
1. INTRODUCTION 
1 
Infection with SARS­CoV­2 is initiated by entry of the virus 
RNA into the host cells, and this process is based on 
interplay between the spike protein on the surface of the viral 
particle and the angiotensin­converting enzyme 2 (ACE2), 
which serves as specific cell surface receptor for this virus 
[1]. Following this interaction, the virus fuses its envelope 
with the host cell membrane to deliver the nucleocapsid into 
the target cell and translation of the viral RNA starts [2–4]. 
This virus entry process involves multiple protein­protein 
interaction steps, proteolytic modification of the virus 
proteins, and multiple conformational transitions [3–5]. 
Therefore, it can be suggested that blockade of some of these 
interactions may open efficient strategy for reduction of the 
level of the virus attack and developing therapeutic drugs 
for COVID­19 disease [6]. Among various possibilities, the 
goal­directed design of peptides or peptidomimetics as well 

as small proteins, which inhibit the spike protein interaction 
with ACE2, seems to be of particular interest for this task 
[6–8]. The feasibility of this approach seems to be increased 
by the fact that the host cell receptor ACE2 possesses higher 
affinity against S1 binding site in the case of SARS­CoV­2, 
compared with spike proteins on other previously studied 
CoV species which use similar cell entry pathway [3]. The 
structure of participating proteins S1, ACE2, and their 
complex have been described recently in several papers and 
are listed in PDB database that makes the testing of potential 
peptide­based drugs using computational methods, 
workable. The complex of the spike protein S1 with its 
receptor (ACE2) can be calculated by molecular dynamics 
(MD) simulations and is illustrated in Fig. 1. 

The possibility of spike protein S1 blockade by 
fragments of ACE2 has been studied before [7]. This 
analysis involved four inhibitory peptides derived from 
structure of ACE2, and interaction of these compounds 
with the receptor binding domain (RBD) on S1 was 
analysed using molecular dynamics simulations. For 
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design of these inhibitors, the presence of 15 interactions 
between amino acids at the ACE2 binding domain and the 
S1 binding site were taken into consideration [7]. Ten of 
these amino acids belong to the α1 domain of ACE2, one 
interacting residue comes from the α2 domain and 4 
amino acids belong to the linker region between the β3 
and β4 domains of ACE2. Following this information, 
four inhibitors were designed in [7], where the shortest 
peptide was the α1 domain of ACE2, the next included 
both α1 and α2 domains, and two other compounds were 
rather large fragments of the protein sequence. Beside 
these peptides, binding of the whole ACE2 (amino acids 
19–615) was studied in comparison [7]. The results of 
these calculations revealed that the binding energies of the 
smallest protein fragment, the α1 domain, and the whole 
protein were rather similar, while binding other peptides 
containing both α1 and α2 domains, was not so good [7]. 
Therefore, it may be concluded that the α1 domain of 
ACE2, consisting of amino acids 21–55, covers alone the 
main part of the binding effectiveness of this protein with 
the S1. 

Based on this information, we decided to extend this 
study and investigate binding effectiveness of truncated 
analogs of the α1 domain with its binding site on the S1 
protein using computational docking analysis. The 
computer­simulated complex, formed between the peptide 
derived from the α1 domain of ACE2 (amino acids 19–
45) and the spike protein S1 was calculated by means of 
molecular dynamics and is shown in Fig. 2. 

2. METHODS 

 
The input files used for modelling an ACE2 and the 
receptor binding domain of Cov­2 spike protein S1 (amino 
acids from 333 to 527) as well as the complex formed 
between these proteins were built starting from data about 
the spatial structure of these proteins, obtained by X­ray 
structure analysis [3,5], and listed as “6LZG” in the PDB 
database (www.pdb.org).  

The peptides used for docking study were derived 
from the α1 domain of ACE2 protein and the lead 
sequence STIEEQAKTFLDKFNHEAEDLFYQSSL was 
systematically truncated from both ends to produce 200 
different peptides. The final list of studied peptides is 
shown in Table 1.  

The conventional software for ligand docking AutoDock 
Vina version 1.1.2 [9] and MD simulation GROMACS 
version 4.6.1 package [10] were used. The best scoring 
results of peptide positioning were picked for peptide­S1 

A. Kuznetsov and J. Järv: Design of blocking peptide for SARS-CoV-2 229

Fig. 1. Cartoon representation of the structure of the SARS­
CoV­2 spike protein S1 complex with ACE2, modelled 
computationally by using data listed in the PDB database 
(www.pdb.org) as “6LZG”. The spike protein is coloured blue, 
the ACE2 main body is coloured green and the binding domain 
α1 is coloured magenta.

Fig. 2. Cartoon representation of the structure of the 
SARS­CoV­2 spike protein S1 with bound peptide 
STIEEQAKTFLDKFNHEAEDLFYQSSL, corresponding 
to the sequence 19–45 of the receptor protein ACE2. The 
complex structure was built computationally using molecular 
dynamics method and structural data listed in the PDB 
database (www.pdb.org) as “6LZG”. The spike protein is 
coloured blue and the peptide 19–45 is coloured magenta.  
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complex. The docking energy values were calculated and 
listed in Table 1. The protonation of the protein was handled 
automatically by the GROMACS pdb2gmx tool, which uses 
the most common protonation state for amino­acid residue 
at pH 7. The constrained bond lengths and angles, torsion 
angles, atomic point charges, and van der Waals parameters 
for the molecules were assigned using the GROMOS 53A6 
force field parameter set [11]. The complex structure was 
solvated in a cubic box with side  lenght of 5 nm and filled 
by the SPC water model for solvent [12]. System was 
neutralized by adding Na+ and Cl− ions. At first, the system 
was allowed to relax to reach equilibrium state: the cell was 
first stirred in the NVT ensemble and after that kept in the 
NPT ensemble with constant pressure (1 atm) and tem ­
perature (300 °K), using a time step of 2 fs. The temperature 
was controlled using the modified Berendsen thermostat 
algorithm [13] and pressure was controlled using the 
Parrinello–Rahman method [14]. 

Equilibrated simulations were performed on the systems 
for 10 ns. Following the setting up of parameters, the MD 
simulations were conducted for each protein state. Newton’s 
equations of motion were integrated with the leap­frog 
algorithm with a time step of 2 fs. For each subgroup, the 
temperature (300 °K) and isotropic pressure (1 atm) were 
kept constant using the Berendsen coupling algorithm [13] 
with time constants τT= 0.1 ps and τP = 1 ps, respectively. 

Interactions within the short­range cutoff of 1.2 nm were 
evaluated at every time step. Long­range electrostatic 
interactions were calculated using the particle­mesh Ewald 
(PME) summation method [15] with a 6th order 
interpolation polynomial and a 1.2 nm cutoff that were 
updated every 10 steps together with the pair­list. Bond 
lengths were constrained using the LINear Constraint Solver 
(LINCS) algorithm [16] for the protein. The set­ups were 
then simulated for 30 ns. 
 
 
3. RESULTS  AND  DISCUSSION 

 
Peptide series were derived from the structure of the 
ACE2 α1 domain of ACE2 [3,5]. Starting from the pep ­
tide sequence STIEEQAKTFLDKFNHEAEDLFYQSSL, 
located in this domain and containing amino acids 19–45, 
the peptide ligands of different lengths were derived by 
truncating this sequence systematically from both ends 
until octapeptide length. The list of all 200 studied 
peptides and their docking energy values with the S1 
binding site are presented in Table 1. It can be seen that 
the peptide docking energy depends on peptide structure, 
and firsthand, the influence of peptide length stands out. 
This dependence is illustrated in Fig. 3, presenting the 
docking energy landscape for the used set of compounds.  

A. Kuznetsov and J. Järv: Design of blocking peptide for SARS-CoV-2 231

Fig. 3. Docking energy landscape for binding of peptides with the receptor binding site on SARS­CoV­2 spike protein S1. Peptides 
were derived from the ACE2 sequence 19–45, STIEEQAKTFLDKFNHEAEDLFYQSSL, through systematic truncation from the 
N­terminus and C­terminus, and the end amino acids of peptides are shown in the plot.  
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Although for getting systematic structure­affinity 
relationships, more extensive variations of the structure 
of the peptides must be made. Still, some binding site 
properties can be assessed by grouping the obtained 
results into subseries. For example, starting from the 
longest sequence studied (amino acids 19–45), two 
subseries can be designed. The first subseries includes 
peptides, which sequence starts from amino acid 19 and 
is truncated at the C­end. This group of peptides, further 
denoted as series 19­N, includes also peptides 19–44, 19–
43 and so on, up to the octapeptide 19–26. In the same 
way, the longest peptide can be systematically shortened 
from the N­terminus, and this subseries, denoted as N­45, 
includes sequences 20–45, 21–45 and so on, up to the 
peptide containing amino acids 38–45. Such data 
grouping simplifies their meaningful analysis, as can be 
seen in Fig. 4, where the values of Edoc are compared for 
peptide subseries N­45 and 19­N, and these results can be 
discussed in terms of the binding site “topography”. 

It is important to mention that the amino acids in 
positions below 19 are not fixed in the protein structure 
and do not participate in the formation of the binding 
domain α1. Therefore, extension of the peptide sequence 
in this direction was not made also in this study. On the 
other end, however, amino acids in this non­structured 
area of the protein N­terminus have practically no 
influence on the peptide docking energy, as the Edoc vs N 
plot levels off at N < 24 (subseries N­45). Interestingly, 

this conclusion seems to be in line with our understanding 
about the interaction interface between ACE2 and S1, 
proposed in [2], showing that amino acid 24 is the first in 
the ACE2 sequence, which interacts with the binding site 
on S1. Therefore, these results of the binding site mapping 
agree with data about the interaction interface. The Edoc 
vs N plot levels also off in the case of peptides belonging 
to subseries 19­N, where the truncation is made at the C­
terminus, while the amino acid in position 45 seems to be 
involved in peptide binding, as was also found in [3]. 

The binding site mapping reveals that effectively 
binding peptides may be shorter than the full α1 domain of 
ACE2. On the other hand, the peptides having docking 
energy Edoc ≤ –12 kcal/mol must have at least 22 amino 
acids. This finding leaves plenty of room for a more 
systematic peptide design, and supports feasibility of the 
idea about using the peptide ligands as medications for 
COVID­19 disease, as administration of short peptides 
appears to be more acceptable compared with large peptides 
or proteins, including the soluble ACE2 itself [17].  

Interaction of ACE2 with S1 of SARS­CoV­2 can be 
described by the apparent dissociation constants Kd, and 
these values ranging between 94.6 nM [3] and 14.7 nM 
[4], were recently published for this interaction. These 
dissociation constants correspond to the Gibbs free energy 
values ‒ 9.6 kcal/mol and ‒ 10.4 kcal/mol for this protein­
peptide interaction, respectively. Although these values 
remain within the range of docking energies listed in 
Table 1, these parameters cannot be directly compared, as 
the free energy includes contribution of entropy that can 
play significant role in the process of protein­protein or 
protein­peptide interaction [18]. However, still the 
nanomolar range for Kd values can be predicted for the 
most potent peptides listed in Table 1. This prediction is 
supported by the fact that the binding energy of the α1 
domain of ACE2 and the whole protein, calculated in [7], 
demonstrated similar binding effectiveness of the peptide 
and the protein. Therefore, the design of peptide inhibitors 
for hindering the CoV­2 interaction with the host cells and 
entering the viral RNA into cell through interaction with 
the ACE2 binding domain seems to be a promising 
approach, especially if shorter peptides can be used in 
drugs and their binding effectiveness can be further 
optimized. 
 
 
4. CONCLUSIONS 

 
Docking of 200 peptides, derived from the ACE2 binding 
domain sequence, which is responsible for CoV­2 spike 
protein S1 binding with the host cell surface, has been 
studied for mapping of the protein­protein interaction 
interface. The results demonstrate that the peptide binding 
effectiveness depends on the peptide length and certain 
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Fig. 4. Dependence of docking energy on peptide length in 
the case of two subseries, derived from the sequence 
STIEEQAKTFLDKFNHEAEDLFYQSSL (amino acids 19–45 
in ACE2 structure) by systematic truncation of the N­terminus 
and C­terminus of the peptide. The two series are denoted as 
N­>45 and 19­>N, where N stands for the last number of the 
amino acid in the peptide.  
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optimal structure can be found for this interaction. We 
suggest that further optimization of this interaction is 
possible through systematic variation of the amino acid 
composition of the peptides and application of quantitative 
structure­activity analysis together with docking analysis 
and molecular dynamics calculations, and this study could 
be important for designing antiviral drugs to inhibit CoV­
2 activity. 
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ACE2  sidumistsenter  viiruse  SARS­CoV­2  teravikvalgul  S1:   

peptiidide  dokkimise  uuring 
 

Aleksei Kuznetsov ja Jaak Järv 
 
Arendusfaasis olevate erinevate COVID­19 ravivõimaluste hulgas eristub selge huvi inhibiitorite väljatöötamise vastu, 
mis blokeerivad viiruse tungimist peremeesrakku ja hõlbustavad selle lihtsa mehhanismi kaudu haiguse ravi. Sellest 
ideest lähtudes on käesolevas töös uuritud SARS­CoV­2 teravikvalgul S1 asuva sidumistsentri omadusi, sest selle kaudu 
seostub see viirus raku pinnal asuva retseptorvalguga ACE2, millele järgneb viiruse RNA tungimine peremeesrakku. 
Uuringuks vajalikud peptiidid (200 ühendit) konstrueeriti ACE2 struktuurist lähtudes ja nende jaoks arvutati dokkimise 
energia, mis kirjeldab nende seostumist viiruse teravikvalguga S1. Need arvutused näitavad, et juba uuritud peptiidide 
hulgas esineb mitmeid ühendeid, mis efektiivselt seonduvad teravikvalguga ja seega takistavad viiruse seondumist 
rakuga. Saadud andmetest lähtudes on võimalik jätkata uurimistööd peptiidide sidumise efektiivsuse edasiseks 
suurendamiseks, pidades silmas viirusinfektsioonivastaste ravimite loomise perspektiivi. 


