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Abstract—The affinity of binding of pandemic influenza A/California/7/2009 (H1N 1pdm09) virus for fetuin
and mucin was studied. Three methods based on the enzyme-linked immunosorbent assay for the quantita-
tive determination of receptor specificity of influenza virus strains were compared. These methods were com-
petitive Dixon plot analysis in direct coordinates, a competitive method using the half-maximal inhibitory
concentration (/Cs), and a kinetic method. It has been found that competitive methods significantly distort
the result due to unspecific binding of competitive proteins, while the kinetic method prevents such an effect.
In the future, it can be widely used to accurately measure the receptor specificity of the influenza virus with

o2-3 and 012-6 type receptors.
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Influenza is an acute viral contagious disease that
circulates around the world and can infect mammals,
birds, and humans. As one of the main causes of mor-
bidity and mortality, influenza causes annual epidem-
ics and even pandemics and is a major public health
and economic problem. During the life cycle, all viri-
ons have an obligatory phase of attachment to the sur-
face of the target cell. The surface of sensitive cells has
a receptor that is specific for each virus, and in turn,
the virus has a protein that is used for binding to the
cellular receptor. In influenza viruses, this protein is
hemagglutinin, while glycolipids or glycoproteins,
the terminal fragment of which is sialic acid (primarily
N-acetylneuraminic acid (Neu5Ac)) are the receptors
on the cell surface.

The structural difference in sialic acid residues
attached to glycan chains is a key factor in determining
the specificity of the binding of different subtypes of
the influenza virus to cellular receptors. There are two
main chemical forms of sialic acid (0:2-3 and ¢2-6);
different strains of the influenza virus differ in affinity
for them [1]. Strains of avian influenza virus use
sialic acids attached to the next sugar residue via the
o2-3 bond (NeuS5Aca2-3Gal) as a receptor [2].
Receptors of this type are mainly found on epithelial
cells of the digestive tract of birds. The strains of the

Abbreviations: ELISA, enzyme-linked immunosorbent assay;
PBS, phosphate-buffered saline; PBS-T, phosphate-buffered
saline supplemented with Tween-20.

human influenza virus predominantly attach to sialic
acids with an a2-6 bond (Neu5Aco2-6Gal) [3]. Such
receptors are essential for epithelial cells of the human
upper respiratory tract. At the same time, a small
number of o2-3 receptors are present on the ciliary
epithelium and epithelial cells of the human lower
respiratory tract. For this reason, there is a risk for
people to be infected with a highly pathogenic avian
influenza virus, and such situations are usually
accompanied by complications for humans or even
death.

The enzyme-linked immunosorbent assay
(ELISA) is one of the methods for assessment of the
receptor specificity of influenza viruses. Stationary
competitive and kinetic methods are used to assess the
results obtained in ELISA. Despite its simplicity and
relatively low cost, ELISA has several disadvantages.
First, the rather long period of the experiment is char-
acteristic of all types of analysis, which is inconvenient
for a large sample. Secondly, it is impossible to com-
pare the values between different strains of the influ-
enza virus using the semi-quantitative ELISA method.
The use of quantitative competitive methods is associ-
ated with the problem of unspecific binding of com-
peting proteins, which in some cases results in a signif-
icant measurement error. Moreover, competitive
methods are correct only for certain strictly selected
ratios of competing molecules and their dissociation
constants. Selection of working ratios and concentra-
tions may be rather time consuming; therefore,
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researchers often ignore this stage. The kinetic ELISA
assay tested in this work is devoid of these disadvan-
tages of semi-quantitative and competitive analyses; it
is proposed as the best method for measuring the
receptor specificity of influenza virus strains.

MATERIALS AND METHODS

The kinetic method for determining the dissociation
constant. The kinetics of the interaction of influenza
virus with receptors can be described by the kinetics of
the ligand—receptor interaction. In modeling the pro-
cess of infection, we suggest that a small amount of
virus reaches the epithelium of the respiratory tract,
which is covered with excess receptors. The equation
for the concentration of the formed complex under the
conditions of a small ligand concentration (compared
to the concentration of receptors), which were used in
this study, is as follows [5]:

[LR] = A(-e™), (1)
_ [R],[£], , @

Kd + [R]()
k =k, [R], +k_, (3)
K, = ’Z— 4)

where [LR] is the concentration of ligand—receptor
complexes; [R], is the initial concentration of recep-
tors; [L], is the initial concentration of ligand (anti-
gen); K, is the equilibrium dissociation constant of
ligand—receptor complexes; k. is the rate constant of
the forward reaction; k_ is the rate constant of the
reverse reaction; and ¢ is time. The k exponent is
selected by approximating the experimental depen-
dence of the concentration of ligand—receptor com-
plexes on time using the function (1). If k£ is deter-
mined at two or more receptor concentrations, then
after plotting the dependence of the calculated k&
parameters on the concentration of added receptors,
the equation of a line can be obtained using regression
methods, which makes it possible to determine k£, and
k_, and hence, the K equilibrium dissociation con-
stant.

Competitive methods for determining the dissocia-
tion constant. In our case, two types of receptors inter-
act with the ligand during competitive binding accord-
ing to the following scheme [6]:

(L], [R],

[LR] =
[R], + Kq, [l +
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dz

where [LR] is the concentration of complexes; [ L], is
the concentration of ligand; and [R,],, [R;], K, ,and
K, are the concentrations and dissociation constants
of competing receptors.
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In the case of the competitive Dixon plots, the dis-
sociation constant is the abscissa value of the junction
point of the curves of displacement of one receptor by
the second one at various concentrations of the first
receptor. According to theory, the junction point of
the extrusion curves is in the negative region and a
result of the graphical solution of the system of equa-
tions with two unknowns, one of which is the equilib-
rium dissociation constant.

Another competitive method for measuring the
dissociation constant is the method using the half-
maximal inhibitory concentration (/Cs,). The equilib-
rium dissociation constant in this method can be
determined as follows:

IC
Kd — 50 ,
2 R
1+[ 1]0
dy

where ICs, is the concentration of the second receptor
that inhibits the binding of the first receptor by 50%.

In this study, the mucin and fetuin proteins were
used as the first receptor (competitor) and the same
proteins labeled with biotin were used as the second
receptor. Considering that the dissociation constants
for labeled protein and competitor are equal, we obtain
the following equation:

Ky =1C5 - [R1]0~ (7)

The characteristics of the strain used in the study.
The viral strain A/California/7/2009 (HIN1pdm09)
was selected for this study. The HIN1 subtype caused
pandemics in 1918 and 2009; it also caused a epidemic
in Russia in 2016. The HIN1pdm09 strain, which
became a serious public health problem, was first
detected in North America in April 2009. According to
the official data, it spread over more than 200 coun-
tries and caused more than 18 000 deaths worldwide.
The pandemic H1N1 virus spreads among people like
a regular seasonal influenza virus and has similar
symptoms. However, during the severe form of this
disease viral pneumonia develops; without treatment
the mortality rate is very high. The receptor specificity
of binding of the HIN1(pdm2009) strain was studied
in [7, 8]. It was found that it preferentially binds to
receptors of the 0:2-6 type. However, according to the
data reported in [9], it is also claimed that this strain
can bind to receptors of the o2-3 type but with lower
affinity.

Receptor models. The fetuin and mucin proteins
were used as receptor models on the surface of sensi-
tive cells. Influenza virus has an affinity for these pro-
teins through interaction with sialic acids. According
to the literature data, fetuin contains o2-3 and 02-6
receptors [10], while mucin predominantly contains
02-6 receptors [11, 12], although the number and type
of sialic acids depend on the species and different
mucin types may contain different types of receptors
[13, 14]. The molecular weight of fetuin used in this

(6)
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study is 48.4 kDa. In contrast to fetuin, mucin differs
greatly according to molecular weight. The currently
available data indicate that its values are within a very
wide range: from 10 to 1000 kDa. We also carried out
denaturing gel electrophoresis, which showed that the
minimal molecular mass of mucin might be consid-
ered approximately equal to the mass of fetuin used in
the study. As a result, the mass of the mucin used in
this work was estimated as the geometric average of the
range known from the literature, i.e., 100 kDa, which
does not contradict the results of electrophoresis.

Enzyme-linked immunosorbent assay. Enzyme-
linked immunosorbent assay was selected to deter-
mine the receptor specificity. The first stage of work
was the optimization of the conditions of direct and
competitive interaction of the influenza virus with
model proteins: fetuin and mucin. After this, Kkinetic
models were selected for analyzing the ELISA results,
and subsequent direct measurements of the binding
affinity of the selected strain of influenza virus were
carried out using three methods: Dixon plots in direct
coordinates, a method using the half-maximal inhibi-
tory concentration (/Cs;), and the kinetic method.

Purification of influenza virus. Viral allantoic fluid
(100 mL) with inactivated material was filtered
through a filter with a pore diameter of 0.22 um and
centrifuged using a Sigma 3-30K centrifuge (12150-H
rotor) at 20 000 rpm for 3 h. The supernatant was
decanted and the plaque was dissolved in 0.5 mL of
phosphate-buffered saline (PBS). The obtained con-
centrate was chromatographically purified by gel fil-
tration on a column with a resin volume of 20 mL
(Sepharose-4B, Pharmacia, Sweden). The column
was equilibrated with PBS buffer. The protein concen-
tration in the final solution of viral particles was mea-
sured by the Bradford method.

The competitive method using ELISA. The purified
virus in PBS (50 pL) at a concentration of 10 ug/mL
was sorbed onto a standard 96-well microplate for
immunological reactions (SPL Life Science, Korea)
overnight at room temperature until the antigen was
completely dried. The plate was washed with PBS
solution supplemented with 0.05% Tween-20 (PBS-T)
using a PW40 microplate washer (Bio-Rad, United
States). The plate was filled with biotinylated mucin or
fetuin (Sigma-Aldrich, United States) in the solution
for serum dilution (Epitek, Novosibirsk, Russia) and
serial two-fold dilutions were carried out in the hori-
zontal direction starting with concentrations of
0.2 ug/mL and 10 pug/mL, respectively. A dilution
procedure for unlabeled mucin or fetuin was also car-
ried out in the vertical direction starting with the con-
centration of 500 ug/mL. The mixture was pipetted in
two repetitions: in four columns with the dried virus
and four empty control columns. All actions were then
performed according to the standard protocol: the
plate was washed, filled with the conjugate solution
(streptavidin—horseradish polyperoxidase; Biosan,
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Novosibirsk, Russia) in PBS-T at a concentration of
1: 10000, kept at room temperature for 40 min, and
washed again. After washing the conjugate out, the
plate was filled (100 LL per well) with a mixture (1 : 30)
of tetramethylbenzidine and a buffer solution for a
substrate (Epitek, Novosibirsk, Russia) and incubated
in the dark at room temperature for 30 min. Following
this, 50 LL of the stop solution (5% H,SO,) was added
per well and the absorbance was measured using a
Multiskan EX photometer (Labsystems, Finland) at a
wavelength of 450 nm.

The Kinetic method using ELISA. For the experi-
ment, the purified virus (50 uL; a concentration of
10 ug/mL according to the total protein) was sorbed
onto a microplate overnight at room temperature until
the antigen was completely dried. After sorption, the
wells were washed with the PBS-T solution. Biotin-
labeled mucin and fetuin were diluted in the solution
for serum dilution and serial two-fold dilutions were
carried out in four wells in the vertical direction, start-
ing with 0.5 pug/mL and 10 pg/mL, respectively. Every
10 min, one strip was removed from the plate, washed
with a solution of PBS-T, and placed in a refrigerator
(4°C). After 120 min, the plate was washed, filled with
a solution of the conjugate in PBS-T at a concentra-
tion of 1 : 10000, kept at room temperature for 40 min,
and washed once again. The plate was subsequently
filled (100 uL per well) with a mixture (1 : 30) of
tetramethylbenzidine and a buffer solution for the
substrate and incubated in the dark at room tempera-
ture for 30 min. Stop solution (50 uL; 5% H,SO,) was
added to the well to terminate the reaction and the
absorbance was measured using a Multiskan EX pho-
tometer at a wavelength of 450 nm.

RESULTS
According to the results of competitive ELISA, the
extrusion curves for the A/California/7/2009

(HIN1pdm09) virus strain were obtained (Fig. 1) and
the equilibrium dissociation constants were calculated
by Dixon plot analysis in direct coordinates and using
the half-maximal inhibitory concentration (/Cs;). The
values of the junction points of the curves and the /Cj,
parameter were determined using the Scilab 4.0 soft-
ware package.

The experimental points of kinetic ELISA were
approximated using function (1) and the Origin 8 soft-
ware package (Fig. 2) in order to calculate the k coef-
ficients as exponent index at different initial concen-
trations of fetuin and mucin. The dependences of the
calculated k parameters on the initial concentration of
the added protein (fetuin or mucin) were further plot-
ted (Fig. 3), and the equilibrium dissociation con-
stants were calculated by regression methods accord-
ing to formula (4).

Table 1 contains the values of the equilibrium dis-
sociation constants for the selected strain of influenza

BIOPHYSICS  Vol. 64 No.4 2019



DETERMINATION OF THE BINDING AFFINITY OF VIRIONS

(a)

Optical density

—— ———

30 40
[Fetuin], ug/mL
(c)

10 20

Optical density
NN W WA A
S G S G S h
T T T T T T

—
W
T

50 60 70 80

—-13 —-12 -1
[Fetuin], pg/mL

—10

-9

Optical density

525

351 (b)
30
2.5F
[
2.0 F
4
1.5
L
1.0
0.5 °
° o
1 1 1 1 1 1
0 20 40 60 80 100 120
[Mucin], pg/mL
15 - @
2
2
(]
o L
=
8
a
o)
I I ¥ T T ]
-2 -1 0 1 2 3 4 5

[Mucin], ug/mL

Fig. 1. The dependence of the optical density on the concentration of the competitive fetuin (a) or mucin (b) protein. The three
extrusion curves correspond to three different dilutions of the biotinylated protein for the influenza A/California/7,/2009
(HIN1pdmO09) strain. The graphs (c) and (d) show enlarged corresponding dependencies.
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Fig. 2. The kinetics of binding of the influenza A/California/7/2009 (HIN1pdm09) strain to fetuin (a) and mucin (b). Four

curves correspond to four different dilutions of biotinylated protein.
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Fig. 3. The dependences of the calculated k parameters on
the concentrations of fetuin and mucin for the influenza
A/California/7/2009 (HIN1pdm09) strain.

virus and two proteins, calculated by three methods:
Dixon plots in direct coordinates, the method using
the half-maximal inhibitory concentration (/Cs,), and
the kinetic method.

DISCUSSION

The values of the affinity constant of influenza
A/California/7/2009 (H1N1pdm09) virus for fetuin
(equal to the inverse values of the equilibrium dissoci-
ation constant), measured by Dixon plot analysis in
direct coordinates and by the /Cs, method, differ on
average by no more than 1.5 umol~!. Measurements by
the kinetic method show greater affinity in compari-
son with competitive methods: the average difference
is 6.8—8.3 umol~!. The value of the affinity of the virus

for mucin, as measured by the kinetic method, also
exceeds the values obtained by competitive methods.
However, the difference between the kinetic and com-
petitive methods (in comparison with fetuin) is more
significant: on average, it is 513.2—574.8 umol~'. Such
a difference between the competitive and Kinetic
methods is explained by the effect of unspecific bind-
ing of competing proteins during a competitive mea-
surement in ELISA, which underestimates the real
value of the dissociation constant. These results indi-
cate that the effect of unspecific binding of competing
proteins on the result is significant for mucin and
moderate for fetuin.

CONCLUSIONS

Commonly used competitive ELISA methods for
measuring the affinity of the influenza virus are rela-
tively adequate for assays with fetuin, but may signifi-
cantly distort the result when mucin is used. The
kinetic method tested during this study has an advan-
tage over competitive methods in the case of a problem
of unspecific binding for some proteins.

Thus, the kinetic method can be used to measure
the receptor specificity of influenza A viruses along
with competitive methods in ELISA and other existing
methods. Moreover, it is the best ELISA method for
measuring the binding affinity of a virus for proteins
that have a natural ability to bind to the protein of their
kind, which was shown during this study using mucin
as an example.
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Table 1. The equilibrium dissociation constants for the influenza A/California/7/2009 (H1N1pdm09) strain with fetuin

and mucin
Ky, nM
Method
fetuin mucin
Dixon plots in direct coordinates 2729+ 12.2 12.2+£59
Method using half-maximal inhibitory 192.9 £ 43.7 49.1£23
concentration (/Cs)
Kinetic method 81.6 = 74.9 1.68 +0.38
BIOPHYSICS  Vol. 64 No. 4 2019
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