 and the spike protein of
SARS-CoV-2, it is equally essential to consider the possible side effects if
the candidate drug interacts directly with the ACE2 receptor. Specif-
ically, here we discussed the possible effect of two DNA aptamers
recently proposed by Villa et al. [20] which interact with the ACE2 re-
ceptor through the region around the K353 residue. We, through a mix
of computational approaches, have analyzed the possible molecular
complexes composed of ACE2 and its molecular partners which, ac-
cording to computational calculations, would involve the K353 residue.
Among the ten proteins for which it is known from experimental evi-
dence to interact with the ACE2 receptor both in physiological and
pathological conditions, we have selected 3 proteins that could interact
with ACE2 involving the region centered around the K353 residue. In
this work, we report the details of the analyzes obtained from short
molecular dynamics simulations of the models predicted by molecular
docking. The three selected systems have a stable binding interface with
respect to the rest of the molecular system. In particular, the patch
centered on residue 353 appears to have low atomic mobility, regardless
of the interaction with the molecular partner. Interestingly, system 2
analyzed in this work (UniProt code of the MP: P05556) is not only
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characterized by high interface stability but also has a high number of
hydrogen bonds between the two interacting proteins, as well as the
highest number of residues interacting with the partner adjacent to
residue K353. Our analysis suggests the importance of further investi-
gating the interactions between ACE2 and its molecular partners, as such
structures are not yet known experimentally. This information can help
us to clarify the possible adverse effects due to the interaction between
ACE2 and molecule able to inhibit its binding with the SARS-CoV-2 spike
protein. Indeed, these findings may have both implications of a more
theoretical nature and of a more practical one. On the one hand, if
confirmed also by experimental tests, this approach could become a
well-defined computational procedure useful for the determination of
the binding regions between two interacting proteins, combining mo-
lecular docking methods with the algorithm based on Zernike poly-
nomials that we have recently developed. On the other hand, more
importantly, we could evaluate the effect that DNA aptamer candidates
can have, both in physiological and pathological conditions, in the
interaction with ACE2 receptor. This approach, which in principle can
also be applied to other molecular systems, plays a primary role in the
identification of the molecular mechanisms which would lead to
possible side effects for candidate molecular inhibitors.

4. Materials and methods
4.1. Molecular dynamics simulations

All simulations were performed using Gromacs [53]. Topologies of
the system were built using the CHARMM-36 force field [54]. The
protein was placed in a dodecahedric simulative box, with periodic
boundary conditions, filled with TIP3P water molecules [55]. For all
simulated systems, we checked that each atom of the proteins was at
least at a distance of 1.1 nm from the box borders. Each system was then
minimized with the steepest descent algorithm. Next, a relaxation of
water molecules and thermalization of the system was run in NVT and
NPT environments each for 0.1 ns at 2 fs time-step. The temperature was
kept constant at 300 K with v-rescale thermostat [56]; the final pressure
was fixed at 1 bar with the Parrinello-Rahman barostat [57].

LINCS algorithm [58] was used to constraint bonds involving

hydrogen atoms. A cut-off of 12 A was imposed for the evaluation of
short-range non-bonded interactions and the Particle Mesh Ewald
method [59] for the long-range electrostatic interactions. The described
procedure was used for all the performed simulations.

4.2. Molecular docking protocol and interface definition

Molecular docking between ACE2 receptor and any of its molecular
partners has been performed using ZDOCK software [46]. Starting from
the docking resulting structures, we performed 100 ns of MD simulation
both to refine the docking poses and to perform statistical analysis on
inter-molecular contacts. For each analyzed complex, the interface was
defined by taking ACE2 and MP residues whose a-carbons have a dis-

tance lower than 12 A. Furthermore, when we want to analyze side
chain orientation, we set the threshold value of the distance between the

two side chain centroids to 8.5 A [19].
4.3. Molecular surface complementarity via Zernike descriptors

For each protein, we calculate its molecular surface using DMS
software [60]. Then, we extracted any portion of the protein surface (so
defining the patches of the surface) and, with a voxelization procedure,
we represent the protein patch as a 3D function. Starting from this
function, we pass from a 3D representation to a 2D representation with a
recently developed protocol [24]. This final 2D function can be
described as a series expansion on the basis of the 2D Zernike
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Polynomials [24,61].

More specifically, given a function f(r, ¢) (polar coordinates) defined
inside the region r < 1 (unitary circle), it is possible to represent the
function in the Zernike basis as

f(r7 (p) = i g("ﬂmz’"’l (1)

n=0 m=0
with
1 1 1 21
Com = (” ha ) <an lf) = w/ drr/ dq’Z:m(ra ¢)f(r: Q))' (2
T T 0 0

being the expansion coefficients. The Zernike polynomials are complex
functions, composed by a radial and an angular part,

an = an (r)eim{/)v (3)

where the radial part for a certain couple of indexes, n and m, is given by

n=m

- (=" (n—&)! 2%
R"”’(r) = ntm n—m " (4)
2R R 1)
In general, for each couple of polynomials, one finds that
b4
Zum|Zy i ) = 70 Ot 5
CanlZ) = ot O ®)

which ensures that the polynomials can form a basis.

Taking the norm of the expansion coefficients we deal with an or-
dered set of numerical descriptors that compactly summarize the shape
of the examined molecular surface. The precision of the description can
be selected by modifying the order of the expansion N. In this work, we
fix N = 20, corresponding to 121 numerical descriptors representing
each function.

The shape complementarity between two surfaces can be easily
evaluated by applying a metric between the two vectors of numbers
describing them [24,62-64]. Indeed, we adopted the euclidean distance.
When two surfaces have a low distance between them, they are char-
acterized by a similar shape and therefore they are suitable for binding.
Using this approach we are able to identify with a promising perfor-
mance the papable binding regions between two interacting proteins.

4.4. Hydropathy compatibility characterization

We have adopted the method described in Ref. [51]. The procedure is
based on the calculation of the conditional probability density of finding
a water molecule with a specific orientation, given its distance from the
nearest atom of the solute [50,65]. To this end we have selected the
mean structures of each ACE2-MP simulation, where for each system the
mean structure is defined as the frame with RMSD closest to the mean
RMSD, which is calculated on the equilibrium phase of each simulation.
Therefore, we identify 4 average structures, one for each ACE2-MP
system. We split each identified complex in order to separate the
ACE2 structure from the structure of the corresponding molecular
partner. For both structures we perform a 10 ns long molecular dy-
namics simulation, in order to statistically investigate the rearrange-
ment of water molecules around the two binding sites (which interact
with water molecules when proteins are considered alone in solution).
Through the procedure described in Ref. [51], we calculate the orien-
tation of the hydrogen bonds of the water molecules in the first and
second shell of hydration, thus defining the conditional probability
density for each binding site. Therefore, we can easily compare each
conditional probability density profile of the ACE2 binding site with the
conditional probability density profile related to the binding site
belonging to the corresponding molecular partner.
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