Molecular
and Cell Biotechnologies

https:/ /doi.org/10.7124 /bc.000B3F
UDC 577.322:004.94:578.834.1:615.277

N.V. Khmil*? A.V. Shestopalova’
'O.Ya. Usikov Institute for Radiophysics and Electronics, NAS of Ukraine

12, Akademika Proskura Str., Kharkov, Ukraine, 61085
2Kharkiv National University of Radio Electronics

14, Nauky Ave., Kharkiv, Ukraine, 61166

nataliia.khmil@nure.ua
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INHIBITOR ON FURIN CONFORMATIONAL STABILITY:
MOLECULAR DOCKING AND MOLECULAR

DYNAMICS SIMULATIONS

Furin is a key host protease involved in proteolytic activation of the SARS-CoV-2 spike protein (S protein) at the S1/
S2 cleavage site, thereby facilitating membrane fusion, making it an attractive target for the antiviral drug develop-
ment. Aim. To evaluate the conformational stability and binding behavior of furin in a complex with nelfinavir, rem-
desivir and the macrocyclic peptidomimetic inhibitor 8 (PI8) using computational approaches. Methods. Molecular
docking and 100-ns molecular dynamics (MD) simulations were used to characterize ligand-binding modes and assess
the structural stability of furin-ligand complexes. Results. Docking analysis identified PIS as the energetically most
favorable compound (-9.1 kcal/mol) that forms stable interaction within the catalytic site, while nelfinavir and remde-
sivir showed slightly lower affinities (-8.7 and -8.9 kcal/mol, respectively). MD simulations confirmed the structural
stability of all complexes over the 100-ns trajectory, supporting the reliability of the predicted binding modes. Conclu-
sions. Molecular docking and MD approach provide a robust framework for identifying and characterizing potential
furin inhibitors.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by se-
vere acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), continues to affect global health, with over 7
million deaths reported worldwide by February 2026
(https://covid19.who.int/). In Ukraine, Omicron sub-
variants predominate, including recombinant forms
and recently identified strains such as Stratus (XFG)
and Nimbus (NB.1.8.1), although their confirmed in-
cidence remains limited (https://phc.org.ua).

The SARS-CoV-2 S protein mediates host-cell
recognition via the S1 subunit and membrane fu-
sion via the S2 subunit. The S1 receptor-binding
domain interacts with the ACE2 receptor [1—3].
Viral entry requires proteolytic activation at the
§1/S2 and S2' sites by host proteases, including
furin and TMPRSS2 [4, 5], while the polybasic
furin cleavage site enhances infectivity and trans-
missibility [6]. Furin is a calcium-dependent se-
rine endoprotease involved in the processing of
numerous precursor proteins and viral substrates
[7—13], and contains a catalytic domain with the
Ser368-His194-Asp153 triad [14—17]. In addi-
tion, cathepsins may also be involved in the pro-
teolytic activation of the SARS-CoV-2 S protein
[18, 19]. Given its role in viral entry, furin is a
promising antiviral target [20]. Several inhibitors
and repurposed drugs have been explored [21—
28], but their involvement in essential physiologi-
cal processes raises concerns about potential side
effects, emphasizing the need to understand li-
gand-binding mechanisms and their stability [29].

Therefore, the aim of this study was to investi-
gate the binding modes and conformational sta-
bility of furin in complex with nelfinavir, remde-
sivir, and PI8 using molecular docking and MD
simulations.

Materials and Methods
Preparation of protein and ligands

The 3D structure of furin (PDB ID: 5]XG) was
downloaded from the RCSB Protein Data Bank,
corresponding to the soluble ectodomain (~581 re-
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sidues) that lacks the C-terminal transmembrane
helix and cytoplasmic tail present in the full-length
protein [14]. Remdesivir and nelfinavir structures
were retrieved from the PubChem database in
SDF format; PI8 structure was obtained from the
protein database in PDB format (https://www.rcsb.
org/ligand/PI8). Ligands were energy minimized
using the Universal Force Field and converted to
PDBQT format with AutoDockTools (v1.5.6) [30].
The protein preparation involved the removal of
water molecules and the assignment of protona-
tion statesat pH 7.4. Hydrogen atoms and Gasteiger
charges were also added. Molecular docking was
performed using a grid box of 70 x 70 x 70 A cen-
tered at x = -35.258, y =-37.758, 2 = 0.284, with an
exhaustiveness of 50 and a grid spacing of 0.508 A.

Molecular docking analysis

Molecular docking was performed using AutoDock
Vina (v1.1.2) [31,32]. To validate these results, an
independent docking approach was applied using
the CB-Dock2 web server. The complexes with the
highest affinity scores were visualized and analyzed
for non-covalent interactions using PyMOL (v2.5)
[33] and the Discovery Studio 2024 Client software
[34]. Docking reliability was assessed by redocking
the furin-ligand complexes; the root mean square
deviation between the crystallographic and re-
docked poses was below 2 A, confirming the accu-
rate reproduction of the binding modes.

MD simulations

MD simulations of furin-ligand complexes were
performed using GROMACS (v2024.4) with the
CHARMM?27 force field [35]. Ligand topologies
were generated using the SwissParam server [36].
The systems were solvated with the TIP3P water
model and neutralized by adding Na* and Cl" ions.
Long-range electrostatics were treated with the
Particle Mesh Ewald method with a cutoff of
1.2 nm, while van der Waals interactions were
switched off between 1.0 and 1.2 nm [37]. Energy
minimization was followed by equilibration under
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NVT conditions (1.1 ns, 300 K) using the V-rescale
thermostat, and subsequently under NPT condi-
tions with the V-rescale thermostat and the Bere-
ndsen barostat. MD simulations were conducted
for 100 ns with a time step of 2 fs at 300 K and
1 bar. Trajectory analysis included root mean squ-
are deviation (RMSD), root mean square fluctua-
tion (RMSF), radius of gyration (Rg) of Ca atoms,
and hydrogen bond formation, calculated using
standard GROMACS tools. Figures were genera-
ted from .xvg outputs.

Results and Discussion
Molecular docking

AutoDock Vina and CB-Dock2 provided consis-
tent ligand orientations and binding site predic-
tions [38]. AutoDock Vina predicted binding ener-
gies of -9.1 kcal/mol (PI8), -8.7 kcal/mol (nelfina-
vir), and -8.9 kcal/mol (remdesivir), while CB-
Dock? yielded comparable values of -8.8, -8.2, and
-8.5 kcal/mol, respectively. The most favorable
binding conformations are shown in Fig. 1.

PI8 is a macrocyclic peptidomimetic inhibitor
(https://www.chemspider.com/Chemical-Struc-
ture.392745.html) designed to target the enzyma-
tic activity of proprotein convertases, representing
an alternative to classical peptide-based furin in-
hibitors [39—41]. In addition, PI8 exhibits inhibi-
tory activity against HIV proteases, highlighting
its potential as a broad-spectrum protease inhi-
bitor [42]. PI8 demonstrated the highest binding
affinity to furin, with an AutoDock Vina score of
-9.1 kcal/mol, binding within the catalytic site
(Fig. 1a). It formed hydrogen bonds with Pro266,
Glu271, and Ser311, hydrophobic interactions
with Ala267, Arg268, Ile312, and Tyr313, as well as
van der Waals contacts and a m-cation interaction
with Arg490 (Fig. 1b). Blind docking yielded a
comparable binding energy (-8.8 kcal/mol), with
hydrogen bonding to Arg490, m-anion interaction
with Asp530, and m-stacking with Phe275 and
Trp531 (Fig. 1c). These interactions support pref-
erential localization of PI8 within the catalytic do-
main, contributing to its high affinity.
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Comparison with nelfinavir and remdesivir re-
vealed similar binding orientations within the cata-
lytic site (Fig. 1d, Fig. 1g). Remdesivir retained hy-
drogen bonds with Pro266 and Glu271 and hydro-
phobic contacts with Arg268, Ile312, and Trp531,
occupying pockets corresponding to the S4 and S5
subsites [40]. Nelfinavir exhibited n-stacking with
Trp531, whereas remdesivir formed a mt-cation in-
teraction with Arg490 (Fig. le, Fig. 1h). Their bind-
ing energies were slightly lower (-8.7 and -8.9 kcal/
mol, respectively). In blind docking, the stabiliza-
tion of nelfinavir and remdesivir complexes was
also supported by n-stacking interactions with aro-
matic residues such as Phe275 and Trp531, similar
to PI8, indicating their role in ligand positioning
within the binding cavity (Fig. 1f, Fig. 1i). CB-
Dock2 predicted binding affinities of —8.2 kcal/mol
(nelfinavir) and -8.5 kcal/mol (remdesivir).

Nelfinavir, originally developed as an HIV-1
protease inhibitor, has been shown to inhibit host
proteases, including furin [43—45]. Remdesivir, a
nucleotide analog targeting viral RNA-dependent
RNA polymerase, is less hydrophobic and richer in
heteroatoms compared to nelfinavir, that may in-
fluence its binding profile [46, 47]. Their structural
diversity and distinct mechanisms make them
suitable for the comparative docking analysis to-
gether with PIS.

Molecular dynamics

The RMSD profiles of Ca atoms over 100 ns for
apo furin and its complexes with nelfinavir, rem-
desivir, and PI8 are presented in Fig. 2.

All systems show a rapid increase in RMSD during
the first 5—10 ns, followed by equilibration. Apo
furin exhibits the lowest RMSD (0.12—0.15 nm), in-
dicating high stability. The nelfinavir complex shows
a gradual increase after ~50 ns (0.20—0.22 nm), sug-
gesting ligand-induced conformational changes,
while remdesivir (0.15—0.18 nm) and PI8 (0.16—
0.19 nm) remain stable with minor fluctuations.

RMSF analysis shows generally low flexibility
(RMSF < 0.2 nm), confirming the preservation of
the global fold (Fig. 3). Increased fluctuations are
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Fig. 1. Binding modes of potential inhibitors predicted by AutoDock Vina and CB-Dock2. The top-ranked poses are
shown in magenta (AutoDock Vina) and cyan (CB-Dock2): a, b, c — PI8, d, e, f — nelfinavir, g, h, i — remdesivir. Panels
(b, e, h) and (c, f, i) represent Discovery Studio visualizations for AutoDock Vina and CB-Dock2 results, respectively. The
furin structure is shown as green ribbons. For all panels, the 2D interaction diagrams (center and right column) are
presented in color: — van der Waals; 8l — hydrogen bond; 7] — m-anion, m-cation; — alkyl; I —
n-sigma; [l — mt-stacked; [l — unfavorable donor-donor
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Fig. 3. Root mean square fluctuation
of Ca atoms of furin in the apo form
and in complexes with remdesivir,

nelfinavir, and PI8 over 100 ns MD
simulations

observed in nelfinavir at residues 150—200 and
340—360, consistent with higher RMSD values,
whereas remdesivir and PI8 remain similar to the
apo form. The overall residue fluctuations remain
below 0.5 nm, indicating the preservation of
structural integrity and stability of the secondary
structure.

Fig. 4 shows the intermolecular hydrogen bonds
between furin and remdesivir, nelfinavir, and PI8
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Residue

during 100 ns MD simulations. The nelfinavir
complex exhibited the highest stability, maintai-
ning 3—5 hydrogen bonds on average, while rem-
desivir formed 2—5 hydrogen bonds with mode-
rate fluctuations. PI8 formed only 1—4 hydrogen
bonds, indicating weaker polar interactions. Ne-
vertheless, PI8 showed the most favorable docking
score, suggesting that its binding affinity is largely
driven by hydrophobic contacts with Ala267,
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Fig. 5. Radius of gyration of Ca atoms of furin in the apo
form and in complexes with remdesivir, nelfinavir, and PI8

Arg268, Ile312, and Tyr313, van der Waals interac-
tions with Asn310 and Gly307, and favorable
shape complementarity within the binding pocket.

All systems showed stable Rg values (2.16—
2.22 nm), indicating preservation of the global
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fold (Fig. 5). The apo form had the lowest Rg
(2.16—2.18 nm), reflecting a compact and stable
structure. The nelfinavir complex exhibited slight-
ly higher values (2.18—2.21 nm) with moderate
fluctuations after ~50 ns, suggesting minor expan-
sion. Remdesivir and PI8 complexes showed simi-
lar ranges (2.19—2.22 nm and 2.18—2.21 nm, re-
spectively), indicating slightly less compact but
equilibrated structures. Overall, these results agree
with previous MD studies reporting Rg values
around 2.2 nm for apo furin and inhibitor com-
plexes [28].

Furin consists of signal peptide (1—26), a pro-
peptide (27—107), a catalytic domain (108—292),
a P domain (293—451), and a cysteine-rich region
(~452—565). The catalytic region is enriched in
negatively charged residues (Glu, Asp), which fa-
cilitates recognition of polybasic substrates such as
the SARS-CoV-2 § protein. The P domain stabi-
lizes the catalytic domain via hydrophobic interac-
tions and is essential for folding and activity [48,
49]. The molecular dynamics results are consistent
with Dahms et al. [17], who showed that the sub-
strate recognition involves residues in the S1, S2,
and S4 pockets (Asp258, Asp306, Glu257, Ser253,
Gly255, Tyr308). In present simulations, RMSD
values below 0.25 nm indicate that ligand binding
does not alter the global fold. The catalytic triad
(Asp153-His194-Ser368) remained structurally
stable without significant RMSF fluctuations, pre-
serving the active site architecture for 100 ns.

Moderate flexibility was observed in the loop
regions near the active site, particularly around
Asp153 (140—160), His194 (190—200), and resi-
dues Asp258 and Asp306 (250—320), consistent
with the conformational adaptability described by
Dahms et al. [17]. Importantly, the key residues of
S1 pocket (Asp258, Asp306), required for recogni-
tion of the SARS-CoV-2 S protein, remained stable
[40], as did Tyr308 and Tyr313 near the binding
cleft [50]. Hydrogen bond analysis confirmed sta-
ble ligand binding with robust interactions invol-
ving Glu271, Ser311, and Tyr313.

Beyond the catalytic region, all ligands interac-
ted with residues in the cysteine-rich domain,
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including Arg490, Asn529, Trp531, and Ala532.
Nelfinavir formed hydrogen bonds with Asn529
and Ala532, PI8 engaged Arg490 through hydro-
gen bonding and n-stacking with Trp531, while
remdesivir showed mainly hydrophobic contacts
with Trp531. This region, stabilized by conserved
disulfide bonds, contributes to the structural in-
tegrity; ligand interactions here likely enhance
local stabilization without affecting the global
structure, consistent with stable RMSD and mo-
derate RMSF values. These findings are consis-
tent with Kolari¢ et al. [40], who reported that
extended pocket interactions improved inhibitor
stabilization, and with Ord et al. [50], who em-
phasized the role of conformational flexibility in
furin function. Thus, the interactions involving
the cysteine-rich region may contribute to the
enzyme stabilization and potentially modulate
substrate recognition.
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BIDUIVB ITPOTUBIPYCHMX ITPEITAPATIB TA IIEITUJOMIMETMYHOT'O
IHTIBITOPA HA KOH®OPMALIVHY CTABIJIBHICTD ®YPVHY: MOJIEKYJIAPHUN
JOKIHI TA MOJIEKYIAPHO-JVUIHAMIYHE MOJIE/TIOBAHHA

DypuH € KII0YOBOIO IPOTeas300 XassiHa, sKka 6epe y4acTb y MPOTEOMITHUYHIN akTHBaLil munomnoni6uoro 6inka SARS-
CoV-2 B pinauui posmemniennsa S1/S2, cpusaoun sIUTTIO BipycHOI Ta KIITUMHHOI MeMOpaH, 1[0 pPOOUTH J10T0 IpuBa-
6/111BOI0 MIllIEHHIO [/1s1 pO3pOOKY IIPOTUBIPYCHMX NpenapatiB. Mema. Ouinntu KoHGOpMaLiiHy cTabiIbHICTb Ta 1Oo-
Be[iHKY 3B’s13yBaHHs GypUHY B KOMIUTEKCi 3 He/iHaBIpOM, peMIecHBIpOM Ta MAaKPOLMKIIYHIM MeNTHIOMIMeTHY-
HuM iHribitopom 8 (PI8) 3a ;0r1oMOro 064MCIIOBaNbHIX MiAX0AiB. Memoou. MonexynsapHuit fokiHr ta 100-Hc More-
Ky/IAPHO-[IHaMiuHe MOJEIIOBaHHA OY/IM 3aCTOCOBaHi JUIA BUSHAUEHHs PeXMMIB 3B’A3yBaHH:A JraHAiB Ta OL[iHKU
CTPYKTYpHOI cTabinmbHOCTI KOoMIUTeKCiB pypuH-nirang. Pesynvmamu. [JokiHrosuit ananis BusHaunB PI8 sx eHepre-
TUYHO HABUTiHIiIIY crionyKy (-9,1 Kkan/Monb), o ¢popMye cTabimbHi B3aeMOfil B KaTaliTUYHOMY CaiiTi, TOAi K
HendinaBip i pempecuBip ZeEMOHCTPYBAIN Hel0 MEHII CIPUATINBI eHepril 38’13yBaHHs (-8,7 Ta —8,9 KKaj/Mob, Bif-
HOBiffHO). MoJIeKyIApHO-AMHAMIYHEe MOZEMIOBAHH IIATBEPANIO CTPYKTYPHY CTabiIbHICTD yCiX KOMITIEKCIB IIPOTS-
roM 100-Hc TpaekTopii, 1[0 CBigYUTD PO HARIHICTD MepenbadeHNX peXXUMIB 3B s13yBaHHs. Bucnosxu. Monexynsp-
HUIT JOKIHT Ta MOJIEKY/ISIPHO-IHAMIYHe MOJeMIOBaHH 3a0€e3I1eYyI0Th HaliiiHy OCHOBY A/s imeHTHiKanii Ta XapakTe-
PUCTMKM IOTeHLiIHKX 1HTibiTOPIB QypuHYy.

Kntouosi cnosa: GypuH, mpoTUBipycHi IpenapaTy, NeNTUAOMIMeTUYHNUI iHribiTOp 8, mmmononi6Hmit 6inox SARS-
CoV-2, MONeKYIAPHMIL JOKIHT, MOTIEKY/IAPHO-AMHAMiYHEe MOJIETIOBAHHA.
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