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Effect of the level of ATP and of the state of spectrin on osmotic
properties of bovine erythrocytes

Marian Mosior ', Malgorzata Bobrowska 2 and Jan Gomulkiewicz !

! Institute of Physics, Technical University of Wroclaw, Wroclaw and * Department of Biophysics, Medical Academy of Wroctaw,
Wroclaw (Poland)

(Received 25 April 1989)
(Revised manuscript received 14 August 1989)

Key words: Osmotic fragility; Critical cell volume; Spectrin; ATP level; (Bovine erythrocyte)

The effect of the intracellular level of ATP and of the state of spectrin on the critical cell volume of bovine erythrocyte
was studied. The state of spectrin was changed by thermal denaturation, which for the bovine red cell took place at
similar temperature as for the human erythrocyte. The increase of the ATP level and the spectrin denaturation
increased the critical cell volume, while metabolic starvation decreased it. The changes of the ATP level did not
influence the critical volume after the denaturation of spectrin. The results suggest that the ATP-dependent effect on
the critical cell volume was caused by an alteration of the membrane extensibility due to the change of the membrane

skeleton-lipid bilayer interaction(s).

1. Introduction

The osmotic fragility of erythrocytes depends on:
their surface area/isoosmotic volume ratio, the amount
of internal solutes, the osmotically non-active volume
[1,2], the hemolysis-protective potassium efflux [3-5],
and the membrane extensibility [6,7]. From the data on
the membrane extensibility [6,8] and the modulus of
surface compressibility of the erythrocyte membrane [7]
one can evaluate the influence of mechanical properties
of the membrane on osmotic fragility as 4-12%.

For 25 years now alterations of erythrocyte shape
and deformability have been observed upon metabolic
starvation of the cells [9-12]. It is generally accepted
today that these ATP-dependent phenomena result from
the membrane skeleton-lipid bilayer interactions, regu-
lated by the process of phosphorylation [12-15], though
the mechanisms of these interactions remain obscure.
The phosphorylation of phosphatidylinositol [12,16,17],
of spectrin [18-21], and of other membrane skeletal
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proteins [15,22-25] have been postulated as the mecha-
nism of regulation.

The method of metabolic starvation of erythrocytes
was utilized most frequently to study the influence of
the ATP level on the properties of erythrocyte mem-
brane [9-12,22,23]. In the present study the effect of the
activity of glycolysis on the osmotic properties of
erythrocyte was examined by an activation of the Em-
bden-Meyerhof pathway of glycolysis by phosphate at
high concentration {28,29]. The measure of the activity
of glycolysis was the intracellular level of the ATP.
Preliminary experiments indicated an increase of the
critical cell volume and a decrease of osmotic fragility
upon an activation of glycolysis [30]. With a supposition
that the membrane skeleton participates in the regu-
lation of the critical cell volume of erythrocyte we have
attempted to check whether there exists any effect of
the state of spectrin, the main constituent of the mem-
brane skeleton, altered by thermal denaturation at 49°,
on the glycolysis dependent change of the critical cell
volume.

2. Materials and Methods

2.1. Erythrocytes

Fresh, heparinized, bovine blood was centrifuged at
2700 X g for 10 min at 4°C, plasma and buffy coat
were discarded and the red cells were washed thrice
with isotonic (310 mosM) solution A: 138 mM Na(Cl, 5
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mM KCl, 1.5 mM MgCl,, 10 mM Tris-HCl (pH 7.4).
The chemicals were of analytical grade.

2.2. Cells treatment

(i) Denaturation of spectrin. Glas tubes containing the
red blood cells suspension of 25% hematocrit were
heated in a water bath at 49.0 + 0.1°C for 10 min [31].
The temperature equilibrium was reached in less than 2
min. The samples were then cooled down to room
temperature by swirling the tubes in a beaker of water.

(ii) Activation of glycolysis. The cells suspension of 5%
hematocrit was incubated at 37° C for 2 h in solution B:
109 mM NaCl, 5 mM KCl, 1.5 mM MgCl,, 20 mM
Na,HPO,/NaH,PO,, 10 mM glucose (pH 7.4).

(iii) Metabolic starvation. The erythrocytes suspension
of 5% hematocrit was incubated at 37°C for 4 h in
solution C: 114 mM NaCl, 5 mM KCl, 1.5 mM MgCl,,
20 mM Na,HPO,/NaH,PO, (pH 7.4).

(iv) Inhibition of anion exchange. The suspension of
red blood cells of 25% hematocrit was incubated at
37°C for 1 h in solution D: 143 mM NaCl, 5 mM K],
1.5 mM MgCl,, 20 pM DIDS, 5 mM Hepes (pH 7.4)
[32]. DIDS was obtained from Sigma. All samples were
washed twice after incubation with 10 volumes of the
solution A.

2.3. Critical cell volume

The critical cell volume was calculated from van’t
Hoff’s law modified for erythrocytes {2]. The osmoti-
cally non-active volume and the amount of intracellular
solutes were obtained by a mathematically modified
microhematocrit method described in detail in previous
papers [30,33]. The measure of osmotic fragility was the
mean osmolarity of solutes in which hemolysis occurred
[30]. Hemolysis was carried out in hypotonic NaCl or
mixed in the ratio 3:1 NaCl/KCl solutions buffered
with 5 mM phosphate (pH 7.4). The relative isoosmotic
volume of erythrocyte was determined from the com-
pared absorbances of hemoglobin released from control
and from erythrocytes in suspensions with identical
hematocrits [30]. The volume of the solution trapped
between packed cells was estimated by the hemoglobin
method described elsewhere [33].

2.4. Concentration of ATP

The erythrocyte suspension was mixed with equal
volume of trichloroacetic acid (12% w/w), left for 15
min and then centrifuged to clarity. The supernatant
was assayed for ATP by the phosphoglyceric phos-
phokinase/ glyceraldehydephosphate dehydrogenase
method using a standard kit from Sigma.

2.5. Extraction of spectrin

Erythrocyte ghosts were isolated from fresh bovine
red blood cells, according to Dodge et al. [34]. Spectrin
was extracted from erythrocyte ghosts at 37°C for 30

min with 0.1 mM EDTA in 0.3 mM phosphate buffer
(pH 7.2) containing 20 pg/ml of phenylmethylsulfonyl
fluoride. The concentrated extract was chromato-
graphed on Sepharose CL-4B column (55X 1.6 cm)
equilibrated with 5 mM sodium phosphate buffer (pH
7.2) containing 50 mM NaCl, 0.1 mM 2-mercapto-
ethanol and 0.1 mM EDTA. The second peak consisting
of spectrin dimer was collected, pooled and used for the
fluorescence measurements. Purity of spectrin was tested
in (0.1%) SDS (5.6%)-polyacrylamide gel electrophoresis
[35]. Protein concentration was determined according to
Mejbaum-Katzenellenbogen [36].

2.6. Fluorescence measurements

Fluorescence measurements were performed with a
Perkin-Elmer MPF-3L spectrofluorimeter equipped with
a temperature controlling device. The temperature of
the sample was measured with a digital thermometer
with a platinum resistance sensor. The excitation wave-
length was 290 nm and the emission maximum was
found to be 337 nm.

3. Results

3.1. Denaturation of spectrin

The change of the intensity of fluorescence of spec-
trin heated to 65°C at the rate of 2 C°/min was
registered. The intensity of fluorescence decreased with
the temperature, but at about 50° C it rapidly increased,
and then it decreased again. That rapid increase of the
intensity of fluorescence was not observed when the
sample was heated again in the same way, to 65°C. The
fluorescence intensity shift occurred within 8 min, also
when the heating was stopped at 48-49°C. This was
not seen at lower temperatures.

3.2. Intracellular concentration of ATP

The relative concentrations of ATP after different
cell treatments are shown in Table 1.

The incubation at 49°C for 10 min decreased the
ATP level by 13% with respect to the control sample. A
still larger decrease was observed in both metabolically
starved erythrocytes, preincubated at 49°C, as well as
in the non-heated but starved control. The ATP level
after the starvation was lower in the preheated cells.
However, the difference of the intracellular concentra-
tions of ATP in both samples was then smaller than the
initial 13%.

The incubation of red blood cells at 37°C for 2 h in
a solution containing 20 mM phosphate and 10 mM
glucose increased the intracellular concentration of ATP
in the cells preheated at 49°C as well as in those
non-heated. The ATP level after the activation of gly-
colysis was higher in the preheated cells. The mean
values of the ATP level, relative with respect to the
control, overlap due to the spread of values of the ATP



TABLE 1

Effect of cell modifications on intracellular concentration of ATP and
critical cell volume

All values are relative in respect to the control parameters (concentra-
tion of ATP, 310435 uM (n = 6); critical cell volume, 143.5+4.8%
(n =16) of isoosmotic cell volume; mean + S.D.). The numbers shown
are confidence limits at 1— P = 0.95 level. The average values of the
critical cell volume and their changes after the modifications of
erythrocytes, measured in six samples with known ATP levels, did not
differ statistically significantly from that value measured for n =16
samples.
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TABLE III
Comparison of the alterations of critical cell volume and osmotic fragility

The differences between the parameters in all pairs of the control and
the modified cells from the same animal were checked in the paired
t-test, P <0.05, n=16; +, a significant difference; n.s., non-signifi-
cant. Results for osmotic fragility above diagonal, for critical cell
volume-beneath. Mean vlaues of critical cell volume and of osmotic
fragility are shown in Tables I and II. 1, control; 2, upon spectrin
denaturation; 3, upon glycolysis activation; 4, upon spectrin de-
naturation and glycolysis activation; 5, upon metabolic starvation; 6,
upon spectrin denaturation and metabolic starvation.

Modification %
relative relative
ATP critical
level cell volume
Denaturation of spectrin 87+ 8 102.1+0.8
Activation of glycolysis 124413 102.6+1.1
Starvation 60+23 98.9+0.6
Denaturation of spectrin
+ activation of glycolysis 134415 101.9+0.9
Denaturation of spectrin
+ starvation 54+10 102.1+0.9
Starvation + denaturation
of spectrin 51+12 101.7+0.8

concentration, associated with the individual animal
whose blood was studied. However, the differences be-
tween the ATP levels in the control and in the modified
cells from the same animal were statistically significant
at P <0.01 in the paired ¢-test.

3.3 The critical cell volume

The changes of the critical cell volume after spectrin
denaturation, an activation of glycolysis, and a meta-
bolic starvation are shown in Table I as relative values
with respect to the control. The values of all parameters
used for the calculations, are shown in Table II in
relative values to the corresponding parameters for the
control cells. The values of the critical and of the

TABLE II

1 2 3 4 5 6

Osmotic fragility

1 - ns. + + + +
2 + - + + + +
3 + + - + + +
4 + ns. + - n.s +
5 + + + + - +
6 + n.s. + n.s + -

Critical cell volume

osmotically non-active volumes were also multiplied by
the relative isoosmotic volume of the modified cells, to
allow a direct comparison of the data. The incubation
of erythrocytes in a high-phosphate medium with glu-
cose, or heating to 49°C, led to an increase of the
critical volume by about 2-2.5%. A metabolic starvation
of erythrocytes led to a decrease of the critical cell
volume. Neither the activation of glycolysis, nor the
metabolic starvation of red cells preheated to 49°C
caused any further change of the critical cell volume.
The increase of the critical cell volume of erythrocytes
first starved and then heated was similar to that of the
cells first preheated and then starved (Table I). The
differences of both the critical cell volumes and the
osmotic fragilities of the respective samples were small
but usually significant in the paired r-testat 1 — P = 0.95
(Table I1I).

To test whether the experimental procedures alter the
hemolysis-protective potassium efflux [3,4], we mea-

Effect of the state of spectrin and of glycolysis on osmotic properties of bovine erythrocyte

All values are relative in respect to the control parameters (b=44.84+2.1% V; =, =56.1+2.7% (100% = 310 mosM); mean+S.D., n =16). Since
the osmolarities and the cell volumes are in relative units, the amount of intracellular solutes equals 1— b (for the control cells). The numbers

shown are confidence limits at 1 — P = 0.95 level, n =16.

Modification %

isoosmotic amount of osmotically osmotic

volume, internal non-active fragility,

V; solutes, ¢ volume, b T
Denaturation of spectrin 101.7+0.5 103.31+2.5 99.4+29 100.2+0.6
Activation of glycolysis 98.6+0.7 100.8 +3.0 96.4+4.2 95.6+1.6
Metabolic starvation 97.9+0.5 90.3+0.7 107.0+1.8 948+1.5
Denaturation of spectrin + activation of glycolysis 98.7+0.7 96.2+1.2 102.0+1.6 946+1.8
Denaturation of spectrin + metabolic starvation 98.24+0.5 949+1.5 101.8+2.7 93.6+1.4
Metabolic starvation + denaturation of spectrin 100.6+0.6 959+1.7 107.8+2.1 97.5+15
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Fig. 1. Effect of cation composition of hypotonic solutions on osmotic

fragility of bovine erythrocytes. Data for control sample (circles) and

for sample with denatured spectrin and activated glycolysis (squares).

Filled symbols, 100% Na™; open symbols, Na*/K™* in the ratio of

3:1 in hypotonic solutions (in the intracellular solution of bovine

erythrocytes potassium ions constitute no more than 25% of all
cations [37]).

sured the osmotic fragilities of all samples in hypotonic
NacCl and NaCl /Kl solutions [5]. The hemolysis curves
did not depend on the cationic composition of hypo-
tonic solutions. Since the shifts of the hemolysis curves,
due to cell modifications, were similar, only one is
shown as an example (Fig. 1).

The volumes of trapped extrcellular solution, which
could influence the calculations of the osmotic parame-
ters of erythrocyte, did not change significantly in all
samples after the modifications, being within 2.2-2.8%
of the isoosmotic cell volume.

100
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0 50 — =0
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Fig. 2. Effect of the inhibition of anion exchange on the osmotic
fragility shift caused by incubation at high phospahte concentration.
The anion exchange was inhibited irreversibly by incubation of the
cells at 37°C for 1 h in solution containing 20 uM DIDS. Circles,
erythrocytes with normal anion exchange; squares, erythrocytes with
inhibited anion exchange. Filled symbols, incubation in solution
buffered by 10 mM Hepes-NaOH; open symbols, incubation in
solutions buffered by 20 mM phosphate.

The isoosmotic cell volume of erythrocytes has
changed during incubation (Table II). The isoosmotic
volume and the osmotic fragility of erythrocytes with
anion exchange inhibited by DIDS were not changed
upon incubation at 37°C in a solution buffered with 20
mM phosphate in contrast to the DIDS non-treated red
blood cells (Fig. 2).

4. Discussion

4.1. Denaturation of spectrin

Incubation of human erythrocytes at temperatures
above 48°C leads to a massive, irreversible thermal
unfolding of spectrin {38,39] followed by an increase of
the elastic shear modulus of the membrane [31,40], and
of the membrane viscosity [40]. The rapid increase of
the intensity of fluorescence, typical for protein de-
naturation [41], observed in this study for spectrin ex-
tracted from the bovine erythrocyte membrane, indi-
cates that the denaturation of this protein occurs in a
similar range of temperatures as for the spectrin from
the human red cell. Bovine red blood cell heated under
these conditions changed its shape from discocyte to
stomatocyte but without any visible fragmentation or
vesiculation of its membrane (as observed under the
phase-contrast microscope), similar to the human
erythrocyte [31].

4.2. Activation of glycolysis and metabolic starvation

The activation of glycolysis with phosphate ions in-
creased the intracellular concentration of ATP, while
the metabolic starvation decreased it. The increase of
the ATP level after an activation of glycolysis in the
cells preheated at 49° C indicates that the heating did
not lead to denaturation of glycolytic enzymes of bovine
red blood cells. It agrees with the observation that the
heating at 50 °C for 15 min did not change the activity
of the studied glycolytic enzymes of bovine red blood
cells [42]. The larger increase of the ATP level after an
activation of glycolysis, and its smaller decrease after
the metabolic starvation in the cells preheated at 49°C
point out that the utilization of the ATP is slower in
these cells. The decrease of ATP utilization may be
caused by the absence of phosphorylation of spectrin
after its denaturation.

4.3. Critical cell volume

The calculation of the critical cell volume from the
van’t Hoff’s law modified for erythrocytes [2], whose
validity was proven up to a spherical shape of erythro-
cyte [5], required the measurements of the osmotically
non-active volume, of the amount of intracellular so-
lutes and of the osmotic fragility. The first two parame-
ters were measured by the mathematically modified
microhematocrit method [30,33]. Since their values are
average for about 10° cells measured the measure of the



osmotic fragility was also computed as the mean rela-
tive osmolarity of the solutions in which the hemolysis
took place [30]. The accuracy of the isoosmotic cell
volume and of the osmotic fragility was 0.7%, while that
of the measurement of the amount of internal solutes,
and of the osmotically non-active volume, was 1%.
However, an overestimation of the isoosmotic cell
volume leads to the overestimation of the osmotic fragil-
ity, while an overestimation of the amount of internal
solutes is, on the contrary, correlated with the under-
estimation of the osmotically non-active volume. There-
fore, the standard error of the critical cell volume
calculated from these parameters equals only 0.6%, since
the erros caused by the parameters reduce each other. A
computer simulation yielded the same estimation of the
accuracies.

The hemolysis protective potassium efflux, observed
in human erythrocytes [3-5], seems to be, in the light of
our results (Fig. 1), nonexistent or unmeasurably low in
normal and experimentally modified bovine red blood
cells. The observed, statistically non-significant, changes
ofo the volume of the trapped solution between packed
cells could result in a 0.25% change of the critical cell
volume at most [33].

The isoosmotic volume of the cells incubated in
high-phosphate media decreased (Table II). A lack of
such change for the cells with the anion exchange
inhibited by DIDS suggests that the decrease of the
isoosmotic cell volume due to the incubation in high
phosphate media may be caused by an exchange of
divalent phosphate for monovalent chloride ions, fol-
lowed by water efflux. The increase of the isoosmotic
volume of the cells heated at 49°C was probably a
result of a higher permeability of the erythrocyte mem-
brane for sodium than for potassium ions. An elevated
influx of ions at the raised temperature, followed by
water influx, may cause the increase in both the amount
of internal solutes and the isoosmotic volume (Table II).

The osmotically non-active volume of erythrocyts
depends on the intracellular pH [1]. The opposite effects
of an activation of glycolysis and of metabolic starva-
tion on that volume may, therefore, be a consequence of
the different pH of the intracellular solution at different
metabolic states of the cell. A lack of such dependence
for the preheated cells might be caused by an influence
of heating on the osmotic properties of hemoglobin.

4.4. Mechanism of the change of the critical cell volume
The consideration of the influence of the amount of
intracellular solutes, and of both the osmotically non-
active and the isoosmotic volumes, on the calculated
critical cell volume allows us to conclude that the ob-
served changes of this last parameter in the experimen-
tally modified cells was a membrane-linked phenome-
non. The reported changes of the critical cell volume of
1-3%, small in comparison with the critical volume
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itself, seem now to be large when compared with the
increase of the cell volume due to the elastic extensibil-
ity of the membrane which is 4-9% of the spherical
volume of erythrocyte [6-8].

A weaker interaction of the denatured spectrin with
the lipid protein matrix [43] may lead, according to the
Evans-Skalak model of the erythrocyte membrane [7],
to its larger extensibility and, therefore, to a larger
critical cell volume, too. The effect of spectrin denatura-
tion on the critical cell volume did not depend on the
metabolic state of the erythrocyte (Table I).

It is interesting, whether and how the changes of the
intracellular ATP concentration may influence the
membrane extensibility. The lack of any further effects
of the ATP level on the critical cell volume of the
erythrocyte with denatured spectrin suggests that the
interaction(s) between the membrane skeleton and the
lipid-protein matrix may also be involved in this case.
Phosphorylation of some proteins of membrane skele-
ton may provide a mechanism for the creation of a
relaxed, flexible structure of the membrane skeleton
[15,23-25] interacting more weakly with the lipid-pro-
tein matrix.

The effect of the intracellular concentraiton of ATP
on the lipid mobility of bovine erythrocyte membrane
has been observed [44]. However, it seems necessary to
find out whether the lipid mobility may affect directly
the membrane extensibility.
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