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Background. Assessment of the kinetic properties of ion transport involving band
3 protein (B3p, AE1) is a sensitive tool for monitoring functional changes in erythrocytes
under the influence of external factors. The aim of the work was to study the rate of
H*,S0O,%*/Cl exchange in erythrocytes under osmotic and metabolic stress. To achieve
this goal, a mathematical model was developed that uses parameter identification meth-
ods based on the results of experimental studies.

Materials and Methods. Erythrocytes were incubated in a medium of Na-phosphate
buffer (0.015 M, pH 7.4) containing 0.15 M NaCl without glucose. During 3 hours of
incubation, the ability of cells to anion exchange, the amount of uptake of SO,*, the level
of oxidation of sulfhydryl groups and the content of ligand forms of hemoglobin (Hb) in
the membrane-bound fraction were tested. To assess anion exchange, a mathematical
model was created that involves the search for kinetic parameters using search optimi-
zation methods.

Results. The results obtained indicate that under the influence of osmotic and
metabolic stress and hypoxia, the work of the anion exchanger AE1 slows down, which
is reflected in a decrease in the exchange rate constant HCO,/CI, V, ., H",SO,%/Cl
exchange. The predicted decrease in the content of SO,>-ions in cells is has been
confirmed by experimental data. According to the modelling results, incubation of cells
leads to activation of the Na*,K*,2Cl cotransporter and Na*/H* exchanger, and inhibition
of the flux through the K*,2Cl cotransporter. Assessment of the composition of mem-
brane-bound hemoglobin indicates that the decrease in the speed of AE1 is due to the
formation of the deoxyHb-B3p complex and oxidative processes in cells.

Conclusion. The results of mathematical modelling and experimental data indi-
cate the existence of universal O,-dependent mechanisms of regulation of molecular
processes in erythrocytes that are based on competition between deoxyHb and other
proteins for binding sites with band 3 protein.
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INTRODUCTION

Band 3 protein (B3p, AE1) is a major transmembrane protein that occupies a quar-
ter of the surface area of the erythrocyte (RBC) (Jennings, 2021; Remigante et al.,
2022b; Su et al., 2024). B3p is responsible for gas exchange, ion balance, osmotic
and mechanical properties of erythrocytes (Morabito et al., 2016; Sae-Lee et al., 2022;
Jin et al., 2024). In this regard, even minor modifications of its regulatory sites lead to
changes in the cell structure and function (Bertocchio et al., 2020; Remigante et al.,
2022a; Barshtein et al., 2024). Band 3 protein consists of three domains: a transmem-
brane domain that spans the membrane and carries out HCO,/CI exchange, a short
C-terminal and a long N-terminal cytoplasmic domain (Su et al., 2024). The C-terminal
cytoplasmic domain binds carbonic anhydrase Il, and the N-terminal cytoplasmic
domain binds glycolytic enzymes, hemoglobin (Hb), and hemichromes.

Exchange Clfor HCO,of AE1-mediated erythrocyte membrane protein is part of the
CO, transport in the blood (Jennings, 2005). There are other modes of AE1-mediated
transport, including anion conductance and H*/Cl and H*,SO,%/Cl exchange. These fluxes
are much slower than the HCO,/CI exchange flux; however, these fluxes are of interest
as understanding alternative modes of transport could potentially provide insights into the
normal catalytic mechanism of AE1 (Morabito et al., 2016; Remigante et al., 2022a).

Thus, the anion exchange capacity of B3p can be assessed by measuring the
uptake of SO,%, which is slower and easier to detect compared to bicarbonate or chlo-
ride uptake (Jennings, 2005; Morabito et al., 2016; Morabito et al., 2020; Remigante
et al., 2022a; Perrone et al., 2023). The SO,*/Cl exchange is not electrogenic, as the
SO, influx is accompanied by H* cotransport (Galtieri et al., 2002; Jennings, 2021).

It has been shown (Remigante et al., 2022b) that depending on the nature of the
stress factors, the rate of H*,SO,*/Cl exchange can either decrease or increase. In par-
ticular, H,O, induced oxidative stress leads to a decrease in the SO,* uptake rate con-
stant (Morabito et al., 2016), while under the influence of a high glucose content, anion
exchange is accelerated (Morabito ef al., 2020). In this regard, an assessment of B3p
function by measuring SO,* uptake is proposed as a tool for monitoring the effects of
various factors on erythrocytes (Morabito et al., 2016; Morabito et al., 2020; Remigante
et al., 2022a; Remigante et al., 2022b; Perrone et al., 2023).

In this work, a rapid test for automatic measurement of extracellular pH is used
when cells are placed in a sulfate medium that does not contain Clions. The nature of
the change in extracellular pH fully reflects the dynamics of the AE1 function, which
carries out H*,SO,%/Cl and HCO,/CI exchange. This method is described in detail in
the works (Ramazanov, 2011; Nipot, 2012), but is not often used, since the obtained
dependences are difficult to interpret.

To analyze the functional changes of the erythrocyte band 3 protein under stress
conditions, this research combined the method of measuring extracellular pH with the
developed mathematical model describing the transport of SO,* ions. The mathemati-
cal model is a modification of previous metabolic models (Dotsenko & Taradina, 2024).
The model is simplified as much as possible and is used for exploratory optimization of
model parameters using experimental data.
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The aim of the work was to study the rate of H*,SO,*/Cl exchange in erythrocytes
under osmotic and metabolic stress. The research protocol allows a) predicting the
course of processes, the content of ions in the cell in accordance with the experimental
conditions, b) analyzing experimental data more accurately and qualitatively, c) saving
time and money by performing fewer experimental studies. The combination of compu-
tational approaches with available experimental data creates the potential for a deep
understanding of both the molecular mechanisms and the integrative physiology of
anion transport with the participation of B3p.

MATERIALS AND METHODS

Mathematical model and modelling methods. The model describes the ion trans-
port fluxes involved in the changes of extracellular pH during 15 min of cell exposure in
a sulphate medium. The model represents a system of ordinary differential equations
(ODEs). Each ODE represents the sum of all rates of change of a separate cellular compo-
nent based on exact kinetic equations. When creating the model, parameter identification
methods were applied, the purpose of which was to estimate the “best” set of parameter
values that minimizes the error between the experimental data and the model response.

The model construction and all numerical calculations were performed using the
COPASI 4.42 modelling environment. The model includes two compartments, in which
10 reactions and ion fluxes occur involving 14 metabolites. The processes involved in
the model are presented in Table 1 and Fig. 1.

The estimation of the set of model parameter values is posed as a search optimiza-
tion problem. The Cocreated model allows calculating the composition of the external
and internal environment during the movement of ions. The extracellular space was
considered as a well-mixed compartment of an infinite size, and the unmixed layers
around the cells were not considered.

Model components. Carbon dioxide. The intracellular content of CO, is deter-
mined by its production and consumption through: a) intra- and extracellular hydration—
dehydration reactions; b) CO, exchange with the incubation medium; c) its reactions
with hemoglobin.

a) CO, hydration occurs by the reaction:

CO, + H,0e==H,C0, ==—=H" +HCO;,

In the extracellular environmentv, CO, is hydrated non-enzymatically in cells with
the participation of the enzyme carbonic anhydrase (CA). The kinetics of the hydration
process was described by the equation (Bidani et al., 1978; Geers & Gros, 2000):

K, . _
V:a'(ku 'Co2out _?vH 'HCOSOUtj’ (1)

out

where a is a parameter that determines the level of activation of the hydration process
with the participation of CA; k, = 0.137 s; k, = 57.5 s™'; K= 0.35 mM; a = 1 for a non-
enzymatic process, a = 3.89-10° for an intracellular reaction catalyzed by CA (estab-
lished during the modelling process).

b) CO, diffusion was described by a reverse process COz_in:<:>1C02_out as

in the works (Geers & Gros, 2000, Michenkova et al., 2021). The diiz’fusion rate was
d ibed by th tion:
escribed by the equation V= k-CO, —k,-CO

where k, = k, = 5.471-10 s" (established during the simulation).

2out?
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Table 1. Reactions involved in the model (arrow type, —» or &, indicates whether the
reaction is considered irreversible or reversible in the analysis)

No Reactions Enzymes
Medium
1. |CO,, +H,O0 2HCO,,, +H.,
Cell
Jacobs—Stewart cycle
2. |CO,, +H,0 2 HCO;;, +H; Carbonic anhydrase (CA)
3. |CO,, 2CO,,, Transport
4. |HCO,,, +Cl, 2HCO,, +Cl_, AE1 transport

SO,*,H* cotransport

5. |H;, +S0% , +Cl. = H +S0% +Cl, AE1 transport
lon’s transport
Electroneutral transport
6. | Ko +Cloy 2Kj +Cl K*,Cl cotransporter (KCC)
7. |Ki +Nag, +2CI, 2K; +Na; +2Cl, Na*,K*,2ClI cotransporter (NKCC1)
8. |Nag, +H; = Na; +H, Na*/H* exchanger (NE1)
Hb-buffer’s capacity
9. |Hb+H" =HHb
10. |Hb+CO, & carbHb +H"

Fig. 1. Scheme of ion transport pathways of the human erythrocyte used in the model. Gradient-driven trans-
port pathways include AE1 (the anion exchange protein 1, B3p), NKCC1 (Na*,K*,2ClI cotransporter 1);
KCC (K*,ClI cotransporters), NHE1 (the sodium/hydrogen exchanger), AQP1 (membrane channels
are the aquaporins, CA (carbonic anhydrase). Adapted from O. I. Dotsenko & G. V. Taradina (2024)
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c¢) The binding of CO, to oxy- and deoxyhemoglobin was described as:
Hb -NH; &==2Hb-NH, +H',  nCO, + Hb-NH,——>Hb -NHCOO +H-",

Since hemoglobin was not introduced into the modelc as a metabolite, the rate of
carbonylation/decarbonylation was described by a modified equation:

2-CO,,
v=k- Tm-(zo+z1+zz)j, )
where z,, z,, z, were described as in C. Geers & G. Gros (2000):
1
ZO = + +2 ’
(CO2in + Hi + H, J
Kc,oxy Kc,oxy . Kz,oxy (3)
1
Z1 - H+ H+2 ’
Cco,, + in__ 4 in ]
Kc,a_deoxy Kc,a_deoxy ’ Kz,a_deoxy (4)
5 1
2 + +2 ’
(CO2ir1 + Ha + H, J
Kc,ﬁ_deoxy Kc,ﬁ_deoxy ' Kz,ﬁ_deoxy (5)

where K, and K are the corresponding equilibrium constants, and k is the rate constant
of the direct carbonylation reaction. Binding to the a- and 3-chains of deoxyhemoglobin
in the presence of 2,3-DPG was described with n = 2, pK (a) = 7.32, pK,(B) = 6.35 and
pK_ (a) = 5.04, pK,(B) = 4.39. Binding to the a-chains of oxyhemoglobin was described
with n = 2, pK, = 6.72, and pK, = 5.58 (Geers & Gros, 2000). The value of the condi-
tional rate constant was k = 3.61-10* s' (established from the results of modelling). The
magnitude of this constant depends on the ratio between oxy- and deoxyHb in the cells.

Bicarbonate ion. The mass balance of the HCO, in each compartment is deter-
mined by the rate of the hydration/dehydration reaction catalyzed in the appropriate
manner and the HCO, flux across the cell membrane.

The transport of HCO, through the AE1 carrier was described by the reverse process:
HCO,,, +Cl. :<:>;HCO;m +Cl .

3out i

The exchange of HCO, to Cl is described in the work in terms of passive diffusion
along an electrochemical gradient.

ky - (1+10°1me )

V= k1 ’ HCOgout - 1 QPHin-pKa ’ HCO;m ’
B I —
. (6)
- = 1. - HCO;, _ P )
where k, = k, = 0.5 s™'; r— Donnan ratio; r = ——3n_ = 0.69; pK, = 6.3; K, — first-order

dissociation constant of carbonic acid. 3out

lon transport. In the erythrocyte membrane, there are several types of carriers
that carry out passive ion transport. These are Na*,K*,2Cl, K*,CI cotransporters, Na*/H*
exchangers.

K*,Cl, and Na*,K*,2ClI cotransport was described as in the works of V. L. Lew (2023):

v = kK,CI '(Kgut 'Cl;ut - K; 'Cl%), (7)

K*.CIt
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where k, ., — transport rate constant; k, ., = 25.39 mM"-s™".
K:, -Na;, -Cl% —K! -Na! -CI ?), (8)

K* Na*,2CI” = kK,Na,ZCI ( out out out
where K, \..c — transport rate constant; k = 28.4 M=-s™".

The model parameter values were found by search optimization using experimental
data of extracellular pH registration obtained for freshly isolated erythrocytes placed in
sulphate medium (0.12 M Na,SQO,). For this purpose, 30 donor blood samples were used.

The rate of transport through the Na*/H*exchanger was described by kinetic equa-
tions, according to the work (Yamaguchi et al., 2017):

V N i Hin - Nin i Hout

v

VNaH = n o ) 9)
1 " Kdis (1 + Nout + Hout) ' (Nin + Hin) + (1 + Nin + Hin) : (Nout + Hout)
H, - :
a i out(in + +
where V = 0.324 M/s; n = 2.5; N_ ) = ot} Houtin) = —t(), Nag4(in)s Hquim) — cONCeN-
ut(in - KH

trations Na* and H*, divided by their respective dissociation constants; K, — dissocia-
tion constant for binding of H* at the allosteric modification site (K, = 1.41:107); n — Hill
coefficient; K, = 0.012, K, = 4.467-10°. The value K,,K,, was found through search
optimization using experimental data.

H*,S0O,* transport. H*,SO,?* transport was described by Michaelis—Menten kinetics
for a bisubstrate process. The absence of SO,* in the erythrocyte ensures that the intra-
cellular SO,* content is essentially an indicator of anion uptake (Galtieri et al., 2002):

v Vmax i H i Soi;ut
= | ) 10
(KmH* + Hout) ! (KmSOf,’ + Soiout) ( )
where V., — maximum H",SO,*/Cl transport rate (V,,,, = 14.6 mM/s); K, K . —

Michaelis constant; me =1.46 mM; Kmsog, =4.16 mM.

Hydrogen ions. H* changes in cells occur due to hydration-dehydration of CO,,
the action of the hemoglobin buffer, carbamate formation, oxygenation-deoxygenation
of hemoglobin, and with the participation of the transport processes described above.

Buffer cellular reactions. Buffering of protons by hemoglobin occurs according to
the reactions:

bH* +Hb -NH, 7=—=Hb -NH;,
bH" +HbO, -NH, 7=*=HbO, -NH;.

The rate of the process was described:

V:ka'(Hi;)b_Kc’ (11)
where k, = 7.5:10° s, apparent protonation constant; K, — apparent dissociation con-
stant (K,=3.17-10%, b = 1). The values of these parameters depend on the ratio between
oxy- and deoxyHb in the cells.

Estimation of model parameters. Parameter estimation enables the identification
of a parameter vector that minimizes the discrepancy between model predictions and
experimental data. This approach integrates mathematical modelling with experimental
studies, providing a more reliable understanding of the processes under investigation,
as well as allowing the estimation of unknown model parameters or the assessment of
their temporal dynamics.
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Parameter estimation was performed using experimental data presented as time
dependences of extracellular pH from 900 points. When studying the influence of
incubation conditions on the functionality of AE1, the objective function was minimized

using 12 model parameters (CO,(0)_in, HCO,(0)_in, Koo chu’ kKNaZCI, VNa/H, K.~
K k,K). ’ oo

VmaxH*,SO%” mH*’ KmSO%”
The objective function has the form:

O(p) = ZZ(kaJ - kaJ(p))z’

where pH, ; the experimental value of extracellular pH at measurement j in experiment
k and the corresponding calculated value pH, (p), where p is the vector of estimated
parameters during modelling.

In the work, the search for parameters was performed using the evolutionary pro-
gramming method, which is implemented in COPASI. The result of the search optimiza-
tion is a set of kinetic parameters of the model.

When solving the system of equations with the parameters found during the search
optimization, the kinetic dependences of ion concentrations and fluxes of the corre-
sponding processes of the model were obtained.

Experimental studies. Erythrocytes were obtained from the capillary blood of
healthy female donors of approximately the same age (45+5.5 years). All participants
provided written informed consent. The Declaration of Helsinki (2000) and relevant
national standards for volunteer participation in research were taken into account.
The erythrocytes were separated from the plasma by centrifugation, washed with
Na-phosphate buffer (0.015 M, pH 7.4) (buffer solution 1) containing 0.15 M NaCl. The
leukocyte film and supernatant were removed by aspiration.

The erythrocytes were transferred to the medium of the same buffer solution 1 with-
out glucose and incubated for 3 hours at 20 °C. The hemoglobin content in the studied
suspensions was at the level of 3£0.18 mg/mL. Throughout the experiment, the studied
system was in contact with ambient air.

Study of H* transport in sulfate medium. Every 30 min, 2 mL of suspension was
taken from the experimental sample, the liquid was removed by centrifugation (2 min,
3000 rpm). After addition of Na,SO, (2 mL, 0.12 M) to the obtained cell precipitate,
extracellular pH changes were recorded for 15 min with a step of 1 s (Ramazanov, 2011;
Nipot, 2012). A glass combined electrode ESC-10612 was used to record pH. The pH
change was recorded in automatic mode. The experiment was performed at a tempera-
ture of 20 °C in five replicates. The obtained experimental dependences were used for
mathematical modelling.

Sulfate transport measurement. This study was conducted to assess the reliabi-
lity of the results of mathematical modelling.

Every 20 min, 2 mL of the suspension was taken, from which the cells were pre-
cipitated by centrifugation. Cells were incubated in Na,SO, solution (2 mL, 0.12 M) for
15 min. The incubation medium was removed by centrifugation, the cells were washed
from sulfate ions with buffer solution 1. Erythrocytes were lysed with 2 mL H,O, after
which the proteins were precipitated by adding 0.5 mL of 55% trichloroacetic acid
(TCA) and separated by centrifugation. To 1 mL of the supernatant was added 1 mL of
a mixture of glycerol-water (1:1), 0.5 mL of 4M NaCl and 1M HCI, 0.5 mL of 1.23 M BaCl,.
The absorbance of this suspension was measured at 360 nm. A standard calibration
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curve was used to quantify the sulfate ion content (Galtieri et al., 2002; Tellone et al.,
2008; Perrone et al., 2023).

Study of the content of ligand forms of hemoglobin in the membrane-bound
fraction. The quantitative assessment of ligand-bound forms of membrane-associated
hemoglobin was performed using erythrocyte ghosts, based on absorption spectra. The
procedure is described in detail in (Attia et al., 2015; Ratanasopa et al., 2015; Meng &
Alayash, 2017). The content of each form was expressed as a percentage of the total
hemoglobin content in the membrane-bound fraction.

Study of the content of SH groups. Erythrocytes taken from the incubation
medium were lysed in 0.5 mL of cold water, after which 2.5 mL of the precipitation mix-
ture (19.6 mL of 85% H,PO,, 2 g EDTA, 50 g NaCl per 500 mL of water) was added. After
20 min, the precipitate was separated by centrifugation. The precipitate was dissolved
in 0.3 M Na,HPO,, pH 8.8, containing 5% DDS at 37 °C. The content of SH groups was
determined using Ellman’s reagent. The content of SH groups of erythrocyte proteins in
MM per g of hemoglobin (Hb) in the sample was determined using the calibration curve
constructed for GSH.

The results were analyzed using Statistica 8.0 (StatSoft Inc., USA). Experimental
data are presented as x + SE (x is the mean, SE is the relative error).

RESULTS

Fig. 2 presents the experimental dependences of the pH change of the erythro-
cyte suspension in a sulphate medium (0.12 M Na,SO,), which does not contain buffer
components and Cl ions. In this case, a two-phase change in the pH of the external
environment occurs.

8.0
76 2
= 3
°
T
Q72
4
1 Fig. 2. Experimental dependences of the
6.8 pH change of a 0.12 M Na,SO, after
’ 5 its addition to the erythrocyte pel-
let. Incubation time of cells in buffer
0 100 200 300 400 500 600 solution 1: 71— 0; 2-30; 3-60; 4 -
Time, s 120; 5180 min

The simulation results are presented in Figs 3, 4 and in Table 2.

The experimental dependence of the accumulation of SO,* ions in erythrocytes after
their movement from the incubation medium into the Na,SO, solution is shown in Fig. 5A.
The incubation time of erythrocytes in the sulfate medium coincided with the time of H*
transport measurement. It can be seen that incubation of cells in a buffer solution without
glucose significantly reduces the ability of cells to accumulate sulphate (before incubation,
the SO,* content was 917.5 £+ 117.7 mM, after three hours of incubation — 674.7+53.7 mM.
The obtained experimental data coincide with the modelling results (Fig. 4B).
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Fig. 3. Changes in the content of CO, (A) and HCO, (B) in the extracellular medium containing sulfate.
Dependencies obtained during mathematical modelling. Incubation time of cells in buffer solution 1:
1-0;2-60; 3—120; 4 - 180 min
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Fig. 4. The H*,SO,* flux through Bp3 (A) and change in cell SO,* content (B) after their movement from the
incubation medium into the sulfate medium. Dependencies obtained during mathematical modelling.
Incubation time of cells in buffer solution 1: 71— 0; 2 -60; 3 — 120; 4 — 180 min

Table 2. Optimized parameters of the mathematical model

Time, V. .. mM/s H",SO,* kac05 v mM/s kK+ U kK*ICI’ cotransport,
min cotransport exchange, s'| Na'H” cotransport, M3-s™ mM2-s-"
0 14.65+5.54 0.49+0.12 | 55.461£5.18 28.415.18 25.39146.15
30 10.91+2.05 *0.21+£0.17 | 51.77+6.16 5.09+1.16 18.60+2.82
60 10.56+2.63 *0.1940.15 | *148.9+12.8 21.242.8 *13.055.75
90 *3.51+1.64 *0.21+£0.13 | *141.6+9.01 *43.4+9.01 *10.08+3.49
120 *2.56+1.23 *0.06+0.013 | *233.4+14.5 *251.1+14.5 *10.50+6.07
150 *4.23+1.49 *0.06+0.065 | *488.2+20.1 *228.2+20.1 *11.82+2.46
180 *2.49+0.81 *0.09+0.03 | *509.9+19.1 *218.9+19.1 *11.04+3.92

Note: *— changes are significant compared to the initial state

The content of SH groups in erythrocyte proteins during 120 min of the experiment
did not significantly change (Fig. 5B). During the last hour of incubation, the content of
SH groups decreased by 1.7+0.3 times relative to the initial level.
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Fig. 5. Accumulation of SO, ions in cells (A), content of SH groups in proteins of erythrocytes (B) incubated
in buffer solution 1. Each point is represented as x £ SE forn =5

In the membrane-bound fraction, after 60-90 min of incubation, a decrease in
oxyhemoglobin (oxyHb) to 58.3+2.6% was recorded; the content of deoxyhemoglobin
(deoxyHb) was 12.1+3.4%, and methemoglobin (metHb) was 30.6+3.18%. At the end
of the experiment, the content of metHb increased to 37.42+1.18%. In the membrane-
bound fraction, the presence of hemichromes and ferrylhemoglobin (FerrylHb) (up to
0.37+0.11%) was recorded (Fig. 6).
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Fig. 6. Distribution of ligand forms of hemoglobin in the membrane-bound fraction of erythrocytes incubated
in buffer solution 1. Each point is represented as x £+ SE forn =5

DISCUSSION

Incubation of erythrocytes in a glucose-free medium results in metabolic distur-
bances and a rapid depletion of ATP. The effect of saline solution (buffer solution 1) on
erythrocytes was investigated by O. |. Dotsenko & G. V. Taradina (2024). It was found
that under these incubation conditions, cells lose K* and CI- ions and increase the con-
tent of Na* ions, which results in a decrease in cell volume.

The same incubation medium was used to study the work of Bp3. According to
the simulation results (Fig. 3), the addition of Na,SO, to the erythrocyte suspension is
accompanied by the release of carbon dioxide into the extracellular environment with
subsequent hydration with the formation of HCO, and H*. The simulation results indi-
cate that the flux of sulphate is not delayed in time; therefore, the entry of H* into the
cells stimulates the outflux of CO,,.
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Physiologically, B3p provides a balance between internal and external anions, such
as Cl and HCO,, which are distributed according to the transmembrane potential. Anions
are transported by a ping-pong mechanism, where only the loaded transport site can
pass through the membrane (Gimsa, 1995). As has been shown (Gimsa, 1995), the B3p
conformers are asymmetrically distributed, with about 90% of the transport sites facing
the inside. Low external concentrations of CI- can recruit the B3p transport site to the
external solution (Gimsa, 1995). Since under normal conditions, 90% of the transport
sites face the cytoplasm, recruitment of the external conformers will involve almost all B3p
proteins. This explains the sharp increase in HCO, in the extracellular medium during the
first seconds after placing the cells in Na,SO, solution (Fig. 3B), which results in the crea-
tion of a driving force for net influx HCO, in exchange for Cl (Jennings, 2013). Reduced
CO,_out creates a driving force for diffusive efflux of CO,,.

Next, there is mainly an exchange of HCO,, H*,SO,* in exchange for intracellular
Cl. The extracellular pH decreases (Fig. 2), because the rate of hydration exceeds the
rate of H*,SO,* cotransport.

Model calculations show that the flux of SO,* ions into the cell is biphasic (Fig. 4A).
The flux of CO, from the cell allows increasing the amount of H* in the extracellular medium,
which stimulates the flux of sulphate (Fig. 4A). The observed elevation of extracellular H*
levels can be partially explained by the contribution of the Na*/H* exchanger, whose acti-
vity rises by nearly an order of magnitude toward the end of incubation (Table 2).

The intracellular and extracellular activities of HCO, are linked to the correspond-
ing activities of H* through hydration/dehydration reactions between HCO, and carbon
dioxide. This reaction is catalyzed by the enzyme carbonic anhydrase in the intracellular
compartment (Al-Samir et al., 2013) and proceeds at an uncatalyzed rate in the extra-
cellular compartment, making the extracellular reactions rate-limiting for acid balance
relative to the erythrocyte membrane (Nikinmaa, 2003).

As equilibrium CO, +H,0 : >H,CO, TR +HCO; in the extracellular envi-

o I k,-[H"]-[HCO;]
ronment approaches, the condition of which is [CO,] o —
decreases. Thus, it becomes clear that the increase in pH in the extracellular environ-
ment is not due to an increase in the flow of SO,* into the cell (Nipot, 2012), but to
a decrease in the flows of HCO, and CO, as a result of approaching equilibrium.

The changes that occurred in the cells during incubation in a buffer solution are
reflected by the values of the model parameters found during the search optimization.
The search optimization of the model parameters shows a decrease in the rate constant
of the HCO,/H* exchange, V.., H*,SO,%/Cl exchange in erythrocytes with the incuba-
tion time (Table 2). At the same time, K_ . and Kmsog, did not change significantly. The
modelling results show that an increase in the cell incubation time in a buffer solution
without glucose leads to a decrease in the rate of anion exchange B3p, which results in
a decrease in the content of SO,*-ions in the cells. The modelling results are confirmed
by experimental data on the uptake of SO,*-ions (Fig. 5A).

The most likely candidate for the role of a switch for metabolism and ion transport
in mammalian erythrocytes during hypoxia is membrane-bound hemoglobin (Welbourn
et al.,, 2017). Binding of deoxyHb to cdAE1 is likely to reduce the activity of the erythro-
cyte anion exchanger (Cilek et al., 2024), although direct evidence is not yet available. It
has been suggested that binding of deoxyHb to AE1 may inhibit AE1 clustering induced
by oxidized forms of hemoglobin.

, the H* content
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According to the simulation results, the rate constant of HCO,/CI exchange after
30 min of incubation under experimental conditions decreases by two times, and after
120 min — by 5-8 times. Along with this, we recorded a significant decrease in -SH
groups in the protein fraction (Fig. 5A) and an increase in the content of metHb and
FerrylHb in membrane-bound hemoglobin (Fig. 6). As was shown (Yang et al., 2024),
the formation of disulfide bonds weakens dephosphorylation and promotes phospho-
rylation of a number of acidic amino acids of B3p by Syk and Lyn tyrosine kinases (Cilek
et al., 2024). As a result, the binding of B3p to anchor proteins decreases (Ferru et al.,
2011), and the mobility increases, which leads to B3p aggregation.

Partial oxygenation of hemoglobin dramatically increases the rate of hemoglobin
autoxidation (Yang et al., 2024), with the formation of oxidized forms of hemoglobin,
hemichromes, and ferrylhemoglobin (FerrylHb). These forms of hemoglobin have
a much higher affinity for the erythrocyte membrane, creating irreversible cross-linking
involving both B3p and spectrin (Ferru et al., 2011). This binding disrupts the interaction
between B3p and cytoskeletal proteins (ankyrin and spectrin) and triggers B3p cluste-
ring (Welbourn et al., 2017; Cilek et al., 2024; Barshtein et al., 2024; Yang et al., 2024).

According to the simulation results, incubation of cells leads to activation of the
Na*,K*,2Clcotransporter and the Na*/H* exchanger, and inhibition of the flux through the
K*,Cl cotransporter (Table 2). Na*,K*,2ClI, K*,Cl cotransporters and Na*/H* exchanger
are known to be O,-dependent (Zheng et al., 2019). In human erythrocytes, this cotrans-
port is largely inactive in oxygenated cells but is activated in deoxygenated erythrocytes
(Zheng et al., 2019; Cilek et al., 2024).

It has been experimentally demonstrated (Zheng et al., 2019) that deoxyHb binds
to the cytoplasmic domain of B3p and displaces the WNK1 kinase from its docking site
on B3p. The displaced WNK1 kinase activates OSR1, which in turn phosphorylates and
activates the Na*,K*,2Cl cotransporter.

Since the effect of O, on K*,Cl cotransport is opposite to its effect on Na*,K*,2Cl
cotransport, and the phosphorylation sites on these cotransporters are homologous,
Zheng et al. (2019) proposed that the displacement of WNK1 by deoxyHb may underlie
the inhibition or activation of these cotransport pathways.

In most cases studied, the activity of Na*/H*exchange increases with deoxygenation,
regardless of the underlying stimulus causing the increase in fluxes (Nikinmaa, 2003).

According to the results of mathematical modelling, incubation of erythrocytes under
the studied conditions leads to an increase in the activity of the Na*/H* exchanger, especia-
lly after the 2nd hour of incubation. After placing these cells in a sulfate medium, a sharp
decrease in extracellular pH is observed (Fig. 2), which is due to the flow through this carrier.

Na*/H* exchange causes a net influx of Na* and efflux of H*, displacing H* from
electrochemical equilibrium during the initial minutes of activation. Net excretion of pro-
tons occurs as long as the rate Na*/H* exchange is higher than the rate-limiting step
of passive proton equilibrium, extracellular HCO, dehydration, and protons to carbon
dioxide (Nikinmaa, 2003; Barshtein et al., 2024).

CONCLUSION

The created mathematical model allows us to understand not only the molecular
mechanism of H*,SO,*/Cl exchange, but also to investigate changes in ion transport in
erythrocytes under external influences. Data on the changes in pH of the erythrocyte
suspension in a sulfate medium, which does not contain buffering components and Cl
ions, are used for the optimization of the model parameters.
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The applied approach allowed us to establish that in erythrocytes, under the influ-
ence of osmotic and metabolic stress and hypoxia, the work of the anion exchanger
AE1 slows down, which is reflected in a decrease in the rate constants of the HCO,/CI
exchange, V.., H",SO,%/Cl exchange.

The model predicts a decrease in the content of SO,* ions in cells, which is con-
firmed by experimental data. According to the simulation results, incubation of cells
leads to the activation of the Na*,K*,2ClI cotransporter and the Na*/H* exchanger, and
inhibition of the flux through the K*,CI- cotransporter. Experimental studies of the com-
position of membrane-bound hemoglobin show that the deoxyHb-B3p complex is a trig-
ger for processes that adapt erythrocytes to changed conditions, in particular hypoxia.
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KIHETUMHE MOAENIOBAHHA TPAHCIOPTY CYJIb®AT-IOHIB KPI3b BIJTIOK
CMYTU 3 EPUTPOLINTIB

Onbea [JoueHko

JoHeubkuli HauyioHanbHUU yHieepcumem iMeHi Bacuns Cmyca
8yn. 600-pivys, 21, BiHHuyss 21021, YkpaiHa

O6rpyHTyBaHHA. OuiHKka KIHETUYHMX BNACTMBOCTEMN IOHHOIMO TPAHCMOPTY 3a
y4yacrTio 6inka cmyrn 3 (B3p, AE1) € 4yTnMBUM iIHCTPYMEHTOM 7151 MOHITOPUHTY (DYHK-
LioOHanbHUX 3MiH €pUTPOLUMTIB NI Ai€t0 30BHILHIX YMHHMKIB. MeTa poboTn nondarana
B JOCNIXKEeHHI WBMAKOCTI aHioHHoro obmiHy H*,SO,2/Cl B epuTpouuTax, wo nepeby-
Banv B yMOBax OCMOTUYHOrO i MeTaborniyHoro ctpecy. [ns OoCArHeHHs nocTaBneHoi
METN pPO3pOBEHO MaTteMaTU4Hy MOAEnNb, WO BUKOPUCTOBYE METOAMN igeHTudikauii
napameTpiB Ha OCHOBI pe3yrbTaTiB eKCNepUMeHTanbHUX AOCIOKEHb.

Matepianu Ta metogu. Eputpountn iHkybyBanu y cepegosuili Na-chocpatHomy
Oydepi (0,015 M, pH 7.4), wo mictme 0,15 M NaCl 6e3 rmoko3un. YNpogoBx 3-X rog, iHKy-
ByBaHHSA TeCTyBanu 34aTHICTb KNiTUH A0 aHIOHHOTO OBMIiHY, KinbkicTb nornuHyToro SO,%,
piBEHb OKUCNEHHS CyNbArigpubHUX rPyn i BMICT niraHOHWX doopM reMornobiHy y cknagi
MeMbpaHo3B’a3aHol dpakLii. Ons ouiHkM aHioOHHOro OBMiHy CTBOPEHO MaTeMaTuyHy
MoZenb, sika nepegbavae MOLYK KIHETUYHMX MapaMeTpiB, 3 BUKOPUCTAHHAM METOLIB
NOLLYKOBOI ONTMMI3aUil.

Pesynstatn. OTpumaHi pesynbratu csigyaTb, WO Mig BNAMBOM OCMOTUYHOIO,
MeTaboniYHoro CTpecy Ta FinoKCil yNoBiNbHIETLCA poboTa aHioHHOro obmiHHMKa AE1.
Lle BigobpaxyeTbCs Y 3HMXKEHHI KOHCTaHTK wBeuakocTi obmiHy HCO,/CI, V, . 0BMiHy
H*,SO,>/Cl. MNporHo3oBaHe 3HWXeHHS BMicTY SO,* ioHIB y KNiTUHaX MigTBEPOXYHTb
eKkcnepuMeHTanbHi gaHi. 3a pesynsratamn MOLEMOBaHHS, iHKYOyBaHHS KNiTUH NpUBO-
antb oo aktueadii Na*,K*,2Cl-kotpaHcnoptepa i Na*/H* o6MiHHMKa | O ranbMyBaHHS
notoky 4vepes K*,2CI-koTpaHcnopTtep. OuiHka cknagy MeMOpaHO3B’A3aHOro remorno-
OiHy CBIQUNTb, LLO 3HKEHHS LWBUAKOCTI poboTn AE1 06yMOBNEHO YTBOPEHHSIM KOMI-
nekcy deoxyHb—B3p Ta okMcHMMUK npouecamu y KniTuHax.

BucHoBKkM. Pe3dynsratn mateMaTM4yHOro MOgentoBaHHA N ekcnepuMeHTanbHi AaHi
cBig4aTb NPO HasBHICTb YHiBepcanbHux O,-3anexHrX MexaHi3aMiB perynioBaHHsa Morne-
KyNSApHUX MPOLECiB Y epuTpoumuTax, aki 0a3ytoTbCsl Ha KOHKypeHUii Mk deoxyHb Ta
iHWKMMKM Binkamm 3a Micus 3B’a3yBaHHs 3 6inkom cmyrm 3.

Knroyoei crioea: nornuHaHHea  cynbdaty, TpaHcnopT adioHis, AE1, xnopwua-
GikapOOHaTHWUI aHTUNOPT, aHiIOHHUI 0OMiH, MEMOpPaHO3B’siI3aHNI
remornobiH, niraHaHi  dopmMu  remornobiHy,  remixpom,
depunremornobin
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