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BCINMR spectroscopy has been used to study the competition between anions, including nucleotides, on sk‘clclul muscle
sarcoplasmic reticulum membranes. Different chloride binding sites can be distinguished according to their Mg ' sensitivity.
Phosphate binding is enhanced by Mg® ' wherceas the anion transport inhibitor pyridoxalphosphate-6-azophenyl-2'-sulfonic acid
(PPAPS) binding is not. The affinity of the enzyme for the Mg-adenylyl imidodiphosphate (MgAMP-PNP) complex is decreased
whereas that for MgGATP is increascd. Three sets of binding sites can be discriminated from which chloride is displaced by
different anions with varying cfficiency. High affinity binding of AMP-PNP and PPAPS occurs at the same site. that can also be
occupied by phosphate. Low-affinity binding of PPAPS and AMP-PNP also coincides, but in a site where phosphate binding is
negligible. ATP and ADP bind to both sites. In the presence of Mg* ' a third anion binding site can be occupicd by phosphate

but neithcr by AMP-PNP nor PPAPS.

Introduction

Mg** plays a central role concerning several func-
tions connccted with the transfer of Ca®' across the
sarcoplasmic reticulum membrane. Thus, the true sub-
strate for the Ca’*-ATPase and the driving force for
the Ca®*.pumping process is the magnesium complex
of ATP [1-3]. During the catalytic cycle Mg?2* acceler-
ates both phosphorylation and dephosphorviation of
the Ca’*-pump [4-6). At the end of one transport cycle
Mz3* and ATP promote the conversion of the cnzyme
from the E; to E, conformation (7], and a new catalytic
and traasport cycle begins. Mg** also enhances the
binding of phosphate to the Ca®*-ATPasc (and vice

Abbreviations: AMP-PNP, adenylyl imidodiphosphate; EGTA., cth-
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triethanolamine.
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versa), although the free phosphate and not the Mg-*-
phosphate complex is the true substrate for phospho-
protein formation both, in the presence and absence of
a transmembrane Ca*' gradient [8-10). The Ca®*-de-
pendent Ca®'-release [11.12] mediated by the ryan-
odine receptor of junctional termina! cisternace is inhib-
ited by 3 mM Mg?',

Rousseau [13] and Rousscau ct al. [14] using the
bilayer technique found that there is no influence of
Mg** or ATP on the chloride channels of sarcoplasmic
reticullum membranes, whercas Beil et al. [15], and
others [16-18] reported that the anion transport associ-
atcd with the transport of Ca®* across the SR mem-
branc is Mg**-dependent.

We were interested whether it is possible to detect
any influence of Mg** on anion binding to the sarco-
plasmic reticulum membrane by **CI-NMR, as this may
provide new information about the relationships be-
tween anion binding and the Mg’ *-dependent func-
tions of SR mentioned above. ¥Ci-NMR has been
used in analyzing anion binding to the band 3 protein
of the erythrocyte membrane [19], to dromedary
haemoglobin [20], and to Photosystem 1l membrane
fragments [21]. In two previous publications [22,23] we
have already shown that anion binding to the SR can
be monitored by this method.



Experimental procedures

Materials

AMP-PNP and phospholipids were purchased from
Sigma Chemie GmbH (Deisenhofen). ATP (potassium-
salt) was from Boehringer Mannheim GmbH (Mann-
heim), **CaCl, was from NEN (Dreieich), *H,O0,
EGTA, triethanolamine and inorganic salts were ob-
tained from E. Merck (Darmstadt). PPAPS was synthe-
sized according to Ref. 22. Asolectin from soybean was
purchased from Fluka BioChemika (Neu-Ulm). All
chemicals were of purest grade available from the
respective companies.

Sarcoplasmic reticulum vesicle preparation

Sarcoplasmic reticulum vesicles were picpared from
rabbit hind leg muscle according to Hassclbach and
Makwnose [24] as modified by De Meis and Hasselbach
[25]. The pellet after the last centrifugation (80000 X g)
was resuspended in 100 mM KCl buffered with 1| mM
tricthanolamine-HCl (pH 7.4). After homogenization
aliquots of the SR suspension (between 10 and 20 mg
protcin/ml) were shock-frozen in liquid nitrogen an
kept in deep freeze at — 70°C. The protein composition
of cach SR preparation was checked by SDS-PAGE
[26], the total protein concentration was determined by
a modified Biuret method [27]). The ATPase activity
was measured by the method of Fiske and SubbaRow
[28] in a phosphate atto-analyzer (Technicon) resulting
in an average activity ¢f 1 umol P, liberated per minute
and mg protein (20°C). The ATP-driven calcium up-
take was measured with **Ca** as radioactive tracer
using the filter assay method of Martonosi and Feretos
[29]. Maximum Ca** uptake amounted to 1 wmol Ca**
mg ' min ' (20°C).

BCl- and *'P-NMR measurements

NMR measurements were carried out on a Bruker
AM 270 NMR spectrometer. Details have been de-
scribed previously [23). We have conclusively shown
that all mecasurecments werc under the conditions of
fast exchange and that only anion binding sites on the
outside of SR vesicles contribute to the observable line
broadening. Thus, the titration of sarcoplasmic reticu-
lum vesicle suspensions with chloride results in a su-
perposition of hyperbolic functions provided that the
biidiiig constants of different bindiing sites remain
unchanged during titrations. This condition is obeyed
above 17 mM KCI where we observe decreasing line
width caused by incrcasing chloride concentrations [23).
We carried out all titrations in the presence of 40 mM
chloride assuring sufficient occupation of al! anion
binding sites by chloride. The sample tube contained
for each measurement 5 mg/ml SR vesicle protein. 1
mM TEA-buffer (pH 7.4), 20% (v/v) *H,0O for fre-
quency lock and 10 uM EGTA to keep the free
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calciuan concentration low. Socisse titrations were per-
formed in the presence of 10 M of either, free or
total magnesium, as described in the legends. The total
volume was 2.4 ml. Protein dilution during the titration
steps was corrected by appropiiate factors and chloride
and magncsium concentrations were kept constant.
Line broadening (Av) is defined as the difference of
the ¥*Cl line widths in the presence and absence of SR
vesicles, respectively [30].

"'P-NM K measurements were carried out at 109.35
MHz using a 10 mm broad band probe to determine
the stability of ATP under the conditions used. The
number of data points was 8K, the spectral width 55.1
ppm. To determine the intensities of ATP-, ADP-, and
P,-resonances correctly a sufficient delay was intro-
duced between scans. Concentrations were determined
by integration.

SR vesicles (5.5 mg protein/ml) containing 10 mM
Mg** and no added Ca** were incubated with 5 mM
ATP. At 5-min intervals *'P-NMR spectra were taken.

Results and Discussion

Influence of Mg?* on anion binding

Vetter et al. in previous communications [22,23]
showed that chloride binds to anion binding sites on
the SR membrane, from which it can be displaced by
phosphate. Since magnesium ions play an essential role
in various functions of SR, we were interested if Mg?*
would influence the anion binding.

Our f{irst aim was to find out if therc was any
difference in chloride displacement by phosphate from
the phosphate-sensitive binding sites as the function of
Mg>* concentration. Fig. 1 shows phosphaic iitrations
of SR vesicle suspensions in the presenice and abscnce
of Mg?* analyzed by ¥ClI-NMR. Decrease of line
width, i.c. decrease of chloride binding in the abscence
of Mg>* mainly occurs in a concentration range up to
25 mM phosphate. Addition of Mg®* increases the
BCI line width throughout the whole course of the
phosphate titration. The free Mg?* concentration (10
mM) was kept constant. Apparently, the titration in the
presence of Mg?* produces a greater amount of chlo-
ride displacement. Both curves can be fitted by single
hyperbolae according to the following equation:

Arv an e
[P} K+:Cl )+{1]xK/K,

it has been derived from Eqn. 2 in Ref. 22. K is the
dissociation constant of chloride, K, the dissociation
constant of the inhibitor (inhibitor constant) and C the
asymptotic value of the titration curve.

The phosphate K, values were evaluated as 5.8 + 2
and 8.8 -+ 2 mM (S.D.) in the absence and presence of
Mg?*, respectively. These values are comparabte 0 the
value of 10 mM found by De Meis [31].
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concentration. ®, Presence of 10 mM free Mg® ' O, absence of

Mg *. Line broadening was calculated as the difference of YC1 line
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protein concentration. The chloride concentration (40 mM) was kept
constant,

The most direct way to investigate the quantitative
influcnce of Mg** on anion binding to the SR mem-
brane is by titration with Mg>*. The upper curve in
Fig. 2 shows increasing linc width with increasing Mg**
concentration which indicates that Mg™'  enhances
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Fig. 2. Influence of Mg~* on **Cl line broadening. a. Presence of

806 1M PPAPS: O, presence of 25 mM phosphate: X. no additions.

Corrections concerning the contribution of protein-free vesicles to
the *Cl line width have been made.

chloride binding to th¢ SR membrane. This is half-
maximally achiecved at 3 mM Mg?*. In a control experi-
ment we titrated Mg=" into solutions of vesicles recon-
stituted from either, isolated SR lipids or phospho-
lipids, to find out if there was any contribution to the
chloride line broadening by the interaction of Mg?*
with membrane components other than protein. In-
deced, we found a linearly increasing and reproducible
enhancement of chloride line width obviously brought
about by direct interaction of Mg** with the protein-
frec membrane surface (details not shown). This effect
proved to be relatively small (c.g. 10% at 15 mM
Mg2*) and was subtracted from all Mg>* titrations
shown in Fig. 2. An influence of Mg** on protein- and
lipid-free chloride solutions could not be detected at
all,

The middle curve in Fig. 2 resulied from a Mg=*
titration in the presence of 25 mM total phosphate.
Under these conditions most phosphate-sensitive anion
binding sites should be occupied {scc Fig. 1). There-
forc, the Mg?* titration shows little increase of line
broadening which becomes even smaller when 50 mM
phosphate is added. We conclude that most (it not all)
of the Mg?*-induced stimulation of anion binding hap-
pens at phosphate-sensitive binding sites.

Analysis of PPAPS-sensitive binding sites

The lower curve in Fig. 2 results from a Mg®*
titration in the presence of 800 M pyridoxalphos-
phatc-6-azophenyl-2'-sulfonic acid (PPAPS) which has
been used as an inhibitor of anion binding in former
BCI-NMR studices [22,23). A large increase of chloride
line broadening up to IS mM Mgt suggests that
PPAPS docs not affect Mg® '-sensitive binding sites.
These results are also confirmed by the similarity of
PPAPS titration curves in the presence and absence of
Mg* as shown in Fig. 3. Both curves show the same
chloride displacement caused by PPAPS. The differ-
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Fig. 3. Titration of PPAPS to a SR vesicle solution. a. Presence of
10 mM Mg**; a. absence of Mg?*.
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cnee in line broadening which is almost the same at
any PPAPS concentration is due to the Mg?* effect.
The detailed analysis by nonlinear least squares fitting
of both data sets showed systematic deviations if only
one binding constant was assumcd. Using the superpo-
sitiocn of two hyperbolae we determined the dissocia-
tion constants as well as the theoretical endpoints of
the titrations. The K, values of PPAPS at the high-
and low-affinity binding sites were determined as 45 +
10 uM and 638 + 100 uM in the absence of Mg?*, and
58+ 10 uM and 509 + 100 uM in the presence of
Mg?**, respectively.

Subtracting the asymptotic titration endpoints re-
sults in differential curves which describe the displace-
ment of chloride from PPAPS-sensitive binding sites.
The semi-reciprocal curves coincide within the limits of
experimental error and arc biphasic (Fig. 4). This re-
veals two clearly distinguishable PPAPS binding sites
on the SR membrane where chloride binding is not
influenced by Mg?*, i.e. Mg?* does not alter the
dissociation constants within the limits of experimental
error.

Interrelation of phosphate and PPAPS binding sites

To verify the connection of phosphate and PPAPS
binding sites [22] we carried out the same titration with
PPAPS in the presence of 30 and 75 mM total phos-
phate and 10 mM total Mg?*. The results are shown in
Fig. 5. The addition of 30 mM phosphate reduces
chloride binding at all PPAPS concentrations as indi-
cated by the fact that above 300 uM PPAPS the
titration curves run parallel. This is also true for a
titration in the presence of 75 mM phosphate which is
parallel above 500 uM PPAPS. Therefore there are
additional phosphate tinding sites which can not be
occupied by PPAPS. Nevertheless, at 30 mM phos-
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Fig. 5. Titration of PPAPS to SR vesicles as influenced by phosphate.

All titrations were performed in the presence of 10 mM toial Mg+,

@, 75 mM phosphate; U, 30 mM phosphate; a ., without phosphate.

phate PPAPS is still able to displace chloride although
less so than in the absence of phosphate. In the pres-
ence of 75 mM phosphate an unexpected increase of
chloride binding can be observed up to 50 uM PPAPS
which we can not explain at present. Apart from this
cffect there is still a smail decrease of chloride line
width with increasing PPAPS concentrations there-
after. The data for the semi-reciprocal plots of Fig. 6
have been evaluated in the same way as in Fig. 4. For
clarity we have only included the data for zero and 75
mM phosphate, respectively. The initial steep slope of
the titration curve in the absence of phosphate reflect-
ing the binding of PPAPS to its high-affinity binding
site gradually disappears with incrcasing phosphate
concentrations whereas the slope at high PPAPS con-
centrations is not aft. . 1 to a great extent. It follows
that the high-affinity PPAPS binding site is also a
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Fig. 6. Semi-reciprocal presentation of the PPAPS titrations in the

presence and absence of 75 mM phosphate. @, Presence of 75 mM

phosphate; a, absence of phosphi-te. Both were carried out in the
presence of 10 mM total Mg2*. Data were processed as in Fig. 4.
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high-affinity phosphate binding site though with a much
higher apparent K.

Titration of nucleotide binding sites

Anion binding to thc SR membranc is likelv to
involve the Ca’*-ATPasc that makes up between 50
and 90% of the total SR-protein [32,33] depending on
which part of the sarcoplasmic reticulum membrane
the vesicles are derived from [34]. Therefore we at-
tempted to investigate the binding of ATP as an an-
ionic substrate. A prerequisite for this experiment is
the stability of ATP during the titration. We used
MP.NMR measurements to detect formation of ADP
and inorganic phosphate [35). The half-life of Ca’*-in-
dependent ATP-hydrolysis to ADP and phosphate was
determined as 15 minutes (not shown). Considering
that titrations of SR vesicles with ATP (mcasuring
SCI-NMR) last 4 h we had to replace ATP by a stable
non-hydrolyzable analogue, ¢.g. AMP-PNP.

Fig. 7 shows AMP-PNP titrations in the presence
and absence of Mg>*. Because of the complexation of
Mg**by AMP-PNP the free Mg®* concentration was
kept constant (10 mM). The K value of MgAMP-PNP
was determined as 24.5 + 2.2 uM (not shown). We find
a smaller amount of chloride displaced in the presence
of Mg**. Due to the Mg *-cfiect the initial value of
line broadening is hisiner than without Mg*. The
semi-logarithmic plot (inset of Fig. 7) shows that chlo-
ride displucement in the absenc: of Mgt stretches
over a concentration range of three orders of magni-
tude starting at 10 uM AMP-PNP, whercas chloride
displacement in the presence of Mg** happens in a
narrower concentration range reaching from (0.1 mM to
5 mM AMP-PNP. The respective K values are 24 + 5
and 600 + 100 uM in the absence, and 390 + 50 uM in
the presence of Mg>*. This has been confirmed by
Eadic-Hofstce analysis.
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The lower curve of the semi-reciprocal plot (Fig, )
measured in the absence of Mg=* shows a steep slope
up to 100 uM AMP-PNP probably corresponding to
the displacement of chloride from a high-affinity nu-
cleotide binding site. It is followed by a less steeper
slope probably reflecting a binding site of lower affin-
ity. Therefore we think that in the absence of Mg?*
chloride is displaced by AMP-PNP from two different
sets of binding sites, while in the presence of Mg*?
from onc site only.

This is contrary to what has been found for the
Mg>* dependence of ATP binding [36] which is en-
hanced in the presence of Mg**. In the absence of
Mg** the high-affinity K, value of ATP and the
measured K, value of AMP-PNP are roughly the
same. Unexpectedly we find only one binding site for
AMP-PNP in the presence of Mg** with moderate
affinity. This is supported by the data of Pick [37] who
found the apparent affinity of AMP-PNP binding de-
creased in the presence of Mg** (5 mM). This cffect
could be due to Mg**-induced changes of either the
nucleotide binding site or of the AMP-PNP conforma-
tion which could result in weaker binding.

Titration of AMP-PNP in the presence of PPAPS

To find out whether PPAPS and AMP-PNP occupy
the same binding sites AMP-PNP titrations wcre car-
ried out in the presence of different PPAPS concentra-
tions as presented in Fig. 9. They were performed in
the absence of Mg** because AMP-PNP complexes
Mg>* whereas PPAPS does not. The high-affinity
AMP-PNP binding site can be occupied by 50 uM
PPAPS so that no chloride displacement happens up to
100 »M AMP-PNP. The curves in the presence of up
to 100 M PPAPS coincide when AMP-PNP is titrated
to higher concentrations where chloride is displaced
from a second binding site of lower affinity for AMP-
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PNP. Addition of 800 uM PPAPS scems to displace all
chloride from AMP-PNP-sensitive binding sites. Ac-
cording to this data high-affinity binding of PPAPS and
AMP-PNP happens at the same binding site. The same
is true for the low-affinity binding sites.

Conclusions

The line broadening of the *CI-NMR signal upon
binding of chloride to a macromolecule was used as a
quantitative measure for the investigation and charac-
terization of various ligands to common binding sites
on the SR membranc. In a previous publication we
could already distinguish between two different sets of
binding sites for chloride and several other anions [23].
The most prominent result of the present work is the
extension of our previous model by defining an addi-
tional anion binding site taking advantage of the effect
of Mg?*. Three sets of chloride binding sites were
characterized according to the relative binding strength
of phosphate, PPAPS, and AMP-PNP with respect to
the Mg2* sensitivity. The results of our NMR experi-
ments are summarized in Table 1.

TABLE 1
Anion binding sites on the SR membrane

+ +, high-afiinity binding: +. low-affinity binding; —, no binding.

Ligand Binding site

| || 1
Phosphate + — @ +
PPAPS + + + -
AMP-PNP + + + -
Enhancement of Cl1~
binding by Mg?* no no yes

* Very weak binding of phosphate (if at all).
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For the transport inhibitor PPAPS we found two
binding sites of different affinity (Fig. 4) where chlo-

ride hinding is not sensitive to Mg>* Thece sites are

designated site 1 and I, respectively. The former rep-
resents the high-; the latter the low-affinity PPAPS
binding site both not being sensitive to Mg?* which is
confirmed in Fig. 2 where the Mg>* titraticn curves in
the presence and absence of PPAPS are the same
apart from a constant shift of line broadening through-
out the titration.

A significant enhancement by Mg?* of chloride
binding at low phosphate concentrations is shown in
Fig. 1. The maximal amount of chioride displaced by
increasing concentrations of phosphate is larger in the
presence of Mg2*. We conclude that Mg2* enhances
chloride binding to a third anion binding site (site 111
in Tabic 1). It is accessibic to phosphate but not to
PPAPS becausc titrations of SR with PPAPS (Fig. 3)
show the same curves apart from a constant shift due
to activation of site I11. This is also confirmed by the
data in Fig. 2.

Nevertheless, there is a binding site where phos-
phate and PPAPS compete (Fig. 5). Detailed analysis
using a semi-reciprocal plot (Fig. 6) reveals that phos-
phate binds to the high-affinity PPAPS binding sitc
(site 1). This differentiation of at least two phosphate
binding sites is only possible on grounds of their Mg?*
sensitivity.

For AMP-PNP we also find two binding sites. Ap-
parently this is reduced to weaker binding (K, = 390
wM) to one site only in the presence of Mg2* (Figs. 7
and 8). Therefore AMP-PNP binding is not compara-
ble to that of ATP. This contrast will be studied
further in a subsequent communication using other
ATP analoguecs.

Fig. 9 shows that the high-affinity PPAPS binding
site can also be assigned to high-affinity AMP-PNP
binding. As a consequence this sitc is also accessible to
phosphate (see Figs. 5 and 6). Moreover, the low-affin-
ity AMP-PNP binding site coincides with the low affin-
ity binding site of PPAPS. This competition study veri-
fies the assumption made in a previous publication [22]
that PPAPS affects nucleotide binding sites.
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