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Abstract—The effect of an intracellular cryoprotectant glycerol on human erythrocyte Ca’>"-ATPase activity and possible
involvement of calmodulin in the regulation of Ca?*-pump under these conditions were investigated. The experiments were
carried out using saponin-permeabilized cells and isolated erythrocyte membrane fractions (white ghosts). Addition of
rather low concentrations of glycerol to the medium increased Ca?*-ATPase activity in the saponin-permeabilized cells; the
maximal effect was observed at 10% glycerol. Subsequent increase in glycerol concentrations above 20% was accompanied
by inhibition of Ca**-ATPase activity. Lack of stimulating effect of glycerol on white ghost Ca**-ATPase may be attributed
to removal of endogenous compounds regulating activity of this ion transport system. Inhibitory analysis using R24571
revealed that activation of Ca?"-ATPase by 10% glycerol was observed only in the case of inhibitor administration after mod-
ification of cells with glycerol; in the case of inhibitor addition before erythrocyte contact with glycerol, this phenomenon
disappeared. These data suggest the possibility of regulation of human erythrocyte Ca**-ATPase by glycerol; this regulatory
effect may be attributed to both glycerol-induced structural changes in the membrane and also involvement of calmodulin

in modulation of catalytic activity of the Ca’"-pump.
DOI: 10.1134/S0006297906080128
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During cryopreservation cells are subjected to com-
plex effects of various stress factors. Transition of liquid
phase into a solid state is coupled to processes of crystal
formation, increase in salt concentration in the super-
cooled liquid, the increase in osmotic pressure, phase
transitions and lateral separation of membrane lipids,
dehydration of macromolecules, etc. [1]. Use of cryopro-
tectants may significantly alter the development of these
processes at ultralow temperatures [2]. The diversity of
structural and functional properties of biological objects
determines the diversity of their cryopreservation modes
and especially cryoprotectant agents employed for opti-
mization of conditions required for maintenance of cell
integrity during the freeze-thawing cycle.

Glycerol is widely employed in cryobanks of various
countries for long-term storage of blood [3-5]. For ery-
throcytes, the terminally differentiated cells, properties of

Abbreviations: CaM) calmodulin; PMCA) plasma membrane
Ca’*-ATPase; DMSO) dimethylsulfoxide; SR) sarcoplasmic
reticulum.

* To whom correspondence should be addressed.

membranes and a special mode of functioning of trans-
port and signaling systems [6] during various stages of
cryopreservation may play a decisive role in stabilization
of these cells. Changes in intracellular calcium under
stress conditions represent one of the most important
trigger mechanisms of metabolic regulation finally under-
lying death or adaptation of cells to the extreme treat-
ments. In human erythrocytes, plasma membrane Ca*-
ATPase (PMCA) represents the only mechanism respon-
sible for active transport of Ca®* ions against the gradient
of calcium ion concentration [7]. Changes of catalytic
properties of the Ca?>"-pump and its Ca?" translocation
capacity at various stages of cryopreservation may signifi-
cantly influence stability of erythrocytes.

The effects of organic solvents on Ca?"-ATPase
activity from various biological sources have been investi-
gated in many studies [8-12]. However, results on the
effect of the same compound on the activity of Ca®*-
ATPase are often contradictory. The latter may be attrib-
uted to differences of approaches and model systems
employed. The stimulating effect of certain organic sol-
vents including glycerol was demonstrated using the
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enzyme isolated from erythrocyte plasma membrane [13].
However, it is possible that this effect is observed in the
model system, which does not reflect a particular effect of
the compound on Ca?"-ATPase in intact cells. In fact, the
isolated enzyme lacks its natural lipid bilayer environ-
ment and addition of amphiphilic organic solvents just
mimics the activation effect due to partial restoration of
hydrophobic contacts. Dimethylsulfoxide (DMSQO) and
glycerol also stabilized sarcoplasmic reticulum (SR)
Ca?"-ATPase [14]. These compounds influenced partial
reactions of the catalytic cycle. Particularly, it was shown
that ATP hydrolysis/synthesis ratio which was 10 times
higher for solubilized enzyme than for its membrane-
bound form could be restored by cosolvents up to param-
eters of the catalytic activity of this enzyme in SR vesicles.

Organic solvents (cryoprotectants) added into medi-
um may not only influence the rates of certain stages of
the enzymatic reaction but also change regulatory proper-
ties of Ca’"-ATPase. Studying the effect of glycerol on
Ca?"-ATPase, it was found [15] that glycerol activated
hydrolysis of pseudosubstrate, p-nitrophenylphosphate;
the activation of phosphatase activity occurred in a dose-
dependent manner. It is possible that synergistic action of
glycerol and Ca’" are attributed to dehydration of sub-
strate binding and Ca?"-binding domains of Ca?>"-AT Pase.

However, the effect of an organic solvent on Ca?*-
ATPase was not consistent in all models. For example,
opposite results were obtained using DMSO. The latter
stimulated Ca?"-ATPase activity of isolated purified
enzyme [13]. However, experiments employing inverted
closed membrane vesicles obtained after hypotonic shock
of erythrocytes did not reveal any influence of DMSO on
the activity of this Ca?"-pump [16]. Detailed analysis
revealed that DMSO did not influence basal Ca’*-
ATPase activity, but it did inhibit calmodulin (CaM)-
stimulated activity of this enzyme [17].

Thus, effects of various organic solvents (including
glycerol) on erythrocyte Ca**-ATPase are complex and
may involve various aspects of its functioning.

In this study, we have investigated the effect of glyc-
erol on the activity of human erythrocyte Ca**-ATPase
and possible involvement of CaM in the regulation of
Ca?"-pump functions under these conditions.

MATERIALS AND METHODS

The following chemicals were used in this study:
ATP sodium salt, Tris, compound R24571 (inhibitor of
CaM-regulated reactions) (Sigma, USA); Hepes, EGTA
(Serva, Germany); KCI, MgCl,, CaCl,, and other chem-
icals of chemically pure and specially pure grades from
local suppliers.

Erythrocytes of 1I(A) male donor blood taken with
Glugicir (Biopharm, Ukraine) and stored at 2-4°C for 2-
4 days were used as the research object.
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Before experiment, erythrocytes were sedimented at
3000 rpm using an OPN-3 centrifuge (Dastan,
Kyrgystan). After plasma and leukocyte layer were
removed, erythrocytes were washed three times with 3-4
volumes of medium containing 150 mM NaCl, 10 mM
Tris-HCI, pH 7.4. The final wash was carried out in medi-
um A (135 mM KCI, 10 mM Tris, 10 mM Hepes
(pH 7.4), 0.025 mM MgCl,).

Erythrocyte Ca*-ATPase activity was assayed as
described earlier [18]. Aliquots of washed erythrocytes
were added to medium B containing 0.04% saponin,
135 mM KCl, 10 mM Tris, 10 mM Hepes (pH 7.4),
0.025 mM MgCl,, 1 mM ATP, 1 mM EGTA, 1.1 mM
CaCl,. The composition of this medium was also supple-
mented with various concentrations of glycerol (5-60%).
Final concentration of cells in the medium corresponded
to 10% hematocrit value (about 10° cells per 1 pl). For
analysis of ATP hydrolysis, cells were incubated at 37°C
for 20 min. The reaction was stopped by adding cold TCA
solution up to final concentration of 5%, and protein was
sedimented by centrifugation at 1000 rpm. Glycerol-
induced changes of Ca?>"-ATPase activity were evaluated
by difference in P, accumulation in the Ca**-containing
and Ca**-free media (medium B did not contain CaCl,).

Cells in samples were counted in a Goryaev chamber.

Isolation of erythrocyte membranes (white ghosts).
Erythrocytes were treated with 30 volumes of hypotonic
medium (5 mM KClI, 10 mM Tris-HCI, pH 7.6) in an ice
bath for 10 min. White erythrocyte ghosts were sediment-
ed by centrifugation using a refrigerated K-24 Janetzki
centrifuge (VEB MLW Zentrifugenbau, Germany) at
20,000g. After decanting the supernatant, the membrane
pellet was washed 3-4 times using the same mode.

For evaluation of white erythrocyte ghost Ca?*-
ATPase activity, aliquots of the isolated membrane frac-
tions were added to medium B and the enzyme activity
was determined as described above (for Ca?>"-ATPase of
saponin-permeabilized erythrocytes).

Possible involvement of CaM in erythrocyte CaZ*-
ATPase activation in the presence of 10% glycerol was
evaluated using calmidazolium R24571, an inhibitor of
CaM-regulated reactions [19]. In the first series of exper-
iments 0.04% saponin, 20 uM R24571, and medium A
were added to cells. After cell lysis glycerol and compo-
nents of the reaction mixture dissolved in the medium A
were added up to the following final concentrations:
1 mM ATP, 1 mM EGTA, 1.1 mM CacCl,, and 10% glyc-
erol. In the second series of experiments, medium A con-
taining 0.04% saponin and 10% glycerol was added to
cells. After cell lysis and putative modification of Ca®*-
ATPase and intracellular modulator of this enzyme by
glycerol, we added the reaction components (up to stan-
dard final concentrations), 20 uM R24571 and 10% glyc-
erol (the cryoprotectant concentration was the same dur-
ing enzyme modification and the beginning of the enzy-
matic reaction). After incubation at 37°C for 20 min, the
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reaction was stopped by TCA addition. Changes in Ca®*-
ATPase activity were evaluated by difference of P, accu-
mulation as described above.

The amount of P; was determined as described in
[20]. Briefly, aliquots of deproteinized supernatants
(100 pl) were mixed with 2 ml of acetate buffer (1.5 M
CH,;COOH-CH;COONa, pH 4.3) containing 3.7%
formaldehyde and 10% ethanol. After that 0.1 ml of 2%
ammonium molybdate and then immediately 0.2 ml of
6.75 mM SnCl, were added to each sample. Samples were
read at A = 660 nm using a Lomo SF-46 spectropho-
tometer (LOMO, Russia). The calibration curve was lin-
ear up to 10 pg of P, per sample.

Protein content was determined by the method of
Bradford [21].

Statistical analysis of results (» = 10 in each group)
was performed using StatGraphics plus 2.1 for Windows.
The Kolmogorov—Smirnov test revealed that all experi-
mental data followed normal distribution. Statistical sig-
nificance of changes observed was evaluated using
Student’s ¢-test. All results represent mean = SEM.

RESULTS

Erythrocyte incubation with glycerol is accompanied
by cell saturation with the cryoprotectant and its concen-
tration in cytoplasm gradually reaches steady-state (equi-
librium) level. Although glycerol easily passes through the
plasma membrane of human erythrocytes, equilibration
of its extra- and intracellular concentrations requires sev-
eral minutes [2, 22]. This is rather significant time inter-
val compared with the turnover rate of the enzyme in the
catalytic cycle, which is usually realized within micro-/
millisecond range [23]. So plasma membrane transport
systems may exhibit different behavior in response to
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Fig. 1. Effect of glycerol on Ca?*-ATPase activity in saponin-per-
meabilized erythrocytes. Results represent mean = SEM of 10
independent experiments. Asterisk shows statistical significance
compared with control: *p < 0.05.
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Fig. 2. Effect of glycerol on erythrocyte white ghost Ca’"-ATPase.
Data represent mean = SEM of 10 independent experiments; *p <
0.05 compared with control.

changes of parameters of the medium at the initial period
of glycerol addition and after reaching its equilibrium.
The time course of saturation of cells with glycerol and
changes Ca?"-ATPase activity during this process may be
modeled by studying the enzymatic reaction rate in media
with different cryoprotectant concentrations.

Figure 1 shows the dependence of Ca?"-ATPase
activity of saponin-permeabilized erythrocytes on the
change of glycerol concentrations in the reaction medi-
um. It is characterized by biphasic behavior. At low glyc-
erol concentrations Ca?"-ATPase activity increases.
Maximal stimulation was in the presence of 10% glycerol
in the medium. Subsequent increase in glycerol concen-
trations caused a decrease in Ca?"-ATPase activity, and at
20% glycerol the enzyme activity decreased below control
values. Further increase in glycerol concentration result-
ed in gradual progressive decrease in Ca>*-ATPase activi-
ty.

For evaluation of possible contribution of endoge-
nous intracellular regulators in the glycerol-induced
changes in Ca’"-ATPase activity, we used erythrocyte
white ghosts. Preparation of this membrane fraction is
accompanied by removing all intracellular components
and gives a possibility to evaluate the glycerol effect on
activity of membrane bound enzyme just within its natu-
ral membrane environment. Figure 2 shows that the
increase in glycerol concentration causes a monotonous
decrease in Ca’*-ATPase activity. This decrease in the
enzyme activity became statistically significant at 15%
glycerol in the medium. The qualitative difference
between results obtained using these two models consists
in the absence of stimulating effect of 10% glycerol in ery-
throcyte white ghosts. These data suggest possible
involvement of endogenous modulators (removed during
white ghost preparation) in the regulation of Ca’'-
ATPase by glycerol.
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During recent decades, various modes of PMCA reg-
ulation have been recognized [24-26]. Calmodulin
(CaM) is one of the most effective and the best-studied
regulator [24, 27]. Stimulation of PMCA activity after
CaM binding to the CaM-binding site of Ca**-ATPase
occurs due to conformational changes in the autoin-
hibitory domain of this enzyme [24, 27, 28]. The involve-
ment of CaM in regulation of Ca?>"-ATPase in saponin-
permeabilized cells was demonstrated under various
pathological conditions [29, 30]. Certain evidence exists
that CaM may not only activate but also inhibit erythro-
cyte PMCA activity during hypothermic blood storage
[31].

For investigation of possible involvement of CaM in
the regulation of Ca?*-ATPase by glycerol, we used
R24571, an inhibitor of CaM-regulated processes [19].
These experiments were designed for evaluation whether
CaM influences activity of this enzyme after its activation
by glycerol, or manifestation of glycerol effect requires
the presence of CaM and its inactivation on subsequent
stages is ineffective for the development of the subsequent
process. Figure 3 shows the results of these experiments.

We found that addition of R24571 to intact saponin-
permeabilized human erythrocytes was accompanied by
stimulation of Ca?"-ATPase (Fig. 3b). This suggests that
CaM in such cells subjected to short-term storage at 2-
4°C (see “Material and Methods” section) causes inhibi-
tion of the enzyme activity. Similar results were obtained
in another laboratory [31] using W-7 as the CaM
inhibitor. When R24571 was added to the saponin-per-
meabilized cells before 10% glycerol (Fig. 3c), Ca**-
ATPase activity slightly increased (p < 0.05) compared
with control (Fig. 3a), but it was significantly lower than
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Fig. 3. Effect of 10% glycerol and R24571, an inhibitor of CaM-
regulated reactions, on Ca**-ATPase activity of saponin-perme-
abilized human erythrocytes. Ca?*-ATPase activity assayed in: a)
medium B; b) medium B containing 20 uM R24571; ¢) medium
B containing 20 pM R24571 with subsequent addition of 10%
glycerol (final concentration); d) medium B containing 10% glyc-
erol with subsequent addition of 20 pM R24571; e) medium B
with 10% glycerol. Data represent mean = SEM of 10 independ-
ent experiments; *p < 0.05 compared with control.
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that assayed in the presence of glycerol alone, when this
inhibitor was not employed (Fig. 3e). In the case of
R24571 addition after 10% glycerol (Fig. 3d), the enzyme
stimulation reached the same level as in the presence of
glycerol alone (Fig. 3e). This suggests that maximal acti-
vation of Ca>*-ATPase in the presence of glycerol involves
CaM.

DISCUSSION

Use of organic compounds in cryobiology is techno-
logically required for protection of biological objects
against extreme factors accompanying the freeze—thaw-
ing processes. Study of Ca**-ATPase modification by var-
ious cryoprotectants and understanding of the role of this
alteration in mechanisms underlying cell stabilization
may represent an important step for directed regulation of
metabolism and improvement of cell cryopreservation
modes.

Our experiments revealed that the effect of glycerol
on human erythrocyte Ca?>"-ATPase depends on struc-
tural organization of the model systems used. In
saponin-permeabilized erythrocytes, glycerol caused
biphasic changes in Ca**-ATPase with maximal stimula-
tion at 10% glycerol in the medium. Removal of cyto-
plasmic components (including soluble endogenous reg-
ulators of PMCA) and use of erythrocyte white ghosts as
the model changed Ca?*-ATPase catalytic behavior in
the presence of glycerol. Comparison of glycerol effects
on Ca’"-ATPase activity in various model systems sug-
gests possible involvement of endogenous regulators in
modification of this enzyme in the presence of the cryo-
protectant.

Use of R24571, an inhibitor of CaM-regulated reac-
tions, revealed that reaching the maximal stimulating
effect of glycerol on Ca**-ATPase may involve CaM. The
presence of 10% glycerol may abolish inhibitory effect of
CaM found in cells subjected to hypothermic storage. A
putative mechanism explaining these processes may con-
sist in appearance of oxidized forms of CaM under
hypothermic conditions characterized by imbalance
between anti- and prooxidant systems [32]. Oxidation of
CaM methionine residues is considered as one of the
posttranslational protein modifications [33], influencing
both CaM affinity to Ca?* and its high affinity binding to
protein targets [34, 35]. In the oxidized states, CaM may
form new contact interactions with CaM-binding
sequence of Ca?"-ATPase and stabilizes it in the inhibito-
ry conformation. Native (intact) CaM cannot displace
oxidized molecules of this protein from Ca?"-ATPase and
activate it [34, 35]. Changes in physicochemical proper-
ties of the solution in response to glycerol administration
into the medium may influence both structural properties
of CaM and the autoinhibitory domain of PMCA. In such
conditions interaction between CaM and its protein tar-
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get may be either more effective or less effective; it also
might represent a precondition for displacement of the
oxidized CaM by native molecules of this regulator fol-
lowed by formation of adequate response of PMCA on
the regulatory signal. Possibility of such changes in pro-
tein—protein interactions in the presence of amphiphilic
compounds may be attributed to induction of thermody-
namically unfavorable states developed in surface zones
of macromolecules during their contact with solvent. The
latter promotes increase in protein—protein interactions,
i.e., leads to decrease in contact area between protein and
solvent [36, 37].

However, inhibitory analysis of the putative role of
CaM in the regulation of human erythrocyte Ca’*-
ATPase in the presence of 10% glycerol revealed that the
latter might exert the stimulatory effect in a CaM-inde-
pendent manner (Fig. 3c). Although this effect was not
detected in experiments with erythrocyte white ghosts, it
is reasonable to suggest that certain structural modifica-
tion may also be considered as one of the reasons under-
lying increase in Ca?*-ATPase activity. Increased concen-
trations of glycerol may influence mobility of membrane
proteins and their aggregate state; this may facilitate con-
formational transitions of the enzyme [38].

In conclusion, we should stress that Ca?*-ATPase
behavior in media with various glycerol contents may play
an important role in adaptation of cells to unfavorable
environmental factors. For example, stimulation of cat-
alytic activity of the Ca>*-pump by cryoprotectant con-
centrations corresponding to the initial stage of cell satu-
ration found in saponin-permeabilized erythrocytes may
promote their stabilization. Under these conditions, such
stimulation may compensate increased rate of Ca>" entry
into cells induced by structural changes of the plasma
membrane in response to osmotic pressure of the glycerol
medium. Inhibition of the catalytic activity by ~20-25%
after reaching equilibration at the stage preceding freez-
ing may lead to increase in cytosolic Ca’*. Nevertheless,
this may positively influence cell stability provided that
this increase would not exceed physiological oscillations.
For example, moderate increase in intracellular Ca®* is
accompanied by the increase of cytoskeleton rigidity and
may result in mechanical resistance of erythrocytes [39].
It is relevant to suggest that glycerol-induced changes in
metabolism together with changes in physicochemical
properties of the medium determining parameters of
solution crystallization promote erythrocyte stabilization
in the process of a freeze—thawing cycle.

Thus, results of our study suggest that the intracellu-
lar cryoprotectant glycerol may influence various proper-
ties of erythrocyte Ca?*-ATPase stored under hypother-
mic conditions (2-4°C) for 2-4 days. These include regu-
latory sensitivity to CaM. This raises the possibility of
metabolic changes of cells by regulation of Ca>* level and
erythrocyte stabilization during cryopreservation under
glycerol protection.
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