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Background: Cell volume maintenance by regulating the water and ion content is crucial for the survival
and functional fullness of human erythrocytes. However, cells are incredibly complex systems with
numerous, often competing, reactions occurring simultaneously. Hence, anticipating the overall behavior
of the system or acquiring a new understanding of how the subcomponents of the system interact might
pose a considerable challenge in the absence of employing mathematical modeling methods.

Obijectives: Creation of a mathematical metabolic model of erythrocyte ion homeostasis to study the
mechanisms of erythrocyte volume stabilization and intracellular pH in in vitro experiments.

Material and Methods: The mathematical model was developed using general approaches to modeling
cellular metabolism, which are based on systems of ordinary differential equations describing metabolic
reactions, passive and active ion fluxes. The generation of the model and all computations, relying on the
model, were executed utilizing the COPASI 4.38 simulation environment. Changes in intracellular pH,
Na*/K*-ATPase, and Ca?*-ATPase activities of donor erythrocytes incubated in saline solutions in the
absence and presence of Ca?* ions were used to test the model.

Results: The kinetic model of erythrocyte ion homeostasis was created. Using realistic parameters of the
system changes over time in cell volume, concentrations of metabolites, ions fluxes and transmembrane
potential were calculated. The simulation results were used to analyze the reasons for changes in the
resistance to acid hemolysis of erythrocytes under the conditions of their incubation in saline solutions of
different compositions.

Conclusion: We show that cation homeostasis in erythrocytes is maintained mainly by the active
movement of Na* and K* through Na*, K*-ATPase, combined with relatively lower passive permeability
through other transport pathways. In the presence of Ca?* ions and the activation of potassium release
through Gardos channels, the cell volume is stabilized due to a change in the transmembrane potential and
activation of electrodiffusion ion fluxes. The study demonstrated that the reduction in acid resistance of
erythrocytes during incubation in a saline solution is associated with a decrease in their cell volume,
whereas the increase in acid resistance during incubation in the presence of Ca?* ions is linked to the
activation of the Na*/H* exchanger.

KEY WORDS: mathematical metabolic modeling; ion transport; osmotic processes; electrochemical
membrane potential; permeant ions; Na*/K*-ATPase; Ca?*-ATPase; calmodulin; Band3 protein (AE1);
Gardos channels.

The viability and functional completeness of human erythrocytes is determined by their
ability to stabilize their volume. The volume of erythrocytes is about 60% of the maximum
possible value for a given surface area [1]. This is what determines its ability to strong
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deformation, which is necessary to pass through capillaries and transport oxygen [1, 2]. In this
regard, the erythrocyte must have special mechanisms to stabilize its volume against changes
in the permeability of the cell membrane [3].

It is believed that the erythrocyte volume is completely determined by ion homeostasis
[3, 4]. lon transport is crucial for maintaining ion-water balance and establishing the electrical
potential difference between the cell and its surroundings [1]. This is indicated by the fact that
the consequence of hereditary and acquired disorders is a change in ion homeostasis and
hydration of cells. Overall, the extent of disruption in water and ion content plays a crucial
role in determining the severity of hemolytic anemia [4, 5].

Genomic and proteomic studies identify numerous channels, transporters, and regulatory
proteins that respond to changes in the osmolality of the environment and are involved in
volume control in normal and diseased erythrocytes. The erythrocyte membrane contains a
number of carrier proteins that carry out the transport of monovalent cations and anions by the
mechanism of facilitated diffusion (Na*, K*, 2CI-, K*, Cl"-cotransport, Na*/H" and HCO3/CI-
exchange). These systems account for 20% of the total flux of monovalent ions, so it is
believed that their main physiological value consists in the regulation of cell volume and
control of intracellular pH. It has been shown that swelling of erythrocytes activates K*, CI-
cotransport, while a decrease in cell volume leads to activation of Na'/H* exchange and
Na*, K*, 2CI--cotransport [6, 7]. Activated by Ca?* ions potassium channels are also involved
in autoregulation of erythrocyte volume [8, 9]. Investigating the connection between
erythrocyte membrane permeability and cell volume holds significant importance in
unraveling the mechanisms that govern the functional integrity and viability of these cells.

Erythrocyte homeostasis encompasses a specific set of vital cellular processes aimed at
preserving and repairing cell volume and integrity amid the dynamic alterations induced by
physiological stress. [10]. The main participants of the erythrocyte’s homeostasis-related
processes are a complete set of passive and active membrane transporters, hemoglobin as the
main macromolecular colloid osmotic factor, proton and calcium buffer, cellular metabolites
affecting fixed negative charges and additional buffering capacity of the cytoplasm of
erythrocytes. Cells are incredibly complex systems with numerous, often competing, reactions
occurring simultaneously. Therefore, predicting the overall behavior of the system or gaining
a new understanding of how the components of the system interact is quite challenging
without the use of mathematical modeling methods.

Mathematical models have been instrumental in advancing the understanding of cell
volume regulation [11-15]. The models answered many questions that were either very
difficult or impossible to answer experimentally, predicted a number of unexpected
relationships in cellular metabolism, and helped to understand how cells use certain
biochemical processes. Most of them consider the dynamics of changes in cell volume and pH
in the process of blood circulation. We are particularly interested in the application of
mathematical models for the interpretation of experimental data obtained in in vitro
experiments.

The work aimed to create a mathematical metabolic model of erythrocyte ion
homeostasis to study the mechanisms of stabilization of erythrocyte volume and intracellular
pH in an in vitro experiment. The developed model represents only a subsystem of a much
more complex real system, which has already been described by mathematical models [16 —
18]. In this work, we model only ion hemostasis and will not consider the metabolic processes
that contribute to its regulation. We demonstrate that this model is sufficient for analyzing the
role of ion homeostasis in the regulation of pH and volume in erythrocytes. It enables us to
identify the factors contributing to changes in the hemolytic resistance of erythrocytes during
their incubation in various saline solutions.
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MATHEMATICAL MODEL AND MODELING METHODS

Common approaches to modeling cellular metabolism typically rely on coupled systems
of ordinary differential equations (ODEs), where the cell can be considered a well-mixed
chemical reactor. Each ODE represents the sum of all rates of change of a single cellular
component.

The model describes the dynamic behavior of a suspension of identical erythrocytes in a
saline buffer medium. The extracellular space was treated as a well-mixed compartment and
the unmixed layers around the cells were not considered. The size of the extracellular
compartment was precisely calculated and expressed in p3. The physiologically normal volume
of erythrocytes was taken as 90 p® [11, 13].

The physical laws limiting the behavior of such a system are the conservation of charge and
mass.

The incubation medium electroneutrality of (Na-phosphate buffer, NaCl) is represented
as a linear combination of extracellular ion concentrations. Subscripts in and out denote
intracellular and extracellular concentrations, respectively.

(Na;, +K:, +2-CaZ)-(Cl,, +HCO,, , +2-HPO;, +H,PO, . )=0. (1)
The ratio between the ion concentrations of the proton-binding buffer:
_ Ho. - HPOZO’u
H,PO,o = 612—10“;“ (2)

The electroneutrality of the intracellular medium was described by the equation:
(Na® + K’ +2.Ca’ +2-Mg> +H")—(Cl- + HCO;, +2HPO;, +H,PO, + 3
+z(Hb)-Hb+2z(2,3BPG)-2,3BPG) =0 - )

z(Hb) — the total charge on the hemoglobin molecule, represented by the Cass-Dahlmark
equation [12]
z(Hb)=a-(pH;, - pl) , (4)
a corresponds to the linear segment of the proton titration curve of hemoglobin in intact
erythrocytes [13], pl — pH at the isoelectric point of hemoglobin. Hb — total hemoglobin
concentration.
10PK1—pHin +2'102'(pK2_pHin)

2(2,3BPG) ='5+1+10pr<1—pHin L+ 2.102(PKepH)

()

pK, =7.31, pK, =6.2.
The osmolarity of the external and intracellular environment was described by equations

(6), (7):
Os,, = Na;, + K} +Ca’l +Cl  +HCO;, , +HPOZ

out out out out 3out 4out

Os,, = Na; + K, +Ca’" + MgZ" +Cl,, + HCO,, + H,: + HPOZ, + H,PO,,, +

+H,PO,, (6)

4out

7
+A+ f(Hb)-Hb+2,3BPG + N ")

f (Hb) — osmotic coefficient of hemoglobin, represented by the equation [12]:
f (Hb) =1+ 0.0645- Hb/cx +0.0258-(Hb/a)’, « =¥, 8,

0
A — the intracellular osmolytes content (20 mM), N — total concentration of cellular
nucleotides.
The processes involved in the model are shown in Table 1 and Figure 1
The dissolution of CO2 and O in a buffered extracellular solution, the process of CO>
hydration was described as in [16] under the experimental conditions: T=293 K,
PO,=160 mmHg, PCO, = 0.3 mmHg.
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The Jacobs-Stewart cycle is described in detail by us in [16]. In this model, the kinetic
equation of the HCO; / Cl~exchange involving AE1 was adjusted, considering the data on the
activation of the exchanger by intracellular Ca?* [19]

k(1207 Ca?
v=|k -HCO;,, - gF . HCOs, -(1+ < j 9)
I+
r
k,=k,=6,9-10°c™, pKa=6.3, r — Donnan's ratio, Ka=10nM (activation constant,

Ky, ).
12
The transport of CO2, the hydration of CO. with the participation of carbonic anhydrase
(CA), the buffering processes of H and CO2 by hemoglobin have been described in detail by
us previously [16] and are used without modification in this model.
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_ e o "
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Fig. 1. Scheme of ion transport pathways of the human erythrocyte used in the model. Gradient-driven
transport pathways include AEL (the anion exchange protein 1, band 3), NKCC1 (Na*, K*, 2CI-
cotransporter 1); KCC (K*, Cl-cotransporters), NHE1 (the sodium/hydrogen exchanger 1), VDAC —
voltage-regulated ions channels. Membrane channels are the aquaporins (AQP1), Kca3.1 (KCNN4, the
Gardos channel, a calcium-activated potassium channel). Active transporters are the Ca?-ATPase
(PMCA), sodium-potassium ATPase. CA — Carbonic Anhydrase.

Transport of ions
There are several types of channels and carriers that carry out passive transport of ions in
the erythrocyte membrane. These are Na*, K*, 2Cl-cotransport K*, Cl*-cotransport, Na*/H*-
exchanger, HCO37/Cl-exchanger.
K", CI'- and Na*, K*, 2CI-cotransport was described as in works [14, 15]:
‘]Kﬁcr =Ky o - (Kgu - Cloy —Kii -Cl) (10)

k¢ o — the transport rate constant, k, ., =4.56-10°M™*.s™,

‘]K*,Na*,zcr = kK,Na,ZCI ) (K+ ’ Na;ut 'Clc;utz - KiE : NaiJ; 'C|i32) J (11)

out

Ky na2ci — the transport rate constant, k =4.37-10* M .s™,
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The rate of transport through the Na*/H*-exchanger was described by kinetics, according

to [20, 21]:
J

Na*/H*

V- Hi:n

=(7.2- ,
K+H'"

pHin)'

V =178-10°M /s, K=0.285mM, n=1.85.

Table 1. Reactions involved in the model (arrow type, — or <>, indicates whether the reaction is
considered irreversible or reversible in the analysis)

(12)

N | Reactions | Enzymes | Effectors
Medium
1 CO,,, +H,0 =2 HCO; , +H., Non: enzymatic | P, , T
reaction
reaction
Cell
Jacobs-Stewart cycle
CO,,, +H,0 2 HCO,,, + H, CA
4 CO,,, 2CO,, Transport
HCO,,, +Cl,, &2HCO;,, + Cl_, AET transport Cal’
lon’s transport
Electrodiffusional flux
6 | Na), = Na; VDAC transport
7 K! 2= K, VDAC Transport
KiK., Gardos channel Caizn+, E
(KCNN4)
9 | cal=cay VDAC transport E
Electroneutral transport
10 | K + Cl, 2K + Cl K*CI~ cotransporter
(KCC)
1T | K;, + Na!, +2Cl., 2 K;. + Na; + Cl, Na"K*2Cl~
cotransporter
(NKCC1)
12| Na;, +H; 2 Na; + H}, Na*/H* exchanger | pH, Ca’’
(NEID)
ATPase
13 | 2K}, + 3Na;* 22K, + 3Na, Na", K" — ATPase ATP
14 | ca’+ 2H;, —>Ca’l +2H,; Ca* — ATPase ATP,
(PMCA1) Ca,CaM
Hb-buffer’s capacity
15 | deoxyHb + H.' z HdeoxyHb
16 | oxyHb + H, == HoxyHb
17 | deoxyHb + CO, = carbHb + H
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Reactions Enzymes Effectors
18 | oxyHb + CO, = carbHb + H/
Binding of metabolites to hemoglobin
19 | deoxyHb + 23BPG = deoxyHb23BPG
20 | deoxyHb + ATP = deoxyHbATP

21 | deoxyHb + ADP == deoxyHbADP

22 | deoxyHb + MgATP = deoxyHbMgATP
23 | oxyHb+23BPG = oxyHb23BPG

24 | oxyHb + ATP & oxyHbATP

25 | oxyHb + ADP &= oxyHbADP

26 | oxyHb + MgATP = oxyHbMgATP
Ca’*, Mg’ interactions

27 | MgZ" + ATP == MgATP pH

28 | ca* + ATP =2 CaATP pH

29 | ca¥ + 23BPG = Ca23BPG pH

30 | MgADP + ADP == MgATP + AMP AK pH
Ca’*-calmodulin interactions

31 | caM + 2Ca’" =2 Ca,CaM pH

32 | ca,CaM + 2Ca’" =2 Ca,CaM pH

The electrodiffusion flux Na*, K*, Ca?* was described by the Goldman equation:
z-E-F

P-z-E-FC™-CMe~r
- F

- z-E-
! R-T 1_gRT

P, — the ion permeabilities. P_. =3.38-10°s",P . =3.44-10°s"[11]. In the absence of

: (13)

Ca’* in the incubation medium P_, =2.11.107"s™, in the presence of Ca*" P_.. was
calculated as function of Ca?* [14]:
ca’' ca’
P " = in - out - |- (14)
c 0.04+Ca;" ) ( 0.8+Ca,
The K* permeability through the Gardos channel was calculated as [11]:
Ca2+
PK*_Gardos = P'( K +Ca2*j ' (15)
P= 4 72105, K =0.25uM [11].
— the transmembrane potential was calculated as:
. P.-Ky+P,.-Nag+P_ _-Cl,
E=-— R-T In - <l — (16)
F P Ko+ P -Na,, + P, -Cl;
in the presence of Ca?" in the incubation medium
: P.+P Kin+P,. -Nag +P__-Cl,
E:_RTI ( KGado) Cl (17)

++P -Na* +P CI‘

out out cl-

F (P.+P.. . )K

K*Gardos
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F — the Faraday constant; R — universal gas constant; 7 — absolute temperature;

P.,P.,,P, — erythrocyte membrane passive permeabilities of the K, Na*, CI

respectively, K*, Na*, CI— the ion concentrations in the extracellular environment and in the
cell.
Active transport of ions

Ca?*-ATPase transports Ca®* independently and irreversibly, and when it binds to the
Ca-calmodulin complex, it transports Ca®* with a much higher affinity and rate of exchange
[22]. It is known that the activity of the Ca®*-ATPase is depended on the concentration of
ATP [23] and is inhibited by high concentrations of intracellular calcium [24]. The equation
for the rate of active Ca?* transport given in [23] was modified by us as follows:

V.(Ca?)" ATP
( ) C - (1_’_ Ca4}§:aM ] ,
(K +Ca2+)n(1+a j a
KI
V=003M/s, K=1.1uM [23], K, =1uM , K, =0.6 «M (was set during simulation). n —
the cooperativity factor that characterize Ca?* activation of the enzyme (n = 2 in the absence
of Ca?* ions, n = 4 in the presence of Ca?* in the incubation medium [11, 14]).

Na", K*-ATPase activity was described by using the kinetic equation given in [18], taking
into account the inactivation of the enzyme by Ca?* ions [25].

_ATP | (Va ). (K;ut)ﬁm
. ATP+K, 2 2
= 2+ i)
Pump~£1+cz j
|

3
2 B + 2 +
) +[Na31+n +1] (B, B, kK, +ky Ky (Ko ) +2-B,-Kg,),

V= (18)

(19

Pump =B, -B, +2B,- K, +(K;

out out

V, =0.452mM /s, B, =6.17-10°M, B, =1.33-10°M (was adjusted during simulation),
values of other parameters of the equation are taken from [18] without changes.
K, =0.398 uM (Na*, K*-ATPase inhibition constant ( Ky) by Ca?"ions).

2

The kinetics of 2,3BPG, ATP, ADP, Mg-ATP binding with oxy- and deoxyhemoglobin,
Mg?" and Ca®" binding with ATP and 2,3BPG are described in works [17, 18], and the
parameters and kinetic equations of these reactions are applied in the model without
modification.

Interaction of Ca?* with calmodulin
The interaction of calcium with calmodulin was described by mass action kinetics. The
rate constants given in [26] were normalized by the parameter r (cooperativity factor), which
considers the dependence of Ca?* binding with calmodulin on pH. Experimental dependences
of r on pH for two types of Ca?" binding centers with calmodulin are given in [27]. The
regression dependence of r on pH was obtained by us and applied in the model

CaM +2Ca** 2 Ca,CaM, v= % .CaM -(Ca*")* -k, -r-Ca,CaM, (20)

k,, =2.669-10°M 2.5, k_, =2.682s™ [26],
r =—0.0403pH* +1.0126 pH? —8.5561pH + 25.966.
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Ca,CaM +2Ca* &= Ca,CaM, v= k—;Z-CaM -(Ca**)*-k_,-r-Ca,CaM , (21)

k, =1.704-10“ M ?.s™, k , =1.551s7[26].

The change in intracellular ATP content was specified as a time dependence obtained by
a result of approximating experimental data [28] with the 4th-order regression equation.

The kinetics of adenylate kinase (AK) was described by the equation used in the model of
human erythrocyte metabolism [17], which is in the BioModels Database
(www.ebi.ac.uk/biomodels/MODEL5950552398#Files). The flux through this reaction is
represented as pH-dependent Kinetics.

The volume of the erythrocyte is determined by the balance of osmotic values inside
(Os,,) and outside (Os,,) the cell. The volume of the cell was described by the equation:

dv
—=J,=PR,-R-T(Os,, —0Os_,),
dt w w ( in out) (22)

P, =6.02-10"u/s,
P, — permeability coefficient for water.

The developed model is a system of differential and algebraic equations that describes
changes in ion concentrations, cell’s volume and transmembrane potential, fluxes through all
regulatory elements depending on ion permeability, kinetic parameters of enzymatic and non-
enzymatic reactions, concentrations of impermeable ions and osmolarity of the extracellular
medium.

Model creation and all numerical calculations based on the model were performed using
the COPASI 4.38 simulation environment.

The determination of numerical values for certain kinetic parameters within the reaction
rate equation, along with the initial values of intracellular CO2 and HCO3', involved a search
for optimal conditions that yielded the best agreement between the experimental and
calculated dependencies of pHin values. This process was carried out during the solution of
the systems of equations incorporated in the model [16].

The objective function has the form:

0(p)=>" 3 (PH,, — PH,;(P)) . (23)

pH, ; the experimental value of pHin when measuring j in experiment k and the

corresponding calculated value pH, ;(p), p — vector of estimated parameters during

modeling [16].

In the work, the search for some parameters of the model is performed using the
Evolutionary Programming method. The result of searching for parameters is a set of kinetic
parameters characterizing the speed of each process in the system.

Using of the model, families of kinetic curves describing changes in concentrations of
substrates and products, fluxes of relevant processes over time for the studied system were
obtained.

EXPERIMENTAL STUDIES
The experimental protocol in this study adheres to the principles of biological ethics and
has received approval from the Local Ethics Committee of the Vasyl Stus Donetsk National
University, Faculty of Chemistry, Biology and Biotechnology (Vinnytsia, Ukraine) [30-32].
The experiments employed freshly obtained blood from donors within a similar age
group and of the same gender [30]. Erythrocytes were separated from plasma by
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centrifugation and washed three times with Na-phosphate buffer (0.015 M, pH 7.4) containing
0.15 M NaCl (medium 1) [31, 32]. The total hemoglobin content in the acquired packed
erythrocytes was assessed through the standardized cyanmethemoglobin method.

Erythrocytes were incubated for 3 hours at a temperature of 20°C:

- in medium 1,

- in medium 1 with the addition of calcium chloride in the amount of 2 mM (simulation
of changes in calcium hemostasis). During the experiment, the investigated system was in
contact with ambient air.

The hemoglobin content in the studied suspensions was at the level of 3+0.18 mg/ml.

Determination of intracellular pH value
pH,, levels were examined in hemolysates of erythrocytes before the initiation of the

experiment and subsequently every 20 minutes during the incubation in a buffer solution, with
and without Ca®" ions. After certain time intervals, 2 ml of erythrocyte suspension was
subjected to centrifugation at 3000 rpm for 1 min. The supernatant was carefully removed; the
cells were lysed by adding 1 ml of deionized water. The pH value was measured using a
laboratory ionomer using a combined electrode (ESK-10614/7) [16, 18].

The study of the dynamics of acid hemolysis

The study of the dynamics of acid hemolysis was carried out as in [33]. Every 20 min of
cell incubation, 2 ml of the suspension was taken. Changes in the optical density of the
erythrocyte suspension after adding an equal amount of hemolytic agent (4 mM HCI) were
recorded at a wavelength of 650 nm with a time interval of 1 s in automatic mode. As the
main Kinetic parameters characterizing the structural properties of erythrocytes, the kinetic
parameters of hemolysis were used: lag phase time (tiag) and the rate constant of hemoglobin
release from the cell (k). A sample without incubation was used as a control.

Study of the activities of Na*,K*-ATPase and Ca?*-ATPase

Enzymes activities were determined in the hemolysate of cells, which was added to the
medium containing ATP. The composition of the medium for determining Na*, K*-ATPase:
3 mM MgCl, 125 mM NaCl, 25 mM KCI, 3 mM ATP, 0.5 mM EDTA, 50 mM Tris-HCI,
pH 7.4, £0.5 mM ouabain [34]. The composition of the medium for determining Ca?*-
ATPase: 3 mM MgCl, 100 mM KCI, 3 mM ATP, 0.06 mM EDTA, 50 mM Tris-HCI, pH 7.4,
+0.9 mM CaClo.

Samples were incubated for 15 minutes. The reaction was stopped by adding 0.1 ml of
cold trichloroacetic acid. A color reaction with ammonium molybdenum was used to
determine the content of inorganic phosphate (Pn) [28]. The optical density of the solutions
was recorded spectrophotometrically at a wavelength of 590 nm in cuvettes with a thickness
of 1 cm. The pH value was determined using a calibration graph constructed for a standard
solution of the exact concentration. The activity of Na*,K*-ATPase was evaluated by the
difference in the accumulation of Pn in the medium without ouabain and with ouabain. Ca?*-
ATPase activity according to the difference in Pn accumulation in Ca?*-containing and Ca?*-
free media. The activity of marker enzymes was expressed in uM Pn, formed for 1 minute,
related to the amount of protein (Hb) in the sample (uM/min-mg Hb).

All experiments were carried out in triplicate. Experimental data were analyzed in the
Statistica 8.0 program (StatSoft Inc., USA). Experimental data are presented as x+SE (x is the
mean, SE is the standard error of mean) [16]. The regression dependence of the studied
parameters on the time of the experiment was constructed using the Distance Weighted Least
Squares function, p=0.25.
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RESULTS AND DISCUSSION

pH regulation in erythrocytes (a comparison between experiment and theory)
Changes in intracellular pH (pHin) during incubation of erythrocytes in the absence and
presence of Ca?" in the medium are shown in Figure 2 a, b. The calculations (Figure 2 a, b,
solid lines) show that, under the chosen parameters, the model accurately describes the
obtained experimental data, which indicates its adequacy and the possibility of its application
to the analysis of ion homeostasis and prediction.

7.20 7.04
7.16 7.00
L 712 T 6.961% b
o o
7.08 6.92 %
o
7.04 6.88
0 20 60 100 160 0 30 60 90 120 160
Time, min Time, min
a b

Fig. 2. Changes in pH in erythrocytes during their incubation in Na-phosphate buffer medium
(0.015 M, pH 7.4) containing 0.15 M NaCl without Ca*" (a), in the same medium containing 2 mM
Ca?" (b). Each point is represented as x + m for n = 5. The solid line is the calculated dependence of pH
in obtained by the model.

As we have shown previously [16], the main contribution to pH regulation is made by the
Jacobs-Stewart cycle (reactions 3-5, Table 1) and the combined processes of H* buffering and
carbonylation (reactions 15-18, Table 1). The intracellular and extracellular activity of HCOz
is related to the corresponding activity of H* through hydration/dehydration reactions between
HCOs™ and carbon dioxide. This reaction is catalyzed by the enzyme carbonic anhydrase in
the intracellular compartment [35] and proceeds at an uncatalyzed rate in the extracellular
compartment (reaction 1), which makes extracellular reactions limiting for acid balance
across the erythrocyte membrane [36].

Calculation of the flux through the HCO37/CI- anion exchanger

The calculated flux through the HCO3/CI™ anion exchanger (AE1, CDB3) is shown in
Fig. 3 a. During incubation in an environment without Ca?*, the outflux of CI- from the cell
gradually slows down (Fig. 6 a) and the reverse process of exchanging intracellular HCO3 for
extracellular CI" becomes dominant. It is known that the presence of Ca?* in the medium
activates AE1 [19]. The mechanism of AEL activation has not been precisely investigated. It
is believed that AE1 can be activated either during the direct interaction of Ca?* with AE1 or
with the participation of intracellular enzymes sensitive to an increase in the content of Ca?*
in the cell. It is known that CDB3 serves as a binding site for phosphatases and kinases that
regulate protein activity [19, 37]. An intracellular rise in Ca?" causes phosphor tyrosine
phosphatase to dissociate from CDB3, leaving a tyrosine kinase that activates CDB3.

AE1 (CDB3) activation is modeled by us using Michaelis—Menten kinetics, which
formally describes the stimulated activation of CDB3. The activation constant (K, =1 uM)

was found by us in the process of parameters optimization. Based on the simulation results, as
intracellular Ca?* levels rise, the flux through AE1 rapidly undergoes a sign change (with the
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reverse flux direction prevailing, as indicated in Table 1) and attains a steady-state level 18
times higher than the flux of HCOjs through the carrier in the absence of Ca®" in the
incubation medium.
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Fig. 3. Fluxes through an HCO37/Cl" anionic exchanger (a) and Na*/H* exchanger (b) in the absence (1)
and presence of Ca?* (2) in the incubation medium. Dependencies obtained during mathematical
modeling.

The present model incorporates the Na®/H* transport system, a shared feature among
eukaryotic cells, as a regulatory element for intracellular pH and volume control in
erythrocytes. The contribution of this carrier has not been considered in existing models. The
activity of the Na*/H" exchanger in human erythrocytes is very low [21]. It is believed that the
expression of this transporter in mature anucleated erythrocytes may be a remnant of its
activity in progenitor stem cells, which at later stages of differentiation receive hemoglobin
and an anion exchanger [21] to transport H* from the tissue to the lungs. However, it was
shown [20] that an increase in cytosolic calcium, a decrease in intracellular pH, and osmotic
compression of cells stimulate the influx of Na through this transporter. The sodium gradient
across the erythrocyte membrane contributes to the general outflux of protons, Na*/H*
exchange creates opportunities to increase intracellular pH [38]. Na*/H* exchange causes a
net influx of Na* and efflux of H*, displacing H+ from electrochemical equilibrium within the
first minutes of activation. This is possible, even though anion exchange is functional because
the rate of Na'/H" exchange approaches the rate of extracellular uncatalyzed
hydration/dehydration reactions between HCO3s™ and carbon dioxide. Thus, a large number of
protons can be extruded through the Na*/H" exchanger and accumulate in the extracellular
compartment before the carbonic acid formed from the accumulated H* and HCOs™ is largely
dehydrated to carbon dioxide [35].

The flux through the Na*/H" exchanger of erythrocytes incubated in the absence and
presence of Ca?* ions is shown in Figure 3 b. In the presence of Ca?*, the intracellular pH is
lower (Fig. 2 b), so the flux through the Na*/H" exchanger increases. The inverse correlation
of the flux through Na*/H* with intracellular pH shows its contribution to the regulation of the
latter.

Na*, K*- and Ca?*-ATPases
To verify the simulation results, we obtained experimental dependences of Na*, K™ and
Ca?*-ATPase activities. Fluxes through these enzymes obtained by model (a) and experiment
(b) are shown in Figures 4 and 5. Despite the fact that these indicators have different units of
measurement (the flux is determined by the kinetic equation of the model, and the activity is
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the change in the concentration of the substrate per unit of time), there is much in common in
the nature of the change of these indicators.

According to modern views, the human erythrocyte maintains its volume due to the
unbalanced distribution of ions created by the transporter Na*K™-ATPase between the
intracellular compartment and the extracellular environment [1, 23], if changes in the
permeability of the cell membrane are relatively small.

The kinetic behavior of Na*K*-ATPase is very complex, and has been studied in detail,
and many rate equations describing this behavior are proposed in the literature. In the model,
we use the kinetic rate equation [18], that considers additional regulation of Na*K™-ATPase
due to changes in ATP concentration, which are responsible for changes in the adenylate pool.
The value of the adenylate pool depends on the ratio of ATP to AMP, which, in turn, depends
on the rate of ATP consumption by Na'K*-ATPase [1, 23]. The importance of ATP for
Na*K*- and Ca?*-ATPase functioning is indicated by the fact that ATP is located in a
structurally isolated compartment formed by proteins of the cytoskeleton of erythrocytes,
which is the main source of the latter for both enzymes [39]. As shown [23], this regulation
provides a good stabilization of intracellular concentrations of ions and, accordingly, the
volume of erythrocytes.

We tried to model the changes in the adenylate pool with reactions 27-30 (Table 1),
however, using only the adenylate kinase reaction (reaction 28, Table 1) turned out to be
insufficient, since the ATP content is regulated by many processes. Previously, we
investigated in detail the changes in ATP content in erythrocytes incubated in medium 1
without glucose [28]. To reproduce the similar nature of changes in fluxes through
Na*K*-ATPase with experimental data, in the model we set the dependence of the change in
ATP concentration on the incubation time, which was obtained for the experimental data.
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Fig. 4. Fluxes through Na*, K*-dependent ATPase obtained during simulation (a). Experimental
dependences of Na*, K*-ATPase activity (b). 1 — Ca®" is absent, 2 — 2 mM Ca?* in the incubation
medium

Based on the information about the inactivation of Na*K*-ATPase by high concentrations
of intracellular Ca?*, the kinetic equation for Na*K*-ATPase was modified (Equation 19,
Research Materials and Methods). In the model, we use the inactivation constant (K,) for
Ca?* ions equals 0.398 uM.

According to literature [25], K, is within 1-10 uM. According to [25], at least part of the

inhibitory effects of the internal calcium of Na*K*-ATPase is secondary to calcium-induced
changes in the level of ATP in the cell, which arise because of Ca*-ATPase-mediated ATP
hydrolysis, which exceeds, at least temporarily, the rate of glycolytic production of ATP. In



19
lon homeostasis in the regulation of intracellular pH and volume of human erythrocytes

this model, we believe that the level of ATP in erythrocytes does not depend on Ca in the
incubation medium. It is known that the activation of PMCA leads to a rapid depletion of
ATP [11], so this effect is compensated by a smaller value of K, .

The mechanism of Ca?" ion extrusion is mediated by Ca?*-ATPase (PMCA). The
presence of the B-splice isoform of PMCA1 was shown for the membrane of human
erythrocytes [40]. The latter contains a Ca?*-calmodulin-binding domain, phosphorylation
sites and a PDZ-binding domain, which is a docking terminal for a number of proteins [40].
An increase in intracellular free Ca®* is sensed by PMCA and occurs in response to the
interaction of the Ca?* calmodulin complex with the C-terminus of the enzyme. In Ca?*-
loaded erythrocytes, the limiting factor of PMCA transport capacity is the availability of ATP.

The activity of Ca**-ATPases (Fig. 5) significantly depends on Ca?*. According to the
simulation results, the flux through this enzyme is an order of magnitude lower in the absence
of Ca?* (Fig. 5 a). In the absence of Ca?*, an increase in flux (calculation) and enzyme activity
(experiment, Fig. 5 b) is observed at the beginning of incubation. It is possible that Ca?* ions
appear in the cytosol due to a decrease in intracellular pH and increased dissociation of the
Ca?*-calmodulin complex.

In the presence of Ca®*, we detect cooperative Ca®* effects manifestations. Since the
exact kinetic equation for Ca?*-ATPase is unknown, we propose a kinetic equation that
considers the literature data regarding the direct effect of Ca®* on the enzyme (we increase the
degree of cooperativity to 4). We also consider the cooperative effects of Ca?* binding to
calmodulin. This made it possible to obtain similar time dependences for the flux and activity
of this enzyme. The decrease in Ca?*-ATPase activity at the end of the experiment is
associated with a decrease in ATP content.
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Fig. 5. Fluxes through Ca?*-ATPase obtained during simulation (a). Experimental dependencies of Ca?*-
ATPase activity (b). 1 — Ca?* is absent, 2— 2 mM Ca?* in the incubation medium.

lonic homeostasis
The results of calculations of changes in the content of K*, Na*, Ca®* and ClI" in cells
during incubation in saline solutions, in the absence (1) and presence (2) of Ca?" ions are
shown in Figure 6 a, b. Under the conditions of incubation in a medium without glucose and
calcium (1), cells lose K™ and CI" ions and increase the content of Na*, but the influx of Na*
ions is very small (0.4 mM after 3 hours of incubation). Incubation with Ca?* increases the

intracellular Ca?* content due to a sudden increase in calcium permeability ( P_.) caused by a

steep inward gradient. It is believed that the influx of Ca?* occurs through an electrodiffusion
conductive pathway [40, 41]. It is known that an increase in intracellular Ca®" leads to
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activation of Gardos channel (known as KCa3.1 or KCNN4 channels [42]) and outflux of K*
from cells. The calculated flux through the Gardos channel for erythrocytes incubated in the
presence of Ca?* ions is shown in Figure 8 b. The outflux of K* ions occurs in parallel with
the outflux of CI~ and osmotically bound water. The result of these processes is a decrease in
cell volume (Fig. 7 a). However, based on the simulation results, the content of K* ions in
erythrocytes under conditions of Ca?* activation remains higher than when the Gardos
channel is not activated.
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Fig. 6. Changes in the content of Ca?* and CI- (a) and K*, Na* (b) ions in erythrocytes during 3 hours of
incubation in saline solutions in the absence (1) and presence (2) of Ca?* ions.

According to the calculations, the activation of the Gardos channel leads to a decrease in
the membrane potential (Fig. 7 a), which results in an increase in electrodiffusion fluxes into
the cell, especially for Na* ions (Fig. 7 b). A significant part of passive ion fluxes occurs by
the mechanism of electrodiffusion. Under physiological conditions, full experimental
activation of Gardos channels induces a massive outward flux of K* and membrane
hyperpolarization. A shift in the membrane potential creates a driving force for the extrusion
of ions through conductive pathways. In this regard, the cell volume decreases equally during
incubation without and in the presence of Ca?* ions. Cell volume loss upon Gardos channel
activation is largely limited by the rate of CI- efflux after K* efflux [41].

Na*, K*, 2ClI-, K*, Cl-cotransport
Na*, K", 2ClI-cotransporter is a member of the cation-chloride cotransporter (CCC)
superfamily. It moves one Na* ion, one K*, and two CI" ions in one direction across the cell
membrane in an electroneutral fashion. The operation of the transporter does not generate a
current and changes in the transmembrane potential do not affect the flows mediated by the
cotransporter [43]. A cotransporter can work in either direction, moving ions into or out of
cells depending on chemical gradients. When the carrier is in equilibrium, the

fraction: [Nag, - [K,, J-[Cla, I*/[Na; 1 [Ki1-[CI T =1.

If the quotient is >1, activation of the transporter causes ions to enter the cell (positive
flux value), and if it is <1, they leave of cell (negative flux value). The calculated flux through
the Na*, K*, 2CI*-transporter of erythrocytes incubated without Ca?* and in the presence of
Ca?* ions are shown in Figure 8 a. Since the incubation medium did not contain K* ions, the
flux of ions out of the cell takes place under the experimental conditions, which becomes
slower over time. A negative correlation was shown between the maximum speed of
cotransport and the potassium content in the cells, which indicates that the erythrocyte
transporter can work in the efflux mode in vivo [43]. Activation of the Gardos channel by
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Ca?" ions (Fig. 8 b) creates an additional flux of K* from the cell, therefore, under these
conditions, the flux through the Na*, K*, 2CI*-transporter reaches equilibrium faster (Fig. 8 a,
dependence 2).
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Fig. 7. Calculation of changes in volume (V) and membrane potential (E) of erythrocytes (a),
electrodiffusion flux for Na* ions (b) during incubation in the absence (1) and presence (2) of Ca?*
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Fig. 8. The flux through the Na*, K*, 2Cl'-cotransporter (a), electrodiffusion flux for K* ions (b) in
erythrocytes during 3 hours of incubation in saline solutions in the absence (1) and presence (2) of
ions Ca?*. The flow through the Gardos channel (b, dependence 3) is modeled only for erythrocytes
activated by Ca?* ions.

Analysis of erythrocytes acid resistance

Next, we apply the simulation results to the analysis of acid resistance data of
erythrocytes incubated in media of the same composition. The change in the time of the lag
phase of hemolysis and the rate constant of hemolysis are shown in Fig. 9. According to
experimental data, under the conditions of the presence of Ca®" ions in the incubation
medium, the time of the lag phase of hemolysis is reduced, but this reduction is reliably
smaller compared to erythrocytes incubated in a medium without Ca?*.

The entry of H* into the erythrocyte takes place with the participation of the Jacobs-
Stewart cycle. The passage of H™ through the anion exchanger is the limiting stage of
hemolysis. Lysis of erythrocytes in an acidic environment is caused by denaturation and
subsequent aggregation of membrane proteins [33]. As we show, during incubation, the
volume of erythrocytes decreases, and the time of the lag phase is shortened compared to the
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control, since for the same amount of transported H*, their content in dehydrated cells will be
higher. It is known that dehydrated cells have increased fragility and are more prone to
hemolysis [4]. All the listed processes are the cause of both the reduction of the lag phase and
the increase in the rate of hemolysis.
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Fig. 9. Changes in the time of the lag phase of hemolysis (a) and the hemolysis rate constant (b) of
erythrocytes during 3 hours of incubation in saline solutions, in the absence (1) and presence (2) of
Ca?* ions relative to the control level. Indicators in freshly isolated erythrocytes before the start of
incubation were taken as the control level.

In erythrocytes incubated in the presence of Ca?* ions, Ca?*-ATPase is activated,
intracellular pH decreases and Na'/H* exchange is activated. High activity of the Na*/H"
exchanger can remove a certain amount of H* from the cell, which will reduce the efficiency
of hemoglobin denaturation, and subsequently, less reduction of the lag phase is observed
together with a decrease in the hemolysis rate constant.

However, it cannot be ignored that the effects of increasing the content of intracellular
Ca?* are more extensive. Increased intracellular Ca?* activates Ca?*-sensitive proteases, cross-
linking of the cytoskeleton and formation of heme radicals. Therefore, Ca?* homeostasis is an

integrative function, and all processes regulating the content Ca’" and their interactions must
be taken into account when considering the activation of erythrocytes by Ca?* ions.

CONCLUSIONS

The developed model is a tool for the quantitative analysis of the homeostasis of ions
important for the regulation of intracellular pH and erythrocyte volume. The result of
calculations based on the model are the time dependences of fluxes, concentrations of ions
and metabolites, which allow to reproduction of the behavior of the metabolic system after
disturbance in the conditions of the in vitro experiment and to establish the mechanisms of
cell volume recovery.

We demonstrate that cation homeostasis in erythrocytes is primarily sustained by the
active transport of Na* and K" through Na*, K*-ATPase, supplemented by comparatively
lower passive permeability through alternative transport pathways. We show that with the
presence of Ca?* ions in the incubation medium and the activation of potassium release
through Gardos channels, the cell volume is stabilized due to a change in the transmembrane
potential and activation of electrodiffusion ion fluxes. We model the operation of the Na*/H*
exchanger and show its role in the presence of Ca®'-ATPase activation. We show that a
decrease in the acid resistance of erythrocytes during their incubation in a saline solution is
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associated with a decrease in their cell volume and an increase in the acid resistance of
erythrocytes during their incubation in the presence of Ca?" ions is associated with the
activation of the Na*/H* exchanger.
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AxtyaibHicTs. [linTpuMka KIITHHHOTO 00’€My LUITXOM pETYJIIOBaHHS BMICTY BOJHM Ta IOHIB Mae
BUpIIIAIbHE 3HAYCHHS [UIsl BIDKUBAHHS 1 QyHKIIOHAIBHOI MOBHOIIHHOCTI €pUTPOLMTIB JItoANHH. Paszom 3
TUM, KJIITHUHU € HEHMOBIPHO CKJIaJHHUMH CHCTEMaMH 3 YHCJICHHUMHM, YaCTO KOHKYPYIOUHMH pPEakKilisiMu,
IO BiIOYBalOThCS OXHOYACHO. TOMy, IPOTHO3YBaTH 3aralbHy MOBEAIHKY CHCTEMH 200 OTpUMAaTH HOBE
PO3YMIHHS TOTO, SIK B3a€MOIIOTH ITIJKOMIOHEHTH CHCTEMH, JOCTaTHBO CKIAaJHO O€3 3aCTOCYBaHHS
METO/IiB MAaTEMaTHYHOTO MOJETIOBAHHS.

Meta po6orn. CTBOPEHHS MaTeMaTHYHO! METa0OIIYHOI MO/ENI I0HHOTO TOMEOCTa3y €pUTPOLUMUTIB JUIs
MOCTIDKCHHST MEXaHi3MiB cra0imizamii 00’eMy epUTPOIMTIB 1 BHYTPIIHBOKIITHHHOTO pH B
eKCrepuMenTax in vitro.

Marepianu i meroam. MaremaruuHa MoOJieNib CTBOPEHA 3 BHUKOPHCTaHHSM 3arajbHUX MIAXOMAIB 10
MOJICTIFOBaHHs KJIITHHHOTO MeTaboii3My, siki 0a3yloThCs Ha CHCTeMax 3BHYAWHHUX IudepeHIiaIbHuX
PIBHSIHB, L0 OMUCYIOTh META0OJIIUHI peakliiii, MacuBHI i aKTUBHI MOTOKH 10HIB. J{J1s1 po3poOkK Mojeni Ta
PO3paxyHKIB 3a MOJEIUI0 BHUKOPUCTaHO cepemoBuie MmogemoBanus COPASI 4.38. Jlns mepeBipku
MoJieli BUKOPHCTOBYBAJIM 3MiHM BHYTpilIHbOKJIiTHHHOro pH, aktmBHOCTi Na'/K*-AT®asu ta Ca?-
AT®da3u epuTpouunTiB TOHOPA, IHKYOOBAaHHUX Y COJBOBHX PO3UMHAX 3a BIIICYTHOCTI Ta MPHUCYTHOCTI 10HIB
Ca?*,

PesyabraTn. CrBOpeHa KiHETHYHAa MOJENb IOHHOTO TOMEOCTasy EpUTPOLMTIB. 3 BUKOPHCTAHHIM
peaNiCTHIHUX TapaMeTpiB CUCTEMHU PO3paxoBaHi 3MiHHU y Yaci 00’eMy KIIITHHH, KOHIIEHTPAIIiH 1 TOTOKIB
MeTa0oMITIB Ta i0HIB, TPAaHCMEMOpPaHHOTO MOTeHIiany. Pe3ynbTaTH MOJCTIOBaHHS BUKOPUCTAHI IS
aHaJ3y MPUYUH 3MIHEHHS CTIHKOCTI JO KHCIOTHOTO TeMOJIi3y €pUTPOLUTIB 32 YMOB iX iHKyOyBaHHS Y
COJIbOBUX PO3YUHAX PI3HOTO CKIATY.

BucHoBkHn. My moka3zyemMo, 1[0 KaTiOHHUHA TOMEOCTa3 B CPUTPOLHUTAX MIATPUMYETHCS B OCHOBHOMY
aktuBHUM pyxoM Na' i K' uepes Na', K*-ATPa3zy y moeqHaHHi 3 BiJHOCHO HIKYOK MACHBHOIO
IPOHUKHICTIO Y€PE3 iHIII TPAaHCHOPTHI UIAXM. 3a NpucyTHOCTI ioHie Ca?* i akTuBalii BUXOMy Kaliro
yepe3 [apioc-kaHanmu, 00’€éM KIITHH CTaOLTi3yeThCSl 332 PpaxyHOK 3MIiHEHHS TpaHCMeMOpPaHHOTO
MOTEHINAMy 1 akTHBallii enekTpoaudy3iiHUX MOTOKIB i0HIB. [loKa3aHO, IO 3HUKEHHS KHUCJIOTHOT
PE3UCTEHTHOCTI EPUTPOIHTIB MPH iX IHKYOYBaHHI y COTFOBOMY PO3YHHI 3B’S3aHO 31 3MEHIIICHHSIM 00’ €My
KIITHH, a MiJBUIIEHHS KUCIOTHOI PE3UCTEHTHOCT] KIITHH MpM iX iHKyOyBaHHI B IpUCyTHOCTI ioHiB Ca®*
— 3 akTuBauiero Na'/H -o0MmiHHuKa.

KJIFOYOBI CJIOBA: wmartemartiyHe MeTa0oOJiuHE MOJCIIOBAHHS; TPAHCIOPT 10HIB; OCMOTHYHI MPOLIECH;
€JIEKTPOXiMiuHUI MeMOpaHHMH MOTEHIia; NPOHUKHICTh i0HiB; Na*/K*-ATPase; Ca**-ATPase; kanbMoayliH; 60K
cmyru 3 (AE1); lNapnoc-kananu.
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