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A novel molecular-kinetic model of Band 3 activation by Mg2 þ is introduced.
The model is veriﬁed experimentally with the use of a scanning ﬂow cytometer.
The association constant of Mg2 þ with Band 3 is evaluated as 0.07 mM.
The method developed allows quantitative control and optimization of MgSO4 treatment.
Results of the work are useful particularly for early detection of risk of hypoxia.
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Magnesium sulfate (MgSO4) is widely used in medicine but molecular mechanisms of its protection
through inﬂuence on erythrocytes are not fully understood and are considerably controversial. Using
scanning ﬂow cytometry, in this work for the ﬁrst time we observed experimentally (both in situ and
in vitro) a signiﬁcant increase of HCO3 /Cl  transmembrane exchange rate of human erythrocytes in the
presence of MgSO4 in blood. For a quantitative analysis of the obtained experimental data, we introduced
and veriﬁed a molecular kinetic model, which describes activation of major anion exchanger Band 3 (or
AE1) by its complexation with free intracellular Mg2 þ (taking into account Mg2 þ membrane transport
and intracellular buffering). Fitting the model to our in vitro experimental data, we observed a good
correspondence between theoretical and experimental kinetic curves that allowed us to evaluate the
model parameters and to estimate for the ﬁrst time the association constant of Mg2 þ with Band 3 as
KB  0.07 mM, which is in agreement with known values of the apparent Mg2 þ dissociation constant
(from 0.01 to 0.1 mM) that reﬂects experiments on enrichment of Mg2 þ at the inner erythrocyte
membrane (Gunther, 2007). Results of this work partly clarify the molecular mechanisms of MgSO4
action in human erythrocytes. The method developed allows one to estimate quantitatively a perspective
of MgSO4 treatment for a patient. It should be particularly helpful in prenatal medicine for early
detection of pathologies associated with the risk of fetal hypoxia.
& 2016 Elsevier Ltd. All rights reserved.
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Magnesium sulfate (MgSO4) is a pharmaceutical preparation of
magnesium, widely used in medicine (Fawcett et al., 1999;
McLean, 1994). It is effective in numerous diseases associated with
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magnesium deﬁciency (Swaminathan, 2003; Ulger et al., 2010).
Magnesium sulfate is known as an antiarrhythmic agent to prevent cardiac arrest (Sugiyama et al., 1996), and as a bronchodilator
to reduce the symptoms of acute asthma (Blitz et al., 2005). It is
also effective as a tocolytic agent in decreasing the risk of
eclampsia and preterm birth (Duley and Neilson, 1999; Euser and
Cipolla, 2009). Intravenous administration of magnesium sulfate
before birth could reduce the risk of cerebral palsy and motor
dysfunction in preterm infants (Doyle et al., 2009). However, the
effect of the treatment is dose sensitive. A high dosage of magnesium sulfate for attempted tocolysis in preterm labor was shown
to cause more harm than do good (Mittendorf et al., 2004). It was
found that “aggressive tocolysis” increases a risk of intracranial
hemorrhage as well as deaths of fetus and very low body weight
neonates (Mittendorf et al., 2002; Murata et al., 2005). In addition,
the prolonged exposure to magnesium sulfate was associated with
an increased risk of clinical chorioamnionitis (Elimian et al., 2002).
By contrast, low doses of magnesium sulfate, when used as prophylaxis in cases of preterm labor, appeared to be neuroprotective
for a number of children (Deering et al., 2005). So far, there is no
method for determining the optimal dosage of magnesium sulfate
for a particular patient before the injection. This is largely due to
the lack of understanding of molecular kinetic mechanisms of
MgSO4 action. In particular, the role of the inﬂuence of magnesium
on erythrocytes in blood is known (Abad et al., 2005, 2010; Ariza
et al., 2005; Gulczynska et al., 2006), but far from completely
understood. In some cases, the anti-hypoxic mechanism of the
protection through the activation of erythrocytes physiological
properties by magnesium is supposed (Szemraj et al., 2005), but
not explained quantitatively.
Magnesium is the second most abundant cation in erythrocytes. The total concentration of Mg2 þ in human erythrocytes
is around 2 mM, but only a small fraction ( 0.2 mM) is free
(uncomplexed) (Grubbs, 2002; Gunther, 2007). Many enzymes
require the presence of Mg2 þ for their catalytic action (Beydemir
et al., 2000). Magnesium inﬂuences ionic trafﬁc through Ca2 þ , K þ ,
and Na þ channels (Antonov and Johnson, 1999; Bara et al., 1993;
Michelet-Habchi et al., 2003) and reduces lipids peroxidation of
erythrocytes membranes (Abad et al., 2005). It is known that the
elevation of intracellular magnesium modiﬁes the main anion
exchanger Band 3 (or AE1) in human erythrocytes (Barbul et al.,
1999; Gulczynska et al., 2006). In particular, the rate of SO4 anions
inﬂux (which is going through Band 3) is higher (Teti et al., 2002)
in the erythrocytes with increased concentration of intracellular
Mg2 þ .
The main anion exchanger Band 3 is a major membrane glycoprotein in human erythrocytes presented in approximately one
million copies per cell and making up to 25% of the cell membrane
(Poole, 2000). It mediates a rapid transmembrane exchange of Cl 
for HCO3 , thereby enhancing the CO2/O2 physiological exchange
(since more than 90% of dissolved CO2 are in the form of HCO3 at
physiological conditions (Kummerow et al., 2000; Swietach et al.,
2010) of pH between 7.0 and 8.0). Also, erythrocytes glycolysis was
reported to be modulated by the interaction of Band 3 with glycolytic enzymes (von Ruckmann and Schubert, 2002) and hemoglobin (Weber et al., 2004). While the structure and properties of
Band 3 have been extensively studied (Yeagle, 2005; Zhang et al.,
2000), much less is known about molecular mechanisms of regulation of anion-exchange function of Band 3. The cytoplasmic
domain of Band 3 can be phosphorylated at tyrosine residues
(Ferru et al., 2011), and its phosphorylation state is critical for
glycolysis, cell shape and anion transport (Merciris et al., 1998;
Minetti et al., 2004, 1998; Puceat et al., 1998). The phosphorylation
state of Band 3 is determined by the balance between the activities
of protein tyrosine kinases p72syk (Harrison et al., 1994) and p53/
56lyn (Brunati et al., 1996) (PTKs) and of phosphotyrosine
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phosphatase PTP1B (Zipser and Kosower, 1996). From in vitro
studies, employing puriﬁed proteins and RBC ghosts, it was shown
that Band 3 PTKs are activated by Mg2 þ ions (Vasseur et al., 1987).
The band 3 phosphorylation by PTKs involves the Mg/ATP as a
substrate; therefore, a general point of view is that the elevation
(Abad et al., 2005) of intracellular Mg2 þ during magnesium sulfate
treatment increases Band 3 phosphorylation state leading to the
activation of its anion exchange functionality. However, detailed
mechanism of Band 3 activation has not been modeled quantitatively. The situation is complicated by the reports that Mg2 þ
enhances also Band 3 dephosphorylation (Zipser and Kosower,
1996) mediated by PTP1B, which may lead to an opposite (i.e. Band
3 deactivation) effect. By contrast, Mg2 þ may bind directly with
Band 3 that affects the charge and functionality of Band 3 (Weber
and Voelter, 2004; Weber et al., 2004). Until now, it is not established whether solely the molecular kinetics mechanism of direct
complexation of Band 3 with intracellular free Mg2 þ can quantitatively explain the inﬂuence of intracellular free Mg2 þ on the
anion exchange activity of Band 3. Our current research is devoted
to the study of this question.
In this work, we carried out experiments to observe the inﬂuence of magnesium sulfate treatment (both in vitro and in situ) on
the anion exchange activity of Band 3 in human erythrocytes. We
determined the anion exchange activity in conventional units of
the “number of active Band 3” per erythrocyte applying a scanning
ﬂow cytometry (Maltsev, 2000; Shvalov et al., 1999) method of
measuring single erythrocytes during their hemolysis in isotonic
solution of ammonium chloride (Chernyshev et al., 2008). For the
quantitative investigation of the inﬂuence of MgSO4 on Band 3, we
introduced a molecular kinetic model, which consists of three
parts: 1) inﬂux of Mg2 þ into erythrocytes obeying Michaelis–
Menten kinetics (Chanson et al., 2005); 2) intracellular magnesium
buffering (Bock et al., 1991; Gunther, 2007; Raftos
et al., 1999); and 3) Band 3 activation by its complexation (Weber
and Voelter, 2004; Weber et al., 2004) with free intracellular
Mg2 þ .
Fitting the developed model to the obtained experimental data,
we observed a good correspondence between theoretical and
experimental curves that allowed us to estimate the model parameters with good conﬁdence. The values of these parameters are
in agreement with known literature data on the apparent Mg2 þ
dissociation constant (from 0.01 to 0.1 mM) that reﬂects experiments on enrichment of Mg2 þ at the inner erythrocyte membrane
(Gunther, 2007). The estimated value of magnesium inﬂux is close
to the known range from 35 to 500 mM h  1 (depending on a
donor) in human erythrocytes (Flatman, 1991). This work contributes to the molecular kinetic study of the anti-hypoxic effect of
magnesium, since the transmembrane anion exchange of Cl  for
HCO3 through Band 3 in erythrocytes is associated with CO2/O2
physiological exchange. Results of this work extend the opportunities for control and adjustment of the magnesium sulfate
treatment for a particular patient.

2. Materials and methods
2.1. Instrumentation
We used a scanning ﬂow cytometer (SFC) (Maltsev, 2000;
Strokotov et al., 2011) in order to obtain the number of active Band
3 channels per erythrocyte, as described in detail elsewhere
(Chernyshev et al., 2008). SFC allows the measurement of the
light-scattering pattern (LSP) from single cells for their morphological characterization (i.e. determination of cell's size, refractive
index, shape parameters, etc.). Accurate LSP measurements were
performed with the rate of up to 300 cells per second.
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2.2. Blood donors
All donors were women on 30–36 week of pregnancy from the
hospital (Medical center of Siberian Branch of the Russian Academy of Science in Novosibirsk), participated in this study in
accordance with the ethical standards established by the
Declaration of Helsinki. Among them, there were patients with
placental insufﬁciency (at risks for fetal hypoxia and preterm
labor) and healthy donors. Patients were treated in the participating hospital by magnesium sulfate during a few days according
to the standard protocol of the hospital (5 g of MgSO4 once a day,
at the same time each day, in 25% w/w physiological solution
intravenously followed by a maintenance dose of 2 g/h (Idama and
Lindow, 1998)).
Whole blood was taken by venopuncture and collected in a
vacuum tube containing ethylenediaminetetraacetic acid (EDTA)
as anticoagulant (9∶1 blood:EDTA). Then the cells were used in
experiments at room temperature (22 °C) within 3 h (assuming no
signiﬁcant changes of the erythrocytes in whole blood during this
time (Hoffmann et al., 2012)).
For in situ measurements, the blood was taken once a day, at
the same time each day (at 10 a.m.). The ﬁrst sample of blood was
obtained at admission of the patient. Each next sample of blood
was obtained 24 h after each next magnesium sulfate injection
(during a few days of the therapy).
For in vitro study, the blood was taken from the donors, which
were not under MgSO4 treatment. Time series of the “number of
active Band 3” per erythrocyte, hereinafter referred to as kinetics,
were measured as follows. Volume of 0.01 ml of 25% w/w physiological solution of MgSO4 was added to 2 ml sample of whole
blood (reaching the concentration of 10 mM for MgSO4 in whole
blood) to initiate the reaction of Band 3 activation Then, at certain
time points (during 90 min) 8 ml of the mixture was taken (each
time) in order to determine the number of active Band 3 per
erythrocyte, as described below.
2.3. Determination of the “number of active Band 3” per erythrocyte
The “number of active Band 3” per erythrocyte was obtained
using dynamic ﬂow cytometry by a method (Chernyshev et al.,
2008) of erythrocytes sphering in a lysing solution of ammonium
chloride. To start the measurements, a volume containing 5 ml of
blood from a sample tube was placed into a testing tube with 1 ml
of the lysing solution to achieve the initial concentration in the
range from 0.5  107 to 2  107 cells per milliliter. As lysing solution
we used an isotonic (0.15 M) concentration of ammonium chloride
(NH4Cl) in degassed (distilled water was boiled for 10 min) water
solution with 1.5 mM buffer HEPES (Sigma) and 1 mM sodium
bicarbonate (NaHCO3). The solution provided a constant pH ¼7.2
in the external media during hemolysis that was veriﬁed independently. The solution was prepared prior to experiments and
used within an hour. To ensure homogeneity of the cell suspension
the sample was stirred up by pipetting. The overall delay for the
sample preparation (before measurements) was about 15 s. Then
the testing tube was attached to SFC, and the number of “active
Band 3” per cell was obtained from real-time measurements of the
erythrocytes sphering rate in the course of hemolysis (Chernyshev
et al., 2008).
2.4. Theoretical modeling
For a quantitative analysis of in vitro experimental data, we
consider a molecular kinetic model of Band 3 activation by MgSO4,
which consists of the following three parts:

a) Inﬂux of Mg2 þ obeys Michaelis–Menten kinetics (Chanson
et al., 2005; Flatman, 1991)
Km

km

þ
þ
Mg 2out
þ M ch ⟷Mg 2out
M ch ⟹Mg 2inþ þ M ch

ð1Þ

where Mch is a magnesium transport channel; Km and km are
Michaelis–Menten constants of the reaction, and the maximum ﬂux rate is vmax ¼km[Mch];
b) Total intracellular Mg2 þ content is partitioned between free
and bound forms (Bock et al., 1991; Grubbs, 2002; Gunther,
2007; Raftos et al., 1999) (magnesium buffering)
8
K1
2þ
>
>
> Mg in þ A1 ⟷MgA1
>
>
>
K2
<
Mg 2inþ þ A2 ⟷MgA2
ð2Þ
>
>
:::
>
>
>
Km
>
: Mg 2 þ þ Am ⟷
MgAm
in
where Ai (i ¼1,..,m) are cytoplasmic buffers; K1, K2 and Ki are
corresponding association constants;
c) Band 3 is activated due to its complexation (Weber and
Voelter, 2004; Weber et al., 2004) with free intracellular Mg2 þ
KB

Mg 2inþ þ B⟷Ba

ð3Þ

where B and Ba are the non-active and the active Band 3,
correspondingly; KB is the corresponding association constant.
We follow a traditional assumption that constants (i.e. kinetic
rate constants, dissociation constants, etc.) of the model does not
depend (but concentrations of metabolites may depend) on normal or hypoxic states of donors.
It was established by Chanson et al. (2005) that both the inﬂux
and the efﬂux of Mg2 þ in erythrocytes obey Michaelis–Menten
kinetics with approximately the same values of the constants Km
f lux
inf lux
f lux
f lux
and vmax (i.e. K ef
 K inf
and vef
max  vmax ). Therefore, one can
m
m
use reported values of the constants Km E1 mM and vmax E35–
500 mM h  1 (depending on a donor) (Flatman, 1991) for Mg2 þ
efﬂux in human erythrocytes as approximate values of these
constants for Mg2 þ inﬂux, and vice versa. Thus, since the extraþ
cellular magnesium concentrations Mg2out
c 1 mM EKm in our
in vitro experiments (the concentration of MgSO4 is 10 mM), the
inﬂux reached its maximum rate of vmax. On the other hand, the
efﬂux rate is much lessthan vmax due to low intracellular magnesium concentration: Mg2inþ E0.2 mM{ Km. Therefore, under
our experimental conditions in vitro, the efﬂux can be neglected
and the inﬂux can be considered at maximum rate vmax, which is
independent
on the extracellular magnesium concentration


þ
Mg2out
. However, that is not a principal limitation and the model
can
be easily extended
to include both ﬂuxes and any values of


þ
Mg2inþ and Mg2out
.
The number of active Band 3 per erythrocyte, Ba, can be derived
according to reaction scheme (3):
Ba ¼

B0
1þ

KB

ð4Þ

½Mg2inþ 

where B0 is the total number of Band 3 in the cell. The inﬂux of
magnesium elevates the amount of intracellular Mg2 þ that can be
expressed according to reactions schemes (1) and (2) and
assuming the above mentioned maximum rate vmax for Mg2 þ
inﬂux:

!
m

 X
½Ai 0 Mg2inþ
2þ


ð5Þ
Mgin þ
V ¼ N þ vmax t
2þ
þ Ki
i ¼ 1 Mgin
where V is the cell volume; N is the total amount of intracellular
Mg2 þ at the beginning (i.e. at t¼0); square brackets denotes concentration; the subscript “0” means the total content of the
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corresponding reagent (i.e. the sum of its free and bound forms).
Taking into account typical
(Gunther, 2007; Raftos et
h concentrations
i
al., 1999) of free Mg2 þ ( Mg2inþ  0.2 mM) and buffers (adenosine
triphosphate [ATP] 1.65 mM; adenosine diphosphate [ADP]
0.2 mM; 2, 3-diphosphoglycerate [DPG] 4.5 mM; hemoglobin
Table 1
Values of cell variables and constants required for inclusion in the model equations.
Variables and constants

Values (mM)

References

½Mg 2inþ 
[ATP]
[ADP]
[DPG]
[Hb]
Km
K ATP
K ADP
K DPG
K Hb

 0.2

(Gunther, 2007)

 1.65
 0.2
 4.5
5
1
0.05
0.4
1.2
 65–400

(Gunther, 2007)
(Raftos et al., 1999)
(Gunther, 2007)
(Raftos et al., 1999)
(Chanson et al., 2005)
(Bock et al., 1991)
(Gunther, 2007)
(Bock et al., 1991)
(Gunther, 2007)

Table 2
Initial values and day-to-day linear trend of Ba and Ca of patients under magnesium
sulfate treatment, as shown in Figs. 1(A–E) and 2(A–E). For each donor, standard
errors of Ba and Ca were evaluated using 30 time points of experimental kinetics of
10,000 erythrocytes measured by SFC during their sphering in the lysing solution.
Patient Initial Ba, 106 Trend of Ba,
106 day  1
1
2
3
4
5

0.63 7 0.06
0.83 7 0.08
0.42 7 0.04
0.217 0.02
0.357 0.04

1.2

Initial Ca, mM Trend of Ca,
mM day  1

0.21 70.12
0.0770.06
0.14 70.03
0.09 70.08
0.15 70.02

0.36 7 0.19
5.2 7 0.3
2.28 7 0.12
1.36 7 0.06
2.487 0.12

1.2 7 0.8
0.7 7 0.3
0.8 7 0.2
0.6 7 0.4
0.80 7 0.12

Patient 2
Linear trend

1.2

Ba , 106

Ba , 106

[Hb] 5 mM, etc.) in human erythrocytes, as well as corresponding
association constants (Bock et al., 1991; Gunther, 2007)
(K ATP ¼ 0.05 mM, K ADP ¼0.4 mM, K DPG ¼1.2 mM, K Hb  65–400 mM,
etc.), the left side of Eq. (5) can be approximated with rather good
accuracy (the relative error is less than 10%) by a more simple

Patient 1
Linear trend

1.5
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0.9

0.9
0.6
0.6
1

2

3

4

1

2

Patient 4
Linear trend
Ba , 106

Ba , 106

4

Patient 3
Linear trend

0.8

0.6

0.4

0.2

0.4
1

2
Day

1

3

Patient 5
Linear trend

2
Day

0.6

3

Healthy donors
Mean value

1.2
Ba , 106

0.8

Ba , 106

3
Day

Day

1.0
0.8
0.6

0.4

0.4
1

2
Day

3

1

2

3

4 5
Donor

6

7

8

Fig. 1. In situ trend of the number of active Band 3 per erythrocyte (dots – experimental data; solid lines – linear ﬁt): A–E – patients under day-to-day MgSO4 treatment; F –
healthy donors. For each donor, standard errors of Ba were evaluated using 30 time points of experimental kinetics of 10,000 erythrocytes measured by SFC during their
sphering in the lysing solution.

198

E.S. Chernyshova et al. / Journal of Theoretical Biology 393 (2016) 194–202

expression:




½DPG0
Mg2inþ 1 þ
V þ ½ATP 0 V ¼ N þ vmax t
K DPG

ð6Þ

It should be noted that the value of association constant K DPG
(that is important for derivation of Eq. (6)) varies signiﬁcantly in
Table 3
Values of Ba and Ca for healthy donors, as shown in Figs. 1F and 2F. For each donor,
standard errors of Ba and Ca were evaluated using 30 time points of experimental
kinetics of 10,000 erythrocytes measured by SFC during their sphering in the lysing
solution.
Donor

Ba, 106

Ca, mM

1
2
3
4
5
6
7
8

0.62 7 0.06
0.78 7 0.08
0.60 7 0.06
0.747 0.07
0.84 7 0.08
1.127 0.11
0.487 0.05
0.63 7 0.06

4.17 0.4
5.6 7 0.6
3.8 7 0.4
5.17 0.5
6.0 7 0.6
6.9 7 0.7
3.3 7 0.3
4.7 7 0.5

different publications. In this work, we took the value of 1.2 mM
for K DPG obtained by Bock et al. (1991) with 25Mg NMR spectroscopy (and it agrees with 1.5 mM measured by Gupta et al. (1978)
with 31P NMR spectroscopy), whereas a questionable value of
0.1 mM for K DPG used in 1999 by Raftos et al. (1999) was taken
from much yearlier publication of Achilles et al. (1972) and was not
supported by later measurements. The development of new
techniques during the 1980s has provided more reliable data
related to the regulation of cellular magnesium (Grubbs, 2002).
One can see from Eq. (6) that the only signiﬁcant buffers of
magnesium in erythrocytes (in our model) are ATP and DPG.
Combining Eqs. (4) and (6) the following expression for the
number of active Band 3 per cell as a function of time is derived:
Ba ðtÞ ¼
where


ð7Þ

γ is the fraction of initially active Band 3 (i.e. Ba(0)¼ γB0):

γ ¼ 1þ



K BV
½DPG0  1
1þ
N  ½ATP0 V
K DPG

ð8Þ

Patient 2
Linear trend

8

8
Ca , μM

Ca, μM

B0

γ 1
1 þ 1=
t=τ þ 1

6

6

Patient 1
Linear trend

4
2

4

1

2

3

4

1

2

3
Ca , μM

Ca , μM

4

Patient 4
Linear trend

Patient 3
Linear trend

4

3
Day

Day

3

2
2

1
1

2
Day

1

3

2
Day
Healthy donors
Mean value

8

Patient 5
Linear trend

3

Ca , μM

Ca , μM

4

3

6

4

2

2
1

2
Day

3

1

2

3

4 5
Donor

6

7

8

Fig. 2. In situ trend of the concentration of active Band 3 in blood (dots – experimental data; solid lines – linear ﬁt): A–E – patients under day-to-day MgSO4 treatment; F –
healthy donors. For each donor, standard errors of Ca were evaluated using 30 time points of experimental kinetics of 10,000 erythrocytes measured by SFC during their
sphering in the lysing solution.
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and τ is the characteristic time of Band 3 activation in the presence
of extracellular MgSO4.

Before MgSO4 treatment
After MgSO4 treatment

1.5
ð9Þ

Eq. (7) was used in this work to ﬁt time-resolved experimental
data obtained in vitro. Values of the model constants and assumed
ranges of metabolites concentrations are summarized in Table 1.

3. Results

Ba , 106

N  ½ATP0 V
τ¼
vmax
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1.0
0.5
0.0
1

3.1. In situ effect of magnesium sulfate treatment on Band 3 of
patients

3.2. In vitro kinetics of Band 3 activation by extracellular magnesium
sulfate
In vitro experimental kinetic curves on Band 3 activation
obtained from 4 heathy donors are presented in Fig. 4 (dots). These
data were ﬁtted with Eq. (7) using a standard Levenberg–Marquardt least squares algorithm (Gill and Murray, 1978) as it is
realized in Origin software (Wheeler, 1993) produced by OriginLab
Corporation. The best ﬁtted theoretical curves are shown in Fig. 4
(solid lines), and corresponding obtained values of the model
parameters γ, τ and B0 are presented in Table 5.
As one can see from Table 5, the relative variation of donors on
the parameter τ (corresponding to the magnesium inﬂux rate) is
greater than the variation on the parameter γ (corresponding to
the concentrations of intracellular Mg2 þ , ATP and DPG). That is in
agreement with known reports in the literature that the relative
variation of the magnesium inﬂux rate (Flatman, 1991) among
donors is much larger than the relative variation of the intracellular concentrations of Mg2 þ , ATP and DPG (Raftos et al., 1999).
Taking into account typical values of [ATP]  1.65 mM, [DPG] 
4.5 mM, K DPG ¼ 1.2 mM, N/V  2 mM, the mean values of parameters γ  0.5 and τ  40 min  1 from Table 5 one can estimate
(using Eqs. (8) and (9)) the association constant of Mg2 þ with
Band 3 as KB  0.07 mM and the rate of magnesium inﬂux as
vmax  0.01 mM min  1, correspondingly. The estimated value of
vmax is close to the known range from 35 to 500 mM h  1
(depending on a donor) in human erythrocytes (Flatman, 1991). As

3
4
Patient

5

Before MgSO4 treatment
After MgSO4 treatment

9
Ca , μΜ

In situ measurements showed a positive day-to-day trend in
the number of active Band 3 per erythrocyte for all ﬁve patients
(with placental insufﬁciency), which were under magnesium sulfate treatment, as presented in Fig. 1(A–E) and Table 2. The ﬁrst
day in Fig. 1(A–E) corresponds to the admission of the patient, and
the ﬁrst sample of blood was obtained prior to the ﬁrst injection of
magnesium sulfate. Each next day corresponds to the sample of
blood obtained 24 h after each next magnesium sulfate injection.
For comparison, the number of active Band 3 per erythrocyte of
healthy donors is presented in Fig. 1(F) and Table 3. Interestingly, a
positive day-to-day trend had been observed also for the concentration of erythrocytes in blood of some patients under the
treatment. Thus, the concentration of active Band 3 in whole blood
(i.e. the product of the erythrocytes concentration on the number
of active Band 3 per cell), which we denoted as Ca, was increasing
for these patients even faster than the number of active Band 3 per
cell, as presented in Figs 2(A–E), 3(A and B) and Table 2. For a
comparison, the concentration of active Band 3 measured in blood
of healthy donors is presented in Fig. 2(F) and Table 3. As one can
see from Figs. 1–3 and Table 4, active Band 3 values of patients are
low initially but increasing during few days of MgSO4 treatment
approaching (within the standard deviation) the range of healthy
donors.

2

6
3
0
1

2

3
Patient

4

5

Fig. 3. In situ data on Ba (A) and Ca (B) of patients before (empty dots) and after
(ﬁlled dots) MgSO4 treatment (4 day for patients 1 and 2; and 3 days for patients 3,
4, and 5). Dash and solid lines indicate corresponding mean values (among
patients). For each donor, standard errors of Ba and Ca were evaluated using 30 time
points of experimental kinetics of 10,000 erythrocytes measured by SFC during
their sphering in the lysing solution.

Table 4
Mean and standard deviation (S.D.) of Ba and Ca of patients under MgSO4 and
healthy donors, as shown in Figs. 1 and 2.
Mean Ba, 106 S.D. of Ba, 106 Mean Ca, mM S.D. of Ca,
mM
Patients before
treatment
Patients after
treatment
Healthy donors

0.737 0.07

0.20 7 0.05

4.9 7 0.4

1.2 70.3

0.8 7 0.2

0.417 0.11

5.3 7 1.1

2.5 70.7

0.737 0.07

0.20 7 0.05

4.9 7 0.4

1.2 70.3

for KB, in the literature there are no reports on its direct measurements, but our estimation of KB is in agreement with known
values of the apparent Mg2 þ dissociation constant (from 0.01 to
0.1 mM) that reﬂects experiments on enrichment of Mg2 þ at the
inner erythrocyte membrane (Gunther, 2007).

4. Discussion
The inﬂuence of magnesium sulfate on the activity of Band 3 in
erythrocytes is interesting from medical point of view due to a key
role of Band 3 in CO2/O2 physiological exchange. Carbon dioxide is
more readily dissolved in deoxygenated blood (the Haldane effect),
facilitating its removal from the body after the oxygen has been
released to tissues undergoing metabolism. In erythrocytes, carbon dioxide binds to hemoglobin and forms carbaminohemoglobin (Guyton and Hall, 2006) that decreases hemoglobin's afﬁnity
for oxygen (the Bohr effect). Conversely, when the carbon dioxide
levels in the blood decrease (in lung), carbon dioxide is released
from hemoglobin, increasing the oxygen afﬁnity of the
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Fig. 4. In vitro kinetics of Band 3 activation by MgSO4 in blood of 4 healthy donors (A–C): dots – experiment, solid line – theoretical best ﬁt with model Eq. (7). These donors
are not ones from Table 2 and/or 3.

hemoglobin. Major amount ( 490%) of carbon dioxide inside and
outside erythrocytes in blood is converted to anions HCO3 (the
enzyme carbonic anhydrase accelerates this reaction) (Swietach et
al., 2010), which penetrate through erythrocyte’s membrane by
HCO3 /Cl  transmembrane exchange via Band 3. Because the
transmembrane permeability of HCO3 in erythrocytes is much
less (Chernyshev et al., 2008) than the permeability of such neutral
molecules as CO2 and O2, therefore, the rate of Band 3 functioning
in erythrocytes limits CO2/O2 physiological exchange rate. The
estimated rate of HCO3 /Cl  exchange (Chernyshev et al., 2008) by
erythrocytes of blood passed through the human lung corresponds
to the rate of oxygen consumption of a human body (Loer et al.,
1997). That is particularly important for prenatal medicine. In the
literature, there are only a few publications related to the inﬂuence
of magnesium sulfate on the activity of Band 3 from the viewpoint
of hypoxia, and the molecular mechanisms of the inﬂuence is
unclear. It was reported (Zylinska et al., 2002) that in the case of
hypoxia the amount of active Band 3 per erythrocyte of asphyxiated neonates was decreased in comparison with healthy newborns. In situ, it was published (Gulczynska et al., 2006; Szemraj
et al., 2005) that magnesium sulfate treatment signiﬁcantly
increases the activity Band 3 of asphyxiated newborns. In vitro, the
increasing of Band 3 anion transport by elevation of intracellular
Mg2 þ was reported (Teti et al., 2002), however only for SO24  ions.
Our results demonstrate, for the ﬁrst time, that HCO3 /Cl 
exchange rate via Band 3 is increased by elevation of intracellular
Mg2 þ during MgSO4 treatment of erythrocytes. In order to quantitatively characterize the functional activity of Band 3 we applied
a method of scanning ﬂow cytometry (Chernyshev et al., 2008) in
real-time experiments.
Our in situ measurements demonstrated a signiﬁcant positive
day-to-day trend of the number (per cell) and concentration of
Band 3 in blood of patients with placental insufﬁciency, which
were under MgSO4 treatment in the participating hospital. Surprisingly, a positive day-to-day trend had been observed also for

Table 5
Obtained parameters of the model from in vitro experimental data. These donors
are not ones from Tables 2 and/or 3.
Donor

γ

τ, min

B0, 106

1
2
3
4

0.517 0.07
0.36 7 0.13
0.667 0.10
0.58 7 0.06

207 8
707 20
407 15
307 10

1.20 7 0.16
1.8 7 0.4
0.84 7 0.12
0.96 7 0.10

the concentration of erythrocytes in blood of some patients that
leads to the increase of possible anti-hypoxic effect of MgSO4 for
them due to elevation of Band 3 concentration in blood. Both the
number of Band 3 per cell and the concentration of Band 3 in
blood of all patients were relatively low at admission, but
increased during MgSO4 treatment and approached the range of
healthy donors after three-four days of the treatment.
Our in vitro measurements may partly explain the molecular
mechanisms of MgSO4 action in erythrocytes. For a quantitative
analysis of the obtained experimental data in vitro, we introduced
a molecular kinetic model, which describes Band 3 activation by
its complexation with free intracellular Mg2 þ taking into account
intracellular magnesium buffering and Michaelis–Menten kinetics
of magnesium transport through erythrocytes membrane. In the
model, we assume that 4 parameters of erythrocytes (vmax, B0,
[ATP], [DPG]) are not changed signiﬁcantly during the measurements. From this point of view, a healthy individual and a patient


may differ in some of these parameters or/and Mg2inþ that affects
the obtained values of Ba, γ, τ and B0. A good agreement between
theoretical and experimental curves supports the model. The
values of parameters obtained by a standard ﬁtting procedure
from in vitro experimental data are in agreement with known
literature data. Using this model, we for the ﬁrst time estimated
the association constant of Mg2 þ with Band 3 as KB 0.07 mM.
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Results of this work partly clarify the molecular mechanisms of
MgSO4 action in human erythrocytes. The method developed
allows one to obtain the following characteristics of erythrocytes,
which are important to quantitatively estimate the perspectives of
MgSO4 treatment for a particular patient: 1) the fraction of initially
active Band 3; 2) the maximum number of Band 3, which can be
activated; 3) the characteristic time of Band 3 activation. It should
be helpful particularly in prenatal medicine also for early detection
of pathologies associated with the risk of fetal hypoxia.
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