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Abstract

Skeletal proteins of the red blood cell apparently play an im-
portant role in regulating membrane material properties of de-
formability and stability. However, the role of various intra-
cellular constituents in regulating membrane properties has
not been clearly defined. To determine whether Ca?* and cal-
modulin might play a role in this regulation, we measured the
membrane stability and deformability of resealed ghosts pre-
pared in the presence of varying concentrations of Ca?* and
calmodulin (CaM). For membranes resealed in the presence of
Ca?* and physiologic concentrations of CaM (2-8 xM), mem-
brane stability decreased with increasing Ca?* concentrations
(> 1.0 uM). Moreover, Ca>* and CaM-induced alterations in
membrane stability were completely reversible. In the absence
of CaM, an equivalent decrease in membrane stability was seen
only when Ca?* concentration was two orders of magnitude
higher (> 100 1M). Calmodulin did not alter membrane stabil-
ity in the absence of Ca’*. Compared with these changes in
membrane stability, membrane deformability decreased only
at Ca?* concentrations > 100 uM, and calmodulin had no ef-
fect on Ca**-induced decrease in membrane deformability. Ex-
amination of the effects of Ca?>* and CaM on various membrane
interactions have enabled us to suggest that spectrin-protein
4.1-actin interaction may be one of the targets for the effect of
Ca?* and CaM. These results imply that Ca’* and calmodulin
can regulate membrane stability through modulation of skele-
tal protein interactions, and that these protein interactions are
of a dynamic nature on intact membranes.

Introduction

Calmodulin (CaM)! is a highly conserved calcium-binding
protein that is present in a wide variety of eukaryotic cells
(1-3). CaM has previously been shown to mediate a number of
Ca?*-dependent enzyme and cellular functions in a wide vari-
ety of cell types (1-3). The human erythrocyte contains mi-
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cromolar concentrations of CaM (4, 5). One important identi-
fied function of this protein in red cells is the regulation of the
activity of membrane-bound Ca?*-ATPase (6, 7). CaM and
Ca?*-ATPase working in concert are able to maintain ex-
tremely low levels of free Ca?* (< 1 pM) in the red cell cytosol
against a massive calcium concentration gradient across the
membrane (plasma Ca®* concentrations: 2-3 mM) (8, 9).
However, it should be pointed out that only a small fraction
(< 5%) of CaM present in the cell is necessary for complete
activation of Ca?*-ATPase (10), and the function of the re-
maining CaM is not known. At present, it is not clear if Ca?*
and CaM can alter membrane material properties through
their interaction with skeletal proteins.

Evidence suggesting a role for Ca?* in regulating skeletal
protein interaction was provided by earlier studies of Fowler
and Taylor (11) and Cohen et al. (12). These investigators
showed that low shear viscosity of mixtures of spectrin, actin,
and protein 4.1 are dependent on the Ca?* concentration. The
low shear viscosity of spectrin, actin, and protein 4.1 mixtures
increased as the Ca?* concentration was increased from 0.01 to
0.5 uM. Surprisingly, the viscosity decreased with further in-
creases in Ca?* concentration. A possible role for CaM in regu-
lating skeletal protein interactions was also suggested by stud-
ies that showed that this protein can bind to the erythrocyte
membrane (13, 14) as well as to various skeletal proteins
(spectrin monomer [5, 15, 16], af spectrin dimer [14, 17], and
protein 4.1 [18]). Gardner and Bennett (19) also recently puri-
fied a CaM-binding protein from the erythrocyte membrane,
and suggested that this protein is associated with the mem-
brane skeleton. Together, these observations suggest that Ca?*
and CaM have the potential to modulate skeletal protein in-
teractions.

In this study, we have attempted to determine if Ca?* and
CaM could modulate material properties of intact erythrocyte
membranes through their interaction with the skeletal protein
network. Using an ektacytometer, we measured membrane
stability and deformability of white ghosts prepared in the
presence of physiologic concentrations of CaM and various
concentrations of Ca2*. Our data show that Ca?* in the con-
centration range of 1.0 to 100 uM can markedly decrease
membrane stability only in the presence of CaM, but not in its
absence. Examination of the effects of Ca?>* and CaM on var-
ious membrane protein interactions that have previously been
shown to be important in regulating membrane stability has
enabled us to suggest that the observed changes in membrane
stability may be partly related to the effects of Ca>* and CaM
on spectrin-protein 4.1-actin interaction.

These data identify an important new functional role for
Ca?* and CaM, that of regulating erythrocyte membrane me-
chanical stability through modulation of skeletal protein in-
teractions.



Methods

Materials. Calmodulin purified from bovine brain (20) was obtained
from Sigma Chemical Co. (St. Louis, MO). Calmidazolium was pur-
chased from Boehringer Mannheim Diagnostics, Inc. (Indianapolis,
IN). Protein 4.1 and spectrin dimer were purified according to the
method of Tyler et al. (21), with some minor modifications. These
purified proteins were also labeled with '#’I using Bolton-Hunter re-
agent (2,000 Ci/mmol) (22), purchased from New England Nuclear
(Boston, MA), for use in some experiments. CaM-agarose was pur-
chased from Bio-Rad Laboratories (Richmond, CA). Purified rabbit
muscle G actin was provided by Dr. R. Takashi of the University of
California, San Francisco.

Preparation of ghosts. Ghosts were prepared by lysing washed red
blood cells with hypotonic buffer (5 mM Tris, 7 mM KCl, and 0.5 mM
EGTA, pH 7.4). White ghosts were obtained by multiple washing of
the ghosts with the same buffer. Repeated washing with the buffer
containing EGTA enabled almost complete removal of native cyto-
plasmic and membrane-bound erythrocyte CaM (13). The membranes
were subsequently resealed in the isotonic buffer (20 mM Tris, 130
mM KCl, 10 mM Na(l, and 0.5 mM EGTA, pH 7.4) with various
concentrations of CaCl, and CaM. In this mixture, Ca?* concentration
was regulated by the use of Ca>*-EGTA buffer (23). The mixture was
incubated at 37°C for 30 min to allow ghosts to reseal. To evaluate the
effect of CaM antagonists, various concentrations of these reagents
were included in the resealing buffer.

Measurement of membrane stability and deformability. The re-
sealed ghosts were suspended in dextran (40,000 mol wt, 35% wt/vol)
and examined by the ektacytometer, a laser diffraction method, as
previously described (24, 25). Briefly, suspended ghosts were subjected
to a constant shear stress of 750 dyn/cm? and the change in their laser
diffraction pattern was measured by recording a signal designated as
the deformability index (DI) as a function of time. The DI provides a
measure of the ellipticity of the deforming ghosts in the flow field.
When the shear stress is applied, ghosts are deformed into ellipsoids
and produce a narrow elliptical pattern that generates a high value of
DI. With time, as the ghosts are unable to withstand the large value of
applied shear stress, they begin to fragment. The resultant loss of
membrane surface produces decreasing DI values. The rate at which
the DI decreases is a measure of the rate of membrane fragmentation,
and hence provides us with a quantitative measure of membrane sta-
bility. The time required for the DI to reach half the maximum value
initially attained is designated ¢,,,. To evaluate relative changes in
membrane stability, we compared ¢,,, values for the various membrane
preparations.

The property of membrane deformability that determines the ex-
tent of membrane deformation that can be induced by a defined level
of applied force was also measured by the ektacytometer. For resealed
membranes, the shear stress required to obtain a defined value of DI is
determined by the property of membrane deformability, without con-
tributions from either internal viscosity or cell volume (26). There is a
correlation between changes in deformability measured by this tech-
nique and those measured using the micropipette (27, 28). To measure
this property, resealed ghosts were suspended in Stractan (22 centipoise
viscosity, 290 mosM). The ghosts were then subjected to a linearly
increasing shear stress in the ektacytometer. The DI was measured as a
function of applied shear stress. When the Dl is plotted on a linear scale
and the shear stress is plotted on a logarithmic scale, a linear relation-
ship is seen between these two variables for normal membranes. For
membranes with decreased membrane deformability, the linear rela-
tionship still exists; however, there is a parallel displacement of the
lines to higher values of shear stress. By determining the magnitude of
increase in shear stress required to obtain equivalent DI along these
lines, a value for relative membrane deformability is derived (29).

Red cell membrane protein analysis. To assess the effect of Ca?*
and CaM on spectrin self-association, nondenaturing PAGE (30) was
performed on spectrin extracted from variously treated membranes.
Spectrin from membranes prepared in the presence of either 100 uM

Ca?* alone, 2 uM CaM alone, or both 100 uM Ca?* and 2 uM CaM was
extracted by dialysis against hypotonic buffer (0.3 mM Na phosphate,
0.1 mM EDTA, and 0.1 mM PMSF, pH 8.0) at 4°C for 17 h. The
percentage of spectrin dimer (expressed as dimer/dimer plus tetramer)
was determined by densitometric analysis of the nondenaturing gels.

For analysis of the association of glycophorin 8 (glycophorin C)
with the membrane skeleton, the sialoglycoprotein content of Triton
shells was determined. Membranes that had been prepared in the pres-
ence of either 100 uM Ca®* alone, 2 M CaM alone, or both 100 uM
Ca?* and 2 uM.CaM were treated with' 1% Triton X-100 in 5 mM Na
phosphate and I ' mM DTT, pH 7.4. The resultant Triton shells were
analyzed by SDS-PAGE and Western blot analysis (31) using an MAb
(NBTS/BRIC-10Q) that recognizes an epltope on the NH,-terminus of
B-sialoglycoprotein (32).

Binding studies. Protein 4.1-stimulated spectrin to F actin binding
was measured by cosedimentation assay (33). G actin was polymerized
at 3.5 mg/ml by incubation in 0.2 mM ATP, 0.5 mM DTT, 50 mM
NaCl, 2 mM MgCl,, and 2 mM Tris (pH 8.0). 192 ug of F actin was
mixed with 10 ug of '>*I-spectrin and 42 ug of protein 4.1 in 130 mM
KCl, 20 mM Na(l, 2 mM MgCl,, 0.5 mM DTT, and 20 mM Tris (pH
7.4) in the presence of varying concentrations of Ca?* and calmodulin.
The protein mixture was incubated at room temperature for 1 h. A
120-ul aliquot of the mixture was then layered over 200 ul of 5%
sucrose in' incubation buffer, the spectrin-actin complex was sedi-
mented by centrifugation at 30,000 g for 3 h at 4°C, and the amount of
125]_spectrin in the pellet was quantitated.

Results

The effect of added Ca** and CaM on the membrane stability
of ghosts from which endogenous CaM has been removed is
shown in Fig. 1. When resealed membranes were subjected to
an applied shear stress of 750 dyn/cm?, membrane fragmenta-
tion occurred over a period of time. The extent of membrane
fragmentation, which is a measure of mechanical stability, was
quantitated by the rate of decrease in DI. To compare changes
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Figure 1. Ca?*-CaM-induced change in erythrocyte membrane stabil-
ity. Resealed ghosts were prepared in the presence or absence of Ca®*
(0 or 100 uM) and various concentrations of CaM (0, 2, 4, and 8
#M) and exposed to 750 dyn/cm? in the ektacytometer. In one ex-
periment, 4 M CaM was added to membrane first resealed in the
presence of 100 uM Ca?* (designated by 4 uM CaM [out]). This ma-
neuver allowed the CaM to have access to the outer surface of the
membrane, and not to the cytoplasmic side, as in all other experi-
ments. The decline of the DI was measured as a function of time to
quantitate membrane mechanical stability.

Ca’*-Calmodulin and Red Cell Membrane Properties 395



in membrane stability, the time required for the DI to decrease
to half the maximum value (¢,,,) was determined. A decrease
in membrane stability was reflected by a decrease in the mea-
sured value of ¢,,. For white ghosts resealed in the absence of
both Ca?* and CaM, the ¢,,, was 145 s. The incorporation of 8
M CaM into these membranes did not alter their membrane
stability, whereas incorporation of 100 uM Ca?* resulted in a
small decrease in mechanical stability (¢, = 116 s). However,
when the membranes were resealed in the presénce of both 2
M CaM and 100 uM Ca?*, the decrease in membrane stabil-
ity was more pronounced (¢, = 83 s), and increasing the
concentration of CaM to 8 uM, whereas maintaining the Ca®*
concentration at 100 uM resulted in even greater decrease in
membrane stability (¢,,, = 46 s). These data imply that CaM by
itself does not affect membrane stability, but that in conjunc-
tion with Ca?*, it can markedly decrease membrane stability.

To establish that CaM must have access to the cytoplasmic
side of membrane to affect membrane stability, we added CaM
to membranes that had been previously resealed in the pres-
ence of 100 uM Ca?*. As shown in Fig. 1, the addition of CaM
to the outside of ghosts after resealing with 100 uM Ca?* did
not decrease their membrane stability, implying that the effect
of CaM on membrane stability is due to its effect on the cyto-
plasmic side of the membrane.

To determine if the decreases in membrane stability in-
duced by the combined effect of Ca** and CaM can be re-
versed, the following series of experimental manipulations
were performed; the data from these experiments is shown in
Fig. 2. Ghosts, first resealed in the presence of either EGTA,
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Figure 2. Reversibility of Ca?*-CaM-induced decrease in erythrocyte
membrane stability. Resealed ghosts prepared in the presence of 100
uM Ca?* and 4 uM CaM were relysed and then resealed for the sec-
ond time in the presence and absence of 100 uM Ca?* and 4 uM
CaM (designated [Ca®* + CaM]:[Ca®*" + CaM] and [Ca?* +
CaM]:[EGTA], respectively). One control consisted of ghosts first re-
sealed with EGTA and relysed and then resealed in the presence of
100 uM Ca?* and 4 uM CaM ([EGTA]:[Ca®* + CaM]). The second
control consisted of ghosts first resealed in the presence of 100 uM
Ca?* and no CaM and relysed and then resealed with EGTA in the
absence of Ca?* and CaM ([Ca**):[EGTAY]). The decline of DI for the
resealed ghosts at the second stage was measured as a function of
time to quantitate membrane stability.

396 Y. Takakuwa and N. Mohandas

Ca?*, or both Ca?* and CaM were relysed in 100 vol of lysing
buffer containing EGTA and at the second step were resealed
in the presence or absence of Ca?* and CaM. As can be seen in
Fig. 2, only membranes that contained Ca** and CaM during
the second step of resealing showed decreased membrane sta-
bility. Membranes resealed with Ca?* and CaM during the first
step, but when subsequently resealed with EGTA had the same
stability as membranes that were not exposed to CaM during
both steps of resealing. These data imply that the effect of Ca?*
and CaM on membrane stability is indeed reversible and that
this decrease in stability is not due to proteolysis of skeletal
proteins by some Ca?*-dependent proteases, a process that
would lead to irreversible changes in membrane stability.

To further document an important role for CaM in these
observed changes in membrane stability, we quantitated Ca?*-
CaM-induced alterations in membrane stability in the pres-
ence of calmidazolium (previously referred to as R24571), a
potent CaM antagonist (34, 35). As shown in' Fig. 3, this CaM
antagonist was able to completely inhibit Ca?>*-CaM-induced
change in membrane stability. Complete inhibition was seen
at a calmidazolium concentration of 5 uM when the mem-
branes were resealed in the presence of 2 uM CaM and 100 uM
Ca?*. Increasing the CaM concentration to 4 uM required
higher calmidazolium concentration to inhibit the observed
change in membrane stability, suggesting a competitive inhibi-
tion process. Calmidazolium alone up to concentrations of 5
uM did not alter stability of membranes resealed in the ab-
sence of Ca?* and CaM or in the presence of 100 uM Ca®*
alone (data not shown). This complete inhibition of Ca?*-
CaM-induced change in membrane stability by a CaM antago-
nist further supports the contention that alteration in mem-
brane stability is the result of the interaction of both Ca** and
CaM with the membrane. Another CaM antagonist, trifluo-
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Figure 3. Inhibition of Ca**-CaM-induced change in membrane sta-
bility by CaM inhibitor, calmidazolium. Resealed ghosts were pre-
pared in the presence of 100 uM Ca®* and 2 and 4 uM CaM, to-
gether with various concentrations of calmidazolium. Membrane sta-
bility of the various preparations was measured and ¢,/, was derived.
The difference in the measured values of ¢,,, for membranes resealed
with Ca?* alone and Ca?* and CaM was defined as 100% induced
change in membrane stability and was used to normalize the data
obtained after addition of calmidazolium. Noté that calmidazolium
by itself did not affect stability of the ghosts prepared in the presence
of 100 uM Ca?* and no CaM. ‘ ’



perazine, also inhibited the Ca?*-CaM-induced change in
membrane stability (data not shown). However, this effect
could not be unequivocally evaluated because this drug, by
itself, marginally decreased membrane stability in the absence
of Ca?*, probably through its intercalation into the lipid bi-
layer.

Ca?* concentration dependence of this Ca?*-CaM-induced
decrease in membrane stability is illustrated in Fig. 4. In the
presence of 2 uM CaM, Ca®* concentration-dependent de-
crease in membrane stability was seen for Ca* concentration
> 1.0 uM. The Ca?*-induced decrease in membrane stability
was more pronounced when CaM concentration was increased
to 8 uM. In the absence of CaM, a decrease in membrane
stability was not seen until Ca®* concentration exceeded 100
uM, and an equivalent décrease in membrane stability was
seen only when Ca®** concentration was two orders of magni-
tude higher (> 100 uM). It should be emphasized that, in the
presence of physiologic concentrations of CaM, membrane
stability could be modulated by Ca®* in the concentration
range of 1.0 to 10 uM. This suggests that the observed change
may play a role in altering membrane stability of abnormal red
cells in which Ca?* homeostasis is deranged.

The CaM concentration dependence of the Ca**-CaM-in-
duced decrease in membrane stability is shown in Fig. 5. At
fixed Ca®* concentrations of 100 and 500 uM, a CaM concen-
tration-dependent decrease in membrane stability was seen.
The maximal effect was seen at a CaM concentration of 8 uM.
In the absence of Ca®*, CaM up to a concentration of 16 uM
induced only minimal changes in membrane stability.

Having shown that Ca?* and CaM can induce alterations
in membrane stability, we then examined if another distinct
membrane property, that of membrane deformability, is also
altered by the interaction of Ca’>* and CaM with the mem-
brane. The relative membrane deformability of resealed ghosts
prepared with increasing concentrations of Ca?* in the pres-
ence and absence of 2 uM CaM was measured, and the data
are shown in Fig. 6. A decrease in relative membrane deform-
ability implies that an increased value of applied shear stress
was needed to reach the same extent of membrane deforma-
tion. For example, a relative membrane deformability of 0.5
implies that a twofold higher shear stress was needed to obtain
the same DI. As can be seen in Fig. 6, membrane deformability
was unchanged up to Ca?* concentrations of 100 uM. At
higher Ca®** concentrations, the membrane becime progres-
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u#M of CaM and various
concentrations of Ca?*.
Membrane stability of
the ghosts was mea-
sured and ¢,,, was plot-
ted against Ca** con-
centrations used. In these plots, the membrane stability was normal-
ized using #,/, obtained for control ghosts prepared in the absence of
Ca?*. 1, value for control ghosts (no Ca?*) was taken to be 100%.
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sively less deformable. Most importantly, compared with the
effect on membrane stability, the presence of CaM had no
effect on Ca?*-induced changes in membrane deformability.
To obtain insights into the molecular mechanism(s) re-
sponsible for Ca2*-CaM-induced decrease in membrane stabil-
ity, we adopted the following approach. Based on our current
understanding of red cell membrane protein organization, at
least three different protein interactions (illustrated in Fig. 7)
have been shown to play a key role in regulating membrane
mechanical stability. These include spectrin dimer-dimer in-
teraction, spectrin-protein 4.1-actin interaction, and glyco-
phorin g-protein 4.1 interaction. As defects involving each of
these interactions result in decreased stability (36-41), we ex-
amined the effect of Ca** and CaM on these interactions.
Spectrin dimer-dimer interaction was evaluated by determin-
ing the spectrin dimer content of low ionic strength extracts of
spectrin at 4°C from variously prepared miembranes. Spectrin
dimer content of untreated membrane was 11%, whereas those
treated with 100 uM Ca?* alone, 2 uM CaM alone, and both
100 uM Ca?* and 2 uM CaM were 11, 12, and 12%, respec-
tively. These data suggest that Ca?* and CaM do not influence
spectrin dimer-dimer interaction. Since interaction between
glycophorin g (glycophorin C) and membrane skeleton is ap-
parently important for normal membrane stability, we next
evaluated whether Ca** and CaM dissociated this important
interaction. Glycophorin 8 association with the membrane
skeleton was examined by the extractability of this glycopro-
tein from untreated and Ca?* and CaM-treated membranes
after treatment with Triton X-100. Western blot analysis using
an MAD against glycophorin § showed that, after treatment
with both Ca?* and CaM, this sialoglycoprotein continued to
be dssociated with the membrane skeleton and was not re-

Figure 6. Effect of Ca** on
membrane deformability in
the presence and absence
of CaM. Resealed ghosts
were prepared in the pres-
ence (@) or absence (0) of 2
uM CaM and various con-
centrations of Ca?*. A de-
crease in relative mem-
brane deformability implies
that an increased value of
applied shear stress is
needed to reach the same
extent of membrane defor-
pCa mation.

Relative Membrane Deformability
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Figure 7. A schematic diagram of the erythrocyte membrane organi-
zation based on our current understanding of various protein associ-
ations. The three key protein interactions identified to date that are
considered to be important in regulating erythrocyte membrane sta-
bility are shown in an enclosed rectangle. These include spectrin
dimer-dimer interaction, glycophorin S-protein 4.1 interaction, and
spectrin-protein 4.1-actin interaction. Adducin, a recently identified
membrane skeleton-associated calmodulin-binding protein, pro-
motes binding of spectrin to actin filaments.

leased into the supernatant fraction (data not shown). This
finding suggests that Ca?* and CaM do not perturb the physi-
cal association between glycophorin 8 and the membrane skel-
eton, since such a perturbation would have resulted in the
release of this glycoprotein from the membrane during Triton
extraction.

A series of experiments was performed to examine the ef-
fect of Ca?* and CaM on spectrin-actin-protein 4.1 interaction.
The effect of exogenously added purified protein 4.1 and
spectrin dimer on Ca?*-CaM-induced decrease in membrane
stability was examined. In the absence of added protein 4.1,
Ca?* and CaM decreased membrane stability by 68% (relative
membrane stability = 0.32). With increasing concentration of
added protein 4.1 (0.25-2 uM), the Ca?*-CaM-induced de-
crease in membrane stability was ameliorated. At a concentra-
tion of 2 uM added protein 4.1, the stability of the Ca?*-CaM-
treated membrane was decreased by only 23% (relative mem-
brane stability = 0.77). We were unable to determine if
complete restoration could be achieved, as it was technically
difficult to obtain preparations with protein 4.1 concentrations
> 2 uM. In the absence of either Ca?* or CaM, added protein
4.1 had minimal effect on membrane stability. Importantly,
compared with protein 4.1, spectrin dimer up to a concentra-
tion of 2 uM had no ameliorating effect on the Ca**-CaM-in-
duced decrease in membrane stability.

Whereas these data suggest a possible role for protein 4.1 in
accounting for Ca?*-CaM-induced alterations in mechanical
stability, it does not imply that alterations in spectrin-actin-
protein 4.1 interaction may be responsible for observed mem-
brane changes. To address this issue directly, the effect of Ca?*
and CaM on protein 4.1-stimulated binding of spectrin to
actin was examined, and the data is shown in Fig. 8. Increasing
concentrations of CaM in the presence of 100 uM Ca®* re-
duced the amount of spectrin cosedimenting with F actin. 100
uM Ca?* alone mildly suppressed the protein 4.1-stimulated
binding of spectrin to actin; however, in the presence of CaM,
a more marked decrease in spectrin binding was noted. In the
presence of 1 mM EGTA and varying concentrations of CaM,
the amount of spectrin cosedimenting with F actin was only
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Figure 8. Inhibition of 1%°I-
spectrin binding to F-actin
60 by calcium and calmodu-
lin. (Top) '*I-spectrin, F-
40 actin, and protein 4.1 were
incubated with vatious

20- concentrations of CaM in
the presence of 100 uM
— —— CaCl, (e) or | mM EGTA
20 (o) for 60 min at room
temperature. The samples
were then sedimented and
the amount of '*I-spectrin
in the pellet was quanti-
tated. The amount of spec-
trin pelleted in the presence
of 1 mM EGTA with no
added CaM was used to
normalize the data. (Bot-
tom) Calcium-dependent,
CaM inhibition of spectrin
binding to F-actin.
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marginally reduced. The extent of Ca?*-specific inhibition of
protein 4.1-stimulated binding of spectrin to actin in the pres-
ence of CaM is also shown in Fig. 8. It can be seen that at 10
uM CaM and 100 uM Ca?*, spectrin binding to F actin is
inhibited by ~ 20%. These data suggest that CaM in concert
with Ca?* can alter the protein 4.1-modulated interaction of
spectrin with actin.

Discussion

These studies show that Ca®* in the concentration range of 1.0
to 100 uM, in conjunction with physiologic concentrations of
CaM, can modulate the mechanical stability of the erythrocyte
membrane. As this material property of the membrane is regu-
lated by skeletal protein interactions (28, 29), this finding im-
plies that the observed change in membrane stability is likely
to be a consequence of Ca?* and CaM regulating the dynamics
of the skeletal protein interactions. Furthermore, the observa-
tion that Ca®* by itself in this concentration range (1.0-100
M) did not alter membrane stability implies that CaM is an
important cofactor in modulating this membrane function.
Further support for a key role for CaM can be inferred from
the finding that CaM inhibitors can block the Ca?**-CaM-in-
duced decrease in membrane stability. Note, however, that
concentrations of calcium required to induce changes in
membrane stability (half-maximal activity at 10-20 uM Ca?*)
are higher than that required for other Ca**-CaM-dependent
processes (1-5 uM).

The properties of membrane deformability and stability
are principally regulated by membrane protein interactions
(42, 43). Our finding that Ca?* and CaM can reversibly alter
membrane stability suggests that some of these protein associa-
tions may be modulated by the interaction of Ca?>* and CaM
with these protein components. Previous studies using bio-
chemically perturbed normal erythrocytes (29, 44) and various
pathologic red cells with defined skeletal protein and sialogly-
coprotein abnormalities (40, 41) have allowed the identifica-
tion of at least three major protein associations involved in
regulating membrane stability, and these have been schemati-
cally identifed in Fig. 7. Defective spectrin dimer-dimer associ-



ation as a result of sulfhydryl blockage of spectrin in normal
erythrocytes and a number of different molecular defects in
the al domain of spectrin in hereditary elliptocytosis (36, 38,
39) lead to a marked decrease in membrane stability (29, 44).
Glycophorin 8 (glycophorin C) deficiency also leads to de-
creased membrane stability, and this finding has been inter-
preted to suggest a role for glycophorin g interaction with
membrane skeleton in regulating membrane stability (40). Fi-
nally, defective spectrin-protein 4.1-actin association, either
due to a quantitative deficiency of protein 4.1, due to a quan-
titative defect in 8 spectrin, or due to perturbation of the in-
teraction by polyphosphates has been shown to result in de-
creased membrane stability (29, 45, 46). Our finding that Ca®*
and CaM had no effect on either spectrin dimer-dimer associa-
tion or glycophorin 8 association with membrane skeleton
suggests that the effects we have observed are not due to Ca?*-
CaM-induced perturbation of these two protein interactions.

The finding that exogenously added protein 4.1 can inhibit
Ca?*- and CaM-induced decrease in membrane stability and
our observation that CaM in concert with Ca?* decreases pro-
tein 4.1-stimulated binding of spectrin to actin suggests that
the observed alterations in membrane stability may in part be
mediated by reversible perturbations of spectrin-actin-protein
4.1 interaction by Ca?>* and CaM. Some recent studies on the
effects of Ca?* and CaM on red cell skeletal protein interac-
tions are also relevant to this hypothesis (33, 47, 48). Anderson
and Morrow (33) have shown that CaM inhibits protein 4.1-
stimulated spectrin-actin interaction in a Ca?>*-dependent fash-
ion, findings similar to those we have described. Gardner and
Bennett (47) have shown that micromolar concentrations of
Ca?* and CaM inhibit the ability of adducin (a newly identified
red cell membrane skeleton-associated calmodulin-binding
protein) to promote interaction of spectrin and actin. Mische
et al. have shown that binding of adducin to actin and its
ability to stimulate spectrin-actin binding is down-regulated by
calmodulin in a calcium-dependent fashion. Together, these
findings suggest that Ca?*- and CaM-induced decrease in
membrane mechanical stability is most likely the result of per-
turbation of spectrin-actin interaction (Fig. 7), and that this
process may be mediated by both protein 4.1 and adducin.
From the data presently available, it is not possible to quantita-
tively establish the relative contributions of protein 4.1 and
adducin to Ca**-CaM-induced decrease in membrane sta-
bility.

Our finding that Ca®* in the concentration range of 1.0 to
100 uM can induce marked decrease in membrane stability
implies that, for the red cell to maintain its normal membrane
stability, intracellular Ca?* concentrations must be maintained
at levels < 1.0 uM. The remarkably efficient Ca?*-ATPase
system in conjunction with CaM is indeed able to maintain
these low levels of intracellular Ca?* in normal red cells. How-
ever, failure to maintain low normal levels of intracellular
Ca?* would result in decreased membrane stability, which in
turn can result in red cell fragmentation during circulation.
Two instances in which this may occur are sickle cells and
thalassemic cells. In both instances, elevation of Ca?* concen-
tration (up to ~ 200 uM) and decrease in membrane stability
have been documented (49-51). It is also interesting to note
that young reticulocytes that have previously been shown to
have high concentrations of CaM (52) have decreased mem-
brane stability (unpublished data).

Recent studies indicate that proteins immunologically re-
lated to the membrane skeletal proteins of red cells, such as

spectrin and protein 4.1, are present in many nonerythroid
cells (53-57). However, the function of these nonerythroid
skeletal proteins has not yet been defined. In some of these
cells, Ca?* appears to play an important role as a second mes-
senger in regulating various cell functions. From these obser-
vations in red cells, the role of Ca?*-CaM-induced modulation
of the interaction of protein 4.1 and spectrin-like proteins in
regulating calcium-dependent cell functions in other somatic
cells needs to be considered.
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