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Abstract—Computer models of hemagglutinins from the H3N2 and H7N9 influenza viruses were developed to study struc-
tural organization and dynamic characteristics of the binding site for the conformational rearrangement inhibitors. The
metadynamics was used to map the binding site free energy and to define the volume of its most energetically favorable
states. It was demonstrated by simulation of the umifenovir (Arbidol) interaction with hemagglutinin that ligand binding
requires an increase in the binding site volume and deformation of its most energetically favorable state. We also identified
amino acid residues directly involved in the ligand binding that determine the binding efficiency, as well as the dynamic
behavior of the binding site. The revealed features of the binding site structural organization of the influenza virus hemag-
glutinin should be taken into account when searching for new antiviral drugs capable to modulate its functional properties.
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Hemagglutinin (HA) is the important glycoprotein
on the surface of influenza virus that plays an essential role
in the infection, as it recognizes receptors on the host cell
surface, undergoes significant structural rearrangements
during binding, and facilitates the fusion of viral and cel-
lular membranes and penetration of viral ribonucleopro-
teins into a healthy cell [1]. Inhibition of the early stages
of infection is an important step in fighting the influenza
virus; hence, HA represents an attractive target searching
for novel antiviral preparations. The primary target of
antiviral therapeutics is the binding site recognized by
oligosaccharide receptors. It is located in the HA head
region and oriented away from the viral membrane
towards the environment, which makes it accessible to the
immune system. Influenza vaccines often target this par-
ticular site [2]. Unfortunately, because of such location,
this protein region has acquired an extremely high vari-
ability due to mutations [3-6]. That is why the search for

Abbreviations: CV, collective variable; HA, hemagglutinin.
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the antiviral drugs targeting other, more conserved binding
sites in HA is required. Recently, a considerable research
interest has been focused on a site located in the highly
conserved stem region [7] near the fusion peptide respon-
sible for the protein structural rearrangement. Using X-ray
diffraction techniques, it was demonstrated that this site
can bind tertiary butylhydroquinone [7], N-cyclohexyl-
taurine [8], and umifenovir [9]. According to the authors,
when bound at this site in the HA molecule, these com-
pounds can induce conformational changes of the adja-
cent residues, thus forming a network of interactions that
stabilize the entire HA subunit structure and prevent
structural rearrangement of HA. This binding site for the
structural rearrangement inhibitors could be the previous-
ly unrecognized target of antiviral drugs and an alternative
target searching for novel anti-influenza preparations.
Docking is a widely used computational technique
searching for potential protein inhibitors. In order to use
this technique efficiently, one needs to create a library of
potential low-molecular weight ligands and to define
their binding site. However, when the binding site is not
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well defined in the protein structure, it is worthwhile to
design an adequate computer model of the molecular tar-
get, the quality of which would determine the success in
the identification of new inhibitors. The dynamic charac-
teristics of an inadequately described site must be also
examined in addition to the static three-dimensional
structure. As demonstrated for neuraminidase (another
influenza virus protein), ligand binding sites could
assume several possible conformations, and their volume
could depend on a virus strain [10]. Investigating dynam-
ic behavior of the binding site and searching for its most
energetically favorable states are the key steps in molecu-
lar modeling that precede computational design of novel
compounds. In the case of HA structural rearrangement
inhibitors, this approach is even more appropriate
because the binding site is located in the region most
affected by the structural changes occurring during virion
fusion with healthy host cells, and this feature must be
taken into consideration searching for the complementa-
ry inhibitors.

In this study, we developed the computer models of
HAs from the H3N2 and H7N9B influenza viruses in
order to investigate structural organization and function-
al features of the binding site for conformational
rearrangement inhibitors. The molecular modeling meth-
ods were used to examine the dynamic characteristics of
the binding sites in order to identify amino acid residues
participating in binding and to determine the most ener-
getically favorable states of the site, as well as to elucidate
the effect of dynamic properties on the efficiency of inter-
action with potential inhibitors using umifenovir as a
model component. The obtained data could be useful
elucidating the mechanism of action of the known prepa-
rations or searching for novel antiviral preparations capa-
ble of modulation of the influenza virus HA functional
properties.

MATERIALS AND METHODS

Molecular dynamics. The structures of HAs from
H3N2 (PDB ID 5t6n) and H7N9 (PDB ID 5t6s) influen-
za viruses were used in the investigation of the umifen-
ovir-binding site. Amber ff14SB force field was used for
protein atoms [11]. Each protein was placed into a rec-
tangular parallelepiped-shaped cell with the dimensions
of 100 x 100 x 163 A. The minimal distance between the
protein and cell boundary was 12 A; the limit of non-
valent interaction radius was 10 A. Long-distance electro-
static interactions were calculated using the PME algo-
rithm for periodic boundary conditions; the grid step was
1 A. The TIP3P type water molecules and Na* and CI~
ions at the concentration of 0.1 M were added to the sys-
tem to create solution ionic strength and to neutralize
charges. The initial models were optimized in the course
of 5000 energy minimization cycles. The limits were
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applied to the protein atom mobility followed by gradual
heating of the system from 0 to 300 K at constant volume.
In the next step, the pressure of 1 atm was established at
constant temperature. The final HA molecular dynamic
simulation at constant volume and temperature was car-
ried out with the pmemd.cuda program of the Amberl4
software package [12]. The duration of the obtained tra-
jectories was 100 ns; 5000 images were selected from the
trajectories.

Metadynamics. The metadynamics was used to char-
acterize the energy state of the binding sites in HAs of the
H3N2 and H7N9O viruses resulting from the changes in
their volume [13]. This technique allows to conduct
accelerated accumulation of statistically rare events while
controlling various parameters of the system using the so-
called collective variables (CVs). Accelerated statistics
accumulation (or sampling) occurs due to gradual addi-
tion of the supplementary set of prescribed Gaussian hills
that depend on CVs to the general potential of the system.
In the process, these CVs can be selected in a very wide
range, from simple distances between atoms and dihedral
or torsion angles to complex CVs, for example, for groups
of atoms. The free energy surface can be reconstructed
from the results of modeling depending on CVs, thus
defining the energy characteristics of the investigated
process.

Three general principles were used for CV selection:
CVs should define initial, transitional, and final states of
the investigated process; CVs should be slow for this sys-
tem; their number should be as low as possible, because
introduction of any additional variable significantly slows
down the calculations and complicates analysis of the
results. In order to investigate the binding site in the
H3N2 HA, we selected the volume of the umifenovir-
binding site set by the CAVITY function in the metady-
namics modeling program Plumed 2.4 [14] as a CV. This
function allows to define the volume based on the spatial
location of four protein atoms. The vector r, is drawn
from the first atom to the second one. Next, the r, vector
is drawn perpendicular to the plane containing the first,
the second, and the third atoms, as well as the vector r,
orthogonal to the vectors , and r,. The first atom and
projection of the fourth atom on the plane formed by the
pairs of created vectors define the final rectangular paral-
lelepiped in which the value of certain parameter is calcu-
lated (the number of water molecules in our case). The
Ca atoms of amino acid residues adjacent to the binding
site (Ala304 and Leu316 from the A chain, Tpr92 from the
B chain, and Lys310 from the C chain) were selected as
base atoms; the volume of the rectangular parallelepiped
was calculated by subtracting the volume of protein frag-
ment falling in it (Fig. 1a). Additional Gaussians with the
height of 4 kJ/mol and width of 0.1 were applied based on
the created CV.

Unlike the examined region in the H3N2 HA, the
same region in H7N9 HA can assume open and closed
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Fig. 1. a) The binding region for the conformational rearrangement inhibitors on the surface of H3N2 HA selected for examination with the
metadynamics: red, the outer boundary of the region; green, elements of the protein secondary structure and some amino acid residues; blue,
the region whose volume is changed and measured in the course of the experiment. b) RMSF graph for H7N9 HA. Three protein subunits can
be recognized from the graph shape. Red dots, amino acid residues Glu97 from chain F and Asn27 and Arg32 from chain E that were select-
ed for creation of additional CV. These residues have low RMSF values and are located near the examined region. Blue dashed line represents
RMSEF value (~0.96 A) for the center of masses of heavy atoms in these residues. (Colored versions of Figs. 1, 3, 4, 5 and 6 are available in
electronic version of the article on the site http://sciencejournals.ru/journal/biokhsm/)

conformations; hence, an additional CV was introduced
to develop a comprehensive picture of free energy
changes during the modeling of its dynamic behavior.
Considering that the open and closed conformations are
determined mainly by the location of Arg54 from chain
B, the CV used was the difference in the distances d1 and
d2, where d1 is the distance between carbon atom in the
guanidine group of Arg54 and center of masses of three
stable residues, e.g., Glu97 from chain F, Asn27 and
Arg32 from chain E (Fig. 1b); d2 is the distance between
carbon atom of the guanidine group of the same arginine
residue and carbon atom from the carboxyl group of
Glul03 from chain D. This CV was selected to measure
the energy of the Arg54 residue shift without adding more
artificial limitation on the mobility of the rest of the
residues. The height of the supplementary Gaussians was
4 kJ/mol; the width was 0.1 and 0.2 for the site volume
and distance, respectively.

Docking. The molecular dynamics images of H3N2
HA were aligned with the original structure and then
exported as separate pdb files. The pdbqt files of HA and
its inhibitor (umifenovir) were prepared using PMV [15,
16]. The docking of the obtained structures was performed
with the help of SMINA using the Vina program [17] for
docking. SMINA was initiated with the exhaustiveness
parameter of 20; the point inside the investigated ligand
binding site was selected as a docking center. Further
analysis was conducted for 10 docking results that demon-
strated the lowest value of the criterion function. A table
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containing pairwise RMSDs was compiled for these struc-
tures and the structures resolved by X-ray diffraction
analysis. The final data were clustered using the DBSCAN
method [18]. The minPts value was set at 4; the € value was
increased until the crystal conformation of umifenovir
reached one of the forming clusters from multiple outliers.
Next, the silhouette value for € was evaluated, starting from
the found ¢ value and finishing with the € value that had
the maximum silhouette value. The obtained clusters were
visualized by the principal component analysis using
Rstudio and the fviz cluster function. The same procedure
was applied to the metadynamics trajectories.

RESULTS AND DISCUSSION

The structure of proteins in aqueous solution experi-
ences natural fluctuations as well as the volume of the HA
binding site for conformational rearrangement inhibitors
due to the motion of residues that comprise the site. We
suggested that the binding site volume can be determined
as the number of accommodated water molecules, which
allows to characterize this site without using complex
algorithms usually applied in various programs [19]. This
approach seemed promising for modeling the conforma-
tional states and energy characteristics of the binding site
using supplementary external effects (as it is done in
metadynamics [13]), since the force distribution in the
investigated volume occurs uniformly over all water mol-
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Fig. 2. Dependence of the free-energy surface of the binding site
for the conformational rearrangement inhibitors in H3N2 HA on

the site volume (number of included water molecules) as deter-
mined by modeling using metadynamics.

ecules rather than over individual protein atoms (which
could result in the distortion of site structure and sam-
pling of highly energetic insignificant conformations). To
investigate the binding sites for the structural rearrange-
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ment inhibitors in HAs of the H3N2 and H7N9 influen-
za viruses, we used the number of contained water mole-
cules as a CV. It was demonstrated by the X-ray diffrac-
tion analysis, that unlike the binding site in H3N2 HA,
the binding site in the H7N9 HA can assume open and
closed conformations, determined by the conformation
of Arg54 residue of chain B [9]. Hence, we studied the
metadynamics of the structural organization and dynam-
ic behavior of the binding site in H7N9 HA using an addi-
tional CV characterizing Arg54 position in chain B.

Dynamic properties of the binding in H3N2 HA. The
free-energy surface of the binding site in the H3N2 HA
was determined by integration of all Gaussian hills added
to the system in the course of metadynamics over the
selected CV (the number of water molecules) (Fig. 2). It
can be seen that there was only one energy minimum,
which corresponded to the volume containing from 23 to
34 water molecules; moreover, large additional energy
(>4 kcal/mol) is required to surpass this interval. It was
important to identify amino acid residues that form the
binding site and to determine its dynamic behavior and
specific interactions with the inhibitors.

C_LYS310

Fig. 3. Map of the RMSD dependence for amino acid residues forming the binding site in H3N2 HA on the site volume. The region corre-
sponding to the most energetically favorable states of the site is marked with black frame. Blue, the lowest RMSD value; red, the highest
RMSD value for the amino acid residue at the indicated state of the site. The graph allows determining the residues that affect the binding
site volume the most — their RMSD remains low for the most energetically favorable states of the site (inside the black frame) and increases
with the site destabilization (volume increases or decreases relative to the optimal one), while RMSDs of the rest of amino acid residues

change independently on the site volume.
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Fig. 4. Dynamic characteristics of the binding site in H7N9 HA at different energy states. a) Free energy surface (values are color-coded
according to the given scale) with changes of the site volume (the number of enclosed water molecules). Vertical axis shows the difference in
the distances d1 and @2, where d1 is the distance between the carbon atom in guanidine group of Arg54 and center of masses of three stable
residues: Glu97 in chain F, Asn27 and Arg32 in chain E (not shown in the figure); @2 is the distance between the carbon atom in guanidine
group of the same arginine and carbon atom in the carboxyl group of Glul03 residue in chain D (see “Materials and Methods”). b) Position
of the key amino acid residue Arg54 in the closed conformation of the binding site (upper panel) and changes in its position during transition
from the closed to the open state (lower panel); green, elements of HA secondary structure; yellow dashed line, the distance between carbon

atoms in guanidine and carboxyl groups of Arg54 and Glul103.

In order to obtain this information, we selected the
images from the entire dynamic trajectory in which the
site volume corresponded to the most favorable states.
Based on the selected images, an averaged H3N2 HA
structure was constructed using the functional from the
VMD program [20] that corresponded to the most ener-
getically favorable state of the binding site. Next, the
deviations from the averaged structure were calculated for
the amino acid residues located at the distance of 8 A
from the site center for the entire dynamics trajectory.
The map of the RMSD value dependence for the selected
residues in the site volume is presented in Fig. 3.

The RMSD values for the residues Phe294 in chain
A; Lys51, Glu57, Asn95, Ala96, Leu99, and Glul03 in
chain B; Lys27, Thr28, 11e29, Asp32, Val309, Lys310,
GIn311, and Leu314 in chain C; and Ile89, Asp90,
Leu91, Trp92, Ser93, Tyr94, Asn95, Ala96, Glu97, and
Leu98 in chain D were low at the optimal binding site
volume (i.e., positions of these residues were stable in
the most energetically favorable state) and increased sig-
nificantly outside its boundaries. This implies that the
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number of water molecules in the binding site depends
on the above residues. For other residues, this parameter
did not display pronounced minima depending on the
volume; hence, they did not affect the number of includ-
ed water molecules in this site. The RMSD values for
Arg54, Asn60, Glul03 in chain B and Lys310 in chain C
remained most stable under fluctuations in the site vol-
ume; therefore, these residues are of significant interest
as points of interactions with potential inhibitors. Three
residues from chain D — 11e89, Leu91, and Asn95 — also
deserve special attention, as the RMSD values for these
residues increase fast with the increase in the volume
and then dropped abruptly. This indicates complex
dependence of the site volume on the conformational
mobility and relaxation rearrangements of these
residues.

Dynamic properties of the binding site in H7N9 HA.
The free-energy surface of the binding site (Fig. 4a) was
determined by integration of all Gaussian hills added to
the system in the course of metadynamics over the two
selected CVs: (i) number of water molecules in the site
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and (ii) position of Arg54 residue. Analysis of the surface
allowed to determine the difference between the open and
closed structures of the binding site from the energy and
volume value. The closed conformation, which can be
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characterized by the volume of 30-39 water molecules,
corresponds to the optimal state, while the energy of the
less favorable open conformation is higher by 8 kcal/mol.
The open state is also characterized by the increased vol-
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Fig. 5. Examination of position of umifenovir molecule in the binding site of H3N2 HA from: a) Clustering of docking results into HA struc-
tures of the classic molecular dynamics trajectory: no isolated cluster corresponding to the crystal structure is formed; b) Clustering of dock-
ing results into HA structures with the expanded state of the binding site from metadynamics: cluster corresponding to umifenovir position in
the crystal structure is marked with red line. Clusters are color-coded, Dim1 and Dim2 form the space of two principle components calcu-
lated for the conformation space and positions of umifenovir in the docking results.
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Fig. 6. Position of umifenovir molecule in the binding site of H3N2 HA. Umifenovir molecule is shown with thick orange lines. Residues that
display RMSD values increasing with the increase of volume are shown with thick lines; residues directly responsible for umifenovir binding

are shown in green [9].
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ume (up to 43 water molecules) and shift in the position
of Arg54 in chain B (Fig. 4b).

Umifenovir binding to HAs from H3N2 and H7N9
viruses. A wide range of protein conformations obtained
using metadynamics can be used to investigate the
inhibitor binding to HA. When evaluating interactions in
the protein—inhibitor complexes based on X-ray diffrac-
tion data, the energy state of the binding site itself is usu-
ally not taken into account, as in the case of crystal struc-
tures of HA complexes with umifenovir. Umifenovir
docking was performed using the most energetically
favorable states of the binding site selected from the tra-
jectories of classic molecular dynamics and metadynam-
ics of H3N2 HA. Clustering of the docking results into
selected ensemble of HA conformational states (Fig. 5a)
revealed no isolated cluster with positions corresponding
to the crystal structure of the complex [9]. Complex for-
mation was detected only during clustering of the docking
results into HA structures with the expanded state of the
binding site. Such isolated cluster (¢ = 2.6) corresponding
to the X-ray diffraction data is presented in Fig. 5b. This
is also corroborated by the fact that all amino acid
residues directly interacting with umifenovir (Phe294 and
Lys307 from chain A and Leu98 from chain D) are
involved in the destabilization of the most energetically
favorable state of the site and increase in its volume (see
Fig. 3).

The functioning of binding site for structural
rearrangement inhibitors in H7N9 HA differs from that in
H3N2 HA. In H7N9 HA, the site exists in two conforma-
tional states — open and closed. Docking demonstrated
that H7N9 HA bound umifenovir only in the open state,
and unlike H3N2 HA, the binding required no significant
increase in the site volume. The position of umifenovir
corresponded to its position in the crystal structure. The
open state of the site was not the most energetically favor-
able, and its energy was by 8 kcal/mol higher in compar-
ison with the closed state (Fig. 6). Hence, in this case,
umifenovir binding required site transition into the less
energetically favorable state associated with the shift in
the position of Arg54 residue and corresponding changes
in the site volume.

The use of molecular modeling techniques allowed
us to characterize the most energetically favorable states
of the binding site for the conformational rearrangement
inhibitors of HAs from two influenza virus strains (H3N2
and H7N9) and to establish that in both cases significant
rearrangements of the binding sites are required for the
interaction with umifenovir. We also identified amino
acid residues that form the binding site, participate
directly in the ligand binding, and define the binding effi-
ciency. In both proteins, the binding site rearrangements
require energy costs, but proceed via different mecha-
nisms. In H3N2 HA, the requested increase in the bind-
ing site volume occurs via shift in the positions of amino
acid residues, while in H7N9 HA, the shift in the position

BIOCHEMISTRY (Moscow) Vol. 85 No. 4 2020

of Arg54 in chain B is sufficient for transition to the less
energetically favorable state. The obtained data could be
used for elucidating the mechanism of action of known
antiviral preparations, as well as identifying novel lead
compounds capable of modulating the functional proper-
ties of the influenza virus HA.
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