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The extra uptake of Ca z+ by vesicles of sarcoplasmic reficulum (SR) observed in the presence of Pl, attributable to 
transport of Pt by the Pl-transporter, has been studied. It has been shown that the Pi transporter is stinndated by ATP. 
Single channel conductance measurements have shown that the CI - channel in the SR  m e m b r a ~  is impernteable to Pl- 
It is suggested that the transporter could be an an ion antiporter system. Studies of uptake as a function of pH and 
M g  2+ concentration suggest that transport of M g H P O  4 and H2PO4- are faster than transport of HPO4 z - .  For oxalate 
and pyropbesphate, M g  z+ binding inhibits transport. It is suggested that protonatian of lyslne residue(s) at the anion 
binding site increase the rate of transport. 

Introduc~on 

The sarcoplasmic reficolum (SR) of skeletal muscle 
contains a transporter for Pi ions which also carries 
oxalate and pyrophospbete [1-5]. Movement of these 
ions into the lumen of the SR results in the precipita- 
tion of the corresponding Ca 2+ salts with an increase in 
the level of Ca 2+ accumulated by the SR [6,7[. It was 
suggested in the preceding paper that phosphonoforrnic 
acid was also transported by the Pi transporter, whereas 
other phosphonocarboxylic acids were transported 
poorly, if at all, but  were inhibimrs of Pi transport [5]. 

The mechanism of the transporter is unknown. Car- 
ley and Racker [4] showed that, as well as Pi, external 
Ca  2+, Mg 2+ and ATP were required for uptake of Pi- 
Since these same ions are requ;.red for Ca 2÷ uptake 
mediated by the (Ca2+-Mg2+)-ATPase in the SR, this 
could suggest that Pi transport was linked to the forma- 
tion of a Ca 2÷ gradient. However, although uptake of P, 
was markedly reduced in the presence of the Ca 2÷ 
ionophore A23187, it was reported still to occur, leading 
Carley and Racker [4] to suggest that a Ca z~ gradient 
was not necessary [4]. Carley and Racker [41 also showed 
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that uptake was not driven by an inside positive mem- 
brane potential generated by the (Ca2+-Mg2+)-ATPase. 
since uptake of P, was unaffected by the addition of 
va!inomycin. In the previous paper, it was shown that Pi 
transport was protected by ATP against modification 
by acetic anhydride or  phenylglyoxal, suggesting a bind- 
ing site for ATP on the transporter [5]. The role of such 
a binding site remains to be determined. Also unclear is 
the species of Pi actually transported, since, in a medium 
containing both Mg 2+ and Pi, a mixture of protonated 
and Mg~÷-bound species of Pi will be present. In this 
paper we explore the effects of ATP and Mg 2+ on the 
uptake of P, and oxalate. 

Materials andMethods  

AnaiaR reagents and murexide were obtained from 
BD H  Chemicals and Hepes (Ultrol)  was from 
Calbiochem. SR was prepared as described in Stefanova 
et al. [5]. For some experiments SR was fraerionated 
into light, intermediate and heavy fractions following 
the protocol of Meissner [24]. Ca 2+ fluxes were moni- 
tored photometric.ally by using the dye murexide. Spec- 
tra were run on a Shimadzu UV3000 duai-wavelength 
spectrophotometer with a wavelength pair of 507 nm-542 
nm, at 250C, as described [5]. Ca 2+ uptake was ini- 
tiated by addition of ATP; at the Mg  2+ concentration 
usually employed (5 mM) the change in free Ca 2+ 
concentration due to binding of Ca  2+ to ATP was 
negligible. At lower concentrations of Mg  2+, a decrease 



330 

in free Ca :~ concentration was observed on addition of 
ATP to buffer in the absence of SR due to the forma- 
tion of CaATP; this change was subtracted from the 
traces obtained in the presence of SR. 

Concentrations of species of P, and oxalate in the 
presence of Mg :÷ were calculated using log proton 
binding constants of 6.71, and 3.81, respectively, and 
log Mg 2 + binding constants of 1.88 and 2.39, respec- 
tively [8]. 

Planar bilayers were formed from a l : 1 molar ratio 
of egg yolk phosphatidylethanolamine and bovine brain 
phosphatidylserine (Lipid Products) dissolved in decane 
at a lipid concentration of 4 mg /ml .  The lipid solution 
was painted across a 300 ,t:m hole drilled in a poly- 
carbonate cup. Aliquots of the intermediate SR fraction 
[24] (50/~g prote in /ml  final concentration) were added 
to the cis chamber and fusion was induced by stirring 
and the application of a negative holding potential 
across the bilayer of - 4 0  inV. The buffer was 10 mM 
Hepes-Tris (pH 7.4) containing 5 mM CaCI 2 and 100 
~M EGTA, with choline chloride and P, added as 
required. Experiments were performed at room temper- 
ature. 

Current flow through the bilayer was monitored using 
a patch and cell clamp amplifier (Biologic RK300) as a 
eurreat-to-vohage converter via glass salt bridges in 
series with Ag/AgCI  electrodes. The output  of the 
amplifier was displayed on an oscilloscope, digitized 
using a pulse code modulator (Biologic PCM) and stored 
on videotape for analysis. Data stored on videotape was 
reconverted to an analogue signal using the output 
channel of the pulse code modulator and low-pass 
filtered at a comer frequency of 300 Hz (Frequency 
Devices 902LP Filter) and digitized at 10 kHz prior to 
analysis using Satori software (Intracel). 

Results 

Effect of A T P  on P, and oxafate transport 
The uptake of Ca 2+ that follows addition of ATP to 

a suspension of SR vesicles can be monitored spectro- 
phot~,,,¢tdcally using murexide to measure the con- 
centration of Ca 2+ in the external medium [5]. As 
shown previously [1,2,5], in the presence of P, the initial 
fast phase of uptake of Ca 2+ is followed by a second, 
slower phase of uptake that can be attributed to the 
transport of Pi followed by precipitation of CaHPO 4 
within the vesicles. It has been shown that uptake of 
Ca 2+ can al~o be driven by pseudo substrates such as 
acetyl phosphate [9]. Fig. 1 shows that in the presence 
of P, rapid Ca z÷ uptake driven by acetyl phosphate is 
also followed by a second slower phase of uptake, hut  
that the rate of the second phase is slower than ob- 
served for uptake driven by ATP (compare Fig. 1, ReL 
5). A slow phase of uptake is also observed in the 
presence of oxalate, hut again this is considerably slower 
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Fig. 1. Uptake and release of Ca 2. are shown following the addition 
of acetyl phosphate (0.5 raM) to SR vesicles (0.13 rng protein/ml) in 
buffer (40 mM Hepe~-KOH. 100 mM KCI. 5 mM MgSO 4 (pH 6.3)) at 
an initial Ca ~+ concentration of 50 ~M. in the presence or the given 

concentrations (mM) of P. 

in the presence of acetyl phosphate than ATP (data not 
shown). 

The slower rate of the slow phase of accumulation of 
Ca 2+ observed with acetyl phosphate than with ATP 
suggests that uptake of P~ (and oxalate) might be 
stimulated by ATP. This possibility was explored fur- 
ther by studying the effect of addition of ATP during 
the uptake process. As shown in Fig. 2, in the absence 
of Pi, fast uptake of Ca 2+ is followed by a slow phase of 
Ca 2+ release. It was shown previously that this slow 
phase of release occurs with ATP in the system; a 
second, faster phase of Ca 2+ release is observed after all 
the added ATP has been hydrolysed by the (Ca z+- 
Mg 2+)-ATpase [9]. That  spontaneous release occurs in 
the presence of ATP is confirmed by Fig. 2, which 
shows that addition of 1 mM ATP during the release 
phase does not  prevent the release of Ca 2+. The effect 
of addition of Pl depends markedly on the t ime of 
addition following initiation of uptake (Fig. 3A). Ad- 

0.5 mM ATP 
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Fig. 2. Uptake and release of Ca :+ are shown following the addition 
of ATP (0,5 raM) to SR vesicles (solid llne). Also shown is the effect 
of addition of 1 mM ATP at the given times following initiation of 
uptake (dotted lines). The decrease in free Ca ~ ~ concentration follow- 
ing the second addition of ATP can be attributed to the formation of 
a small amount of CaATP at the relatively high ATP/Mg ~÷ tati~ 
The protein ~n~ntration was 0.08 mg/ml and the buffer 4O raM 
Hepes-KOH, 100 mM KCI. 5 mM MgSO a (pH 6.3) with an initial 

Ca z+ concentration or 50 aM. 
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Fig. 3. Uplake and release of Ca a* are showrl following the addition 
of ATP (0.5 raM1 In SR vesiel~ (0.08 mg/ml) followed hy the 
addition of 5 mM p, (A) or 5 rnM Pi plus 0.5 mM ATP (B) at the 

given times. Other conditions as in Fig. 2. 

dition of Pi 0.5 mln following initiation of uptake leads 
to a very marked second phase of uptake, comparable 
to that seen following the addition of ATP to SR 
vesicles incubated in the presence of Pi (see Fig. 1 of 
Ref. 5). However. addition of Pi 10 min after the ini- 
tiation of uptake results in little further uptake of Ca-" ~. 
As shown in Fig. 3B, simultaneous addition of P, and 
ATP leads to a more marked second phase of uptake 
than addition of Pi alone, the difference being particu- 
larly marked at long times. These results serve to con- 
firm that uptake of Pt is not simply driven by a Ca 2+ 
gradient across the SR membrane, but is stimulated by 
ATP. Very similar results were obtained following the 
addition of oxalate and oxaiate plus ATP (data not 
shown). 

Effect of pH and Mg "+ on P, and oxalate tr~tnsport 
In the Mg2*.contalning medium used to study up- 

take of Ca z+, Pl will be present as a mixture of HPO~-.  
H,PO~- and MgHPO4, the relative proportions depend- 
ing on pH and Mg ~* concentration (Table I). As shown 
in Fig. 4, the second slow phase of Ca ~+ accumulation 
observed in the presence of P, increases markedly in 
rate with increasing concentration cf Mg '-÷ and is also 
more marked at acid pH. The effe,.'t of oxalate (Fig. 5) 
is also more marked at acid pH, but the slow phase of 
accumulation in this case is inhibited by Mg -~ . As fo~ 
oxalate, the slow phase of uptake observed in the pres- 
ence of pyrophosphate is also reduced by Mg 2. (Fig, 
6). 

Single.channel recordin~ of the CI channel 
Fig. 7A shows typical cotzdu¢tance fluctuations 

caused by fusion of SR vesicles with a planar bilayer in 
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"FABLE I 

Retmme prop,rrmn~ l~f ~pecte¢ of P, and t~xalate a~ a ]unoinn ,f  ptl and 
Mg: 

The relative proporlions were calculated using the binding co.nstanls 
given in Materials and Methods, 

pH Mg !~ ~.IM) Relative proWor tigris 

HPO~ H:PO~ MgHPO s 
5.3 I 0.04 0.96 O 

5 0.04 0.95 0.01 
10 0.04 0.93 0,03 

S.I I 0.90 0.03 0.07 
5 0.70 0.03 0.27 

10 0.56 002 042 

C204 HC204 MgC2(} 4 
5,3 I 0.79 0.02 0.19 

5 0.44 0.0l 0.54 
10 0.29 O.Ot 0.70 

72 t 0.80 0.02 0.2O 
5 0.45 0 0.55 

10 0.29 0 0.71 

the presence of 250 mM and 50 mM choline chloride in 
the cis and trans chambers, respectively, at a holding 
potential of 0 inV. Since the K ~ channels of SR do not 
carry choline + [23], the carrier of current under these 
conditions will be CI [14,15]. In these traces, open 
events are represented as downward deflections, so that 
under these conditions the channel spends much of its 
time in an open state. Channel currents were measured 
over the range of holding potentials - 4 0  mV to +60 

o.s mM Axp 
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Fig 4. IJptake of Ca -'+ is s h ~  following the addition of ATP (0.5 
taM) to SR vesicles (0.08 m R prole01/ml} in the pr~en~ of Pl (5 
raM) at pH 5.3 (A) and pH g.I (ll) at the given ¢oncentraaons oJ 

Mg ~ ~. Other ~ndltions as in Fig. 2, 
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Fig, 5. Uptake of Ca 2 + is shown following the addition of ATP (0.5 mM) to SR vesicles (0.03 mg protein/ml) in the presence of oxalale (l raM) at 
pH 5.3 (A) and pH 7.2 (B) at the given concentrations of Mg 2 +, Other conditions as in Fig. 2. 

mV and gave a conductance  of 87 p$ comparab le  to the  
value of 95 pS reported by  Rousseau et al. [15] under  
similar conditions. As  shown in Fig. 7B: with 50 m M  
choline chloride in each ch amb e r  a n d  50 m M  Pi in the  

cis  c h a m b e r  with a holding potent ia l  of 0 mV, no  
conduc tance  steps were observed,  showing that  the C] 
channe l  is impermeab le  to Pi. 

0.5 m M ATP 

so ~ 1  

'l i ~ [Mg2+] (mMI 

g _  \ 

Fig. 6. Uptake of Ca 2. is shown following the addition of ATP (0.5 
raM) to SR vesicles (0.03 mg pmlein/ml) in the presence of pyrophos- 
phatc (2 raM) at pH 7.2 at the g i ~  ~n~ntratinns of Mg 2+. Other 

conditions as in Fig, 2. 
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Holding Potential ImY) 
Fig. 7. Single CI channel recordings (A) in the presence of 25 mM 
choline chloride cis and 50 mM choline chloride trans and (B) f~O mM 
choline chloride in both chambers and 50 mM P~ cls, at a holding 
potential of 0 mV. Open events ~ repre~nted by downw~d defl~c- 
lions. (C) Cuffent voltage relatioPship recorded in the p norm nee of 250 
mM choline chloride cis and 50 mM cholln¢ chlorldu rra~, Data 
points repr~ent the average of at least six determinations al each 

holding potential. 



Discussion 

The mechanism of the P, transporter is unknown. 
Upta l~  of P, and oxalate in the absence of Ca ~'+ is low 
[2,4,10] but, in the absence of Ca 2+ to precipitate the 
anion in the SR lumen, it is not clear that equilibration 
of Pi or oxalate between the internal and external 
mediums would have been detectable, because of the 
small internal volume of the SR vesicle (approx. 4 
i t l / m g  protein; Ref. 11). Light scatter experiments sug- 
gest half-permeation times of l l  and 40 s for Pi and 
oxalate, respectively, at 23°C, compared to 0.4 s for C1 
[12 I. Direct measurements of the rate of efflux of P, 
from passively loaded SR vesicles give a half-time for 
effhix of approx. 30 s [13]. The high permeability of the 
SR membrane to C1 can be attributed to the presence 
of CI channels which l'~ave been characterized electro- 
physiologically [14,15]. Fig. 7 shows single-channel re- 
cordings for the CI-  channel of SR. The mean single- 
channel conductance recorded with 250 and 50 mM 
CI- ,  respeetively, in the cis and trans chambers was 87 
ps, comparable to that reported by Rousseau e t a .  [15]. 
This value is also comparable to that reported for 
surface membrane Cl-channels  such as that in cultured 
neurones [25]. It has been reported that the permeability 
of the C1 channel to multivalent anions is low [14]. Fig. 
7B shows that no current is carried by Pi through the 
Cl-channel ,  suggesting that the C1- channel has no role 
in transport of Pi- Further, it has been reported that 
ATP has no effect on the CI channel [15] whereas, as 
described below, the Pi transporter appears to be stimu- 
lated by ATP. 

A non-specific anion channel has been reported in 
the inner mitochondrial membrane that transports CI , 
P~, HCOb-, malate and suceinate, and is inhibited by 
M g  2÷ [21]. It  has also been reported that the anion 
transporter (Band 3) of red blood ceils will transport P, 
instead of HCO 3 , although at a slower rate [22]. 

In other systems, uptake of Pi is an active process. In 
mitochondria, transport of Pi is linked to the movement 
of H + [16] and the transporter is related to the 
A D P / A T P  transporter [17,181. Na÷-hnked P~ transport 
is common in mammalian ceils and, for example, in 
brush-border membranes, two such transport systems 
have been identified; one a low-affinity ( K  m !.0 raM) 
high-capacity system and the other a high-affinity (K  m 
0.1 raM) low-capacity system [19,20]. Carley and Racker 
[4[ have reported that uptake of Pi by SR requires ATP, 
Ca 2+ and Mg 2+. They also suggested that the forma- 
tion of a Ca 2+ gradient was not necessary for uptake, 
since they observed that addition of the Ca2+-ionophore 
A23187 did not prevent uptake of Pi, although uptake 
was reduced under these conditions. Uptake of P, was 
also shown not to be driven by a membrane potential, 
inside positive, since addition of valinomycin did not  
prevent uptake [5]. 
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As shown in Fig. 1, Ca 2+ uptake by SR mediated by 
the (Ca-" ÷-Mg 2 + )-ATPase can be driven by aeetyl phos- 
phate rather than the usual substrate, ATP. A second 
slow phase of uptake is seen folhiwing the initial fast 
phase of uptake in the presence of Pl, although the rate 
of this second phase is less than is observed in the 
presence of ATP as substrate (compare Fig. 1, Ref. 5). 
Similarly. a second phase of uptake is seen in the 
presence of oxalate with acetyl phosphate as suhstrate, 
but again the rate of uptake is markedly less than with 
ATP as substrate (data not shown). These differences 
cannot be attributed to an effect of ADP generated 
from ATP by the (Ca 2 +-Mg z~)-ATPase, since addition 
of A D P to SR vesicles in the presence of acetyl phos- 
phate and P, leads to a reduction in the magnitude of 
the initial fast phase of uptake with no effect on the rate 
of the second phase (data not shown). These results 
suggest that the Pi transporter is stimulated by ATP. In 
the previous paper [5] it was shown that the presence of 
ATP could reduce the inhibitory effects of labelling SR 
with acetic anhydride or phenylglyoxal, suggesting the 
presence of a binding site for ATP on the transporter. 

Bed et aL [261 and Casley and Racker [4] reported no 
active accumulation of Pi or oxalate in the abseltce of 
Ca '+, making it unlikely that transport of Pi is due to a 
P,-ATPase. Further, the 1 : 1 stoichiometry of uptake of 
Ca 2÷ and oxalate or Pi [2,5[ makes any independent 
pumping ef oxalate or Pi unlikely. Carley and Racker 
[4] reported uptake of Pi in the presence of A23187 
which prevented the formation of a Ca z+ gradient 
across the SR membrane, and Tats  et at. [10] observed 
that incubation of SR vesicles at alkaline pH led to a 
reduction in accumulation of Ca 2+ with no effect on 
the uptake of oxalate. These experiments argue against 
a simple uniport  mechanism for Pi movement across the 
membrane, driven by the precipitation of the corre- 
sponding Ca 2+ salt within the SR. Carley and Racker 
[4] observed that addition of valinomycin to SR vesicles 
had no effect on uptake of Pi arguing against uptake 
being driven by a membrane potential. We have found 
that addition of the proton uncoupler FCCP (130 ~M)  
to SR vesicles results in a slight increase in the rate of 
the slow phase of Ca 2+ accumulation in the presence of 
Pi (data not shown) arguing against uptake of Pi being 
coupled to a H + gradient. 

It is possible that uptake of P, is by an antiport 
mechanism, coupling P, uptake to efflux of some other 
anion. It has been established that the (Ca2+-Mg2+) - 
ATPase is electrogenie [27], so that uptake of C a  z+ in 
SR vesicles must be accompanied by eounterion move- 
meat, but the nature of the counterion has yet to be 
established. In this context, the observation of a high 
concentration of carbonic anhydrase within the SR lu- 
men [28] is of interest. Fast diffusion of CO a across 
lipid bilayers combined with an anion HCO~- anti- 
porter could give an efficient buffering system [28,291. 
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Transport of P, by such an antiporter could then be 
possible, by analogy with the transport of Pi by the 
anion antiporter (Band 3) of red blood ~l ls  [22]. The 
importance of buffering of H ÷ within the SR and a 
possible role for H + as the counterion in Ca 2+ trans- 
port has been discussed in a recent paper [30]. 

It is also nec~ss~ry to establish the ionic species of P, 
and o×alate carr~.zd by the transporter. A potential 
complication here is that the rate of the slow phase of 
Ca 2+ uptake seen in the presence of Pi could follow 
either from a slow rate of P, transport across the mem- 
brane or from a slow rate of precipitation of CaHPO4 
within the SR. If transport were fast and precipitation 
slow, a two-phase uplake of Pi would be expected, the 
first phase, with a rate determined by the rate of trans- 
port, being fast and the second phase, determined by 
the rate of precipitation, being slcw. As shown in the 
previous paper [5] this is not observed, and we conclude 
that the slow phase of Ca 2÷ uptake seen in the presence 
of Pi reflects a slow rate of transport. This is also 
consistent with the inhibitory effects seen with the phos- 
phonocarboxylic acids, since it is hard to see how they 
could reduce the rate of Pi uptake if the rate of Pi 
uptake were determined by the rate of precipitation. We 
conclude that any observed effects of pH and Mg 2÷ on 
the rate of the slow phase of Ca 2÷ uptake will reflect 
changes in the rate of the Pi transporter. 

In solutions containing Pi or oxalate and Mg 2÷, a 
variety of species will be oresent, depending on pH 
(Table 1). The increase in ;~e rate of the P. transporter 
with increasing Mg 2+ concentration at pH 8.1 (Fig. 4) 
suggests that transport of HPO 2-  is slower fllan of 
MgHPO4 (see Table I). The faster rate of the P. trans- 
porter at pH 5.3 than at pH 8.1 (Fig. 4) suggests that 
the ~ de of transport of HzPO 4- is faster than HPO~-.  
The effect of Mg 2+ on the rate of transport at pH 5.3 
(Table 1) could follow from changes in the relative 
concentrations of MgATP and ATP (which varies sig- 
nificantly with Mg 2 ~ concentration at pH 5.3 but not at 
pH 8.1); the concentration of MgHPO4 is low at all 
Mg 2~ concentrations at pH 5.3 (Table 1). 

The effect of Mg 2+ on the uptake of oxalate is the 
opposite of that seen with P~ (Fig. 5), with increasing 
Mg 2+ leading to a decrease in the rate of transport. 
These results suggest (see Table 1) that C2042 is the 
predominant species carried, and that the Mg2+-bound 
species (in which presumably the Mg ~+ bridges the two 
O atoms) is a poor substrate. The slower rules seen at 
all Mg ~+ concentrations at pH 7.2 than at pH 5.3 
presumably reflects effects of protonation of residues 
on the transporter itself; as shown in Table I, there are 
no significant changes in the relative concentrations of 
oxaiate species over this pH range. The chemical label- 
ling studies reported in Ref. 5 suggest the presence of 
amine residues at the Pi binding sile of the transporter, 

and it is likely Ihal protonation of such residues at low 
pH wilt lead to increased anion binding. As shown in 
Fig. 6, Mg 2+ also inhibits transport of pyrophosphate, 
consistent with poor uptake of a Mg2+-bridged species. 
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