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Abstract
Influenza A virus hemagglutinin (HA) is a major virus antigen. No cryo-electron microscopy or X-ray data can be obtained 
for the HA intraviral (cytoplasmic) domain (CT) post-translationally modified with long fatty acid residues bound to three 
highly conserved cysteines. We recently proposed a model of HA CT of Influenza A/H1N1 virus possessing an antiparallel 
beta structure based on the experimental secondary structure analysis of four 14–15 amino acid long synthetic peptides, 
corresponding to the HA CT sequence, with free or acetaminomethylated cysteines. To dispel doubts about possible non-
specific “amyloid-like” aggregation of those synthetic peptides in phosphate buffer solution, we have determined the order of 
oligomers based on blue native gel electrophoresis, membrane filtration, fluorescence spectroscopy and molecular modeling 
approaches. We have found that unmodified peptides form only low molecular weight oligomers, while modified peptides 
form both oligomers of low order similar to those found for unmodified peptides and high order conglomerates, which how-
ever are not of beta-amyloid-like fold. This study confirms that the beta structure previously detected by circular dichroism 
spectroscopy analysis is more likely the result of intrinsic propensity of the HA CT amino acid sequence than the conse-
quence of aggregation. The structures of low order oligomers of the synthetic peptides were used for in silico experiments 
on modeling of HA CT interactions with matrix protein M1 at physiological and acidic pH levels and revealed two different 
areas of binding. Finally, tripeptides capable of blocking interactions between HA CT and M1 were proposed.

Keywords  Blue native gel electrophoresis · Cytoplasmic tail of hemagglutinin · Macromolecular docking · Tryptophan 
fluorescence · M1 protein · Tripeptides

1  Introduction

Influenza A virus hemagglutinin (HA) is a major virus anti-
gen that forms trimers within a viral envelope. In the Pro-
tein Data Bank [1] there are no 3D-structures obtained for 
the cytoplasmic (intravirial) domain (the HA CT region) of 
any HA type/subtype using X-ray crystallography or cryo-
electron microscopy analysis. This fragment is crucial at 
different stages of the virus life cycle. At the entry step, the 
HA CT participates in the disassembly of the viral enve-
lope and the membrane fusion reaction when the pH level in 
the endolysosome decreases. During virus assembly at the 
plasma membrane it interacts with a membrane associated 
matrix protein M1 to form functionally competent virions. 
The relevant 3D models of the HA CT region may be further 
used in drug design studies.

 *	 Victor Vitoldovich Poboinev 
	 dremozzew@mail.ru

1	 Department of General Chemistry, Belarusian State Medical 
University, Dzerzinskogo 83, Minsk, Belarus

2	 Department of Radiation Medicine and Ecology, Belarusian 
State Medical University, Dzerzinskogo 83, Minsk, Belarus

3	 Multidisciplinary Diagnostic Laboratory, Institute 
of Physiology of the National Academy of Sciences 
of Belarus, Minsk, Belarus

4	 Belozersky Institute of Physico‑Chemical Biology, 
Lomonosov Moscow State University, Moscow, Russia

http://orcid.org/0000-0002-5092-0249
http://orcid.org/0000-0003-1373-3329
http://orcid.org/0000-0001-5917-1929
http://orcid.org/0000-0002-7796-5316
http://orcid.org/0000-0002-7272-4521
http://orcid.org/0000-0002-6089-1103
http://crossmark.crossref.org/dialog/?doi=10.1007/s10930-023-10101-z&domain=pdf


289Peptide Models of the Cytoplasmic Tail of Influenza A/H1N1 Virus Hemagglutinin Expand…

1 3

Previously we have offered a 3D model of the HA CT 
region for Influenza A/H1N1 virus in the form of a peptide 
[2]. The next exciting step of the study is the modeling of the 
HA CT interactions with matrix protein M1 at physiological 
pH of 7.4 in the cellular cytoplasm and at acidic pH of 5.0 in 
the lysosomes. However, to perform these in silico experi-
ments one has to be sure in the relevance of the proposed 
peptide models for the native viral system.

The M1 is the most abundant protein in influenza virions 
acting as a hub for both integral proteins of the viral enve-
lope and the nucleocapsid [3, 4]. The M1 protein contains 
an X-ray resolved global alpha-helical N-terminal (NM-) 
domain [5–7] and a structurally disordered C-terminal 
domain [8–10], which has not been crystallized. At neutral 
pH, the C-terminal domain binds to viral ribonucleoprotein 
segments (RNPs) and participates in a matrix layer forma-
tion [11]. In an acidic environment, it becomes more mobile, 
making possible the disintegration of the matrix layer and 
the transition of RNPs from the internal volume of the virion 
into the cytoplasm of the infected cell [11]. The contacts of 
the N-terminal domain of M1 with the inner surface of the 
lipid bilayer [12] and submembrane hemagglutinin domains, 
which are stable at neutral pH, should also be broken at low 
pH [4].

Within a virion, the C-terminal region of Influenza A 
virus hemagglutinin is associated with the lipid membrane 
via three fatty acid residues, two palmitates (C16:0) and 
a stearate (C18:0) bound via thioester bonds to specific 
cysteine residues located in the cytoplasmic tail and at the 
C-terminus of transmembrane domain, respectively [13]. 
It is almost impossible to model in silico such a complex 
structure of a lipopeptide with stearic and palmitic acid 
residues incorporated into the lipid bilayer [14]. That is 
why previously we have decided to use synthetic peptides 
corresponding to the last C-terminal 14 or 15 residues of 
Influenza A/H1N1 virus hemagglutinin to study their sec-
ondary structure in solution using circular dichroism (CD) 
and multi-bounce Horizontal Attenuated Total Reflectance 
Fourier Transformed Infrared (HATR-FTIR) spectroscopy 
analysis [2]. To prevent the possibility of disulfide bonds 
formation we substituted all three cysteine residues in two 
of those peptides by acetaminomethylcysteine residues [2].

Four peptides (WI14, FI15, WI14-ACM, and FI15-ACM) 
have been synthesized. The CD spectroscopy analysis of 
their saturated solutions at pH 7.4 revealed the formation 
of an antiparallel beta structure in all studied peptides [2]. 
At the same time, according to the results of fluorescence 
spectra analysis, the peptides are capable to form oligomers 
[2]. Various short hydrophobic peptides are known to form 
aggregates [15]. The subunits of such aggregates are usually 
organized as an intermolecular beta sheet [15]. Thus, there 
was a possibility that the studied short peptides correspond-
ing to the HA CT sequence form beta structure in a buffer 

solution, while the real cytoplasmic tail of hemagglutinin 
inside the virion does not. The presence of a beta structure 
in high molecular weight aggregates of those peptides may 
be considered non-specific and the models may be inappro-
priate. However, if the order of oligomers is low, the previ-
ously made statement about beta structure formation by the 
hemagglutinin cytoplasmic tail would not be compromised.

Thus, the first aim of the current study was to investi-
gate the order of oligomers for peptides corresponding to 
the Influenza A/H1N1 hemagglutinin cytoplasmic tail. And 
the second aim was to use the obtained models of short pep-
tides to investigate how exactly the HA CT may interact with 
N-terminal part of M1 protein at pH level of cytoplasm and 
pH level of lysosome.

The following methods were applied to check the molecu-
lar weight of model peptide oligomers in phosphate buffer 
solution and, correspondingly, the size/order of them: (1) 
blue native gel electrophoresis [16], (2) membrane centrif-
ugal ultrafiltration [17] under the control of spectrofluor-
imetry [18], and (3) the protein-protein (actually, peptide-
peptide) docking [19]. To elucidate whether aggregates of 
peptides are ‘amyloid-like’ or not, the classical test with 
specific dye (Congo Red) was performed [20].

The suitability of unmodified peptides WI14 and FI15 
for further modeling experiments was easily confirmed, 
since they exist as low order oligomers at pH 7.4. Instead, 
the peptides with acetaminomethylcysteines were shown to 
form high molecular weight conglomerates along with the 
low order oligomers, which however were not of the beta-
amyloid-like fold. The corresponding 3D-models of the HA 
C-terminal peptides have been used to predict the interaction 
modes of the HA CT region with the N-terminal domain 
of M1 crystallized at different pH levels. Finally, several 
tripeptide blockers of those interactions have been proposed.

2 � Materials and Methods

2.1 � Material

As the biochemical material for this study, four commer-
cially synthesized peptides (Elabscience) were used as previ-
ously described [2]. The molecular mass of the FI15 peptide 
(NH2-FWMCSNGSLQCRICI-COOH) is 1761.13 kDa, and 
purity level is equal to 95.84%. The molecular mass of the 
FI15-ACM peptide (NH2-FWMC(ACM)SNGSLQC(ACM)
RIC(ACM)I-COOH), containing acetaminomethylcysteine 
instead of cysteine, is 1974.43 kDa, and purity level is 
equal to 98.98%. The molecular mass of the WI14 peptide 
(NH2-WMCSNGSLQCRICI-COOH) is 1613.36 kDa, and 
purity level is equal to 95.07%. The molecular mass of the 
WI14-ACM peptide (NH2-WMC(ACM)SNGSLQC(ACM)
RIC(ACM)I-COOH) is 1826.44 kDa, and purity level is 
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equal to 95.07%. The purity level of four synthesized pep-
tides was determined by HPLC-MS analysis. The length of 
the intraviral (cytoplasmic) hemagglutinin domain of the 
influenza virus varies from 12 to 16 amino acid residues 
according to different Uniprot records and the tryptophan 
residue often indicates the border between cytoplasmic tail 
and transmembrane domain of the protein [2].

As the bioinformatics material, the model of the FI15 
peptide and the refined homology-based model of the FI15 
peptide were used as previously described [2]. The non-
refined model of the FI15 peptide has two short beta-strands 
(Trp2-Met3 and Gln10-Cys11) and corresponds to the HA 
CT conformation at pH 7.4 according to CD and HATR-
FTIR data [2]. The conformation of refined homology-based 
model possesses the minimal free energy and also has two 
beta-strands, but each encompasses four residues: Trp2-Ser5 
and Ser8-Cys11. This form of the peptide model seems to be 
closer to that of the FI15 peptide at pH 5.0 [2].

2.2 � Blue Native Gel Electrophoresis Followed 
by Silver Staining

As markers of molecular masses for native gel electropho-
resis we used several oligomeric forms of cytochrome C 
(porcine, heart) (SERVA Electrophoresis, Germany) [21]. 
Saturated solutions of cytochrome C and WI14, FI15, WI14-
ACM, and FI15-ACM synthetic peptides were obtained by 
dissolving of samples (200 mcg each) in 400 mcL of the 
running buffer that contained high concentration of Coomas-
sie Brilliant Blue G-250 (0.25%) and keeping at 5 °C over-
night. After that, each sample was centrifuged at 18,000 g 
for 10 min to remove the undissolved fraction. Volumes of 
the obtained saturated sample solutions used for the analy-
sis were as follows: cytochrome C—10 mcL; WI14, FI15, 
WI14-ACM, and FI15-ACM—40 mcL. Each sample solu-
tion was mixed with 20 mcL of glycerol before loading onto 
the gel.

Electrophoresis was carried out in the Hoefer SE600 
Standard Dual Cooled Vertical Electrophoresis Unit accord-
ing to a modified protocol [16]. Separating gel (10%) has 
been casted by the way of the pouring together 0.5 M Bis-
Tris buffer (pH 7.4, 11.8 mL), acrylamide-bisacrylamide 
(30% and 0.8%, correspondingly) stock solution (10 mL), 
deionized water (8.2 mL), 10% ammonium persulfate solu-
tion (150 mcL) and TEMED (30 mcL). Stacking gel (4%) 
was obtained by the way of mixing 0.5 M Bis-Tris buffer 
(pH 7.4, 1.56 mL), 30%/0.8% Acrylamide/Bis-acrylamide 
solution (0.78 mL), deionized water (3.66 mL), 10% ammo-
nium persulfate solution (30 mcL) and TEMED (7.5 mcL). 
As the cathode buffer, 50 mM tricine, 15 mM Bis-Tris, and 
0.02% Coomassie Brilliant Blue G-250 (pH 7.4) solutions 
were used. The anode buffer was a 50 mM Bis-Tris solution 
(pH 7.4).

Electrophoresis was started with the voltage equal to 
120 V and it was increased to 150 V after the front had 
crossed the border between stacking and separating gels 
(after 45 min). The whole procedure lasted for 4 h in cool-
ing conditions.

After that the gel was fixed for 30 min in a mixture of 
70% ethanol, glacial acetic acid, and deionized water (4:1:5, 
v/v) and washed from nonspecifically bound Coomassie 
Brilliant Blue G-250 in a mixture of 70% ethanol, glacial 
acetic acid, and deionized water (1.36:1.00:7.64, v/v) three 
times within 48 h.

Silver staining was carried out according to the staining 
protocol [22]. The gel was washed twice with 20% ethanol 
for 10 min, and then by distilled water twice during 10 min. 
Next, the gel has been put into 0.02% solution of sodium 
thiosulfate for 1 min and washed three times by distilled 
water for 1 min. Then the gel has been put into 0.2% silver 
nitrate solution for 20 min and washed by distilled water 
trice during 10 min. After that the gel has been immersed in 
basic developing solution containing 18 g of sodium carbon-
ate, 6 mL of 0.02% sodium thiosulfate solution, 288.6 mL 
of distilled water and 150 mcL of 40% formaldehyde solu-
tion. Once noticeable bands appeared, the reaction has been 
stopped by 5% acetic acid solution. This solution has been 
poured after 20 min, the gel has been washed in distilled 
water and scanned.

2.3 � Membrane Filtration Followed by Fluorescence 
Spectroscopy

Membrane filtration of the WI14-ACM peptide was per-
formed with Amicon Ultra devices (Merck, USA) [17]. The 
initial sample volume of the saturated WI14-ACM solution 
in 0.01 M phosphate buffer (pH 7.4) was equal to 400 mcL. 
Centrifugal ultrafiltration was carried out in three successive 
steps (12,000 g; 10 min each): initial saturated solution was 
filtered through the device with MWCO = 30 kDa, collected 
filtrate was passed through a device with MWCO = 10 kDa, 
and after that a new filtrate portion was passed through the 
device with MWCO = 3 kDa. The material retained by each 
of these three filters was washed away by centrifugation at 
12,000 g for 10 min (during those procedures filters were 
reversed) in 400 mcL of 0.01 M phosphate buffer (pH 7.4).

The concentrations of peptides were determined by using 
absorption values at the wavelength of 280 nm, at which a 
single Trp residue in each peptide has a molar extinction 
coefficient equal to 5500  M− 1 · cm− 1. Each sample was 
diluted by 600 mcL of 0.01 M phosphate buffer (pH 7.4) 
and studied by spectrofluorimetry for the WI14-ACM pres-
ence (λEx = 280 nm; λEm = 300–400 nm; step of 1 nm, and 
slit width of 2 nm). Each spectrum was recorded thrice and 
the resulted differential spectra for four samples of inter-
est (heavier than 30 kDa; with molecular mass from 10 to 
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30 kDa; with molecular mass from 3 to 10 kDa; and lower 
than 3 kDa) minus the pure buffer are described in this study.

Membrane filtration of the saturated FI15 peptide solu-
tion in 0.01 M phosphate buffer (pH 7.4) was carried out 
by the Amicon Ultra device with MWCO = 10 kDa in the 
same manner as it was described above. However, because 
of the lower peptide concentration, slits of 5 nm were used 
for fluorescence spectroscopy. While the concentration of 
WI14-ACM is equal to 0.09 mg/mL, the concentration of 
FI15 is equal to 0.04 mg/mL.

So, solubility of the studied peptides in PBS is very low. 
Since we wanted to get closer to the conditions in the cell, 
we did not use other solvents than water, like trifluoroetha-
nol, acetonitrile, or DMSO to increase the peptide’s solubil-
ity because it could significantly change conformation of 
the peptides. Spectra of fluorescence were recorded using 
SOLAR CM2203 spectrofluorometer.

2.4 � The Congo Red Spectroscopic Assay

The volume of the sample in cuvette was equal to 1 mL. A 
zero line of the phosphate buffer solution was recorded at 
400 to 700 nm using SOLAR CM2203 spectrofluorometer 
at room temperature. Then 5 mcL of the Congo Red solu-
tion (7 mg/mL in PBS) was added to the phosphate buffer, 
and the Congo Red absorbance spectrum was recorded at 
400 to 650 nm. After that 10 mcL of the saturated peptide 
solution was added to the cuvette, incubated for 30 min at 
room temperature and the “peptide + Congo Red” absorb-
ance spectrum at 400 to 650 nm was recorded. To get the 
differential spectra of all peptides, we have subtracted the 
Congo Red absorbance spectra from the “peptide + Congo 
Red” absorbance spectra.

2.5 � Determination of the Structure Stability of HA 
CT

Stability of the secondary structure of the HA CT region 
and its ability to undergo structural transitions was evalu-
ated by the PentUnFOLD web server using all versions of 
that algorithm [23].

2.5.1 � Protein–Protein Docking

The modeling of the FI15 oligomers structure was performed 
by Hex 8.0.0 program [19]. We used docking by shape, by 
electric charge, and by DARS (Decoys As the Reference 
State) [24] together. As an input, we have used the initial and 
the refined models of the FI15 peptide obtained previously 
[2]. Visualization of the obtained models was performed by 
RasMol [25]. Determination of surface accessibility for tryp-
tophan residues in monomers, dimers, trimers, and tetram-
ers of FI15 has been performed by the BIOVIA Discovery 

Studio Visualizer [26]. Isoelectric points (pI) for WI14 and 
FI15 peptides have been calculated by the renewed Isoelec-
tric Point Calculator 2.0 [27].

2.5.2 � Quality Evaluation of the Obtained Models 
of Oligomers

In order to evaluate the quality of the constructed 3D mod-
els of FI15 trimer and tetramer at different pH levels, the 
following web servers were used: VADAR [28] and PRO-
CHECK [29]. VADAR is able to evaluate > 30 of key struc-
tural parameters for the entire protein (peptide) and it is 
specifically designed for quantitative and qualitative assess 
of protein structures determined by X-ray crystallography, 
NMR spectroscopy, 3D-threading or homology modeling. 
The PROCHECK provides a detailed check of the stereo-
chemistry of a protein structure.

2.5.3 � Modeling of M1 N‑Terminal Domain at pH 7.4 and 5.0 
and Its Interactions with the HA CT

In order to take into account possible changes occurring 
in conformation of both the M1 protein and the HA CT 
region during acidification of the medium, we have built 
two models of 3D structures of the M1 protein by the SWISS 
MODEL program using as a template two 3D structures of 
the M1 protein N-terminal domain at acidic and neutral 
pH levels (PDB ID: 4PUS [30] and PDB ID: 3MD2 [31]), 
respectively. The crystals for the first structure were formed 
at pH 4.7 and for the second structure they were formed 
at pH 7.0. Both structures were obtained for M1 from A/
H1N1 Influenza virus strains. Molecular docking was car-
ried out using the Hex 8.0.0 program, taking into account 
the shape, electrostatic interactions, and DARS. Two models 
of the FI15 peptide corresponding to the HA CT amino acid 
sequence were used as ligands: the first one at pH 7.4 and the 
second one at pH 5.0. While the first model (so called “non-
refined” homology-based model, see more details in the 
“Material” sub-section above) contained short beta strands 
(2 amino acid residues each), the second model (refined 
homology-based model) contained longer beta strands (4 
amino acid residues each) [2]. In order to make docking 
results more realistic we cut away hydrophobic side chains 
from these models of the HA CT region, since naturally they 
must be buried inside the lipid membrane (which was absent 
in our modeling system), and started their main chains from 
carboxylic carbon atom of Trp residue.

2.5.4 � Modeling of Tripeptides Capable to Bind HA CT

All possible variants of tripeptides capable to bind HA CT 
have been modeled by the PepFOLD 3.5 algorithm [32]. 
We have modelled the acetylated and formylated tripeptides. 
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Docking of tripeptides and the FI15 peptide models (the 
non-refined and the refined ones) was carried out using the 
Hex 8.0.0 program, again, at pH 7.4 and 5.0, respectively 
[19].

3 � Results

3.1 � Blue Native Gel Electrophoresis

According to the Isoelectric Point Calculator 2.0, isoelectric 
points of the FI15 and WI14 peptides are equal to 8.71 and 
9.08, respectively [27]. In this state, they will not move to 
the positively charged electrode during classical native gel 
electrophoresis, since the running buffer in this method has 

a pH level equal to 8.8. To overcome this problem, blue 
native gel electrophoresis at pH 7.4 was carried out. The 
studied peptides were incubated with Coomassie Brilliant 
Blue G-250 overnight, and a running buffer contained that 
dye as well [16]. As a marker of molecular masses, we used 
cytochrome C protein that is known to form well charac-
terized monomers (≈ 12 kDa), dimers (≈ 24 kDa), trimers 
(≈ 36 kDa), and tetramers (≈ 48 kDa) in a solution [21]. 
The pI value of cytochrome C is equal to 9.6, which is close 
to those of FI15 and WI14 peptides [33]. Incubation with 
Coomassie G-250 results in the binding of this negatively 
charged dye to proteins, but does not cause denaturation and 
dissociation of protein-protein complexes [16].

As one can see in Fig. 1, all four model synthetic pep-
tides (WI14, FI15, WI14-ACM, and FI15-ACM) show a 

Fig. 1   Electrophoregram show-
ing blue native gel electropho-
resis and silver staining data 
obtained for cytochrome C and 
synthetic WI14, FI15, WI14-
ACM, FI15-ACM peptides
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major band with a molecular mass slightly lighter than 
that of the cytochrome C monomer (≈ 12 kDa). In addi-
tion, there is a heavier fraction of the FI15-ACM peptide 
with a molecular mass in the range from 12 to 24 kDa, 
since the corresponding band is located between the bands 
of cytochrome C monomers and dimers. Another aceta-
minomethylated peptide (WI14-ACM) showed an even 
heavier additional band with a molecular mass higher 
than the one of the cytochrome C tetramers (≈ 48 kDa), 
but the corresponding oligomers were still able to enter 
the 10% polyacrylamide gel and pass the upper segment 
of the path.

Thus, in a 0.01 M phosphate buffer solution (pH 7.4), 
FI15 and WI14 peptides form oligomers with a molecular 
mass lower than 12 kDa. Since the calculated molecu-
lar masses of the studied model peptides are equal to 
1.76 kDa for FI15 and 1.61 kDa for WI14, we presume 
that the observed oligomers in solution are not larger than 
hexamers. Oligomers of the same order are also formed 
by the FI15-ACM and WI14-ACM peptides (their molec-
ular masses are 1.97 and 1.83 kDa, respectively), which 
are obviously the main fraction. Yet, for some reason, 
presence of acetaminomethylcysteines led to the addi-
tional formation of a small portion of heavier oligomers.

To elucidate further the oligomerization properties of 
our synthetic peptides, we applied to two of them, WI14-
ACM and FI15, another approach – centrifugal ultrafiltra-
tion through a series of membrane filters with different 
molecular weight thresholds. Fluorescence spectra of all 
fractions were measured.

3.2 � Membrane Filtration of the WI14‑ACM Peptide

Since the WI14-ACM peptide exhibits the highest solubility 
(0.09 mg/mL) at pH 7.4 among all four model peptides and 
because this peptide forms high molecular mass oligomers 
(the order of such oligomers is the highest among all stud-
ied peptides), it was selected for the membrane filtration 
experiment. Sequential application of the filtration devices 
with MWCO of 30 kDa, 10 kDa, and 3 kDa let us conclude 
that the lower band seen at the electrophoregram in Fig. 1 
corresponds to hexamers or lower order oligomers. Indeed, 
the strongest fluorescence signal at λEm = 360 nm has been 
detected in the fraction of WI14-ACM with molecular mass 
from 3 to 10 kDa (Fig. 2). This fraction corresponds to the 
complexes of up to six peptides since the molecular mass 
of WI14-ACM is 1.83 kDa. The signal for oligomers with 
molecular mass in the range from 10 to 30 kDa is lower (67% 
of the intensity of the one for the previous fraction), as well 
as the signal for conglomerates of a molecular mass heavier 
than 30 kDa (43% of the intensity for the first fraction). The 
signal for the fraction passed through the 3 kDa threshold 
filter (obviously the WI14-ACM monomers) is almost neg-
ligible (2.5% of the intensity of the first fraction). Taking 
into account the fact that the shape of fluorescence spectra 
is the same for all fractions (the maximum is at 360 nm), 
one can state that tryptophan residues are available for the 
water solvent even in high molecular mass oligomers [18].

Thus, we may conclude that the main fraction of the 
WI14-ACM peptide seen in the electrophoregram as a major 
elongated band with a molecular mass ≤ 12 kDa (Fig. 1) con-
tains different oligomers, ranging from dimers to hexamers 
that is confirmed by the results of the membrane filtration 

Fig. 2   Fluorescence spectra of 
the WI14-ACM peptide solution 
in 0.01 M phosphate buffer (pH 
7.4) fractionated by membrane 
filtration through filters with 
different molecular weight 
thresholds (3, 10, and 30 kDa)
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experiments. The same is obviously true in the case of three 
other peptides, showing at the electrophoregram the main 
bands with approximately the same molecular mass as 
WI14-ACM (Fig. 1).

3.3 � Membrane Filtration of the FI15 Peptide

Even though FI15 peptide has the lowest solubility (0.04 mg/
mL) among the four model peptides, filtration of its saturated 
solution through the membrane with a MWCO = 10 kDa 
provided us with new data. The maximum of fluorescence 
for the FI15 tryptophan residue is at λEm = 308 nm [2], that 
is an evidence of its absolutely hydrophobic microenviron-
ment. The filtration experiment showed us that the maxi-
mum of FI15 fluorescence remained at the same wavelength 
both in the fraction that did not pass through the membrane 
with a threshold of 10 kDa, and in the fraction that did pass 
through it (Fig. 3). Surprisingly, the amplitude of an addi-
tional fluorescence peak observed at λEm = 360 nm belong-
ing to tryptophan residues exposed to the surrounding water 
molecules is even higher in large oligomers (those heavier 
than 10 kDa) than in small oligomers (those lighter than 
10 kDa and composed of two to five peptide molecules). 
Obviously, oligomers of the FI15 peptide form different qua-
ternary structures in water solution. However, in both “light” 
and “heavy” FI15 oligomers most tryptophan residues are 
completely surrounded by hydrophobic amino acid residues. 
These observations inspired us to carry out further mod-
eling experiments using protein-protein docking tool Hex 
8.0.0 to try to structurally substantiate the results obtained 
experimentally.

3.4 � Congo Red Spectroscopy Assay

Additionally, we applied a standard Congo Red spectroscopy 
assay [20]. The absorbance spectra of the control Congo Red 
solution and solutions of the peptides incubated for 30 min 
with Congo Red demonstrated the same shape (Fig. 1S, A). 
The maximum of absorbance for Congo Red solution is at 
493 nm, and the maxima of absorbance for WI14, WI14-
ACM, FI15, and FI15-ACM peptides plus Congo Red are 
at 492 nm, meaning there are no essential maxima shifts 
between the pure Congo Red spectrum and that of the Congo 
Red in the presence of any dissolved peptide. On the differ-
ential spectra all peptides had the maximum of absorbance 
at 488 nm (Fig. 1S, B). In the presence of amyloid fibrils, a 
maximum of absorbance should be at 540 nm [34]. Thus, the 
assay with Congo Red did not reveal formation of any beta-
amyloid structures in the saturated solutions of all studied 
peptides: WI14, WI14-ACM, FI15, FI15-ACM.

3.5 � Modeling of FI15 Oligomers with at Least One 
Completely Buried Tryptophan Residue

  As the input for the protein-protein docking, the non-
refined and the refined homology-based models of the FI15 
peptide were used [2]. In silico we created oligomers of dif-
ferent order to elucidate which variant corresponds to com-
pletely buried tryptophan residue experimentally detected as 
a fluorescent signal with maximum at 308 nm. According 
to the BIOVIA Discovery Studio Visualizer, the absolute 
solvent accessibility of tryptophan residue in FI15 mono-
mer at pH 7.4 is equal to 199.531 (relative solvent accessi-
bility is 82.403%). At pH 5.0 absolute solvent accessibility 

Fig. 3   Fluorescence spectra 
of the FI15 peptide solution in 
0.01 M phosphate buffer (pH 
7.4) fractionated by membrane 
filtration through a filter with a 
threshold of 10 kDa
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of tryptophan residue in FI15 monomer is 165.309 and 
relative solvent accessibility is 68.269%. In the form of 
dimers at pH 7.4 accessibility of one of the tryptophan resi-
dues is decreased (from 199.531 to 86.44 or from 82.403 
to 35.698%). Tryptophan residue from chain A is located 
between relatively hydrophobic fragments of both chains of 
a modeled dimer (Fig. 4A). At pH 5.0 accessibility of one 
of the tryptophan residues is also decreased from 165.309 
to 58.369 (or from 68.269 to 24.105%), and that tryptophan 
residue contacts with a phenylalanine residue from another 
polypeptide chain. Noteworthy, in similar WI14 oligomers 
(those without initial phenylalanine residues) tryptophan is 
not buried [2]. As one can see in Fig. 4B, a hydrophobic 
C-tail of one of the modeled peptides contacts with N-ter-
minal region of another peptide, a stalking tryptophan of 
the first peptide is situated between two relatively hydro-
phobic fragments and covered by a phenylalanine located 
at the N-terminus of the second peptide. However, the 
geometry of the complexes at two studied pH levels is dif-
ferent. One of the main differences is that at pH 5.0, phe-
nylalanine from chain B is situated closer to the tryptophan 
from chain A, which causes a more pronounced decrease in 
the surface accessibility of the tryptophan residue to water 
solvent within the dimer. Actually, dimers described above 
were not the most energetically favorable ones (according 
to the energy calculated by Hex 8.0.0 for each model). Both 
models were selected by us from the range of 100 models 
according to the criterion of the lowest surface accessibility 
of one of the Trp residues.

  The next docking step was performed for two FI15 
dimers described above, and it was followed by the selec-
tion of models with lowest surface accessibility of one of 
the Trp residues. At pH 7.4 the lowest accessibility of one 
of the tryptophan residues is equal to 3.802 (1.57%). In addi-
tion to interactions already existing in a dimer, that trypto-
phan residue (Fig. 5A) is covered by hydrophobic C-tail of 
chain C and D. Tryptophan residue of the A chain is not 
available to water molecules (Fig. 5B). The “hydrophobic 
box” observed around Trp2-A is made of Leu9-A, Cys11-A, 
Ile13-B, Cys14-B, Ile15-B, Phe1-C, Arg12-C (aliphatic part 
of its side chain), Cys14-C, Cys11-D, Arg12-D (aliphatic 
part of its side chain) (designated orange in Fig. 5C). At pH 
5.0 the lowest accessibility of one of the tryptophan residues 
lower, than at pH 7.4 and is equal to 2.013 (0.831%). In 
addition to interactions already existing in a dimer, trypto-
phan residue of the A chain is covered by both N-terminal 
phenylalanine of one of the two new polypeptide chains, 
and by its hydrophobic C-tail (Fig. 5D). Indeed, with the 
function of viewing the molecular surface in RasMol [25], 
it becomes obvious that tryptophan residue of the A chain is 
not available to water molecules (Fig. 5E). The hydrophobic 
box around Trp2 of chain A is made of amino acid residues 
from A, B and C chains (Phe1-C, Arg12-C (aliphatic part of 
its side chain), Ile13-C, Cys14-C, Ile15-C, Phe1-B, Met3-B, 
Cys11-B, Arg12-B (aliphatic part of its side chain), Leu9-A, 
Cys11-A) (Fig. 5F).

  Thus, one of the chains within the tetramer is not 
“active” – it does not participate in the formation of a 
hydrophobic box around Trp2A at pH 5.0. That’s why we 
next tried to create a trimer model by performing docking 
between the dimer and a monomer. At pH 7.4 the solvent 
accessibility of tryptophan residue in the trimer (Fig. 6A, 
B) has increased somewhat compared to the correspond-
ing value within the tetramer described above and reached 
12.356 (5.103%). At pH 5.0 the best model of the trimer 
contains Trp2A residue with surface accessibility equal to 
1.006 (0.416%), due to the C-terminus of the third polypep-
tide chain (Fig. 6C, D). Both models of trimers as models of 
dimers and tetramers were selected by us from the range of 
100 models according to the criterion of the lowest surface 
accessibility of one of the Trp residues.

According to the PROCHECK server, Ramachandran 
plots of FI15 tetramer and trimer models at pH 5.0 are real-
istic: 83.3% of combinations of Psi and Phi dihedral angles 
are situated in the most favored regions and 16.7% are in 
additional allowed regions (Fig. 2S). The reliability of the 
FI15 tetramer model is also confirmed by the VADAR web 
server: 75% combinations of Psi and Phi dihedral angles 
are situated in core, 21% are in allowed area, and 3% are 
in generous area (in tetramer) vs. 75%, 20% and 4% (in 
trimer) (Fig. 3S). Based on VADAR web server, free energy 
of FI15 trimer and tetramer folding is − 35.11 kJ/mol and 

Fig. 4   FI15 dimer models with reduced surface accessibility of 
Trp residue at pH 7.4 (A) and pH 5.0 (B). Amino acid residues are 
colored according to the rainbow principle from purple/blue (N-ter-
minus) to red (C-terminus). Tryptophan residues are indicated
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− 50.89 kJ/mol, respectively. At pH 7.4, 83.3% of combina-
tions of Psi and Phi dihedral angles are situated in the most 
favored regions, 8.3% are in additional allowed regions and 
8.3% are in generously allowed area (Fig. 4S). According 
to the VADAR web server 76% combinations of Psi and 
Phi dihedral angles are situated in core, 13% are in allowed 
area, 6% are in generous area and 3% are in disallowed area 
(in tetramer) vs. 82%, 8%, 6% and 2% (in trimer) (Fig. 5S). 
Based on VADAR web server, at pH 7.4 free energy of FI15 
trimer and tetramer folding is -34.47 kJ/mol and − 50.64 kJ/
mol, respectively.

Thus, one of the tryptophan residues can be completely 
buried even in trimers (more likely, at acidic pH), and at a 
higher probability, in tetramers of the FI15 peptide. This 
explains the presence of the high fluorescence signal at 

308 nm observed for the FI15 peptide solutions described 
above.

According to the previously published results, the 
reduction of disulfide bonds leads to the growth of the 
number of amino acid residues in beta structure for the 
FI15 peptide [2]. In our models with completely buried 
Trp2A residue, there are no disulfide bonds. So, those 
models are somehow correspond to the reduced state of 
FI15 in which Trp2A is as buried as in that with disulfide 
bonds. Taking into account all the data we obtained pre-
viously [2] and now we can hypothesize that disulfide 
bonds appear in penta- and hexamers of FI15. In addition, 
in penta- and hexamers there should be a parallel beta 
structure along with an antiparallel one [2]. Reduction of 
disulfide bonds should lead to structural change of those 
peptides in favor of the longer beta structure formation, 
getting it closer to the refined model of the FI15 peptide.

Fig. 5   FI15 tetramer models with a completely buried Trp residue 
of chain A within a tetramer at pH 7.4 (A, B, C) and pH 5.0 (D, E, 
F). A, D: Models of FI15 tetramer are represented as “Ribbons”. All 
chains are designated by letters. Amino acid residues are colored 
according to the rainbow principle from purple/blue (N-terminus) 
to red (C-terminus). B, E: Molecular surfaces of the FI15 tetramers: 
a buried tryptophan residue of the chain A is colored in blue, while 

other amino acids residues are colored in red. C, F: Models are in 
“Ball & Stick” representation. Tryptophan residue of the chain A 
is colored in blue, hydrophobic amino acid residues around it are 
colored in orange, other residues are colored according to chains 
(chain A – in red, chain B – in green, chain C – in yellow, chain D – 
in azure)
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3.6 � Determination of Structural Stability of the HA 
CT

We further addressed the in silico structural stability of 
the HA CT region based on the analysis of its amino acid 
sequence. For this, we applied a recently developed Pen-
tUnFOLD algorithm [23] that exists as three versions (1D, 
2D, and 3D) to a model peptide FI15 (Table 1). At pH 7.4, 
a beta hairpin consisting of two beta strands (Trp2-Met3 
and Gln10-Cys11) is determined by the DSSP and also by 
the 2D version of PentUnFOLD algorithm [23]. The first 
beta strand is more stable since Met3 is defined as stable 
beta strand residue (“ES” according to [23]) (Table 1). 
At the same time, the second beta strand is defined as 
nonstable (“EN”). But this beta strand should be prone to 
elongation, both from N- and C-termini, since Leu9, as 

well as Arg12, are determined by the PentUnFOLD algo-
rithm as “CE”, i.e. these amino acid residues are capable 
of structural shift from random coil to beta strand. Accord-
ing to the 3D version of the algorithm, all amino acid 
residues are capable of structural shift with the exception 
of Phe1 (Table 1). However, these transitions do not lead 
to a completely (intrinsically) disordered state. Only struc-
tural shifts from one element of the secondary structure to 
another, in particular, from a random coil to a beta strand 
and vice versa, are available for FI15, according to the 
PentUnFOLD predictions. The instability of the second 
beta strand (Leu9-Arg12) is partially confirmed by the 1D 
version of the PentUnFOLD algorithm. According to this 
version, Gln10 is defined as “EN”, while the remaining 
residues of this beta strand are classified as stable. The first 
beta strand is not determined by the probabilistic scales 

Fig. 6   FI15 trimer model with 
a completely buried Trp residue 
of chain A within a trimer at pH 
7.4 (A, B) and pH 5.0 (C, D). 
A, C: FI15 trimer models are 
represented as ribbons with a 
completely buried Trp residue 
of chain A within a trimer. All 
chains are designated by letters. 
Amino acid residues are colored 
according to the rainbow princi-
ple from purple/blue (N-ter-
minus) to red (C-terminus). B, 
D: The molecular surfaces of 
the FI15 trimers: tryptophan 
residues of all three chains are 
colored in blue, while other 
amino acid residues are colored 
in red
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of the PentUnFOLD algorithm, however, the region of 
random coil corresponding to the first beta-strand (Trp2-
Met3) is capable of structural transition to beta strand 
(Met3 is defined by the algorithm as “CE”) (Table 1).

At pH 5.0, the secondary structure of the FI15 peptide 
becomes more stable and ordered. The 2D version of the 
PentUnFOLD algorithm defines two longer beta strands 
(Trp2-Cys4 and Leu9-Cys11). At the same time, the amino 
acid residues Met3, Cys4 and Leu9 are stable (ES). Arg12, 
as at pH 7.4, belongs to random coil, but under certain con-
ditions it is able to form the C-terminus of the second beta 
strand. According to the 3D version of the PentUnFOLD 
algorithm, Phe1, Trp2, Ser8, and Leu9 are defined as ordered 
elements of the secondary structure (O), while the rest are 
defined as D (disordered), implying they are able to change 
their secondary structure but not turn into the intrinsically 
disordered state (Table 1).

Thus, according to the PentUnFOLD calculations applied 
to the model peptide FI15, the structural organization of the 
HA CT region is flexible. The lengths of both beta-strands 
of FI15 (especially the C-terminal one) can extend dur-
ing transition from neutral to acidic pH. Unlike the FI15’s 
N-terminus, which is absent in the natural structure of HA 
CT, the elongation of the C-terminal beta-strand may be 
related to the physiological process of disassembly of the 
viral envelope with a decrease of pH level during the trans-
membrane pore formation and the entrance of the virus into 
the cytoplasm.

3.7 � Modeling of the Interaction of Matrix Protein 
M1 with the HA CT

As was mentioned above, there is no X-ray resolved struc-
ture of the full-length M1. Only M1 N-terminal domain (two 
thirds of the whole amino acid sequence) was crystallized, 
and this part of the protein is supposed to interact with the 
viral membrane [5]. The N-terminal domain includes two 
sub-domains: N- (helices H1-H4) and M- (helices H6-H9) 
connected by a short helix H5, and sometimes is called an 
NM-domain [5, 11].

In order to predict the mechanism of the HA CT interac-
tion with N-terminal domain of M1, protein-protein dock-
ing was carried out via the Hex 8.0.0 program between the 
3D structures of the alpha-helical N-terminal domain of M1 
taken at neutral and acidic pH levels and the FI15 peptide 
models mimicking the HA CT sequence at pH 7.4 and pH 
5.0, respectively.

It is supposed that positively charged residues of M1 
protein (Arg76 from loop 4; Arg77, Arg78 from helix H5; 
Arg101, Lys104 from helix H6, and Arg134 from helix H8) 
form electrostatic interactions with phosphatidylserine as a 
main negatively charged partner within the inner monolayer 
of the lipid membrane [12]. In addition, Gln75 and Gln81 
obviously interact with phosphatidylcholine, the major 
phospholipid of the membrane [12]. Next to the amino acid 
residues mentioned above, there are also other positively 
charged amino acids, whose radicals are located on the same 

Table 1   Stability of the secondary structure of FI15 model peptide determined by the PentUnFOLD algorithm.*

№ of 

amino 

acid 

residue

Amino 

acid 

residue

1D 2D 3D 1D 2D 3D

pH = 7.4 pH = 5.0

1 F O O

2 W D O

3 M CE ES D CE ES D

4 C CH CH D CH ES D

5 S D D

6 N D D

7 G D D

8 S D O

9 L ES CE D ES ES O

10 Q EN EN D EN EN D

11 C ES EN D ES EN D

12 R ES CE D ES CE D

13 I D D

14 C D D

15 I D D

*1D, 2D and 3D are three different versions of the PentUnFOLD algorithm [23]. «CE» is a fragment of random coil capable to structural transi-
tion to beta strand; «CH» is a fragment of random coil capable to structural transition to alpha helix; «ES» are residues of beta strands that have 
a low probability to turn into random coil; «EN» are residues of beta strands that have a high probability to turn into random coil; «D» is a disor-
dered state; «O» is an ordered state [23]. The boundaries of beta strands defined by each version of the PentUnFOLD algorithm are highlighted 
in yellow
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surface: Lys47 from helix H3 and Arg105 at the end of helix 
H6. All these amino acid residues are located on the same 
“lateral” surface of the M1 protein’s N-terminal domain. The 
question arises, could this surface of the M1 N-domain serve 
as a site of interaction with the C-terminal beta structure of 
HA located directly under the lipid membrane?

  Indeed, Hex 8.0.0 has found the most favorable position 
of the FI15 model peptide at the “lateral” surface of M1 
near helices H5, H6, and H8 belonged to the M-subdomain 
of the N-terminal domain (along helix H6), when both HA 
CT and M1 models were taken at pH 7.4 (Fig. 7A–C). So, 
the HA CT seems to interact with the same lateral side of 
the N-terminal domain of M1 that interacts with lipid mem-
brane itself.

However, in the case of FI15 peptide and M1 models 
taken at pH 5.0 their favorable mutual arrangement is quite 
different. The FI15 model peptide interacts with the “face” 
of the M1 N-terminal domain formed by the contacting ends 
of alpha-helices H1, H2, H4, H9 of M-subdomain as well 

as loops connecting them (Fig. 7D–F). This kind of interac-
tion would be impossible within a virion that is “resting” at 
neutral pH of the environment having tightly packed matrix 
layer in which the N-terminal domains of neighboring M1 
molecules are well packed in the “face-to-back” manner [6, 
7, 11, 31, 35].

The energy of binding for the best HA CT – M1 N-ter-
minal domain complex at pH 7.4 is -504.6 kJ/mol, while 
at pH 5.0 that energy is essentially higher and equal to 
− 403.01 kJ/mol. The control experiments showed that the 
best “acidic-like” complex at pH 7.4 and the best “physio-
logical-like” complex at pH 5.0 have energies of binding 
even higher compared to the values indicated above, equal 
to just − 388.22 kJ/mol, and − 363.16 kJ/mol, respectively. 
We call the HA CT–M1 complex “acidic-like” if a 3D model 
of M1 N-terminal domain and a model of the HA CT, both 
built at pH 7.4, were arranged in the “acidic-like” manner 
(the HA CT interacts with the ends of alpha-helices of N-ter-
minal domain of M1). Accordingly, the “physiological-like” 

Fig. 7   The model of interactions between the FI15 peptide (mimick-
ing the HA CT region) and M1 N-terminal domain at pH 7.4 (A–C) 
and pH 5.0 (D–F). In left panels (A, D) the FI15 atoms are shown in 
red, the M1 atoms are shown in blue. In middle and right panels (B, 

C, E, F) alpha helices of M1 are shown in pink, a beta structure of 
the model FI15 peptide is shown in yellow. Nine alpha-helices of M1 
N-terminal domain are labeled as H1-H9, and “lateral” side, “face” 
and “back” are indicated
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complex is a complex containing individual models of M1 
N-terminal domain and the HA CT region built at pH 5.0 
but arranged in relation to each other as at pH 7.4 (the HA 
CT interacts with the lateral side of M1 N-terminal domain 
along alpha-helices).

Thus, as a result of the in silico experiments, it was found 
that the models of the FI15 peptide corresponding to HA 
CT can bind to the same N-terminal domain of M1 regard-
less of the pH level, albeit to different surfaces of it: to the 
lateral side at neutral pH and to the ends of alpha-helices 
at acidic pH. The obtained energy values indicate that the 
HA CT – M1 contacts are more stable at neutral compared 
to acidic pH levels, which is reasonable from a virologi-
cal point of view. In addition, when the pH level decreases, 
not only the HA CT region’s structure and character of its 
interaction with the N-terminal domain of M1 changes, but 
there are also some local deviations in interactions of amino 
acid residues within the N-terminal domain itself. One can 
surmise that a complex between membrane and lateral side 
of M1 N-terminal domain may be strengthened by interac-
tions with the cytoplasmic domain of hemagglutinin at pH 
7.4, that is important for virus assembly. Subtle structural 
changes in both HA CT and M1 at pH 5.0 lead to preferable 
formation of another type of complex between them, which 
may play a functional role during the disassembly of the 
viral envelope. To check hypotheses about the functional 
roles of the HA CT – M1 complexes at various pH levels, 
one needs a kind of a blocker of interactions between the 
HA CT region and M1 N-terminal domain. In the next sec-
tion we suggest several tripeptides that can be used in future 
experiments in cell culture to confirm the fact that HA CT 
and M1 do interact with each other.

3.8 � Modeling of Tripeptides Capable to Bind HA CT

Dipeptides and tripeptides can penetrate into the cell by pas-
sive diffusion or by active transport with the help of oligo-
peptide transporter PepT1 [36]. Tripeptides have a larger 
interaction area, and, accordingly, should have a higher spec-
ificity than dipeptides. The competitive tripeptide, of course, 
will not be able to contact with hydrophobic surface of the 
cytoplasmic tail of hemagglutinin, which faces the mem-
brane. That is why for the protein-protein (peptide-peptide) 
docking we have used slightly modified FI15 peptide models 
of the HA CT with removed side chains of hydrophobic resi-
dues and with removed hydrophobic residue Phe1.

On the hydrophilic surface of the HA CT of H1 subtype, 
besides the COOH-group of C-terminal isoleucine, there is 
only one positively charged residue – Arg12. For this rea-
son, a distinctive feature of all possible tripeptides capable 
of binding the HA CT via electrostatic interactions should 
be the presence of a negatively charged residue, prefer-
ably aspartic acid, which demonstrates more pronounced 

acidic properties compared to glutamic acid. To increase 
the specificity of binding with Arg12, aspartic acid must 
be at the C-terminus of the tripeptide, since in this case two 
negatively charged carboxyl groups will interact with the 
positively charged guanidine group of Arg12. Obviously, 
to keep strong interactions between the negatively charged 
tripeptide and Arg12, there should be no positively charged 
residues in the tripeptide. For the same reason, there should 
be no free N-terminal amino group. All these reasons have 
largely reduced a set of possible candidates: the composition 
of the tripeptide should be free of hydrophobic and posi-
tively charged residues (lysine and arginine), the C-terminus 
should contain aspartate, and the N-terminus should be mod-
ified, for example via formylation or acetylation.

The integral indicator reflecting the affinity of the ligand 
to a certain receptor is the free energy of binding: the less 
the energy value, the tighter the binding. The free energy of 
binding was determined for each formylated (Table 2) and 
acetylated (Table 3) candidate tripeptide in the “virtual reac-
tion” with the model FI15 peptide mimicking its interaction 
with the HA CT. As it is seen from Tables 2 and 3, at pH 
5.0, the most suitable tripeptide is NTD in both acetylated 
and formylated states (in tables 2 and 3 the lowest binding 
energy values among the studied tripeptides at pH 7.4 and 
at pH 5.0 in formylated and acetylated form are indicated in 
bold). However, the free binding energy of the FI15 model 
peptide with the formylated blocker tripeptide is slightly less 
than that of the acetylated one (− 227.78 vs. − 219.86 kJ/
mol) meaning that the formylated tripeptide is a somewhat 
better candidate for blockers. At pH 7.4, the most suitable 
tripeptide in the formylated state is NQD, whose free bind-
ing energy with the model peptide FI15 is -215.31 kJ/mol, 
and in the acetylated state it is QGD, whose binding free 
energy is higher and equal to -210.16 kJ/mol. The binding 
energy of formylated NQD is lower since it has more options 
to form bonds with FI15.

Taken together, formylated NQD and NTD tripeptides 
could be used in future experiments regarding influenza 
virus envelope assembly or disassembly, respectively.

4 � Discussion

Despite the fact that recently attention of the world com-
munity has been focused on coronaviruses, the influenza 
virus remains dangerous to the health of the human popu-
lation around the world. WHO recommends countries to 
prepare for co-circulation of Influenza virus and SARS-
CoV-2 [37]. Influenza type A virus is one of the serious 
pathogens that cannot be controlled by the current health-
care, even though vaccination against Influenza viruses 
is widespread around the globe [38, 39], and several spe-
cific antiviral drugs are known. The reasons why this virus 
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with the genome represented by eight separate minus-RNA 
molecules escapes immune responses and specific drugs 
are, first, in its ability to exchange genomic RNA mole-
cules between different viruses (strains, subtypes) infected 
the same cell (antigenic shift) [40] and, second, in high 
propensity of its surface antigens, hemagglutinin and neu-
raminidase, to accumulate mutations (antigenic drift) [41]. 
An important strategy that can help drug designers is to 
focus on some very conserved regions of viral proteins 
that are responsible for important stages of the virus life 

cycle. One of such conserved and poorly studied regions 
having highly complex architecture is the cytoplasmic tail 
of hemagglutinin.

In vivo, the cytoplasmic tail of hemagglutinin is obvi-
ously connected to the inner monolayer of the viral mem-
brane by fatty acid residues covalently bound to its three 
C-terminal cysteine residues and, additionally, by side 
chains of its hydrophobic amino acid residues [42, 43]. 
As a first approximation to obtain a reliable model of such 
a complicated system we used four synthetic peptides 

Table 2   The free binding energy of the formylated tripeptides with 
model FI15 peptide mimicking HA CT at pH 7.4 and 5.0

Tripeptide
formylated

Binding energy
pH 7.4. kJ/mol

Binding energy
pH 5.0. kJ/mol

HSD − 201.85 − 204.44
HTD − 193.80 − 202.47
HHD − 194.67 − 205.72
HQD − 211.05 − 212.74
HND − 187.86 − 209.83
HGD − 203.72 − 194.52
NSD − 197.85 − 211.09
NTD − 200.49 − 227.78
NHD − 194.38 − 196.45
NQD − 215.31 − 207.46
NND − 182.32 − 188.80
NGD − 201.72 − 186.06
QSD − 207.61 − 216.14
QTD − 197.82 − 206.00
QHD − 203.32 − 203.96
QQD − 207.73 − 200.82
QND − 207.05 − 203.16
QGD − 213.12 − 201.40
GSD − 201.34 − 204.60
GTD − 196.65 − 199.83
GHD − 196.58 − 199.76
GQD − 190.37 − 199.49
GND − 197.44 − 194.35
GGD − 195.32 − 186.39
SSD − 192.23 − 195.46
STD − 183.19 − 185.51
SHD − 186.03 − 201.67
SQD − 187.89 − 197.97
SND − 193.93 − 203.35
SGD − 194.62 − 204.60
TSD − 196.92 − 187.11
TTD − 183.42 − 185.89
THD − 195.41 − 210.98
TQD − 184.92 − 192.68
TND − 189.75 − 208.03
TGD − 199.44 − 204.23

Table 3   The free binding energy of the acetylated tripeptides with 
model FI15 peptide mimicking HA CT at pH 7.4 and 5.0

Tripeptide
acetylated

Binding energy
pH 7.4. kJ/mol

Binding energy
pH 5.0. kJ/mol

HSD − 196.31 − 193.42
HTD − 200.90 − 208.50
HHD − 201.42 − 203.19
HQD − 196.07 − 188.11
HND − 190.81 − 198.61
HGD − 196.76 − 209.24
NSD − 193.03 − 211.07
NTD − 196.69 − 219.86 
NHD − 194.51 − 188.75
NQD − 195.39 − 189.18
NND − 193.87 − 188.55
NGD − 201.98 − 198.07
QSD − 194.67 − 206.80
QTD − 203.52 − 207.84
QHD − 196.82 − 210.93
QQD − 209.39 − 212.80
QND − 189.20 − 199.16
QGD − 210.16 − 212.26
GSD − 190.26 − 203.12
GTD − 199.12 − 198.21
GHD − 193.56 − 212.84
GQD − 195.56 − 201.29
GND − 189.49 − 203.48
GGD − 198.92 − 193.38
SSD − 194.00 − 190.15
STD − 188.91 − 180.08
SHD − 184.62 − 202.02
SQD − 200.43 − 196.43
SND − 197.08 − 203.01
SGD − 187.77 − 218.45
TSD − 200.83 − 189.85
TTD − 182.97 − 188.07
THD − 186.36 − 211.99
TQD − 199.41 − 183.84
TND − 206.85 − 211.83
TGD − 192.17 − 213.49
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corresponding to the sequence of the inner domain of A/
H1N1 Influenza hemagglutinin, with free or acetamino-
methylated SH-groups. Several 3D-models of the HA CT 
region were proposed after experimental detection of beta 
structural elements in synthetic peptides in buffer solution, 
all possessing an antiparallel beta structure [2]. Now, to dis-
pel doubts about a suitability of the obtained models for 
further in silico experiments, we have determined the order 
of oligomers of those four model peptides in buffer solution 
using an additional set of approaches, including membrane 
filtration through series of filters with discrete molecular 
weight thresholds coupled with fluorescence spectroscopy, 
a Congo Red assay for beta-amyloid formation and a wide 
spectrum of bioinformatics calculations.

We have come to the conclusion that all the studied 
peptides are not intrinsically disordered, but they can only 
undergo structural transitions from random coil to a beta 
strand or reverse transitions. In addition, we have found that 
WI14 and FI15 peptides form only oligomers of low order, 
while peptides with modified cysteines (WI14-ACM and 
FI15-ACM) form both oligomers of low order (similar to 
those found for the WI14 and FI15 peptides) and also high-
order conglomerates, which, however, do not form beta-
amyloid-like structures.

Having proved the reliability of the obtained models of 
submembrane domain of hemagglutinin, we have used them 
for macromolecular docking with M1 protein forming an 
endoskeleton beneath the virus membrane [44]. It is sup-
posed that positively charged “lateral” surface of the M1 
protein’s N-terminal domain interacts with the membrane. 
Using X-ray crystallography analysis it was revealed that at 
neutral pH 7.0 the N-terminal domains of two M1 protein 
molecules within a matrix sheet interact with each other by 
surfaces where the ends of the alpha-helices are located (in 
the “face-to-back” manner) [6, 7, 31]. However, at acidic 
pH they were shown to interact “side to side” (by lateral 
surfaces of long alpha-helices) [5, 11]. Moreover, in such 
dimers alpha-helices of the N- and M-subdomains of M1 
are antiparallel to each other [5, 11].

At pH 7.4 the most favorable position of the HA CT 
model is that laying between helices H5, H6, and H8 along 
the lateral surface of M1’s M-subdomain (Fig. 7A–C). At 
acidic pH the favorable geometry of their complex is quite 
different. The HA CT is predicted to interact with the face of 
the same M-subdomain of M1, namely, with ends of alpha-
helices H1, H2, H4, H9 and the loop connecting helices 
H4 and H5. That kind of complex may play a functional 
role during the disassembly of the viral envelope allow-
ing transport of the viral RNPs into the cytoplasm. So, the 
inner domain of A/H1N1 Influenza virus hemagglutinin is 
yet another promising target for the development of specific 
antiviral medicines.

It is worth noting that the HA CT–M1 protein interactions 
have been developed and tuned in the process of molecular 
co-evolution of viral envelope proteins within every virus 
type/subtype/strain [45]. Now we have proposed two trip-
eptides as blockers of those interactions, which may be 
used for experimental tests in future. We would recommend 
the usage of formylated NQD tripeptide in viral envelope 
assembly experiments, while in viral envelope disassembly 
experiments we recommend the usage of formylated NTD 
tripeptide to confirm or deny the principles and importance 
of interactions of the HA CT region with N-terminal domain 
of M1 in the virus life cycle.

5 � Conclusions

The synthetic peptides mimicking the cytoplasmic tail of 
Influenza A/H1 subtype virus hemagglutinin with three free 
cysteines (WI14 and FI15) dissolved in phosphate buffer 
solution at pH 7.4 form oligomers of a low order, starting 
from trimers up to hexamers. In contrast, model peptides 
with “blocked” sulfhydryl groups of cysteines (WI14-ACM 
and FI15-ACM) form higher molecular mass conglomerates 
in addition to low order oligomers. However, there are no 
amyloid-like fibrils in the saturated solutions of all studies 
peptides.

Several structures of FI15 trimers and tetramers with 
completely buried tryptophan residue emitting at 308 nm 
have been modeled. According to them, a single peptide 
molecule should form an asymmetric beta-hairpin to obey 
the requirement of the lack of the contact with water for at 
least one of tryptophan residues.

Macromolecular docking showed that the HA CT region 
is likely to interact with the lateral surface of M1 N-termi-
nal domain which itself is supposed to interact with lipid 
membrane at pH 7.0 [12, 44]. At acidic pH 5.0, another 
complex becomes more favorable: the HA CT interacts 
with the “face” of M1 N-terminal domain formed by ends 
of alpha-helices. This observation let us hypothesize how the 
HA-M1 protein contacts that are stable at neutral pH level, 
may begin to re-organize when the pH level decreases. This 
fundamental issue of viral envelope disassembly is highly 
important for the enveloped virus families with pH-depend-
ent life cycle.

Tripeptides that should be able to block interactions 
between the HA CT and M1 have been suggested in the 
final step of this study.

Supplementary Information  The online version of this articlecon-
tains supplementary material available https://​doi.​org/​10.​1007/​
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