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Calmodulin binding to human spectrin
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Calmodulin is shown to interact with human spectrin dimer. The binding was highly calcium-dependent
and observed in two different kinds of experiments. Firstly, affinity chromatography of calmodulin on
a Sepharose 4B column with immobilized spectrin, and secondly, partition in aqueous two-phase polymer
systems. In the column experiments stoichiometric amounts of calmodulin were retained on the
spectrin—Sepharose column when micromolar concentrations of calcium were present. The calmodulin
bound could be eluted with BGTA. The partition coefficient of calmodulin in an aqueous two-phase
polymer system containing calcium was changed upon addition of spectrin, indicating an association
between the two proteins. In the absence of calcium, spectrin did not cause any change in the partition
behaviour of calmodulin, thus showing that the association requires calcium.
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1. INTRODUCTION

Calcium is known to be involved in the control
of many important cellular functions {1,2]. It has
been suggested, for example, that the organization
and function of cell cytoskeletons are influenced
by calcium, since the assembly and disassembly of
both microtubules [3] and actin-based microfila-
ments [4] have been shown to be calcium-depen-
dent. One of the most important receptors for
calcium in cells is calmodulin, a low-M; protein
which seems to be present in all eukaryotic cells
[5,6]. By undergoing a conformational change on
binding calcium, calmodulin mediates the effect of
calcium on various enzyme activities {7] and on
different cellular phenomena, such as motility,
secretion and possibly also mitosis [8].

The observation that calmodulin inhibitors in-
duce stomatocytosis has led to the suggestion that
calmodulin is also involved in the maintenance of
the normal biconcave shape of human erythrocytes
[9]. Since the shape of erythrocytes is controlled by
the cytoskeleton it was surmised that calmodulin
interacts with the erythrocyte cytoskeleton. This is
supported by the finding that spectrin, the main
protein of the ervthrocyte cytoskeleton, is
phosphorylated by a calmodulin-dependent kinase
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[10] even though the effect of this phosphorylation
on cell shape is still under discussion {11].

It was recently demonstrated that erythrocyte
membranes can bind **I-labeled calmodulin [12].
Although the main calmodulin-binding activity
was found to be connected to the (Ca** + Mg?*)-
ATPase and to two polypeptides of 8 and 40 kDa,
respectively, calmodulin binding to spectrin was
implied. Direct binding of calmodulin to spectrin
or spectrin-like proteins has also been reported.
However, in the case of mammalian spectrin, the
interaction with calmodulin has not actually been
proved. So far, results showing an interaction bet-
ween calmodulin and human spectrin have been
obtained only in the presence of 6 M urea [13,14]
which indicates that the binding site observed
under those conditions might not be exposed nor-
mally. Other investigations where an interaction
between calmodulin and avian spectrin has been
demonstrated have failed to detect such a binding
to human or rat spectrin [15,16]. The cytoskeletal
proteins, brain fodrin and intestinal TW 260/240
protein, which are in structure and general proper-
ties similar to spectrin, have shown calmodulin-
binding activity [17]. In both fodrin and TW
260/240, as well as in avian spectrin, a 240-kDa
subunit has been identified as the binding site for
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calmodulin. A similar 240-kDa subunit which
cross-reacts with antibodies raised against avian
spectrin [18] is a component of mammalian spec-
trin. These results indicate that an interaction bet-
ween calmodulin and mammalian spectrin is likely
to occur. The importance of confirming whether
calmodulin binds to human spectrin, and thereby
can be involved in the control of the erythrocyte
cytoskeleton, has led to this work.

By using two different methods, affinity
chromatography on immobilized spectrin and par-
tition in aqueous two-phase systems [19], we have
here investigated whether human spectrin interacts
with calmodulin.

2. MATERIALS AND METHODS

Calmodulin was prepared from bovine brain as
in [20] and lyophilized after addition of 1.5 mM
CaCl,. The identity of calmodulin was determined
by its mobility on SDS-polyacrylamide gels as
compared to commercially available calmodulin
(Boehringer Mannheim GmbH). Human spectrin
dimer was prepared by conventional methods [21],
stored on ice and used within 2 weeks after
preparation. Spectrin was coupled to CNBr-
activated Sepharose (Pharmacia, Sweden), using
the method recommended by the manufacturer,
except that the amount of protein added to the gel
was 1.8 mg/g dry gel. The gel was packed in a col-
umn (1 x 8 cm) and equilibrated in buffer A
(10 mM Tris—HCIl, 75 mM KCI, 0.1 mM MgCl,,
1 mM EGTA (pH 7.3) at a flow rate of 13 ml/h.
Calmodulin was dissolved in buffer A or buffer A
containing 1-5 mM CaCl; and applied to the col-
umn. Elution was carried out with the same buffer
used for solubilizing the sample, and 0.5-ml frac-
tions were collected. After 10 vols buffer had
passed through the column, the elution medium
was changed to buffer A containing 10 mM
EGTA.

Aqueous two-phase polymer systems [19] con-
taining 7.4% (w/w) dextran T500 (Pharmacia),
8.4% (w/w) polyethylene glycol 4000 (Union Car-
bide, USA), 135 mM KCI, 12.5 mM Pipes (pH
7.0), 0.125 mM MgCl,, 1.25 mM EGTA, and in
some cases 1.25 mM CacCl,, were prepared in 160-g
batches. This should give 0.12 mM free Mg?* and,
when CaCl, was added, 0.125 mM free Mg?* and
20 xM free Ca®*. The phase systems were left to
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separate overnight. Aliquots of 0.2 ml from the
lower phase and 0.6 ml from the upper phase were
taken and mixed in test tubes and thereafter 0.2 ml
sample was added to each test tube. The
calmodulin used in the partition experiments was
labeled with *C using reductive methylation [22].
The proteins were incubated for 10 min in the
phase systems, under constant end-over-end rota-
tion at room temperature. After centrifugation of
the phase systems, the partition of calmodulin was
determined by counting 0.2 ml upper phase and
0.15 ml lower phase in 1.5 ml distilled water plus
2 ml Luma-Gel scintillation fluid (Lumac, The
Netherlands). The partition of spectrin in the
absence of calmodulin was determined by measur-
ing the protein concentration in each phase.

The purity of the proteins was determined by
SDS-polyacrylamide gel electrophoresis in the
discontinuous buffer system in [23].

Protein concentration was measured by the
Coomassie blue method [24].

3. RESULTS AND DISCUSSION

Both the calmodulin and spectrin preparations
were essentially pure as determined by SDS-gel
electrophoresis. The calmodulin was considered to
be active as long as addition of calcium caused a
conformational change. Binding of calcium and a
subsequent change in the conformation of
calmodulin was demonstrated since a difference in
its binding behaviour was observed upon addition
of calcium, not only to the phenyl—-Sepharose dur-
ing preparation but also to the spectrin—Sepharose
column.

When calmodulin was applied to the
spectrin—Sepharose column and eluted in the
absence of calcium, all of the added protein eluted
at the expected position, i.e., close to the void
volume. In the presence of calcium, however,
calmodulin was retained within the column. When
the eluent buffer was changed to one containing
either EGTA or the calmodulin inhibitor chlor-
promazine [25], the bound calmodulin was eluted.
A typical elution profile is shown in fig.1. The
small portion of protein that passed right through
the column in the presence of calcium was observ-
ed when calmodulin was added in more than
stoichiometric amounts to the spectrin bound.
Calculation of the maximal amount of calmodulin
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Fig.1. Affinity chromatography of calmodulin on a
spectrin—Sepharose column. (- ~~) Elution with buffer
A. (——) Elution with buffer A containing 5 mM
CaCl,. At fraction number 100 the elution medium was
changed to buffer A containing 10 mM EGTA.
Conditions as described in section 2.

bound to the column indicates a 1:1 binding on a
molar basis.

In a control experiment, calmodulin was added
to a Sepharose column which was prepared in ex-
actly the same way as the spectrin—Sepharose col-
umn, but with no spectrin added. Neither in the
absence nor in the presence of calcium did
calmodulin interact with the column. This proves
that our results reflect a true interaction between
calmodulin and spectrin, and not an unspecific
binding to the column.

The immobilization of spectrin on CNBr—
Sepharose might, however, alter the properties of
spectrin and therefore we tried to detect this inter-
action by another method which would not involve
any covalent modification of the spectrin mole-
cule. Partitioning in aqueous two-phase polymer
systems has proved to be very useful [19] for study-
ing protein associations and with this method we
could confirm our results from the affinity chro-
matography experiments. When the proteins were
partitioned separately in the calcium-containing
phase system, spectrin was almost entirely found in
the lower phase, whereas calmodulin had a parti-
tion coefficient of 0.8, but when they were parti-
tioned together in the same phase system, the parti-
tion coefficient for calmodulin was lowered to
around 0.7 (fig.2). In the absence of calcium the
partition coefficient reached a value of 0.6 in-
dependently of the presence of spectrin. This effect
can only be explained by a calcium-dependent in-
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Fig.2. Effect of calcium and spectrin on the partition
coefficient of calmodulin, Kcam, in an aqueous two-
phase polymer system. The partition of calmodulin was
measured in the presence (e, m) or absence (O, O) of
calcium, with spectrin added to a concentration of
0.85 xM (m, O) or with no spectrin added (e ,0). The
concentrations of calmodulin and spectrin are calculated
from the amount of protein added and from the total
volume of the phase-system. In the series where calcium
is present each point represents a mean value of 4-5
experiments. The partition coefficients of calmodulin
alone differ from those of calmodulin partitioned in the
presence of spectrin at 4 of the 5 calmodulin
concentrations tested, as calculated by Student’s f-test
using 99% confidence level. At the lowest calmodulin
concentration the uncertainties in the determination of X
are large due to few counts in the sample and therefore
this difference cannot be statistically ensured.

teraction between the two proteins. Assuming a
stoichiometry of 1:1 and that the partition of the
formed complex is the same as that of spectrin, the
results yield a dissociation constant of 15-25 xM.
This value need not necessarily be the same as in
the absence of dextran and polyethylene glycol
since the presence of neutral polymers might
strengthen the association, presumably due to the
excluded volume effect [26]. Previous binding
studies using aqueous two-phase partition [27—30]
have, however, given dissociation constants similar
to or slightly lower than those determined by other
techniques. The higher partition coefficient of
calmodulin in the presence of calcium is a conse-
quence of the increased amount of hydrophobic
surfaces on the protein resulting from the calcium-
induced conformational change. A higher parti-
tion coefficient achieved upon increased hydro-
phobicity of the partitioned molecule can be ex-
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plained by the fact that the upper polyethylene
glycol-rich phase is more hydrophobic than the
lower dextran-rich phase [31].

Our results might be a step towards understand-
ing the molecular mechanism behind the effects of
calmodulin on erythrocyte shape that has been
reported [9]. The hypothesis that calmodulin acts
as a mediator of calcium in the control of
protein—protein interactions within the erythrocyte
cytoskeleton [9,32] has, however, at least one
serious drawback. The calcium concentration
needed for half-maximal binding of calmodulin to
other proteins ranges from 2 to 11 M free calcium
[33-35]. This should be compared with the
estimated free calcium concentration in human
erythrocytes of 0.1-1 4M [36]. Thus the available
calcium is perhaps not sufficient to activate
calmodulin. Nevertheless, other proteins may in-
teract with calmodulin and thereby affect its
calcium binding properties and thus also the
saturation level. It has been shown that addition of
stoichiometric concentrations of troponin 1 to
calmodulin decreases the half-maximum calcium
concentration from 11 to 1.6 M [33]. Alternative-
ly, compartmentation of calcium might occur
which would subsequently lead to higher calcium
concentrations locally.

To establish the physiological significance of the
interaction between calmodulin and spectrin it is
necessary to pursue this issue further. Special em-
phasis should be given to factors affecting the
calcium concentration in the erythrocyte and to
proteins that might affect the binding
characteristics of calmodulin.

ACKNOWLEDGEMENTS

The technical assistance of Miss E. Granstrom is
greatly appreciated. This work was supported by
grants from Magn. Bergvalls Stiftelse.

REFERENCES

[11 Berridge, M.J. (1975) Adv. Cyclic Nucl. Res. 6,
1-98.

[2] Duncan, C.J. (1976) Symp. Soc. Exp. Biol. 30,
Calcium in Biological Systems, Cambridge
University Press, Cambridge.

112

FEBS LETTERS

June 1984

[3] Schliwa, M., Euteneuer, U., Bulinski, J.C. and
Izant, J.G. (1981) Proc. Natl. Acad. Sci. USA 78,
1037-1041.

[4] Glenney, J.R. jr, Bretscher, A. and Weber, K.
(1980) Proc. Natl. Acad. Sci. USA 77, 6458—-6462.

[5] Watterson, D.M. and Vincenzi, F.F. (1980) Ann.
NY Acad. Sci. 356.

[6] Klee, C.B., Crouch, T.H. and Richman, P.G.
(1980) Annu. Rev. Biochem. 49, 489-515.

[7]1 Cheung, W.Y. (1980) Science 207, 19-27.

[8] Means, A.R. and Dedman, J.R. (1980) Nature 285,
73-77.

[9] Nelson, G.A., Andrews, M.L. and Karnovsky,
M.J. (1983) J. Cell Biol. 96, 730-735.

[10} Huestis, W.H., Nelson, M.J. and Ferrell, J.E. jr
(1981) Prog. Clin. Biol. Res. 56, 137-152.

[11] Gratzer, W.B. (1981) Biochem. J. 198, 1-8.

[12] Agre, P., Gardner, K. and Bennett, V. (1983) J.
Biol. Chem. 258, 6258—6265.

[13] Sobue, K., Muramoto, Y., Fujita, M. and
Kakiuchi, S. (1981) Biochem. Biophys. Res. Com-
mun. 100, 1063-1070.

[14] Sears, D.E., Morrow, J.S. and Marchesi, V.T.
(1982) J. Cell Biol. 95, 251 (abstr.).

[15] Glenney, J.R. jr, Glenney, P. and Weber, K. (1982)
Proc. Natl. Acad. Sci. USA 79, 4002—-4005.

[16] Palfrey, H.C., Schiebler, W. and Greengard, P.
(1982) Proc. Natl. Acad. Sci. USA 79, 3780-3784.

[17] Glenney, J.R. jr, Glenney, P., Osborn, M. and
Weber, K. (1982) Cell 28, 843—854.

[18] Repasky, E.A., Granger, B.L. and Lazarides, E.
(1982) Celi 29, 821-833.

[19] Albertsson, P.-A. (1983) Methods Biochem. Anal.
29, 1-24.

[20] Gopalakrishna, R. and Anderson, W.B. (1982)
Biochem. Biophys. Res. Commun. 104, 830—836.

[21] Gratzer, W.B. (1982) Methods Enzymol. 85,
475-480.

[22] Dottavio-Martin, D. and Ravel, J.M. (1978) Anal.
Biochem. 87, 562—565.

[23] Laemmli, U.K. (1970) Nature 227, 680—685.

[24] Bradford, M. (1976) Anal. Biochem. 72, 248—254.

[25] Weiss, B. and Wallace, T.L. (1980) Calcium and
Cell Function 1 (Cheung, W.Y. ed.) pp.329-379,
Academic Press, New York.

[26] Tanford, C. (1965) Physical Chemistry of
Macromolecules, Wiley, New York.

[27] Urios, P., Rajkowski, K.M., Engler, R. and
Cittanova, N. (1982) Anal. Biochem. 119,
253-260.

[28] Curthoys, N.P. and Rabinowitz, J.C. (1971) J.
Biol. Chem. 246, 6942—6952.

[29] Assandri, A. and Moro, L. (1977) J. Chromatogr.
135, 37-48.



Volume 172, number 1

[30] Ling, T.G.I. and Mattiasson, B. (1982) J.
Chromatogr. 252, 159-166.

[31] Albertsson, P.-A. (1971) Partition of Cell Particles
and Macromolecules, Almgqvist and Wiksell,
Stockholm.

[32] Kakiuchi, S. and Sobue, K. (1983) Trends
Biochem. Sci. 8, 59-62.

[33] Keller, C.H., Olwin, B.B., LaPorte, D.C. and
Storm, D.R. (1982) Biochemistry 21, 156—162.

FEBS LETTERS

June 1984

[34] Goewert, R.R., Landt, M. and McDonald, J.M.
(1982) Biochemistry 21, 5310-5315.

[35] Kincaid, R.L., Vaughan, M., Osborne, J.C. jr and
Tkachuk, V.A. (1982) J. Biol. Chem. 257,
10638—10643.

[36] Sarkadi, B. (1980) Biochim. Biophys. Acta 604,
159-190.

113



