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suggestmg a separate carrier for the dicarboxylic acids. Acetic annydride
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against the effects of acetic anhydride, suggesting the

presence of a lysine residue at the P, binding site. ATP provides protection against the effects of acetic anhydride and
phenylglyoxal, suggesting the prescnce of an ATP binding site on the transporter.

Intreduction

Contracticn and relaxation of skeletal muscle follow
from the release and reaccumulation of Ca’* by the
sarcoplasmic reticalum (SR). The protein responsible
for the accumulation of Ca?*, the (Ca®*-Mg?*)-ATPase,
has been well characterised [1]. Less well churacterised
are the proteins responsible for the release of Ca>* and
for the storage of Ca* within the lumen of the SR. An
acidic Ca®* binding protein, calsequestrin, is found in
the lumen of the sarcop]asmic reticulum (SR) and is
thought to act as a Ca*” ing ageit,
the concentration of free Ca2+ wn.hm the SR {2- 4]
Nevertheless, the total amount of Ca?* taken up by
isolated SR vesicles is relatively low in the absence of
ions such as P, oxalate or pyrophosphate; in the pres-
ence of these ions, uptake is increased several-fold [5,6].
It was suggested thai these ions could diffuse through
the membrane and, because of the low solubilities of
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their calcium salts, form precipitates of calcium salts
within the SR. lowering the free Ca®* concentration;
such precipitates have been abserved in electron micro-
graphs [7.8]. Subsequent sindies showed that movement
of ions across the membrane was mediated by a specific
transporter [91. In particular, Knowles and Racker {10]
showed that although Ca®* uptake by reconstituted
vesicles conlaining the purified (Ca?*-Mg?*)-ATPase
was increased if oxalate or P, was trapped inside the
vesicles, addition of the ious to the external medium
had no effect, indicating that transport of oxalate or P,
was not an intrinsic property of the ATPase. Hassel-
bach and Weber [9] showed that oxalate, P, and pyro-
phosphate competed for a single carrier. It has also
been shown that calcium-chelating dicarboxylates such
as maleate and succinate also increase the level of Ca®*
accumulated by SR vesicles [11-13], and it was sug-
gested that these anions were also transported on the
same transporter as oxalate and P; [13].

Little is yet known about the mechanism of this
transporter, referred to for convenience as the P, trans-
porter. The SR is known 10 be permeable to anions such
as CI~ [14] and a Cl -selective ion channel has now
been characterised in SR {15,16). This channel is, how-
ever, impermeable to P, [16]. It has also been shown
that the passive permeability of the SR membrane to P,
is very much less than to C1~ [14]. In a series of studies



322

it has been shown that stilbene sulphonates inhibit
anion movement across SR. and therefore it was sug-
gested that the anion transporter of SR could be similar
to Band 3 of red blood cells which is also inhibited by
stilbene sulphonates {17-21]. Kasai and Taguchi {1%]
reported that stilbene sulphonates label a protein of
molecular weight about 100000 which was suggested to
be the transporter. However, subsequent studies by
Byers and Meissner (see Ref. 14) suggested that most
labelling was of the ATPase rather than of an anion
ransporter; stilbene sulphonates have also been shown
to inhibit the activity of the ATPase (Lee, unpublished
obscivations). MacLennan et al. [22] sugpested that the
anion transporter could be the 53-kDa glycoprotein
which has now been sequenced [23]. This is made less
likely by the observation that SR from lobster muscie
lacks the glycoprotein [24] and yet still transports oxalate
[25].

As a starting point for the study of the P; transporter
in SR we looked for specific inhibitors of the trans-
porter, to be used both as structural probes and as the
basis for the development of affinity probes 1o be used
in label studies and for affinity purification. It has been
reported that phosphonocarboxylic acids specifically in-
hibit the Na*/P, co-transport system in brush-border
membranes [26,27]. We show here that these same com-
pounds inhibit the P; transporter in SR, but with a
different structural specificity. We also show that trans-
port is inhibited by acetic anhydride and phenylglyoxal,
reagents reacting preferentially with lysine and arginine
residues respectively; such residues are commonly found
at anion binding sites [28,29].

Materials and Methods

AnalaR reagents and murexide were obtained from
BDH Chemicals and Hepes (Ultrol) was from
Calbiochem. Phosphonates were obtained from Sigma
and Aldrich. SR was prepared largely as described in
McWhirter et al. [30]. White muscle was dissected from
the hind legs of a female (New Zealand White) rabbit,
and fat and connective tissue was removed, this and all
subsequent procedures being performed at 4°C. The
muscle was homogenized in buffer (0.3 M sucrose, 20
mM histidine-HCl (pH 8.0)) containing dithiothreitol (1
mM) and phenylmethanesulphonyl fluoride (5 pM) in a
Waring Blendor for 15 s. The homogenate was spun at
8000 X g for 20 min and the supernatanl was filtered
through muslin and then spun at 37000 X g for 90 min.
The resulting pellet was resuspended in ice-cold buffer
(0.3 M sucrose, 10 mM histidine-HC), 0.6 M KCl (pH
8.0)) containing 1 mM dithiothreitol and 5 pM phenyl-
methanesulphonyl fluoride. The suspension was left to
stand for 30 min to precipitate actomyosin before
centrifugation at 5000 X g for 20 min. The supernatant
was decanted off the soft actomyosin pellet and centri-

fuged at 37000 X g for 90 min. The resulting pellet was
rehomogenized in buffer (40 mM Hepes-KOH, 100 mM
KCl (pH 6.3)) « 1 mM dithiothreitol to give
10-20 mg protein,/ml and stored frozen. In our previous
preparative procedure [30] the final SR preparation was
washed twice in buffer before storage, but we have
found that this results in decreased uptake of Ca®*
measured in the presence of P,. Purified ATPase was
prepared as described in East and Lee [31).

Ca?* fluxes were monitored photometrically by using
the dye murexide. Spectra were run on a Shimadzu
UV3000 dual-wavelength spectrophotometer with a
wavelength pair of 507 nm-542 nm, at 25°C. Sample
were stirred with a Cell-Spinbar magnet (Bel-Art Prod-
ucts) in the sample cuvette, and reagents were injected
directly into the cuvette from Hamilton syringes through
a modified }id. A saturated solution of murexide was
prepared by addition of 2.4 mg of murexide to 1 ml of
water, leaving the resulting suspension to stand on ice
for 30 min, followed by filtration to give a clear solu-
tion. For assays of Ca*, 160 pl of this stock solution
was added to 3 ml of buffer containing SR membrane
(usually at 0.08 mg protein/ml) in the assay cuvette, to
give a final murexide concentration of 0.45 mM. To
calibrate the optical signal, samples of a concentrated
stock solution of CaCl, were added, to a final con-
centration of 50 pM: over the concentration range used
here, the murexide response was linear with Ca?* con-
centration. Ca®* uptake was initiated by addition of
ATP; at the Mg2* concentration usually employed (5
mM) the change in free Ca®* concentration due to
binding of Ca®** to ATP was shown to be negligible
(data not shown).

Uptake of [**P]P, by SR vesicles was determined by
Millipore filtration. SR vesicles (0.06 mg/ml} were in-
cubated at room temperature in 40 mM Hepes-KOH,
100 mM KCl, 5.0 mM MgSO,, 50 pM CaCl, (pH 6.3)
containing 5.0 mM P.. Active Ca?* uptake was initiated
by addition of 0.5 mM ATP. At given times, 200-ul
samples were removed and rapidly filtered on Milipore
HA filters (0.45 pm) and washed with 15 ml ice-cold
buffer (20 mM P;, 40 mM Hepes-KOH, 100 mM KCt
(pH 6.3)). Filters were counted in OptiPhase HiSafe 3.

For cavalent modification, SR vesicles (0.9 mg pro-
tein/ml) in buffer (40 mM Ilepes-KOH, 100 mM KC1
(pH 7.0)) were incubated with the required concentra-
tions of acetic anhydride o« phenylglyoxal. For modifi-
cation with acetic anhydride, SR was incubated with
acetic anhydride for 5 min at 25°C, and the reaction
was stopped by addition of lysine to a final concentra-
tion of 20 mM. For modification with phenylglyoxal,
SR was incubated with phenylglyoxal for 30 min at
25°C, and the reaction was stopped by addition of
arginine to a final concentration of 20 mM. Samples
were then diluted into the appropriate buffers for assay
of Ca?* accumulation. In experiments where ATP was




included in the modification medium. this procedure
resulted in significant concentrations of ATP in the
assay buifer, so that reactions could not be started in
the usual way by addition of Ca*. For these experi-
ments, therefore, modified SR was added to buffer
containing the required concentration of ATP in the
absence of Ca®*. The reaction was then started by the
addition of Ca®*. Using this protocol it was not possi-
ble to record the initial fast phase of accumulation of
Ca®*, but the second, slower phase of accumulation
observed in the presence of P, could be recorded.

ATPase activity was measured using the coupled
enzyme system described in East and Lee [31]. Samples
(12 pl, equivalent to 6 pg of ATPase) were added to a
medijum containing 40 mM Hepes-KOH, (pH 7.2), 5
mM MgS0,, 1.01 mM EGTA, 0.42 mM phosphoenol-
pyruvate, 0.15 mM NADH, 2.1 mM ATP, 7.5 1U pyru-
vate kinase and 18 U lactate dehydrogenase in a total
volume of 2.5 ml, with CaCl, added to give maximal
activity.

Concentrations of protein were estimated by using
the absorption coefficient given by Hardwicke and
Green [32),

Results

Transport of phosphate

Addition of ATP to a suspension of SR vesicles leads
to uptake of Ca2*, which can be monitored spectropho-
tometrically by using murexide to determine the con-
centration of Ca®* in the external medium (Fig. 1). As
shown in Fig. 1, in the absence of P, a rapid accumula-
tion of Ca®* to a level corresponding to 198 nmel
Ca®*/mg protein is observed, the rate of uptake being
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Fig, 1. The uptake and release of Ca** are shown following addition

of ATP (0.5 mM) o SR vesicles (0.08 mg protein/ml) in buffer (40

mM Hepes-KOH, 100 mM KCl, 5 mM MgSO; {pH 6.3)) a1 an initial

Ca?* concentration of 50 pM. in the absence (A) or presence (B)
of SmM P,
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PI uptake (nmoles 7 mg)

Time (min)
Fig. 2. The uptake of [**PJP, following addition of ATP (0.5 mM) to
SR vesicles (0.06 mg protein/ml) in buifer (40 mM Hepes-KOH. 100
mM KCl. 5 mM MgSO, {pH 6.3)) at an initial Ca?* concentration of
50 M. in the absence (0) or presence of 1 mM: PhPA (0), PPA {¢),
PAA (a), PFA (V).

too fast to follow in thise experiments. Following up-
take of Ca®*, Ca®" is released in two phases. an initial
slow phase and a second faster phase. the faster phase
starting when the ATP ation has been reduced
by hydrolysis to a value comparable to the X; value of
the ATPase for ATP (approx. 5 gM) {30]. As reported
previously {30}, we have found that the maximal extent
of Ca®* accumulation varies between preparations of
SR. As shown in Fig. 1, the pattern of uptake of Ca®* is
distinctly different in the presence of P,. The fast, initial
phase of Ca?" uptake is unaltered by the addition of P;,
but, in the presence of P, the initial uptake is followed
by a second, slower phase of accumulation of Ca®*
which continues until either the Ca®" in the external
medium or the ATP is depleted. This stow second phase
hzs been attributed to the tramsport of P, across the
membrane, leading to the precipitation of CaHPO,
within the SR vesicles [33,34]. Accumulation of P, mea-
sured directly is shown in Fig. 2. The ratio of extra
Ca* acc lated in the p of P, to P, accu-
mulated is close to 1:1. Thus, after 2 min, the extra
Ca®* accumulated is 293 nmol /mg protein (Fig, 1), and
the P; accumulated at this time is 300 nmol/mg protein
(Fig. 2).

Inhibition by phosphonates

Fig. 2 shows the effects of a series of phosphonyl
derivatives on the active accumulation of P, by SR
vesicles. As shown, at 1 mM all inhibit P, transport, the
greatest effect being observed with PFA. The concentra-
tion of PPA giving 50% inhibition of P, transport at 5
mM P, is 1.4 mM (data not shown).

Fig. 3 shows the effect of 1 mM PFA on the uplake
of Ca’* in the absence of P,. Surprisingly. a slow
second phase of uptake of Ca’* is observed in the
presence of PFA after the initial fast phase, comparable
to that seen in the presence of P, (Fig. 1). Since it is
known that PFA will complex Ca’* [35,36], these re-
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Fig. 3. The uptake of Ca?* is shown following addition of ATP (0.5

mM) to SR vesicles (0.033 mg protein/ml), in {A) the presence of 5

mM P, and (B) the presence of 1 mM PFA, the other conditions being
asin Fig. 1.

sults suggest that PFA can be accumulated by SR
vesicles, complexation between PFA and Ca?* within
the SR lumen decreasing the free concentration of Ca?t,
as for P,. Effects of PFA are comparable at Mg”*
concentrations betweea 3 and 16 mM (data not shown).
In the presence of PPA or PhPA (Fig. 4) and the
absence of P,, although no slow second phase of uptake
of Ca** is observed, the rate of release of Ca®* is
slower than for the control, so that higher levels of
accumulation of Ca®" are measured at long times after
the addition of ATP in the presence of PPA or PhPA
than in their absence. Effects of PAA at 1 mM are
comparable to those of PPA (data not shown). How-
ever, at higher (2.5 mM) concentrations, PAA red
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Fig. 5. The uptake of Ca** is shown following addition of ATP (0.5

mM}) to SR vesicles (0,08 mg protein,/ml) in the presence of 5 mM P;

and the given concentrations (mM) of PhPA. Other conditions were
as in Fig. 1.

its inhibitory effect on ATPase activity (see below). The
smaller effects of PPA and PhPA then PFA would
suggest that these derivatives are transported less well.

As shown in Fig. 5, PhPA markedly reduces the
magnitude of the slow, second phase of Ca>* accumula-
tion seen in the presence of 5 mM P, so that at 2.5 mM
PhPA, the pattern of uptake is comparable to that seen
in the absence of ', (Fig. 1). Effects of PAA and PPA
are comparable to those seen with PhPA except that, as
described above, 2.5 mM PAA reduces the magnitude
of the initial, fast phase of accumulation of Ca>* (data
not shown).

The amine derivative 4-aminophenylphosphonic acid
had no effect on uptake of Ca®*, either in the absence
or presence of P; (data not shown).

Addmon of oxalate has also been observed to result

the magnitude of the initial, fast phase of accumulation
of Ca®*, an effect which can probably be attributed to
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Fig. 4. The uptake of Ca?* is shown following addition of ATP (0.5

mM) to SR wvesicles (0.08 mg protein/ml), in the absence {A) or

presence of: (B) 1 mM PPA, (C) 2.5 mM PhPA, (D) 2.5 mM PPA.
Other conditions were as in Fig. 1.

in d lation of Cal* [7] (Fig. 6). As
shown in Fig. 6, the slow second phase of accumulation

05 mM ATP (PPa] (mia)
=0

H

3

e 25

i

g

&
LR 10

1ron a

Fig. 6. The uptake of Ca®* is shown following addition of ATP (0.5

mM) to SR vesicles (0.02 mg protein/ml) in the presence of 1 mM

oxalate and the given concentrations of PPA. Other conditions were
as in Fig. 1.



TABLE 1

»

Accumulation of Ca® * i the presence of maleate and succinate

Maximal uptake was measured following addition of ATP (0.5 mM)
to SR vesicles (0.08 mg protein/ml) in buffer (40 mM Hepes-KOH.
100 mM KCl, 5 mM MgSO, (pH 6.3)) at an initial Ca®™ concentra-
tion of S0 uM,

Additions Maximal Ca®* accumulation
(nmol /mg protein)
None 146
40 mM maleate 236
+2.5 mM PPA 274
+2.5 mM PuPA 300
40 mM succinate 195
+2.5 mM PPA 256
+2.5 mM PhPA 255

of Ca®”" seen in the presence of oxalate is also inhibited
by PPA. Uptake of Ca’* has also been reported to be
increased by addition of dicarboxylic acids such as
maleate [11,30). Effects of maleate are very different to
those of P, or oxalate, with no marked second phase of
uptake, but rather an increase in the level of accumula-
tion of Ca2* in the initial, fast phase, giving rise to a
more marked “overshoot’ in the profile of Ca?* uptake
and release {11,30}. Addition of PPA or PhPA leads to a
slight increase in the 'evel of maximal accumulation of
Ca®* seen in the presence of maleate, although the
effect is probably not significant (Table I). Effects of
succinate are comparable to those seen with maleate
(Table I).

Effects of the phkosphonates on steady state ATPase
activity are shown in Table 1I. To demonstrate that
none of the phosphonates was hydrolyzed under the
conditions of these experiments, SR vesicles (0.6 mg/ml)
were incubated with the phosphonates (1.0 and 5.0 mM)
in a medium containing 40 mM Hepes-KOH, 160 mM
KCl, 5.0 mM MgSO, and 10 uM Ca®* (pH 7.2) for 90
min at room temperature, An equal volume of 10%
trichloroacetic acid was then added, and precipitated
protein spun down in an Eppendorff centrifuge. The
supernatants were assayed for liberated phosphate using

TABLE IE
Effects of phosphonates on steady-siate ATPase activity

ATPase activities for the purified ATPase were assayed in 40 mM
Hepes-KOH. 100 mM KCI, 5 mM MgSQ,, 21 mM ATP, 50 pM
Ca** (pH 7.2) a1 25°C.

Concentralion Fractional aclivity *

(mM) FFA PAA PPA FhPA
s 10 10 10 0.98
1.0 098 099 0.98 0.94
25 064 0.62 093 084
50 033 0.14 074 0.57
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Fig. 7. ATPase activity of SR vesicles modified with the given con-

ceniration of acetic anhydride for 5 min in the absence (0) or

presence (0) of 5 mM ATP, ATPase assays were performed at 2.1 mM

ATP. Ity stimulati; i of Ca**. and pH 7.2.

ATPase activities are expressed as percentage of control activity.
measurcd for unmodified SR.

the method of Chen et al. [37). In no case was any
hydrolysis detected.

Effects of covalent modification

As shown in Fig. 7, incubation of SR vesicles with
acetic anhydride leads to inhibition of ATPase activity.
The presence of a high (5 mM) concentration of ATP
during the incubation with acetic anhydride provides a
high level of protection against the inhibitory effect
(Fig. 7). Effects on accumulation of Ca’* were less
marked, so that after modification for 5 min with 0.4

D5 oM ATP

L

Pt

1min

A
Fig. 8. The uptake of Ca2* is shown following addition of ATP (0.5
mM) to SR vesicles (0.08 mg protein/mi) in the presence of 5 mM P,
{A) for unmodified SR. and for SR modified with 0.4 mM acetic

2 Activity in the absence of phosphonate equal 10 6.8 1U /mg protein.

for 5 min in the presence of the given concentration
(mM) of P,.
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Fig. 9. The level of Ca?* accumulation 5 min after the addition of
ATP (0.5 mM) 10 SR vesicles modified with the given concentrations
of acetic anhydride for 5 min, assayed in buffer (40 mM Hepes-KOH,
100 mM KCl, 5.0 mM MgSQ,, 50 gM CaCl, (pH 6.8)) containing 5.0
mM P.. For this experiment, concentrations of Ca* in the medium
were assayed photomelrically using 50 pM arsenazo I1I. ©, SR
modified in the absence of B, or ATP; (3, SR modified in the presence
of S mM ATP; a, SR modified in the presence of 50 mM P;; v, SR
modified in the presence of 50 mM P; and 50 mM ATP, The control
level of Ca?* accumulation was 400 nmol,/mg protein,

and 1 mM acetic anhydride, maximal levels of uptake
were approx. 80% and 40% of control, respectively (data
not shown). However, as shown in Fig. 8, modification
of SR with 0.4 mM acetic anhydride resuited in almost
complete loss of the secondary, slow phase of Ca?*
accumulation observed in the presence of P,. The pres-
ence of P, during the reaction with acetic anhydride
resuits in protection of the phosphate transporter (Figs.
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Fig. 10, The uptake of Ca* is shown following addition of ATP (0.5
mM) to SR vesicles {0.08 mg protein/mi) in the presence of 5 mM P,
(A} for unmodified SR, and for SR modilied with 3 mM phenyl-
glyoxal in the absence of P; and ATP (B), in the presence of 50 mM P,
{C) and in the presgtlw of 50 mM P, and 5 mM ATP (D). Al
H N

of Ca’ were started by addition of
ATP, except for (D) which was started by addition of Ca* (see
Materials and Methods). All other conditions as in Fig, 1.

8 and 9). The presence of 5 mM ATP together with 50
mM P, during reaction with 0.4 mM acetic anhydride
results in almost complete protection of the transporter,
although some inhibition is still observed at higher
concentyations of acetic anhydride (Fig. 9). The con-
centratior: of ATP resulting in 50% extra protection of
the transporter modified with 0.4 mM acetic anhydride
in the presence of 50 mM P, is 3.0 mM (data not
shown).

Modification of SR with 1.0 to 50 mM phenyl-
glyoxal for 30 min results in a reduction in the initial
fast phase of Ca* accumulation to 60% to 40%, respec-
tively, of the unmodified levels (data not shown). As
shown in Fig. 10, the slow phase of Ca?* accumulation
observed in the presence of 5 mM P, is also reduced.
The presence of 50 mM P, during modificauon with
phenylglyoxal has little effect, but the presence of 5 mM
ATP and 50 mM P, results in a high ievel of protection
of the transporter (Fig. 10).

Discussion

The role of the SR in muscle is 1o sequester Ca®*
and release it when required to initiate muscle contrac-
tion. Calsequestrin and other Ca®*-binding proteins are
located in the lumen of the SR and serve to reduce the
free internal concentration of Ca®* [2-4]. Further, it
has long been known that higher levels of Ca?* are
accumulated by isolated SR vesicles in the presence of
Ca?*-precipitating anions such as oxalate, P, or pyro-
phosphate, attributable to transport of these ions across
the membrane with the formation of Ca®* precipitates
in the lumen of the SR [5,6,8]. These results have been
interpreted in terms of a distinct anjon transporter,
usually referred to as the P; transporter. This trans-
porter is distinct from the major protein of the SR, the
(Ca?*-Mg?*)-ATPase, since no P, is taken up from the
external medium by reconstituted vesicles containing
only the purified (Ca’*-Mg?*)-ATPase [10]. Hasselbach
and Weber (9] showed that oxalate, P, and pyrophos-
phate competed for ‘he same carrier, and Chu et al.
[12,13] sugzested that maleate and which are
also accumulated by SR vesicles, ~ould also be trans-
ported by the same carrier.

Active accumulation of P, by SR vesicles in the
presence of Ca’* and ATP can be studied directly,
measuring the uptake of [*P|P,, or indirectly, through
the second, slower piiase of accumulation of Ca?* ob.
served in the presence of B, and attributable to the
precipitation of insoluble calcium salt in the lumen of
the SR (see Fig. 1). Martonosi and Feretos [6] and Tate
et al, [38] have reported that the stoichiometry of uptake
of oxalate 1o Ca?* is 1:1, and the data reported in Figs.
1 and 2 show that the stoichiometry of uptake of P, and
Ca?* in the second, slower phase. is also 1: 1.

Here we report on effects of covalent and non-cova-




lent inhibitors of the P, transporter. It has been reported
that phosphonocarboxylic acids specifically inhibit the
Na*/P, co-transport system in brush border mem-
branes [26.27]. Since these compounds inhibit viral DNA
and RNA polymerases by binding at the pyrophosphate
binding site [40] it is likely that they bind at the P,
binding site on the Na* /P, transporter. As shown in
Fig. 2, the phosphonocarboxylic acids also inhibit P
transport by SR. For the Na* /P, transporter, Szcze-
panska-Konkel et al. [26] reported that PhPA had no
effect at concentrations up 1o 5 mM, and suggested that
the proximity of a carboxy! group to the phosphonyl
moiety was an important determinant of inhibitory
potency. The data reported in Fig. 2 show that this is
not so for the P, transporter of SR, where PhPA is an
inhibitor at 1 mM. The strongest inhibitor of P, trans-
port is, however, PFA (Fig. 2).

As shown in Fig. 5, PhPA inhibits the second, slow
phase of Ca’* uptake observed in the presence of P,
consistent with the observed inhibition of uptake of P,
(Fig. 2). However, for PFA in the absence of P,, a slow
phase of Ca®* uptake is observed (Fig. 3), comparable
to that seen in the presence of P, (Fig. 1). This we
attribute to transport of PFA by the P, transporter,
followed by complexation of Ca** by PFA in the lumen
of the SR; the effective binding constant at pH 6.3 of
PFA and Ca®* can be caiculated 1o be 248 from the
binding constants given by Heubel and Popov [35] and
Farmer et al, [36]. PAA at 1 mM bad no effect on Ca®*
uptake in the absence of P; (data not shown) despite an
effective binding constant at pH 6.3 for Ca?* of 802
calculated from the data of Heubel and Popov [35] and
Farmer et al. [36]. Effects of PPA and PhPA on Ca®*
uptake in the absence of P, are also much smaller than
those of PFA (Fig. 4) and, although this can be attri-
buted in part to @ weaker binding to Ca* [35,36], given
the results obtained with PAA, the smaller effects of
these bulkier derivatives can probably be attributed to a
slow rate of transport by the P, (ransporter The posi-
tively charged analogue 4 hosphonic acid
had no effect on uptake of Ca“ either in the absence
or presence of P, (data not shown).

Effects of 1 mM PFA on uptake of Ca®* in the
absence of P, were little changed on changing the Mg?™
concentration between 3 and 10 mM (data not shown).
From the effective binding constant for Mg>* at pH 6.3
(251, calculated from the data of Heubel and Popov {35]
and Farmer et al. [36]), it can be calculated that, at a
total PFA concentration of 1 mM, the concentration of
uncomplexed PFA changes from 0.6 1o 0.3 mM on
changing Mg2* from 3 to 10 mM. Since uptake of C2**
in the absence of PFA also changes little over this range
of Mg?* concentrations {41], this implies thet MgPFA
and PFA are transported equally by the P; transporter.

As shown in Fig. 6, the slow phase of accumulation
of Ca?* observed in the presence of oxalate is also
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inhibited by PPA. consistent with the suggestion of
Hasselbach and Weber [9] that P, and oxalate are car-
ried on the samc carrier. However, PPA had no effect
on the exira accumulation of Ca' observed in the
presence of maleate or succinate (Table 1), suggesting
that the carrier for the dicarboxylates is distinet from
that for P, and oxalate.

Studies of the effects of covalent modification of SR
membranes ¢an provide information about amino acid
residues likely to be important in P; transport. Lysine
and arginine residues have been located at the anion
binding sites of anion transporters [28,29]. Acetic
anhydride modifics lysine residues but also histidine
and cysteine, whereas phenylglyoxal is fairly specific for
arginine residues [42,43]. A complication in studies of
the P, transporter is tnat both the transperter and the
(Ca®*-Mg**)-ATPase are likely 10 be affected. Thus
Murphy [44] has demonstrated the presence of arginyl
residues on the ATPase whose modification affects ac-
tivity. Fig. 7 shows that the ATPase activity of SR
vesicles is reduced by modification with acetic
anhydride. Since the effect of acetic anhydride is largely
prevented by the presence of ATP (Fig. 7) it is likely
that the sites whose modification affects activity are at
the ATP binding site. Similar effects were seen for
acetic anhydride modification of the purified ATPase
(data not shown). Phenylglyoxal was also observed to
inhibit ATPase activity, with some protection being
provided by ATP (data not shown).

Effects of modification of SR vesicles with acetic
anhydride on I levels of lation of Ca®*
are less marked than effects on ATPase activity. Thus
modification with 0.4 mM acetic anhydride leads to a
reduction in ATPase activity to 40% of control, but the
maximal level of accumulation of Ca®* is only reduced
to 80% of control (data not shown, but see Fig. 8);
levels of ac lation of Ca®* d at greater
times after initiation of uptake are more affected by
modification, suggesting an effect of modification on
leak of Ca®* from the vesicles (data not shown). Effects
on :he slow phase of ion seen in the p
of P, are, however, very marked, and the slow phase of
uptake is almost abolished after 5 min modification
with 0.4 mM acetic anhydride (Fig. 8). The presence of
P, during reaction with acetic anhydride protects against
the inhibitory effect of acetic anhydride (Figs. 8 and 9).
Although ATP (5 mM) alone does not reduce the effect
of acetic anhydride on Ca** accumulation, the presence
of both 5 mM ATP and 50 mM P, provides almost
complete pratection against modification with 0.4 mM
acetic anhydride, although inhibition is still observed at
higher concentrations of acetic anhydride (Fig. 9). These
results suggest the presence of lysine residues at the P,
binding site on the P; transporter, and the presence of
an ATP binding site on the transporter. As described in
[45] there is evidence for ATP stimulation of the trans-
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porter. Modification with acetic anhydride also de-
creases the magnitude of the slow phase of Ca>* uptake
seen in the presence of oxalate, and again the presence
of ATP protects against this effect (data not shown).

Shoshan-Barmatz {46] also studied the effect of mod-
ification with acetic anhydride on Ca®* accumulation
by SR vesicles in the presence of P,. Shoshan-Barmaiz
[46] observed an inhibition of accumulation of Ca?*, as
observed here, but attributed it to an effect on a Ca®*
channel in the membrane, increasing the permeability of
the membrane to Ca?*. Although an effect on the rate
of Ca®* efflux from SR vesicles is likely (see above), the
major effect of modification with acetic anhydride on
accumulation of Ca®* in the presence of P, is likely to
follow from the effects on the P, transporter described
above.

Modification of SR with phenylglyoxal also inhibits
the slow phase of uptake seen in the presence of P; (Fig.
10). In this case, however, the presence of 50 mM P,
during modification provides little protection, although
5 mM ATP does reduce inhibition very markedly. This
argues again for an ATP binding site on the P; trams-
porter, the binding site including at least one arginine
residue.
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