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Introduction

The role of cations and anions and and their partici-
pation in dlfferem processes concerning the functions
of the b has up to now
mainly been elucndated on the level of ion transport.
Thus, cation selectivity has been explored in a contrast-
ing study of the lanthanide ion sensitivity of skeletal
muscle sarcolemma and sarcoplasmic reticulum {1],
and in studies of the alkali metal ion selectivity of the
K*-channel of skeletal [2,3] and cardiac SR [4]. Anion
and cation permeabilities have been determined by
Haynes [5] and by Kometani and Kasai [6). They found
that the half-permeation times for different anions can

vary by a factor of 100. Kasai and Kometani {7] and
Yamamoto and Kasai [8] could also show that stilbene
derivatives like SITS and DIDS inhibit the anion per-
meability of sarcoplasmic reticulum. Whereas the inhi-
bition was reported to be competitive with chloride it
proved to be non-competitive with gluconate [8]. This
indicates the existence of different sets of anion bind-
ing/transport sites. Campbell and McLennan used
DIDS to inhibit phosphate and oxalate efflux with no
effect on Ca2*-efflux [9] but showed that phosphate
competes with DIDS when it is used to inhibit active
Ca?*-transport [9]. Phosphate has also been shown to
compete with oxalate as activator for ATP-supported
Ca®*-transport [10] whereas Sr?*-uptake (when Sr2* is
substituted for Ca?*) is activated only by oxalate but
not by inorganic phosphate [11]. The positive effect of
different mono- and dicarboxylates on Ca®* t
has been investigated by several authors [12-14], and
The and Hasselbach studied the influence of chaotropic
anion binding on SR functions [15]. Jilka et al. [16]

dicated that the Ca?*-ATPase may be participating
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in anion transport by showing increased sulfate parme-
ability of vesicles reconstituted with Ca®*-pump pro-
tein which has been estimated to be present at an
average density of 400 molecules per vesicle [17].
Tanifuji et al. {18}, Rousseau et al. {19], and
Rousseau [20] using the vesicle-lipid bilayer fusion
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technique and Hals et al. [21] with the ‘sarcoball’
technique succeeded in incorporating single chloride
channels from SR into lipid bilayers. They revealed
that the channels do not select among monovalent
anions [18], that sulfate [18,20,21], phosphate [19], glu-
conate and some other larger organic anions (21) hardly
or do not pass at all through these anion channels.
Moreover they found that DIDS completely inhibits
the chloride channel [9,20). The number of channels in
native SR has been calculated [18] and estimated [22]
as 0.7 and 1.4 per vesicle, respectively.

The importance of anion transport across the SR
membrane as a possible regulator or compensator of
active Ca®* transport by dissipation of membrane po-
tentials [23] is very obvious and led us to study anion
binding selectivity and anionic inhibitor binding to the
SR membrane. In a previous publication [24] we could
show that anion binding sites on the SR membrane can
be investigated with **CI-NMR as a monitor for anion
binding.

The aim of the present work was to characterize the
anion binding selectivity of this membrane by the same
method. This could lead to further understanding of
anion transport.

Experimental procedures

Materials

Sodium orth d was ob d from Sigma
Chemical Company (Miinchen), SDS and pyridoxal
S-phosphate were from Serva (Heidelberg). Tri-
ethanolamine, inorganic salts, and szO were pur-
chased from Merck (Darmstadt). ATP (sodium salt)
was from Bochringer (Mannheim), **CaCl, and
[*“*Cloxalate were obtained from NEN Research Prod-
ucts (Dreieich). 2-Aminobenzenesulfonic acid from
Janssen Chimica (Briiggen) and 2-amino-4-nitroben-
zenesulfonic acid, which was a kind gift from Bayer
(Leverkusen), were starting materials for the syntheses
of PPAPS and PPANS which were performed accord-
ing to Ref. 24. Asolectin from soybean was purchased
from Fluka BioChemika (Neu-Ulm). All chemicals were
of purest grade available from the respective compa-
nies.

Preparation of sarcoplasmic r vesicles

The preparation of unfractionated SR vesicles was
performed as described in a preceding paper [24] fol-
lowing a modified procedure of Hasselbach et al.

NMR measurements

The frequency of the 3°Cl resonance was 26.467
MHz using a Bruker AM 270 NMR-spectrometer. The
experimental details of the NMR measurements were
as described in a previous paper [24). The line widths
were evaluated from the spectra using two different
soft-ware routines supplied by the Bruker soft-ware
package. The older version is a non-linear least-squares
iteration procedure evaluating frequency and height of
the signal as well as the line width. The new version is
based on closed mathematical expressions which are
known to be much faster than iteration procedures.
However, this advantage is partially compensated by
the fact that the new version evaluates five parameters
of the experimental spectra, i.e. frequency and height
of the resonance, line width, and phase and zero order
base-line correction [30]. Generally, a greater number
of fit parameters increases the instability of the fitting
routine against deviations of the experimental data
points from the ideal Lorentzian. In order to test the
stability of the new version by using experimental *Cl
spectra we measured a series of NMR specira under
identical conditions and evaluated the line width using
both, the new and the older version. The statistical
analysis of the results showed that the new version is
faster and and that the S.D. of the line width was not
increased.

Effects of chemical exch

on the **Cl

The spectrum of chloride bound to macromolecules
can be quite complex whereas the spectrum of an
aqueous free chioride solution only consists of a single
resonance [31-33]. The interaction of the quadrupole
moment with an electrical field gradient and the Zee-
man splitting results in three NMR transitions between
the energy levels m=3/2, 1/2, —1/2, and —3/2
with different frequencies. These transitions can be
observed in solid state where the electric field gradient
is large and the rate of fluctuations is slow. In free
chloride solutions the electric field gradient is rela-
tively small and rapidly changing (small correlation
time 7.) so that the differences in the transition fre-
quency are effectively averaged out (extreme narrowing
limit) [31]. The result is an exponential decay of trans-
verse ization giving a L« ian line shape of
the single resonance. The binding of a chloride anion
to a macromolecule in solution may cause non-ex-
ponential decay of the transverse magnetization. The
extent of averaging of the quadrupolar interactions

[25,26). They were examined by SDS-PAGE [27] and
regularly checked for Ca?*- and Mg?*-dependent
ATPase activity [28] as well as their ability of ATP-sup-
ported **Ca®* and concomitant ['*Cloxalate accumula-
tion [29].

| is on the strength of binding at the macromolec-
ular binding sites and the fluctuation rate of the intra-
molecular motions.

In the case of chemical exchange between free and
bound chloride we have to consider the exchange rate
and the relaxation rates in the free and bound state.



Forsén and Lindman [31] have reviewed the influence
of chemical exchange on the relaxation of *Cl. They
showed that the theory can also be applied to systems
comprising more than one binding site.

On sarcoplasmic reticulum membranes chloride
binding sites are located both, inside and outside, of
the vesicles. The question was if the exchange rates
between chloride bound to these sites and free in
solution would be within the fast exchange limit. This
should also include the trans-membrane exchange rate
through native anion channels which are known from
the literature [34]. The calculated half-permeation time
is in the range of 1 s [6). This is slow compared to the
requirements necessary for the fast exchange model.
Considering the trans-membrane exchange to be slow
we expected a superposition of two Lorentzian reso-
nances originating in signals from chloride inside and
outside the icles, respectively. Therefore we ana-
lyzed the line shape of the chloride resonance in de-
pendence on the chloride concentration.

A second way to test the validity of the fast ex-
change model is to analyze the temperature depen-
dence of the chloride line width. In the limit of ex-
treme narrowing the line width is proportional to the
correlation time:

1/(=mTy) =27 x> 7. /5

where x is the quadrupolar coupling constant. The
correlation time 7, obeys an exponential temperature
dependence, i.e., increasing the temperature results in
a decrease of the correlation time 7.

In the limit of slow exchange the line width is
proportional to the exchange rate. Increasing the tem-
perature will increase the exchange rate and thereby
increase the line width.

We carried out both, line shape analysis (which we
perform for every experiment) and measurement of the
temperature dependence. The temperature depen-
dence of the line broadening of the observable *Cl
signal (Fig. 1) shows that the fast exchange limit is
valid.

The question how chloride anions inside and outside
of SR vesicles contribute to the *Cl signals can be

d idering the following ar The
intensity of the chloride signals is proportional to the
amount of nuclei in the respective compartments. Since
the chloride concentrations inside and outside of the
vesicles are the same because of the presence of chlo-
ride channels in the SR membrane [6] the number of
nuclei is proportional to the respective volumes. As
described by Kasai [35] the average volume of SR
vesicles is between 3 and 5 pl per mg protein. The
NMR samples contained 12.5 mg protein in 2.5 ml
solution. Therefore the percentage of free chloride
anions inside the vesicles is between 1.5 and 2.5, re-
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Fig. 1. Temperature dependence of the line width of free and bound
chloride. {(0) measured **Cl line width of bound chloride at 4 mg/ml
vesicle protein and 40 mM KCL (o) line width of free chloride
calculated using the Arrhenius equation with AE = — 11.4 kI (taken
from Ref. 32).

spectively. From these data we can conclude that the
contribution to the NMR signal intensity of chloride
inside the vesicles is negligible. It follows that the
results of all experiments carried out under our condi-
tions refer to chloride binding outside the SR vesicles.
It also follows from the line shape analysis and temper-
ature dependence studies that the chemical exchange
between chloride free and chloride bound at binding
sites outside the vesicle membrane is fast on the NMR
time scale. The tran: it chloride exck does
not interfere with our results,

Results and Discussion

Titration of SR vesicles with chloride

In order to be able to evaluate binding data of
anions other than chloride properly we first investi-
gated the influence of the chloride concentration on
chloride binding. Studying it over a large concentration
range, i.e. 5 to 550 mM, we observed a phenomenon
which is atypical for chloride titrations. At tow concen-
trations addition of more chloride caused an unex-
pected increase i line width reaching a maximum at
17 mM. Thereafter, further increase of the chloride
concentration brought about the expected behaviour of
decreasing line width (Fig. 2) [31].

In a control experiment we titrated chloride into
solutions of protein-free vesicles under comparable
conditions. The vesicles were reconstituted from SR
lipids {36] and used for NMR-measurements at lipid
concentrations comparable to those of the SR vesicles
under i In the range of 5 to
400 mM KCI the®Cl line width was constant, i.e., the
increase of line width at low concentrations as well as
the decrease with increasing KCl! concentrations as
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tion. 43 mg/ml SR vesicle protein were dissolved in 3 mM KCl,
buffered with | mM TEA-HCI (pH 7.4) and titrated with 2 M KCL.

measured with SR vesicles were not detectable (not
shown). Therefore we assign the effects seen in chlo-
ride titrations of SR vesicles to interactions of chloride
with binding sites on SR protems

In order to the i in chlo-
ride binding at low concentrations was due to a chio-
ride specific effect or a totally unspecific influence we
repeated the titration with increasing concentrations of
potassium fluoride at a constant low chloride concen-
tration of 5 mM (Fig. 3). A distinct increase of the line
width is observable up to 30 mM KF/KCl (total)
whereas it remains practically constant after further
addition of KF.

Contrary to all other anions used in titration experi-
ments (see below) potassmm fluoride even at ionic
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Fig. 3. D of ¥Ci line on fluoride

tion in the presence of 5 mM chloride. 4 mg/ml SR vesicle protein

were dissolved in 5 mM KCl. Buffer conditions were as in Fig. 2.

Two different samples from two SR preparations were titrated with a
2 M KF solution.

Concentration [mM]

Fig. 4. Titrations of SR vesicles with halides. 4 mg/ml SR vesicle

protein were dissolved in 40 mM KCl and titrated with 2 M solutions

of fluoride (©), chloride  * ), bromide (0) and iodide (1), respec-
tively. Buffer conditions were as in Fig. 2.

more does not show any significant positive or negative
influence on chloride binding, i.c., there seems to be
no competition of binding between chloride and fiuo-
ride ions detectable by **CI-NMR within the limits of
experimental error.

We conclude that the increase in chloride binding at
low concentrations (Figs. 2 and 3) is due either to
unspecific effects which are caused by the change of
ionic strength or to an influence of K* on chloride
binding which cannot be excluded. Further experi-
ments including the analysis of this effect will be pub-
lished in a seperate communication. Because of the
absence of any change of chloride binding above 25
mM KF all subsequent titrations were performed at a
constant KCl concentration of 40 mM.

Titration of anion binding sites with halides

The results above suggest that the binding sites
investigated might be selective for chloride ions. In
order to examine the selectivity of the binding sites we
measured chloride binding in the presence of varying
concentrations of halides. The results shown in Fig. 4
reveal that the binding of iodide is stronger than that
of bromide, chloride, and fluoride. The dissociation
constants for iodide, bromide ard chloride were calcu-
lated according to Ref. 24 as 31 + 7 mM, 56 + 13 mM
and 132 + 26 mM (S.E.), respectively. Hence, there is
no exclusive specificity for the binding of chloride. On
the contrary, the dissociation constants decrease with
increasing ionic radii. We conclude that the charge
density is not the dominating factor for the binding
behaviour of the spherically symmetrical halide ions.
We are led to the assumption that the geometry of the
binding site, i.c., the three-dimensional distribution of
positive charges and the influence of van-der-Waals
repulsive forces might dominate the binding of anions.



Titration with multivalent anions

The described titrations with halides show that io-
dide is the best inhibitor of chloride binding. Because
of the very low concentration of iodide in muscle cells
this is not likely to be physiologically meaningful. Nev-
ertheless should the physiological anion(s) resemble
iodide in jonic diameter and distribution of electron
density more than any other anion used.

Since bromide and iodide bound to the SR mem-
brane with an affinity high enough to be detected by
CI-NMR measurement the existence of an anion
binding/ transporting protein seems to be likely. The
functional relevance of such a protein could be specu-
lated to be a cc for large s of positive
charge being transferred across the membrane during
active Ca®*-transport.

Since there was a preference of anion binding for
anions with larger diameters we describe in the follow-
ing titrations with anions still larger than iodide but
carrying different charge. The influence of a number of
chaotropic anions on the functions of the SR mem-
brane has been shown by The and Hasselbach [15]. A
good physiological candidate is phosphate which has an
ionic diameter of 48 A compared to that of iodide of
approx. 4.2 A (see Table 1.

To test the influence of the ionic diameter, we
investigated phosphate and similar ions, which are
known to permeate the SR membrane in vitro or affect
other functions of | These ions
are sulfate, oxalate and vanadate.

To quantify the results of the different titrations
shown in Fig. 5 we fitted hyperbolae to the different
sets of data points. The calculated constants indicate a
similar binding beh of b and sulfate
whereas vanadate binds stronger and oxalate is the ion
with the weakest binding. The titration behaviour of
the anions in Figs. 4 and 5 is characterized by the K;
value and the asymptotic behaviour at high anion con-
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s

<
2
2
o8
fo
el
Ba ,
eg =
5> 3
of
£3
LB 099 o
(23 sulfate °
iy
a vanadote
N
I
05
- —— T T ——
0 50 100 150 200

Concentration [mM]
Fig. 5. Titrations of SR vesicles with multivalent anions. Titration
conditions were as in Fig. 4 except for vanadate which was used in 10
and 100 mM solutions, respectively. Oxalate (&), phosphate (@),
sulfate (O), vanadate (v).

centrations. Comparing the latter we can classify the
ions into two groups: The first group, comprising the
halides, ach:eve a steady decrease in line width reach-
ing a relatively iow level at high anion concentrations.
The titration curves of the second group, i.e., phos-
phate and sulfate, show a rapidly decreasing line width
at small concentrations and remain constant at higher
concentrations.

This indicates that only a limited amount of chloride
is dnsplaced by phosphate and sulfate whereas the

binding sites are not ible to these ions.
This suggests the binding sites to be specific for phos-
phate (sulfate).

The impressive absolute amount of chloride re-
placed by vanadate (indicated by the large reduction of
line W|dth) suggests a special binding mechanism for

To exclude a direct d hospholipid
interaction we also titrated vanadate to vesxcles pre-
pared from soybean asolectin. This experiment did not
produce any change of the chloride line width up to 10
mM vanadate (not shown).

The binding mechanism of vanadate might involve a
conformational change [41] of the protein causing a

lon Ionic diameter () Ref. K; (mM)* "
Fluoride 232272 37-3 > 500
Chlaride 3.28-3.62 37-39 132 £26
Bromide 36 -392 37-39 56 +13
jodide 4.08-4.38 37-39 3 +7
Oxalate =64" 39.40 B 35
=53¢ 3940
Sulfate =47 3940 21+ 09
Phosphate =48 39.40 16t 02
Vanadate =55 39,40 05+ 01
Arsenate =52 39.40 nd.
* MeanxS.E.

® Diagonal dimension.
¢ Lateral dimension.

of the number of chloride binding sites per
protein molecule. Therefore the calculated inhibitor
constant of vanadate and the K; values of the other
ions have to be compared cautiously.

Vanadate is a very particular example of an anion
because it has been found to inhibit the functions of
the Ca®*-ATPase of SR at micromolar concentrations
[42-44]. 1t is a stable transition state analogue of
phosphale [45—47] whxch emphasnzes the fact that we
are ding sites, Therefore we
investigated inhibitors which are known to occupy
phosphate binding sites [24].
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Titration of anion binding sites with PPAPS and PPANS

So far we have seen that monovalent anions iike
bromide and iodide as well as multivalent anions like
oxalate, sulfate, phosph and date can displ
chloride from anion binding sites of the SR membrane
with varying efficiency. Fluoride with a charge density
much higher than that of chloride fails to displace
chloride whereas other non-physiological ions like bro-
mide and oxalate do. This leaves two important ques-
tions open: (1) Is there a totaily unspecific anion bind-
ing/transport protein or is it specific for one of the
more strongly binding anions? (2) What is the physio-
logical relevance of anion binding and its correlation to
anion transport?

From the literature we know that there are chloride
channels in the SR membrane with very high efficiency
[6] but very low density. The concentration of these
channels is such that their exploration with a i

TABLE Il

Corparison of inhibitor constants of ranadate and phosphate-analogu-
ous compounds

The values have been esti by i k q fits
assuming one binding site only.

Inhibitor K, (uM)®

PPAPS 46+ 20

PPANS 20+ 20

DIDS® 14+ 3
132+ 11

Vanadate 5004100

“ Mean+S.E.

® Taken from Ref. 24.

binding of chloride to the SR membrane can be par-
tially inhibited by the suifate transport inhibitor PPAPS

of little sensitivity like *CI-NMR would not be possi-
ble. Thus, the anion binding sites we are characterizing
must be located on anion binding or carrier proteins
which are present in considerable concentration in the
SR membrane. They must be able to bind chloride (see
Fig. 2) but from titration experiments with phosphate
we know that the affinity of this anion to a part of the
binding sites is much higher than that of chloride itself
(see Fig. 5).

The permeability of the SR membrane to phosphate
and oxalate has been reported by Beil et al. [10].
During in vitro Ca?*-accumulation in the presence of
ATP, oxalate or phosphate can be taken up concomi-
tantly in a 1:1 stoichiometry [29,48,49] with Ca?*.
Thus, there have to be binding/ transport proteins with
binding sites for phosphate, oxalate and similar ions
like sulfate and vanadate which can also bind chloride.

In previous experiments we have shown that the
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Fig. 6. Titrations of SR vesicles with vanadate, PPAPS and PPANS.

4 mg/ml SR vesicle suspensions (40 mM KCI. pH 7.4) were titrated

with solutions of 10 or 100 mM vanadate (+), 11 mM PPAPS (0) and

36.5 mM PPANS (o),

[24]. Therefore we decided to titrate the chloride/
phosphate binding sites with PPAPS and PPANS to
further characterize this connecting link between anion
binding and arion transport. PPANS in part of its
structural features follows the example of DNDS, a
reversible inhibitor of anion exchange transport through
the erythrocyte membrane [50], while PPAPS follows
that of DIDS. The resuit of these experiments in
comparison to a titration with vanadate is shown in
Fig. 6. The titration curves of the inhibitors were fitted
by hyperbolae. Even if this function may be only an
approximation of the actual function describing the
experimental data it is satisfactory to characterize the
relative abilities of the anions to replace chloride. The
inhibition constants calculated from the mathematical
fits are listed in Table 11. From the literature we know
that vanadate inhibits the Ca®*-ATPase half-maximally
between 10 and 50 pM [42,43]. However, we could not
show the existence of a high affinity vanadate binding
site. This discrepancy could be caused by different
conformational states of the enzyme or by the exis-
tence of a vanadate binding site which is not accessible
to chloride.

Conclusions

Sarcoplasmic reticulum membranes do not show a
very distinct anion binding selectivity. This suggests
that we are investigating an inhomogeneous set of
binding sites. We want to stress the fact that the SR
anion binding sites so far evaluated by 3*CI-NMR are
exclusively located on the outside of the vesicles. The
reason is that the contribution of chloride inside the
vesicles amounts to maximally 2.5% of the experimen-
tal signal intensity. Therefore its influence on the line
width is negligible. Moreover, line shape analysis and
the dependence of the line width on temperature re-
vealed that the exct of chloride b various




TABLE {11

Proposed binding specificity of anion binding sites on the SR membrane
as determined by *CI-NMR
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time on the NMR machine.

Binding site

i n
Chloride + +
PPAPS + +
Phosphate + -
Fluoride - -

binding sites outside of the vesicles and free chloride is
within the fast exchange limit.

Our titration experiments with a number of differ-
ent anions show that there is a tendency of stronger
binding affinity for larger anions with a charge greater
than one. This is shown by the inhibition constants
which d with i ing ionic di of the
halides. This series continues with phosphate and ana-
loguous anions. Oxalate takes an exceptional position
concerning both, ionic dimensions and inhibition con-
stant. The binding of PPAPS and PPANS is nearly
three orders of magnitude stronger than that of the
above anions. Because of the unphysiological character
of these derivatized anionic inhibitors the hydrophobic
part of the molecules certainly do not contribute to
anion binding selectivity but may well increase the
binding strength.

The absolute amount of chloride replaced by the
anions has shown that there are two types of binding
behaviour. Although the halides show relatively weak
binding they replace larger amounts of chloride than
phosphate and sulfate. This indicates that there is at
least one set of chioride binding sites not accessible to
phosphate and sulfate. Additionally, PPAPS is still
able to displace chloride even when phosphate binding
sites are occupied by phosphate (see Figs. 2 and 3 in
Ref. 24). The experiments described in our previous
paper [24] and the present results revealed the exis-
tence of at least two types of binding sites as shown in
Table 111. The two sets of binding sites named I and 11
are accessible to chloride, bromide and iodide and can
be affected by PPAPS and PPANS. The second set of
binding sites (1) is not accessible to phosphate. Al-
though these results do not give final information con-
cerning the physiological role of the anions investi-
gated, they may help to classify the binding sites ac-
cording to their binding affinity with regard to their
biological importance.
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