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1. Introduction

Parvalbumins (Pa) are low molecular weight
(~11 500) proteins found in the muscles of most
vertebrates [1,2]. The strong interaction of parval-
bumins with Ca®" is well documented and evidence
for a strong interaction with other divalent ions as
well as with trivalent ions is accumulating rapidly
[3—5]. In addition to divalent metal ions (Mg?",
Ca?"), muscles also contain high concentrations of
monovalent metal ions, i.e., Na* and K. The inter-
action of these with parvalbumins might well be
important either through a direct competition with
other metal ions [6] or through an interaction
influencing the protein conformation. It is well
known that there is a strong coupling between
parvalbumin conformation and the binding of Ca®*
[7,8]. Since 2*Na NMR is an extremely powerful
method for the study of ion—macromolecule inter-
actions [9—12] it was natural to extend our studies
on metal ion binding to parvalbumins by **Ca [13],
13cd [14,15] and Mg [25] NMR to include
23Na NMR. In particular it seemed feasible to
approach the following questions:

(1) Is there a significant interaction between Na™ and
parvalbumin?

(2) In the absence of Ca®*, does Na* occupy the
Ca?" binding sites?

Parvalbumins with a calcium content lower than
that of native parvalbumins (usually 2 Ca®"/protein
molecule) are usually prepared in the presence of a
calcium chelating agent such as EDTA or EGTA [8].
However, it was observed that the removal of Ca?*
is accompanied by a binding of EGTA to the protein
molecule [16] and this may influence the interaction
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of metal ions. A method for preparing metal-free
parvalbumins or apoparvalbumins in the absence of
EGTA was therefore developed.

2. Materials and methods

A crude parvalbumin extract was prepared from
the white muscle of hake (Merluccius merluccius) by
the procedure in [17]. The main component, pI 4.36,
was isolated by DEAE-cellulose chromatography
according to [18]. Its purity was checked by agarose
gel electrophoresis [19].

Ca®" free parvalbumin: Hake apoparvalbumin was
prepared by treating the native Ca®*-loaded
parvalbumin with an excess of DyCl, in 50 mM Na-
cacodylate buffer at pH 6.4. Removal of unbound Ca?
and Dy®" was carried out by dialyzing against distilled
water. The pH was adjusted to 10.5 with NaOH. The
hydroxide precipitate was removed by centrifugation.
After lowering to pH 7 by addition of HCl, the Dy3*
content was below 0.5 ions/protein molecule
(determined by ultraviolet absorption) and the Ca?*
content was 0.2 ions/protein molecule (determined by
atomic absorption spectroscopy).

23Na NMR spectra were obtained using a modified
Varian XL-100 spectrometer operating in the Fourier
transform mode at 26.46 MHz. Linewidths were
measured at halfheight of the signals. The experimental
temperature was 28°C. The results are presented as
excess linewidths (Av,,),i.e., the difference of the
experimental line width and that of a protein-free
solution. In the present case with rapid exchange
conditions (verified by variable temperature studies),
Av,, is given by:
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where y is the fraction of Na“ atsiteion the “I'Ote

characterized by the intrinsic line width Ay, Since
?3Na relaxation is strongly enhanced on binding toa
macromolecule, A, is a sensitive measure of the
extent of binding (principles detailed in [20]).

3. Results and discussion

Studies of the *Na NMR line width as a function
of the concentration of added Pa(Ca,) gave only a
very slight line broadening, demonstrating that for
the fully Ca®*Joaded protein there is no appreciable
Na® binding. Since this could be due to common
binding sites of Na* and Ca®* and a very much higher

o2t =N
Ca*” affinity, atuulca were performed with parval-

bumins where Ca?* had been fully or partly removed.
Studies at 0.1 M Na" and pH 7.4 gave an excess **Na
linewidth of <9 Hz for both Pa(Ca,) and the Ca®"-
free apoparvalbumin when protein was increased to
3.8 mM. No significant difference between the two
proteins was detected. In fig.1, a study of the effect
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Fig.1. **Na resonance experiment at variable Ca®* concentra-
tion by adding CaCl, to a 1.57 mM hake apoparvalbumin
solution in 10 mM Tris—HCl, at pH 7.4 and containing

30 mM Na(l, Variation of A: as a function of (a2t
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of Ca*” content up to very high concentrations is
presented for a lower Na* concentration. (At

10100 2¥ s 23
10100 Ca*"/protein the **Na linewidth was found

to be independent of Ca®" content.) Again a small
line-broadening is found and, furthermore, it is
demonstrated that at <2 Ca®*/protein molecule does
not cause an enhanced Na* binding. The variations
observed at 0—2 Ca?"/protein molecule, which are
relatively minor, can certainly be ascribed to con-
formational changes associated with Ca®” binding.
These conformational changes would affect the
binding of Na™ at low affinity sites on the exterior of
the protein. The presence of a distinct minimum
suggests the presence of a significant amount of
Pa(Cal).

Since Ca?" addition up to very high concentrations
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Fig.2, **Na resonance experiment with hake apoparvalbumin.
Left figure: Effect of EGTA concentration on the halfwidth
of the **Na signal of a 30 mM NaCl solution containing

0.37 mM apoparvalbumin in 10 mM Tris—HCl, at pH 7.4.
Variation of Ay, as a function of [EGTA}/{protein]. Right
figure: Variation of Ave as a function of [Ca**}/[protein].
CaCl, was added to the EGTA—apoparvalbumin solution.
Insert. Variation of Av__ with the EGTA concentration of

a 30 mM NaCl solution in Tris—HC], at pH 7.4.
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has no effect on the 2*Na relaxation, it can be
established that the Na* binding sites have no
appreciable affinity for Ca?*, In fig.2, it is shown that
addition of EGTA has an extremely strong influence
on Na’ binding and also that this additional Na*
binding is in strong competition with Ca?". Thus
apoparvalbumin itself only has a very small influence
on #Na relaxation, but this is not the case in the
presence of EGTA. When the EGTA content in-
creases above 1.5 equivalents, Av,, remains nearly
constant, This suggests that EGTA binds to the
apoparvalbumin molecule with a relatively high
affinity. (The present results do not, on the other
hand, give direct information on the binding of
EGTA in the presence of Ca®*.) Under the same
experimental conditions, free EGTA contributes
negligibly to the 2>Na relaxation (see insert in fig.2).

Addition of 2 Ca®" equivalents re-establishes the
23Na relaxation at its initial value (fig.2). It is likely
that the added Ca®” first interact with the EGTA
molecules before filling the high-affinity Ca?" sites
CD and EF of the parvalbumin molecule. (Alter-
natively, but less likely, there is a dissociation of
EGTA from the protein on Ca®* addition. A distinc-
tion between possibilities should be feasible from
direct studies of EGTA binding.) At higher Ca?*
concentrations, Av,, remains practically constant.
This is in agreement with the observation that the
influence of the Ca?* concentration is small as may
be inferred from the results of fig.1. A titration was
also performed up to 0.5 EGTA equivalents/apo-
parvalbumin. The addition of ~0.5 equivalents Ca?*
was then sufficient to eliminate the EGT A-induced
23Na relaxation. This supports the conclusion that
Ca?" interacts preferentially with EGTA while
interaction with the CD and EF sites of the protein
is of lower affinity under the present conditions.

The binding of EGTA to a Ca?"-free parvalbumin
is also supported by independent experiments where
removal of Ca** from a Pa(Ca,) molecule (from carp
muscle) was carried out by an excess of EGTA at
pH 9. It was observed that a certain amount of
EGTA (~2 molecules/protein) is eluted with the
protein during gel filtration [16].

In conclusion, our 2>Na NMR studies demonstrate
that there is only weak Na* binding to parvalbumin
even at reduced Ca?* contents and that there is no
Ca%’"-Na® competitive binding. In the presence of
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EGTA, on the other hand, Na* binding is dramatically
enhanced and for this additional Na* binding there is
a strong competition with Ca2*.

Our conclusions are in complete contradiction to
those in [6,21]. In our opinion this is due to the
presence of some EGTA, added to remove Ca®”,in
their solutions.
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