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Abstract

A mathematical model describing the possible role of Ca?*-dependent K™ channels and adenylate metabolism in
volume stabilization of human erythrocytes was developed. The model predicts that the red blood cell volume can be
stabilized either dynamically or stationary over a broad range of cell membrane permeabilities to cations. The
dynamic stabilization results from the operation of Ca®>*-dependent potassium channels. The erythrocyte volume
changes less than 10% if the membrane permeability changes abruptly to a value in the range from half to sevenfold
higher than the normal one. The stationary stabilization is achieved via controlling the adenylate metabolism. The
stationary value of cell volume changes less than 10% when the membrane permeability varies from half the normal
value to 15-fold higher than the normal value. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Circulating erythrocytes must pass through cap-
illaries with diameters smaller than the diameters
of these cells. This is achieved due to the erythro-

* Corresponding author. Tel.: +7-95-212-55-31; fax: +7-95-
212-88-70.
E-mail address: mick@blood.ru (M.V. Martinov)

cyte’s ability to bear substantial deformations.
Erythrocyte deformability depends on cell sur-
face-to-volume ratio. Erythrocytes must maintain
this ratio at a high level in order to have high
deformability [1-3]. The surface-to-volume ratio
is known to be remarkably stabilized in human
erythrocyte populations [4-7]. The erythrocyte
membrane is inextensible; therefore, this ratio is
maintained by stabilizing the cell volume. An
increase in the cell volume causes a decrease in
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the erythrocyte deformability, and, therefore, de-
prives its ability to pass through capillaries [2,3].
Moreover, the erythrocyte volume could not be
increased > 50-60% without causing the cells to
lyse. A decrease in volume also impairs the de-
formability and rheology of red blood cells by
increasing their intracellular viscosity [2,3].

The erythrocyte volume is determined by the
non-equilibrium distribution of ions between the
cell interior and external medium. This distribu-
tion is provided by ion pumps [8§-10] and depends
on the status of membrane and metabolic systems
of the cell. The dynamic equilibrium between ion
influxes and effluxes can be readily perturbed by
changes in such cellular parameters as enzymatic
activities (e.g. Na*, K*-ATPase), medium os-
molarity, membrane permeability, etc. It seems
plausible that a special mechanism exists for
stabilizing red blood cell volume against varia-
tions in intracellular parameters, as well as extra-
cellular conditions.

The mechanisms that stabilize the cell volume
when medium osmolarity varies are currently be-
ing studied extensively [11-14]. Such mechanisms,
however, have not yet been found in human ery-
throcytes. The ion transport systems, such as
K*-Cl~ and Na*, K*-2Cl~ co-transport, are
actively involved in the volume stabilization in a
variety of cells, but mature human erythrocytes
lack these mechanisms [11,12,15,16]. This may
indicate that as plasma osmolarity does not ap-
preciably vary in the circulation, the mechanisms
that allow erythrocytes to cope with changes in
plasma osmolarity are not necessary. Great varia-
tions in the medium composition and pH may
also influence volume and volume stabilization
[15,17,18], but are also unlikely to occur in vivo. It
is natural to expect that non-selective membrane
permeability may change during the erythrocyte
life span. Severe oxidative stress was shown to
change non-selective permeability of red blood
cell membranes to cations; this perturbs ion fluxes
and, eventually, leads to an increase in cell volume
[15,19-21]. Considerable (severalfold) increases
in erythrocyte membrane permeability and ion
balance impairments were found in some patho-
logies [15,22-25].

Earlier, we studied volume stabilization in hu-
man erythrocytes experiencing changes in non-
selective permeability of their cell membranes by
analysis of mathematical models constructed to
separately estimate the volume-stabilization ef-
fects of activation of Na*, K™-ATPase by intracel-
lular Na*[9], operation of Ca’*-dependent K*
channels [26,27], and adenylate metabolism
[28,29].

In this way, we showed that activation of Na™,
K*-ATPase by intracellular Na™ stabilizes the
cell volume if changes in cell membrane perme-
ability are relatively small. However, if cell mem-
brane permeability changes three- to fourfold, the
erythrocyte volume reaches its critical hemolytic
value [9].

Ca®*-dependent K* channels (K* channels)
seem to be the only passive mechanism in mature
human erythrocytes that exhibits a high volume-
stabilization capacity [30]. In in vitro studies,
operation of K* channels in erythrocytes was
shown to decrease their complement-mediated
lysis [31,32]. Our theoretical analysis showed that
introduction of K* channels into the model de-
scribing osmotic regulation of cell volume, glycol-
ysis, and Na™, K*-ATPase extends severalfold the
range of non-selective changes in cell membrane
permeability within which the erythrocyte retains
its capacity for volume stabilization [26,27]. This
stabilization is a fast process, with the characteris-
tic time of the order of several seconds, but it is
accompanied by severe changes in intracellular
ion (including Ca®*) concentrations that may ad-
versely affect the cell.

In erythrocytes, adenylate metabolism is the
only metabolic system other than glycolysis that
has a potential to directly modify the energy-de-
pendent processes, including active ion transport.
It is evident, because adenylate metabolism de-
termines the adenylate pool value and absolute
intracellular ATP concentrations. The role of
adenylate metabolism in erythrocyte function is
not as yet clear. However, a significant increase in
the adenylate pool and ATP in erythrocytes
observed in a number of pathologies, including
leukemia [33,34], sepsis [24], tuberculosis [35],
meningococcal infection [36,37], renal insuffi-
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ciency [22,38,39], as well as during the red blood
cell aging [40], suggests that adenylate metabolism
plays a role in cell adaptation to stresses. Using
simple qualitative models, we examined the con-
ditions for adenylate metabolism involvement in
cell volume stabilization upon changes in the
membrane permeability [28,29]. The ideal
stabilization of the intracellular ion concentra-
tions and cell volume could be achieved in the
models if the rate of transport ATPase was as-
sumed to be proportional to ATP concentration,
whereas the rate of AMP decay was assumed to
be proportional to ATP and inversely proportio-
nal to AMP concentrations. The efficient
stabilization of the intracellular ion concentra-
tions and cell volume in our models was achieved
owing to an increase in the adenylate pool and
ATP concentration (and hence, activation of Na™,
K*-ATPase) following the increase in membrane
permeability. Consistent with this theoretical re-
sult, our experimental studies demonstrated that
even a moderate increase in adenylate pool and
ATP concentration in human erythrocytes sig-
nificantly decreased K* efflux provoked by am-
photericin B [41,42]. Adenylate metabolism can
provide only slow cell volume stabilization with a
characteristic time of approximately 100 h. In
previous models, this led to temporal but signifi-

cell membrane

cant deviations of the intracellular ion concentra-
tions and cell volume from their steady-state val-
ues after rapid changes in the membrane perme-
ability.

This study is an attempt to extend our previous
models to consider both mechanisms for erythro-
cyte volume stabilization: the passive mechanism
involving Ca’*-dependent K* channels and the
active mechanism involving adenylate metabolism
(Fig. 1). Note that both mechanisms are specula-
tive to a great extent; their experimental substan-
tiation is as yet insufficient. Therefore, this study
is the theoretical analysis of the hypothesis of the
putative role of Ca’>*-dependent K* channels and
adenylate metabolism in physiology of human
erythrocytes and other cells. The purpose of this
study was to understand whether the model ex-
tended to describe both stabilization mechanisms
mentioned above avoids the drawbacks inherent
in the previous models each of which described
only one of the two mechanisms.

2. Mathematical model

The mathematical model describes ion ex-
change, osmotic volume regulation, energy and
adenylate metabolism in human erythrocyte. The
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Fig. 1. Schematic representation of the effects of adenylate metabolism and Ca’*-dependent potassium channels on transmem-
brane ion fluxes in human erythrocytes. Solid-colored circles stand for Na*/K* and Ca’?" ATPases. The rectangle denotes a
Ca’"-dependent potassium channel. Solid lines show active ion fluxes across the cell membrane and fluxes of metabolites within the
cell. Dashed lines indicate passive ion and metabolite fluxes across the cell membrane. Dotted lines indicate regulatory interactions.

+ and — denote activation and inhibition, respectively.
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mathematical model and methods of its investiga-
tion are described in Appendix A.

3. Results
3.1. Dynamic behavior of the model

Numerical analysis of the model revealed the
existence of a single stable stationary state in a
wide range of parameter changes. Table 1 shows
the stationary values of the model variables calcu-
lated for the normal physiological values of the
model parameters. Intracellular free calcium has
a characteristic time of approximately several sec-
onds, glycolytic intermediates change with charac-
teristic times of 0.1 s to 5 min, the characteristic
time for energy charge is 1 h; for intracellular
sodium and potassium ions, this time is on the
order of 10 h, and the pool of adenylates, cell
volume, and 2,3-DPG change with the character-
istic times in the range 100—-300 h.

3.2. Role of Ca?*-dependent potassium channels in
erythrocyte volume stabilization

The contribution of K* channels into erythro-
cyte volume stabilization can be evaluated by
setting o ppp = @ ampp = Vs = 0, because this ex-
cludes adenylate metabolism from the model.

Table 1
Calculated model variables for normal physiological values of
the model parameters

Variable Value Units
[N aﬁ]i 10 mM
[K'] 130 mM
[Ca®*]; 3%x107° mM
[ApT], 110 mM
[G6P] 7x1072 mM
[1,3DPG] 7x107* mM
[2,3DPG] 5.4 mM
[3PG] 43x%1072 mM
[ATP] 1.48 mM
[ADP] 0.23 mM
[AMP] 3.7x 1072 mM
\% 76 o
Ao -84 mV

Operation of K* channels leads to volume
stabilization when the cell membrane permeabil-
ity to cations changes in a wide range of its
values. This regulatory effect, which is achieved
through changes in the intracellular Ca** con-
centration in response to non-selective changes in
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Fig. 2. Dependence of the stationary erythrocyte volume on
the normalized value of cell membrane permeability to cations
(Q) for various values of the Ca®*-dependent potassium chan-
nel parameters and a constant value of the adenylate pool (the
physiological value of the adenylate pool in erythrocytes is
1.75 mM; the equation describing adenylate metabolism is
excluded from the model): (a) N =1, Kqy =39, 29, 19, and 9
wM for curves 1, 2, 3, and 4, respectively; (b) N =2, Ky = 1.9,
1.5, 1.1, and 0.7 wM for curves 1, 2, 3, and 4, respectively; and
(c): N=4, Koy =0.35,0.33, 0.25; and 0.22 pM for curves 1, 2,
3, and 4, respectively. Note that when the constant Ky was
varied, the physiological value of passive cell membrane
permeability to K (Pg,) was changed such that the total
physiological permeability to K (Pg, + Pcy) remained con-
stant. The dashed line shows the results of solving the model
from which equations describing adenylate metabolism and
Ca’*-dependent potassium channels were excluded.
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the membrane permeability, depends on the
parameters of potassium channels (Fig. 2). An
increase in their affinity for Ca’" potentiates the
effect and can even cause volume over-regulation
(Fig. 2, curves 1-4).

The increase in parameter N, which character-
izes the cooperativity of potassium channels, re-
sults in their sharper response to the increased
passive permeability of the membrane. For N = 4,
the contribution of K* channels in the volume
stabilization is evident when the membrane
permeability increases, but when it decreases, K*
channels seem to be almost closed (Fig. 2¢). All
further calculations were performed for N =4
and Ky = 0.25 uM (Fig. 2c, curve 3). The results
of K™ channels exclusion from the model (by
omitting Eq. (3) for calcium exchange and setting
P« = 0and o, atp.e = 0) are shown by a dashed
line in Fig. 2.

Fig. 3 shows how intracellular ion and ATP
concentrations in erythrocytes, which either con-
tain or do not contain the K™ channels, change in

response to the changes in the membrane perme-
ability. The cell volume remains almost constant
in erythrocytes containing K* channels, whereas
their intracellular Na® and K™ concentrations
change appreciably. These changes are even
greater in erythrocytes without K* channels. An
increase in intracellular concentrations of Na™*
and Ca’" activates Na* /K" ATPase and Ca’*
ATPase. An increase in their rates decreases the
energy charge and ATP concentration. The char-
acteristic time of operation of the calcium mecha-
nism of stabilization is several seconds (Fig. 4a),
this time is required for the cell to establish a
new intracellular Ca?* concentration.

3.3. Role of adenylate metabolism in erythrocyte
volume stabilization

The contribution of adenylate metabolism for
the erythrocyte volume stabilization can be evalu-
ated by setting Poy = ot cpatpase = 0, and exclud-
ing Eq. (3) for calcium exchange from the model.
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Fig. 3. Dependence of the stationary values of intracellular variables on the normalized cell membrane permeability to cations in
the model that did not contain the equations for adenylate metabolism. The parameters of potassium channels used in calculations
were N=4 and K¢y = 0.25 pM; the adenylate pool value was 1.75 mM (a physiological value): (a) K* and Na™ concentrations;
and (b) concentrations of ATP and Na?*. The dashed lines show the results of solving the model from which equations describing
adenylate metabolism and Ca’*-dependent potassium channels were excluded. Circles on curves indicate the physiological

stationary state.
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Fig. 4. Dynamics of changes in the values of the model variables after an instantaneous fivefold increase in the cell membrane
permeability at ¢ =0 in the model describing the contribution of Ca®*-dependent potassium channels: (a) Ca?* concentration and
Ca’*-dependent potassium channels permeability; (b) ATP concentration and cell volume; and (c) Cell Na® and K*. The dotted
line illustrates the results obtained with the model from which Ca?*-dependent potassium channels were excluded

Over a wide range of changes in the membrane
permeability, the stationary value of erythrocyte
volume can be stabilized efficiently in the absence
of potassium channels due to the regulation of
adenylate metabolism (Fig. 5a). In this case,
volume stabilization results from stabilizing the
intracellular Na®™ and K* concentrations (Fig.
6a), which is achieved through regulation of the
rate of Na* /K*-ATPase.

When the adenylate pool is varied it leads to
the changes in ATP concentration and in the rate
of ATP consumption (Fig. 6b,c). The regulation of
the adenylate pool is assumed to be based on the
AMP phosphatase inhibition by AMP and its
activation by ATP. The AMP deaminase rate
sharply increases with increasing AMP. Its depen-
dence on AMP is a sigmoid curve. This de-
termines the greatest possible value of the adeny-
late pool and the maximum permissible increase
in the membrane permeability. Fig. 5a shows the
effect of parameter N,y pp On volume stabiliza-
tion in erythrocytes. For all further calculations
we put Nyypp =8, Khypp =1 mM. With these
values of the kinetic parameters of AMP deami-

nase, the volume stabilization effect in the model
is obvious until the membrane permeability in-
creases 15-fold. If the membrane permeability
increases further, Na* /K* ATPase requires more
ATP to compensate for the increased passive ion
fluxes than glycolysis can produce. The volume
stabilization effect of adenylate pool regulation is
excellent only if the membrane permeability
changes slowly, because the rate of adenylate
metabolism in erythrocytes is slow. If the mem-
brane permeability changes abruptly, the erythro-
cyte volume takes transient values that can be far
apart from its stationary value, which is stabilized
in erythrocyte (Fig. 5b). If an abrupt change in
the membrane permeability is significant, the
volume can increase by 1.5-2 times and lysis can
occur, despite the fact that the stationary value of
the volume changes only slightly.

3.4. Combined effects of potassium channels and
adenylate metabolism

The model of volume stabilization describing
contributions of both K* channels and adenylate
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Fig. 5. Erythrocyte volume stabilization achievable through regulation of adenylate metabolism (Ca’*-dependent potassium
channels are excluded from the model). (a) Dependence of the stationary erythrocyte volume on the normalized passive
permeability of the cell membrane to cations simulated for various parameters of AMP deaminase: (1) N =4 and K}ypp = 0.5
mM; (2) N=8 and K}ypp =0.5mM; and (3) N =8 and K}\;pp = 1 mM. The dashed lines show unstable stationary states. Circles
on curves indicate the physiological stationary state. (b) Kinetics of erythrocyte volume changes after an instantaneous increase in
the cell membrane permeability at ¢ = 0 by: (1) 10-fold; (2) fourfold; and (3) without permeability increase.

metabolism does not differ from the previous
models in the efficiency of stabilization of the
stationary volume, but it provides a much less
pronounced overshooting in the cell volume re-

sponse to abrupt changes in the membrane
permeability (Fig. 7). This model also describes
the stabilization of the stationary values of intra-
cellular ion concentrations, which is provided by
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Fig. 6. Dependence of the stationary values of intracellular variables on the normalized value of cell membrane permeability to
cations simulated using the model from which equation describing Ca?*-dependent potassium channels were excluded and AMP
deaminase was assumed to have N =8 and Kjypp =1 mM: (A) K* and Na* concentrations; (b) the adenylate pool and ATP
concentration; and (c) the relative rate of Na*/K* ATPase. Circles on curves indicate the physiological stationary state.



206 M.V. Martinov et al. / Biophysical Chemistry 80 (1999) 199-215

2,0 5 1,2 =
A B
J CC) 1
= 1,04 U
o !
1,57 5 1 ll
© ]
o 084 1
o b £ 1
2 2 1 'l
> Q /
1,0 1 o 067 1
= 1
S ] /
@ /
] c ,
2> 04+ /
— /
. 1] i /
0,5 £ ,
"33 ’
s 021 /
. /
= - /
4
7
00 F——T——T——T— 00 1F-<=——T——T T
0 5 10 15 20 0 4 8 12 16

Fig. 7. Erythrocyte volume stabilization in the model describing the contributions of both Ca?*-dependent potassium channels and
adenylate metabolism control. (a) Dependence of the stationary erythrocyte volume on the normalized passive permeability of the
cell membrane to cations. The circle on the curve indicates the physiological stationary state. (b) Effect of an abrupt change in the
membrane permeability (AQ) on the maximum increase in the erythrocyte volume during transient processes (a solid line). The
dashed line illustrates the results obtained with the model from which Ca?*-dependent potassium channels were excluded.
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Fig. 8. Dependence of the stationary values of intracellular variables on the normalized value of cell membrane permeability to
cations simulated using the model describing the contributions of both Ca?*-dependent potassium channels and adenylate
metabolism control: (a) K* and Na™ concentrations and (b) concentrations of ATP and Ca®*. Circles on curves indicate the
physiological stationary state.
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Fig. 9. Dynamics of changes in the values of the model
variables after an instantaneous eightfold increase in the cell
membrane permeability at 1 =0 in the model describing the
contributions of both Ca®*-dependent potassium channels
and adenylate metabolism control: (a) cell volume, (b) ATP
concentration, (¢) K* and Na* concentrations. Circles on
curves indicate the physiological stationary state.

the effect of stimulation of transport ATPases by
increased ATP concentrations (Fig. 8). Figs. 9 and
10 show the kinetics of various cellular parame-
ters after an abrupt change in the membrane
permeability. The important assumption of our
model is that the rate of Ca’* ATPase linearly
depends on ATP. We also considered a variant of
the model in which Ca’" ATPase does not de-
pend on ATP. In this case, the stationary value of
the erythrocyte volume is stabilized well, and its
changes in response to an abrupt change in the
membrane permeability display less pronounced
overshooting. However, no satisfactory stabiliza-
tion of the stationary ion concentrations is
achieved.

4. Discussion

According to the current view on volume regu-
lation, human erythrocyte maintains its volume at
the expense of non-equilibrium partitioning of
ions created by transport Na®/K*-ATPase
between the intracellular compartment and the
extracellular medium. Oxidative and other stresses
increase the non-selective membrane permeabil-
ity, intracellular Na™, and cell volume. Increased
concentrations of intracellular Na* activate
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Fig. 10. Dynamics of changes in the values of the model
variables after an instantaneous eightfold increase in cell
membrane permeability at £ =0 in the model describing the
contributions of both Ca®*-dependent potassium channels
and adenylate metabolism control: (d) Na*/K* ATPase rate,
(e) Ca’* concentration (f) permeability of potassium chan-
nels. Circles on curves indicate the physiological stationary
state.
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Na*/K*-ATPase. This allows the erythrocyte to
withstand a decrease in ionic transmembrane gra-
dients and attenuate an increase in cell volume
upon membrane impairments. However, this reg-
ulation of Na*/K*-ATPase cannot provide satis-
factory volume stabilization in erythrocytes.
Model studies showed that a twofold to fivefold
non-selective increase in the membrane perme-
ability results in a rapid increase in cell volume
and lysis (Fig. 2, dashed lines) [9]. The model that
considers adenylate metabolism introduces addi-
tional regulation of Na*/K*-ATPase through
changes in ATP concentrations (for which changes
in the adenylate pool are responsible). The adeny-
late pool value depends on the ATP to AMP
ratio, which, in turn, depends on the rate of ATP
consumption by Na*/K*-ATPase. This regula-
tion provides good stabilization of intracellular
ion concentrations and thereby the erythrocyte
volume. The main regulatory effect in the model
is exerted by AMP phosphatase. As the rate of
AMP deaminase reaction is a sigmoid function of
AMP, the role of this enzyme in regulating the
adenylate pool is only to determine its maximum
value and, hence, the permissible range of mem-
brane permeabilities.

The model predicts the significant growth of
ATP concentration with increasing membrane
permeability. Such increase in ATP concentration
is necessary for volume stabilization only if the
rate of transport ATPases is linearly proportional
to ATP. If this rate depends on ATP concentra-
tion more strongly, then the increase in ATP
concentration, which is required to bring about
the desirable increase in the rate of ATPases, is
less pronounced.

The erythrocyte metabolism is stable only if the
rate of adenylate metabolism is low (the charac-
teristic time of approx. 100 h). Hence, adenylate
metabolism cannot stabilize the volume rapidly
when an abrupt increase in the membrane perme-
ability occurs (Figs. 5b, and 7b). Actually, only
stationary values of intracellular ion concentra-
tions and the cell volume are stabilized. During
transient processes after an abrupt change in the
cell membrane permeability, the volume is
stabilized due to operation of K* channels. In-
creased concentration of intracellular Ca®" is the
signal that the membrane permeability has

changed. Normal concentrations of intracellular
Ca’" are maintained at a low level by transport
Ca’* ATPase. When the membrane permeability
changes non-selectively, intracellular Ca’* in-
creases and K* channels open. This makes the
membrane more permeable to K™ than for Na*
and thereby stabilizes the cell volume. Due to
high calcium gradient between cells and extracel-
lular medium, the K channel-dependent volume
stabilization is very sensitive to changes in the
membrane permeability. The response of K*
channels permeability to changes in the mem-
brane permeability has the characteristic time on
the order of several seconds, which is determined
by the rate of an increase in the intracellular
Ca’" concentration. Therefore, K™ channels can
stabilize the erythrocyte volume even if the cell
membrane permeability changes abruptly. This
model differs from the previous models of volume
stabilization relying on the operation of K* chan-
nels in that: (1) the rate of Ca®* ATPase is
assumed to depend on ATP; and (2) the perme-
ability of potassium channels is assumed to de-
pend on Ca?* concentration cooperatively. It ap-
peared that the K* channel cooperativity plays
an important part in the erythrocyte volume
stabilization (Fig. 2), extending the permissible
range of changes in the cell membrane perme-
ability by 1.5-2 times. Patch-clamp studies with
fragments of erythrocyte membranes showed that
the permeability of potassium channels linearly
depends on Ca** concentration in the range from
0.5 to 100 M [43]. In the model, this corre-
sponds to N = 1. However, the dependence of
potassium channels on Ca?* at concentrations
< 0.5 pM (typical intracellular concentrations)
has not been studied. Moreover, the data of the
study cited above suggest that the permeability of
potassium channels depend on Ca** even stronger
in the range of low (intracellular) Ca®* concen-
trations than in the range studied. Therefore, the
model assumption that N =4 does not contradict
the known experimental data on the kinetics of
potassium channels. For the values of N and K
chosen in the model, the half-maximum activation
of potassium channels is achieved at a concentra-
tion of intracellular Ca** of 1.3 wM, in a good
agreement with the data available in the litera-
ture [43—45]. A serious drawback to the erythro-
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cyte volume stabilization based on the operation
of K* channels is that intracellular concentra-
tions of ions, especially Ca**, can change signifi-
cantly and produce adverse effects on cells.

Our results demonstrate that combining the
two mechanisms of volume stabilization (potas-
sium channels and adenylate metabolism) in one
model eliminates the disadvantages of individual
mechanisms and provides volume stabilization of
the erythrocyte independent of whether its state
is stationary or transient. The dynamic stabiliza-
tion of cell volume during transient processes
elicited by an abrupt change in the cell mem-
brane permeability is possible in the model due to
the operation of potassium channels, whereas the
stabilization of the stationary values of intracellu-
lar ion concentrations is maintained due to
adenylate metabolism control. The model as-
sumption that the rate of transport Ca’**-ATPase
is proportional to ATP concentration is a prereq-
uisite for stabilization of intracellular ion concen-
trations. Unfortunately, there are no reliable data
on the dependence of the rate of this ATPase on
the ATP concentration under intracellular condi-
tions. Analysis of the model shows that the volume
stabilization can be satisfactory even if the rate of
Ca’*-ATPase does not depend on ATP concen-
tration. However, the intracellular ion concentra-
tions are not stabilized in this case. Interestingly,
the functional roles of K* channels and adeny-
late metabolism in erythrocytes are still unclear.
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Appendix A. Mathematical model

A.1 Ion balance and the erythrocyte volume

Basic equations describing the dynamics of Na™*
and K% concentrations and the erythrocyte
volume were introduced in Brumen and Heinrich

[46] and Werner and Heinrich [47]. Ion balance
and the erythrocyte volume are described by a set
of equations based on Brumen and Heinrich [46],
Werner and Heinrich [47] and Ataullakhanov et
al. [26]:

d Vv
dar ([K+ ]170) = ZvNa/ K-ATPase
AoF

+(Px +PCH)$
(61~ 1k Jewp S5 )
1)

d Vv
q ([Na+ ]170) = —3VyNa/K-ATPase

AoF
RT

eXP(Rif)—l

—[Naﬂﬁxp(%)) 2)

+ Py, ([NaJr le

d V
m ([Ca2+ ]170 ) == 21jCa-ATPase

AoF
RT

exp(Z%) -1
x ([Ca+ ] — [Ca2* ]iexp(Z%))
3)

+Pe,

[K'li+[Na®li+[4,] +[47];
=[K']+[Na"]e +[4,] +[47]. (4

[K*]i+[Na'}i—[4,]-Z-[A4Z7],=0 (5)

i

[4,], A‘PF)

[A-] =eXp(ﬁ (6)
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where V' and V|, are the current and the normal
physiological cell volumes; A¢ is the transmem-
brane potential; F is the Faraday constant; R is
the universal gas constant; 7' denotes absolute
temperature; Py, Py,, Pc, are the passive perme-
ability of the erythrocyte membrane for K*, Na™,
Ca’", respectively; Pcy is the permeability of K*
channels; vy, k arpase @aNd Ve, aTpase denote the
rates of transport Na®/K* and Ca’" ATPases
(ion pumps), respectively; [A;] and [A%7] are
the concentrations of permeable (C1~ and HCO5 )
and impermeable anions, respectively; subscripts i
and e denote intra- and extracellular variables
and parameters, respectively; Z~ is the average
negative charge of the impermeable anions.

The following values of the ion concentrations
[48—51,23], normal rate of transport Na*/K*-
ATPase [23,50,52,53], and intracellular ATP con-
centration [22,50,54,55] were estimated from the
literature: [K*], =5 mM, [Na*], =145 mM,
[4,]. =150 mM, [K"];=130 mM, [Na*];=10
mM, [A,]; = 110 mM, vy, x arpase = 0.65 mM /h,
[ATP] = 1.48 mM. Normal physiological values of
the remaining steady-state parameters are readily
determined from Egs. (1)—(6): [4%~ ], =50 mM,
Z =06, Py =Py, =124%x10"% 1/h, Py, = Pnyo
=122X10"% 1/h, Ap= —8.4 mV. [Ca’*]. =1
mM and [Ca’*],=0.03 wM were taken from
Simons [56] and Wiley and Shaller [57]. Transport
Ca’*-ATPase was assumed to operate at a rate of
5.2 pM/h [58]. Eq. (3) can be used to estimate
the normal physiological value of passive perme-
ability of the erythrocyte membrane to Ca**: P,
=P, =0.76x10"% 1/h.

Egs. (1)-(3) describe active and passive K™,
Na™ and Ca®" fluxes across the erythrocyte mem-
brane. Passive ion fluxes are described using
Goldman’s approach. The rates of Na*/K™* and
Ca’" ATPase reactions are written as

VNa/K-ATPase — aNa/K—ATPase[Na+ i[ATP] 7

[Ca**]
V =
Ca-ATPase Ca-ATPase 2+
[Ca”" ] + Kcyatpase

X [ATP] 8

where ey, /k.atpase = 0.044 1/(mM-h), oty prpase
=5 1/h are activities of Na*/K* and Ca’*-
ATPases, K, atpase = 1.1 pM.

The important model assumption is that the
rates of ion transport ATPases depend on the
ATP concentration. Most of the published studies
of the kinetics of transport Na*, K* and
Ca’"—ATPases contain the Michaelis constant for
ATP, which is lower than the intracellular ATP
concentration. These results, however, were ob-
tained using the isolated enzymes and were often
performed with the reconstructed systems (such
as erythrocyte ghosts). Therefore, a possible regu-
latory role of some intracellular factors, such as
adenylates other than ATP (ADP and AMP),
could have been missed. Kennedy et al. [59]
showed that the Michaelis constant for the Na™,
K*-ATPases in red blood cells depend on the
ratio of ATP and ADP concentrations. Our previ-
ous work with native human erythrocytes demon-
strated that the total rate of ATP consumption
grows sharply with the growing ATP concentra-
tion [60]. We also showed that even a moderate
increase in ATP concentration significantly de-
creased the K* efflux provoked by amphotericin
B [41,42]. Tt appears that in native erythrocytes
the rate of transport ATPases might be signifi-
cantly influenced by the ATP concentration.

The following expression

+ N
[Ca2*] ) ©)

P = Pmax T~2+1 . 1
o ( [Ca®" 1+ K,y

where P, is the maximal permeability of K*
channels, N is the cooperativity parameter, Ky
is the affinity constant, shows how the permeabil-
ity of K* channels depends on the concentration
of Ca?*. It was obtained on the basis of the data
described in [43-45]. Here, P,,,=1.7 1/h. The
parameters N and Ky could not be unambigu-
ously determined from these experimental data.
We, therefore, varied the values of these parame-
ters when analyzing the model. Eq. (4) describes
osmotic balance in the system. The erythrocyte is
considered as an ideal osmometer. Eq. (5) de-
scribes the electroneutrality of the cell content

and takes into account the contributions of sodium
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and potassium ions, anions like HCO; and Cl-,
which permeate the membrane, and polyvalent
anions (e.g. hemoglobin and 2,3-diphopho-
glycerate) for which the membrane is imperme-
able. The erythrocyte membrane permeability to
HCOj and Cl™ is high [61,62]; therefore, Eq. (6)
describes the equilibrium for these anions
between the intracellular and extracellular com-
partments in the presence of the transmembrane
potential. The medium osmolarity was assumed to
be determined only by the extracellular concen-
trations of permeating ions ([ A%~ ], = 0). As ear-
lier, we consider non-selective changes in the
erythrocyte membrane permeability to cations
(which can be caused by oxidative or other stresses
within a body) assuming that Py = Py, + AP; Py,
=Prao T AP; Po, =P+ AP, where AP de-
notes the value of a change in the membrane
permeability and introducing the normalized value
of cell membrane permeability to cations Q:Q =
Pya/Prao = Py /Pxo = (Pco/Pey + 1)/2, because
Prao = Pro = 2Py

A.2. Energy metabolism

A.2.1. The ATPases

Egs. (7) and (8) describe the rates of ATP
consumption by transport Na*/K* and Ca®*
ATPases, respectively. The sum of the normal
values of their rates in erythrocytes is significantly
lower than the rate of ATP production in glycoly-
sis. To balance the ATP production, an ATPase
other than transport ATPases was included in the
model:

Vatpase = ¥ aTpase[ATP]/([ATP] + K y1p,s.)  (10)
where o prpyee = 0.88 mM/h, Ky rpaee = 0.1 mM.
A.3. Glycolysis

ATP consumed by the transport ATPases and
other ATP-consuming systems is replenished in
erythrocytes by glycolysis. In this work we con-
sider the reactions of glycolysis in the form, which
is more complete than that presented in our
previous studies [27-29]. Specifically, here we in-
troduce additional reactions describing the kinet-

ics of concentrations of 1,3-diphosphoglycerate,
2,3-diphosphoglycerate and 3-phosphoglycerate.
This reactions allow more complete description of
the transition processes in the model (below). The
phosphohexoisomerase, aldolase, triosophosphate
isomerase, glyceraldehydephosphate dehydroge-
nase, phosphoglycerate mutase and enolase are
highly active in erythrocytes, so the equations for
these reactions were replaced by equilibrium rela-
tionships between the corresponding metabolites.
This, however, could not be done for the phos-
phoglycerate kinase reaction, which is coupled to
the 2,3-diphosphoglycerate bypass. The concen-
trations of NAD, NADPH, and phosphate were
assumed to be constant. The resulting description
of the glycolysis in our model is given by the
following set of equations:

d |4 Vuk ~ VPFK
—|[G6P]+ | = —F—— 11
m“ ]n) D, an
a4 ([1,3DPG]VKO) L V‘B’fM — PGk
(12)
d 14
dr ([2,3DPG]70) = VprgM ~ VppGP (13)
d V VpGk T Vprgr — Vpk
—[[3PG]++ | = 14
m“ ]%) D, (14)
([ATP] + [ADP] + [AMP])VK =a (15)
0

[ADP]”

[AMPITATP] ~ (16)

Here, the expressions
D, =1+1/Kpy;3D,
1

KGAPDH

1 1
D,=1+ 1+
3 KENO( KPGM)

=1+ 1+

1 (1+ 2-[1,3DPG] ))

KTPI KGAPDHKALD
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result from exclusion of the fast intermediates of
glycolysis. Kpy; =3, Ky p=0.012 mM, Kip =
0.3, Kgappu = 0.75, Kpgm = 0.14, Kpno = 1.7
were obtained from Erlich et al. [63].

[G6P], [1,3DPG], [2,3DPG], [3PG], [2PG], [PEP]
correspond to the intracellular concentrations of
glucose-6-phosphate, 1,3-diphosphoglycerate,
2,3-diphosphoglycerate, 3-phosphoglycerate, 2-
phosphoglycerate, and phosphoenolpyruvate, re-
spectively. Symbol a corresponds to the total
adenylate content of a cell (the adenylate pool).
VhKs VpEK> VPGK> VDPGM> VppGe» and vpg denotes
the reaction rates of hexokinase, phosphofructok-
inase, phosphoglycerate kinase, diphosphoglycer-
ate mutase, diphosphoglycerate phosphatase, and
pyruvate kinase, respectively. Adenylate kinase
reaction is believed to be in equilibrium because
the activity of adenylate kinase in erythrocytes is
high [64]. Eq. (16) describes the adenylate kinase
equilibrium, with the equilibrium constant equal
to 1.

Egs. (11)—-(16) do not contain such variables as
the concentrations of glucose, pyruvate, and lac-
tate. Lactate dehydrogenase reaction was also
excluded from our consideration. Normally, in
vivo erythrocyte glycolysis is always saturated with
glucose. The concentrations of lactate and pyru-
vate, being controlled at the whole-body level, do
not depend on the rate of glycolysis in erythro-
cytes.

The expressions for rates of enzymatic reac-
tions in this model are taken from Ataullakhanov
et al. [29], Erlich et al. [63] and Joshi and Palsson
[65]:

~ [ATP] /Ky
VHK T YHK T TATP] /K L + [GOP1/K Ay

)]

ayg = 122mM/h, Ky = 1.22mM, K2,
—6-10"2 mM.

Vprk = ®prk

[ATP][G6P] /K py;
(K}px + [ATPD(K 3pg + [GO6P]/Kpyyp)

[1/(1 + [AMP]/K}ry)
+2[AMP] /(K ek + [AMP]]

(1 + [ATP]/K3p)'
(1 + [AMP] /K%’
X (1 + [G6P] /K pyy; K )’
(18)

1+L

appx =380 mM/h, L=10% K =10 mM,
Kl%FK = 01 mMa KSFK = 2 mM, Kf’FK = 10_2 mM,
Kppg = 0.1 mM, KSpg =3.7-107* mM, Kpy; = 3.

’ o [1,3DPG]
DPGM = ¥DPOM 1T T ) T 3DPG]
+[2,3DPG]

(19)

appom = 3892 mM/h; Kppgy = 0.04 mM;
K2pom = 0.013 mM;

) _, [2,3DPG]
pPGP = VDPGP 15 3DPGT 1 KL
[2PG] + [3PG]

2
KDPGP

(20)

X1+

appgp = 0.52 mM/h; Koo =0.02 mM; K3pep
=(0.006 mM;

VpGK =~ ®pGK
([1,3DPG][ADP] — [3PG][ATP]
/Kio) /Kbox Kiox
1+ [ATP]l/K;gx + [ADP] /KiGk
+ A[1,3DPG] /K ps« + BI3PGl/K{pip
1)

A = (K} + [ADP] + [ATPIK {6k /KDpok )
/Kiox

B= (K}ZGK + [ATP] + [ADP]K]ZGK/K}%GK)
/Kpox

apgr = 7330 mM/h; Kpgx = 0.0022 mM; Kk

= 0.14 mM; Koy = 380; Kige = 0.3 mM; Kiog

=027 mM; K{sx =14 mM; and Kj;c =04
mM;
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[PEPI[ADP]/K by K3
VeK T PR LTPEP] /KL, + ADP /K2
+ATP /K3 + [PEP][ADP]
/Kpx Kk

(22)

ape =120 mM/h; Kb =005 mM; K2 =03
mM; and Kj = 0.35 mM;

A.4. Adenylate metabolism

The adenylate and energy metabolisms are
closely linked. Adenylate metabolism in the ery-
throcyte serves to synthesize AMP from adenine
or adenosine and to irreversibly degrade AMP
[54,66—69]. In the model, adenylate metabolism is
represented only by a reaction of irreversible
AMP synthesis and two irreversible reactions of
AMP degradation.

The dynamics of adenylate nucleotide concen-
trations can be found by solving the following set
of equations describing interaction of adenylate
and energy metabolisms:

d Vv
dr ([ATP]VO) =Vpgk t Vpk — Vprk — Vhk

~ VNa/K-ATPase ~ VCa-ATPase

3
5V T Vak (23)

d Vv
q ([ADP]VO) = ~Vpgk T Vpk T VPFK T VHK
+ VNa/K-ATPase T VCa-ATPase

+ Varpase T Vs T 2Vax 24)

d V 3
q ([AMP]VO) = 5 Vs ~ Vampp ~ Vampp T Vak
(25)

[ADP]
[AMPI[ATP] ' (26)
vg is the rate of AMP production in adenosine
kinase and adenine phosphoribosyl transferase
reactions. We assume that the rates of these two

reactions are equal and constant. Egs. (23)-(25)
are written according to the stoichiometry of
adenylate formation and disappearance during
AMP synthesis from adenine and adenosine. v,y
is the rate of adenylate kinase reaction; vaypp
and v,y pp denote the rates of AMP phosphatase
and AMP deaminase. vy is assumed to be con-
stant (vg = const = 0.04 mM /h). This low rate of
adenylate metabolism in human erythrocytes (ap-
prox. 4% of glycolytic flux) is optimum for main-
taining the stable state of cellular metabolism
[28]. Unlike our earlier models [28,29], this model
includes two enzymes involved in degradation of
the adenylate pool: AMP phosphatase and AMP
deaminase. This is consistent with the known data
on adenylate metabolism in human erythrocytes.
The rate of AMP deaminase reaction is taken as:

, . [AMP] NAMPD
AMPD AMPD [AMP] +KiMPD

27N

where & ypp = 100 mM/h [70,71]. This is the
general form of sigmoid dependence of the reac-
tion rate on the concentration of AMP known
from the literature where N,,,pp iS approximately
2 and Kiypp is in the range 0.4-2.0 mM
[70,72,73]. However, the in vitro kinetics of this
enzyme can differ from its kinetics within a cell
where such effectors as ATP, 2,3-DPG, or-
thophosphate are present [70,72,73]. Therefore,
the AMP deaminase parameters were varied in
the model. As follows from the sigmoid kinetics
of AMP deaminase, it does not operate at normal
intracellular concentrations of AMP. We suggest
that under physiological conditions, AMP degra-
dation is regulated by AMP phosphatase. The
rate of AMP phosphatase reaction is taken as:

1+

[ATP] )

Vampp = X aAMPP K1
AMPP

/

Kiurr | [AMP]
1+ + 28
AMPT ¥ K3, 2
o vpp = 1 mM/h, Kk pp = 1 mM, K ypp = 0.01
mM, K3;pp = 0.05 mM.

This expression makes the rate of AMP phos-
phatase reaction directly proportional to ATP
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concentration and inversely proportional to AMP
concentration in a broad range of AMP and ATP
concentrations. Such dependence provides the
most effective stabilization of the intracellular ion
concentrations and the cell volume when mem-
brane permeability is perturbed [28,29]. The value
of a,\pp Was chosen so that the model provided
the normal stationary concentration for adenine
nucleotides.

Both enzymes that destroy intracellular AMP,
the AMP phosphatase and AMP deaminase, have
complex kinetics, which depend on concentrations
of several metabolites, as well as their ratios. The
exact details of these relations and their physio-
logical roles are not yet known. The in vitro rates
for AMP phosphatase and AMP deaminase en-
zymes isolated from liver have a bell-shaped de-
pendency on the energy charge [74,75]. Since the
increase in energy charge means the increase in
ATP concentration and decrease in AMP concen-
tration, the rates of AMP phosphatase and AMP
deaminase are indeed proportional to the ATP
concentration and are inversely proportional to
the AMP concentration for some range of ade-
nine nucleotides concentrations. The important
role of this dependence for regulation of adenine
nucleotides is supported by the observed high
rate of the adenosine turnover between the ery-
throcytes and plasma [76].

The equilibrium in adenylate kinase reaction
allows us to exclude the rate of adenylate kinase
from Egs. (23)—(26). The final set of the model
equations comprises Egs. (1)-(6), Egs. (11)—(14),
and Egs. (23)—(26). For the numerical analysis of
the model we used a software package DBSolve
[77]. In this program the transient behavior of
models is simulated by ordinary differential equa-
tions integration using an original algorithm based
on the Gear procedure [78]. DBSolve also calcu-
lates the steady-state solution along a parameter
range using the original parameter continuation
algorithm.
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