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Uranyl ions (UO22+ ) and ianthanide cations (La 3+ , Nd 3+ , Sm 3+ , Eu 3+ , Tb 3+ and Dy 3+ ) at 1 0 0 - 2 0 0 / t M  
concentration inhibited active transport of Ca 2 +,  mediated by respiratory linked substrates as well as by ATP 
hydrolysis, without affecting respiration and membrane-bound ATPase activity, in inside-out membrane 
vesicles of  Mycobacterlum pMei. The extent of inhibition in the uptake of Ca 2+ , mediated by ATP 
hydrolysis, increased with increase in ionic radii of these cations. Lanthanide cations did not dissipate the 
formation of a proton gradient, as measured by determining the effect either on the uptake of [14C]methyl - 
amine or energy-linked quenching of the fluorescence of 9-aminoacridine. However, uranyl ion CUIOz 2+ ) 
caused reversal of the energy-linked quenching of 9-aminoacridine. UO22+ concentration yielding 50% of 
Vma x (So.s) was approx. 15 /tM. Kinetic studies revealed that inhibition in the uptake of Ca 2+ was 
competitive with U O  2+ while non-competitive with rare-earth metals. It is proposed that inhibition in the 
uptake of Ca 2+ by uranyl ion occurs as a result of UO 2+ transport into the interior of vesicles in exchange 
for protons, while lanthanide cations are not being transported but affect the binding of Ca z+ to the 
membrane, presumably to the Ca 2 + / H  + antiporter. 

Introduction 

Calcium is found in bacterial cells, however its 
distribution across the cell is unusual since its 
internal concentration is low when compared to 
the external environment. Recent studies have 
shown that bacteria contain a specific transport 
system for maintaining low levels of calcium within 
the cytoplasm [1,2]. We have previously reported 
the presence of active transport system for calcium, 
in inside-out membrane vesicles from Myco- 
bacterium phlei, mediated by respiratory linked 
substrates as well as by ATP hydrolysis [3,4]. 
Studies show that uptake of calcium is energized 

* To whom request for reprints should be addressed. 
Abbreviation: Hepes, N-2-hydroxyethylpiperazine-N'-2 
ethanesulfonic acid. 

0005-2736/83/0000-0000/$03.00 © 1983 Elsevier Biomedical Press 

by a protonmotive force [3] which, in inside-out 
membrane vesicles, has an orientation positive and 
acid interior. The uptake of calcium is inhibited by 
proton-conductors suggesting that a Ca 2 + / H  + an- 
tiport system is presumably responsible for the 
transport of calcium in M. phlei membrane vesicles, 
as has also been indicated for the transport of 
calcium in Escherichia coli [5,6] and A. Vinelandi 
[7]. In our laboratory [8] we have solubilized and 
partially purified the membrane protein(s) from 
M. Phlei which can mediate the translocation of 
calcium as has been demonstrated by reconstitu- 
tion of calcium transport in proteoliposomes con- 
taining the partially purified carrier protein. How- 
ever, the molecular mechanism of active transport 
of Ca 2÷ in M. phlei membrane vesicles is not clear 
since these membranes exhibit uptake of Ca 2÷ but 
do not contain (Ca 2+ +Mg2+)-ATPase as has 
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been shown in eukaryotic system. 
In an effort to gain a molecular understanding 

of the mechanism of active transport of Ca 2+ in 
membrane vesicles, studies were undertaken to 
determine whether lanthanide cations and uranyl 
ion which are isomorphic substitutes for Ca 2+ in 
some biological systems [9] and competitive inhibi- 
tors of mitochondrial Ca 2 + binding and transport 
[10] could be used as probes in M. phlei system. 
Moreover the trivalent lanthanides can be used as 
probes for assessing columbic interactions during 
the calcium transport process since they have very 
similar chemical properties and their ionic radii 
and free energies of hydration vary in graded 
sequential manner [10]. The results presented in 
this communication show that lanthanide cations 
and uranyl ion inhibit the uptake of Ca 2+ in 
membrane vesicles of M. phlei, mediated either by 
respiratory linked substrates or by ATP hydroly- 
sis, without affecting respiration and ATPase ac- 
tivity. Studies show that only U022+ in contrast to 
lanthanide cations was capable of dissipation of 
proton gradient as measured by the quenching of 
fluorescence of 9-aminoacridine, indicating that 
the Ca2+/H + antiport system transports UO 2+ 
while lanthanide cations are not being taken up 
into the interior of the vesicles. 

Materials and Methods 

Preparation of membrane vesicles. Mycobac- 
terium phlei ATCC 354, was grown and harvested 
as described by Brodie and Gray [11]. Membrane 
vesicles were prepared by sonication of cells as 
described by Brodie [12]. The membrane vesicles 
were suspended in 50 mM Tris acetate buffer (pH 
8.0), containing 0.15 M KC1 and 4 mM MgC12. 

Trypsin treatment to activate A TPase in mem- 
brane vesicles. Unmasking of ATPase by trypsin 
treatment was carried out in a reaction mixture 
containing membrane vesicles (2 mg/ml)  in 50 
mM Hepes-KOH buffer (pH 7.5), 5 mM MgC12 
and bovine pancreas trypsin (50 #g / rag  mem- 
brane protein) for 10 min at 30°C. After 10 rain 
the reaction was terminated by the addition of 
soybean trypsin inhibitor (100 /~g/mg protein) 
then centrifuged at 105000 × g for 45 rain. The 
pellet was finally suspended in 50 mM Hepes-KOH 
containing 5 mM MgC12. 

Assay of latent A TPase activity, ATPase activity 
in trypsin-treated membrane preparation was car- 
ried out in the presence of 4 mM MgCl 2 and 10 
mM ATP at 30°C as described previously [13]. 
Unless otherwise indicated lanthanide cations and 
uranyl acetate were added 10 min prior to the 
addition of ATP in the reaction mixture. The 
inhibition of membrane-bound ATPase activity by 
N,N'-dicyclohexylcarbodiimide (DCCD) was as- 
sayed by the procedure described by Kalra and 
Brodie [ 14]. 

Assay of the calcium transport. Uptake of 45 Ca" + 
in membrane vesicles and trypsin-treated vesicles 
was determined by filtration method on 0.45 /~m 
Millipore filter as described previously [3,8]. Where 
indicated lanthanide cations and uranyl acetate 
were added prior to the initiation of uptake by the 
addition of 45CAC12 (50 ~M). 

Flow dialysis determination of the methylamine 
uptake, pH gradient. The uptake of [14C]methyl- 
amine was measured in a flow dialysis apparatus 
as described by Ramos et al. [15]. The reaction 
mixture (0.85 ml) containing 50 mM Hepes-KOH 
buffer (pH 7.5), 5 mM MgC12, [14C]methylamine 
(4.5 ~M or 12.5 ~M) and the trypsin-treated 
vesicles (1.5 mg protein) was stirred in the upper 
chamber and the uptake was initiated by the addi- 
tion of 10 mM ATP. Buffer was pumped through 
the lower chamber at the rate of 6 ml /min  with a 
peristaltic pump. Fractions of 2 ml were collected 
and assayed for radioactivity by liquid scintillation 
counting. Additions such as calcium chloride (1 
mM) were made directly to the upper chamber. 
The control experiments, without ATP were run 
for each assay. 

Measurement of the proton gradient by fluores- 
cence method. Changes in transmembrane proton 
gradient (ApH) were estimated from the energy- 
linked quenching of 9-aminoacridine fluorescence 
essentially by the method of Schuldiner et al. [16] 
and Brey et al. [17]. The assay medium contained 
trypsin-treated vesicles (0.4 mg protein/ml),  50 
mM Hepes-KOH (pH 7.4), 4 mM MgCI 2, 4 #M 
9-aminoacridine in total volume of 2.5 ml. Unless 
otherwise indicated ATP was added at a con- 
centration of 0.8 raM. Fluorescence measurements 
were carried out at 30°C using a Perkin-Elmer 
MPF-4 spectrofluorometer with excitation at 365 
nm and emission at 451 nm. 



Measurement of respiration. Rates of oxygen 
consumption in membrane vesicles were measured, 
in the presence of succinate (20 mM), with a 
clark-type oxygen electrode (YSI Model 53, oxygen 
monitor, Yellow Spring Instrument Co., Yellow 
Springs, OH). 

Measurement of binding by equilibrium dialysis. 
The reaction mixture contained membrane vesicles 
(approx. 1 mg of Protein), 50 mM Hepes-KOH 
(pH 7.4), 5 mM MgCI2, 40/~g of 2-N-nonyl-4-hy- 
droxyquinoline-N-oxide and aSCa2+ (0.2 laM-2 
/xM) in a total volume of 0.5 ml. The incubation 
was carried out in the sample compartment of the 
equilibrium dialysis chamber (CRC Dialysis cells, 
Cleveland, OH). The lower compartment of the 
cell contained 50 mM Hepes-KOH buffer (pH 7.4) 
and 5 mM MgC12 [18,19]. The dialysis was per- 
formed under constant rhythmic shaking using 
Thermolyne Speci-mix (24 revolution/rain) for 
24 h with three changes of the dialysis fluid. After 
dialysis, an aliquot (0.1 ml) was removed from the 
sample compartment and the radioactivity was 
determined by liquid scintillation counting. 

Protein measurement. Protein was estimated by 
the method of Lowry et al. [20] with bovine serum 
albumin as standard. 

Materials. All radioactive chemicals were pur- 
chased from New England Nuclear. Europium 
chloride, terbium chloride, neodymium chloride, 
samarium chloride, dysprosium chloride were 
purchased from Aldrich Chemical Company. 
Lanthanum chloride was obtained from K and K 
Laboratories, Plainview, NY. Uranyl acetate was 
obtained from Polysciences Inc, Warrington, PA. 
All other reagents were of reagent grade purity 
and were purchased from Sigma. 

Results 

Effects of rare-earth metals on Ca: + uptake, media- 
ted by A TP hydrolysis 

Membrane vesicles of M. phlei, obtained by 
sonication, are mostly (85-90%) oriented inside 
out [21]. These membrane vesicles contain latent 
ATPase activity which can be unmasked by tryp- 
sin treatment. Following trypsin treatment of 
membrane vesicles, ATP caused active transport of 
calcium ions. As shown in Fig. 1, addition of La 3 ÷ 
and Nd 3+ at 200 ~tM concentration to the mem- 
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Fig. 1. Effect of lanthanides and uranyl ion on the uptake of 
Ca 2÷. The reaction mixture (0.7 ml) contained trypsin-treated 
membrane vesicles (2 mg protein), 50 mM Hepes-KOH (pH 
7.5) and 4 m M  MgC12. The uptake was initiated by the 
addition of 1 mM ATP and 50 /~M of aScaCl2. Where indi- 
cated lanthanide cation and uranyl acetate (pH 7.4) were added 
at a concentration of 200 FM, prior to the addition of radioac- 
tive calcium in the assay system. Samples of 0.1 ml were 
withdrawn at indicated intervals of time and the uptake of 
calcium was determined as described in Materials and Meth- 
ods. O O,  45Ca 2+ uptake, uptake of 45Ca2÷-in the 
presence of: Dy 3+, [] 0; Tb 3+, • • ;  Eu 3+, 
e - -  e; Sm 3+, • II; UO~ +, A " ,5; Nd 3+, 

; and La 3+, . O . . . . . .  O,  uptake of 
45Ca2+ in the absence of ATP. The results are shown for a 
typical experiment. Similar results were obtained in five sep- 
arate experiments. 
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Fig. 2. Relationship of ionic radii of lanthanide cations and 
UO~ + to the inhibition in the active transport of Ca 2+. The 
data for the plot were obtained from the experiment described 
in Fig. 1. The uptake of calcium in the presence and absence of 
lanthanide cations and uranyl ion was determined at 15 rain. 
Crystal ionic radii were obtained from CRC Handbook of 
Chemistry and Physics, 54th edn., p. F194, 1974. 
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brane vesicles resulted in 85% and 80% inhibition, 
respectively, in the uptake of Ca 2+. At 50 /~M 
concentration, La 3+ and Nd 3+ exhibited 40% and 
30% inhibition, respectively, in the uptake of Ca 2+ 
(data not shown). The extent of inhibition of Ca 2+ 
uptake by lanthanide cations (Fig. 2) was in the 
following order: L a  3+ > N d  3+ > S m  3+ > E u  3+ > 

Tb 3+ > Dy 3+ . Uranyl ion (UO~ + ) which has an 
ionic radii similar to that of calcium ion, also 
caused significant inhibition (70%) in the uptake 
of Ca 2 +. 

Inhibition in the uptake of Ca :+ , driven by 
ATP hydrolysis, by members of the lanthanide 
family and uranyl ion increased as the ionic radii 
of these ions increased (Fig. 2). It is pertinent to 
mention that La 3+ and Nd 3+ which have crystal 
ionic radii of 1.016 and 0.995 A, respectively, 
exhibited inhibition in the uptake of Ca z+ in M. 
phlei membrane vesicles, in contrast to respiration- 
dependent Ca z+ uptake in mitochondria wherein 
it has been shown [10] that inhibitory potency falls 
off as ionic radii of the lanthanide ions become 
larger or smaller than Ca z+ (ionic radii 0.990 ,~). 

Effect of rare-earth metals on membrane functions 
mediated by A TP hydroylsis 

We determined whether lanthanide cations 
exerted their inhibitory effect on the uptake of 
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Fig, 3. Effect of La 3 + on the formation of  a proton gradient, 
The change in the fluorescence (365-* 451 nm) of 9- 
aminoacridine was measured in 2.5 ml of  the reaction mixture 
containing membrane vesicles (0.8 mg protein/ml),  50 mM 
Hepes-KOH (pH 7.4), 5 mM MgCI 2 and 4 ttM 9-aminoacri- 
dine. ATP (0.8 mM), CaC12 (40 ,aM), LaCI 3 (200 #M) and 
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP, 
8/~M) were added as indicated by the arrow. 

C a  2 +  , mediated by ATP hydrolysis, through the 
inhibition of proton translocating ATPase, as has 
been observed for the inhibition in the uptake of 
Ca 2+ and ATPase activity by vanadate ion in M. 
phlei membrane vesicles [22]. Lanthanide cations 
(La 3+ and Nd 3+) as well as UO~ + which exhibit 
maximal inhibition in the uptake of Ca 2 + did not 
affect membrane-bound ATPase activity (data not 
shown). Moreover, these cations did not affect 
ATPase activity even in the presence of high (15-20 
raM) concentrations of Mg 2+ (data not shown) 
which has been shown previously [22] to be 
required for eliciting the inhibitory effect of 
vanadate on membrane-bound ATPase activity. 

The quenching of the fluorescence of 
9-aminoacridine, reflecting uptake of protons and 
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Fig. 4. Flow dialysis determination of ATP hydrolysis-induced 
uptake of 14[C]methylamine. The reaction mixture (0.85 ml) 
containing 50 mM Hepes-KOH buffer (pH 7.5), 5 mM MgCI2, 
12.5 #M [14C]methylamine and the trypsin-treated membrane 
vesicles (1.5 mg protein) was stirred in the upper chamber of 
the flow dialysis apparatus and the dialyzing buffer was pumped 
through the lower chamber at the rate of 6 ml/min.  2-ml 
fractions of dialysate were collected and the radioactivity in an 
aliquot (0.2 ml) of the dialysate was plotted against the fraction 
number. At the indicated fraction ATP (10 mM) or CaCI 2 (i 
mM) or La 3+ (200 ,aM) was added to the upper chamber. The 
results are shown for ATP (e  e )  and without ATP 
(© O). [] [], after adding CaC12 (1 mM). 
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formation of a proton gradient (ApH) in mem- 
brane vesicles was measured during ATP hydroly- 
sis. As shown in Fig. 3, ATP hydrolysis in 
trypsin-treated vesicles produced significant 
quenching of 9-aminoacridine fluorescence. Addi- 
tion of Ca 2+ to the energized vesicles caused an 
immediate enhancement of fluorescence, reflecting 
efflux of the dye and, hence of protons (Fig. 3). 
Similarly, addition of proton conductor, carbonyl 
cyan ide  p - t r i f l u o r o m e t h o x y p h e n y l h y d r a z o n e  
(FCCP) caused a rapid enhancement of fluores- 
cence, as a result of efflux of protons. However, 
addition of rare-earth metal ions i.e. La 3+ , Nd 3+ 
upto 200/zM concentration did not cause dissipa- 
tion of A pH, indicating that the calcium/hydro- 
gen antiport system does not catalyze exchange of 
any of these lanthanide cations for protons. More- 
over, addition of lanthanide cations did not pre- 
vent dissipation of ApH by the subsequent addi- 
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Fig. 5. Effect of S C N -  on the formation of a proton gradient 
driven by ATP hydrolysis. The change in fluorescence of 
9-aminoacridine was measured in 2.5 ml of the reaction mix- 
ture containing 50 mM  Hepes-KOH (pH 7.4), 5 mM MgCI 2, 4 
# M  9-aminoacridine and trypsinized membrane vesicles (0.8 
mg prote in /ml)  as described under Materials and Methods. 
Sodium thiocyanate (15 mM), NH4CI (60 mM) and calcium 
chloride (40/~M) were added as indicated by the arrows. Where 
indicated 0.8 mM  ATP was added. (B) Dibenzyldiammonium 
ion (DDA + ), 200/.tM; and (C) tetraphenylboron (TPB- ) ,  80 
g M  were added at the time indicated. Sodium thiocyanate (15 
m M  exhibited 50% quenching of the fluorescence in the ab- 
sence of membrane vesicles. This nonspecific contribution to 
the quenching of fluorescence was substracted in the plot of 
Fig. 5A. 

tion of calcium ions (Fig. 3). It is pertinent to 
mention that in Escherichia coli membranes La 3+ 
(50/~M) has been shown to abolish the response of 
ApH to Ca 2+ [5]. 

Qualitatively identical results were obtained by 
measurement of 14[C]methylamine uptake, utiliz- 
ing flow dialysis technique. Essentially, it was 
observed that the addition of calcium ion caused 
40-50% efflux of methylamine, indicating outward 
movement of protons upon the addition of calcium 
(Fig. 4). However addition of La 3+ (200/~M) did 
not cause efflux of methylamine, indicating that 
A pH was not affected by lanthanide cations 
(Fig. 4). 

Membrane potential requirement for the uptake of 
Ca: + 

As shown in Fig. 5A addition of thiocyanate, a 
permeant anion, in the 9-aminoacridine fluores- 
cence assay, resulted in a large increase in the 
quenching of fluorescence as a result of dissipation 
of membrane potential (zl~p) through SCN-  in- 
flux. NH4C1 was subsequently added to adjust 
ApH to the same level as before the addition of 
thiocyanate so that one could delineate the effect 
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Fig. 6. Effect of LaCI 3 and uranylacetate on the binding of 
calcium to membrane vesicles. The reaction mixture contained 
50 mM Hepes-KOH buffer (pH 7.4), 5 mM MgCI 2. membrane 
vesicles (1,5 mg protein), 40 btg of 2-N-nonyl-4-hydroxyquino- 
line-N-oxide (respiratory inhibitor) and 45CAC12 in a total 
volume of 0.5 ml. Binding assays were performed as described 
under  Materials and Methods. 45 Ca 2 + bindng to non-energized 
vesicles (O ©); in the presence of 200 ~M LaCI 3 
( O . .  O); and in the presence of uranyl 100 /tM acetate 
(a a). 
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Fig. 7. Effect of uranyl ion on the formation of a proton 
gradient, driven by ATP hydrolysis. The experimental details 
were similar to those described under legends to Fig. 3. (A) 
UO]  + (50 #M) was added at the indicated time interval. (B) 
As indicated by the arrows, Ca 2.  (40 #M) and UO~ + (50/LM) 
were added. 

of Ca 2+ on zapH determination, in the presence 
and absence of A%, with a constant ApH. As 
shown (Fig. 5A) addition of Ca 2 ÷, in the presence 
of thiocyanate ion, in the reaction mixture did not 
cause reversal of the quenching of fluorescence 
suggesting that membrane potential is required for 
the calcium/hydrogen antiport system. Also, 
dibenzyldiammonium ion (DDA+), which does 
not dissipate membrane potential (~k )  in M. phlei 
membrane vesicles, did not affect the dissipation 
of A pH induced by Ca 2÷ (Fig. 5B). However, 
addition of tetraphenyl boron (TPB-)  which in- 
hibits active transport of Ca 2+ and dissipates &p 
[3] also dissipated ApH (Fig. 5C). 

Effect of lanthanide cations on the affinity of bind- 
ing /  transport of Ca 2 + in membrane vesicles 

Since lanthanide cations did not dissipate A pH, 
therefore it is likely that lanthanide cations are not 
being transported into the inside-out membrane 
vesicles of M. phlei. Therefore, studies were under- 
taken to determine whether lanthanide cations 
inhibited the uptake of Ca 2+ by binding to the 
Ca 2+ binding/carrier protein in the membrane. 
Binding of Ca 2 + to membrane vesicles under non- 

energized condition was determined by equi- 
librium dialysis procedure. Scatchard plots of Ca 2 ÷ 
binding to respiratory inhibited M. phlei mem- 
brane vesicles (Fig. 6) revealed one class of Ca 2 ÷ 
binding sites with an apparent K d of 6 .0 .10 -7 M 
and binding sites corresponding to 63 pmol per 
mg protein. Addition of La 3+ caused reduction in 
the number of binding sites to 29 pmol per mg 
protein and also reduced the affinity of Ca 2÷ to 
membrane vesicles (apparent K d in the presence of 
La 3+ was 1.82- 10 --6 M). La 3+ (200 ~tM) inhibited 
the uptake of Ca 2÷ by decreasing the V~,ax from 
330 p mol /mg  protein to 66 p mo l /mg  protein 
without affecting the K m (33.3 /~M) (Data not 
shown). 

Effect of uranyl ion on 9-aminoacridine fluorescence 
Since UO~ ÷ inhibited the uptake of Ca 2÷, 

mediated by ATP hydrolysis, without affecting 
ATPase activity, studies were undertaken to de- 
termine whether it affected ApH formation. As 
shown in fig. 7A, addition of UO~ ÷ caused rever- 
sal of quenching of fluorescence of 9-aminoacri- 
dine, induced by ATP hydrolysis, indicating efflux 
of protons. Addition of UO2 z+ subsequent to the 
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Fig. 8. Lineweaver-Burk plot of calcium uptake in the presence 
of uranyl acetate. The reaction mixture and the assay proce- 
dures were similar to those described in Fig. 1. Initial rates of 
uptake were determined at 30 s. Uranyl acetate was added at a 
concentration of 100 t~M. In the absence (© O) and 
presence (e  @) of UO 22+ . The plots were obtained using 
a programmable HP calculator attached to plotter. Correlation 
coefficient R values was 0.992. 



addition of Ca 2+ caused further reversal of 
quenching of fluorescence (Fig. 7B). Analysis of 
the kinetic data of the plot of the initial rate of 
fluorescence enhancement as a function of uranyl 
ion concentration revealed that the UO 2+ con- 
centration caused partial dissipation of A pH yield- 
ing 50% V~a x (So.5) at approx. 15 ~tM (data not 
shown). It is pertinent to mention that Mn 2+, 
Sr 2+ and Ba 2+ caused partial dissipation of ApH 
(data not shown). Since uranyl ion, in contrast to 
lanthanide cations caused reversal of quenching of 
fluorescence it appears that site of binding of 
UO~ + on the membrane or Ca 2+ carrier protein 
appears to be different than that of lanthanides. 
This is substantiated by the observation that UO 2+ 
acts as competitive inhibitor for the uptake of 
Ca 2+ (Fig. 8). Studies also showed that UO22+ 
(I00 t~M) decreased the affinity of binding Ca 2+ 
to the membrane ( K d =  2.15. 10 -6  M )  and also 
caused a reduction in the number of Ca 2 + binding 
sites to 43 pmol /mg  protein (Fig. 6). 

Discussion 

The results presented in this study show that 
lanthanide cations and uranyl ion whose ionic 
radii (crystal) range from 0.908 A (Dy 3+) to 1.016 
,~ (La 3+) inhibit the active transport of Ca 2+ 
(0.990 A), mediated either by hydrolysis of ATP or 
driven by respiration. Inhibitory potency of these 
cations increased with an increase in their ionic 
radii. This pattern of inhibition is somewhat dif- 
ferent compared to rat-liver mitochondria wherein 
it has been shown that inhibitory potency falls as 
the ionic radii of lanthanide ions become larger or 
smaller than Ca 2+ [23]. The lanthanide cations 
and uranyl ions while inhibiting active transport of 
Ca 2+ in inside-out membrane vesicles of Myco- 
bacterium phlei did not affect respiration or ATPase 
activity. It is pertinent to mention that La 3+ (20 
/~M) has been shown to inhibit both (Ca2++ 
Mg2+)-ATPase activity and uptake of Ca 2+ in 
sarcoplasmic reticulum [24}. Previous studies from 
our laboratory [22] have shown that vanadate ion 
(52 ~M) inhibited the uptake of Ca 2+ by dissipa- 
tion of ApH formation as a consequence of inhibi- 
tion in F~-F0-ATPase activity. 

We determined the effect of lanthanide cations 
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and uranyl ion on dissipation of proton gradient 
by studying their effect on the energy-linked 
quenching of the fluorescence of 9-aminoacridine. 
The fluorescence of such amines is quenched by 
the formation of a A pH, acidic inside, although 
the extact relation between the degree of fluores- 
cence quenching and A pH is not clear [25,26]. The 
quenching of fluorescence of aminoacridines has 
been used as a qualitative measure of ZlpH and in 
elucidation of Ca2+/H + , N a + / H  + and K + / H  + 
antiport systems in Escherichia coli by Rosen and 
his coworkers [17,27]. Our studies showed that 
lanthanide cations (50-200 jaM) did not cause the 
reversal of quenching of fluorescence or dissipa- 
tion of ApH as has been observed for the effect of 
Ca 2÷ in M. phlei membrane vesicles. Moreover, 
Ca 2+ could dissipate ApH in the presence of 
lanthanide cations. These results thus indicate that 
lanthanide cations are not transported into the 
interior of the vesicles in exchange for protons via 
the CaZ+/H + antiport system. However, uranyl 
ion caused reversal of the quenching of fluores- 
cence of 9-aminoacridine similar to that observed 
with Ca 2 + , suggesting that UO~ + species are pre- 
sumably transported into the interior of vesicles in 
exchange for protons. These results thus indicate 
that the mechanism of inhibition of Ca 2+ uptake 
by La 3+, Nd 3+ and UO 2+ is different although 
the ionic radii of La 3+ (1.016 ,~), Nd 3+ (0.995 A) 
and UO 2+ (0.97 A) are closer to that of Ca 2+ 
(0.990 A). 

Studies of Ca 2 + binding to membrane vesicles 
of M. phlei under non-energized condition, indi- 
cate that binding of calcium exhibits single class of 
binding sites. The affinity sites for Ca 2+ had a 
dissociation constant K a, 0.6. 10 -6  M and bound 
63 pmol Ca z+ per mg of protein. It is pertinent to 
mention that Shamoo and Yeng [28] observed high 
(9.5 ~M) and low (33 btM) affinity binding sites 
for Ca 2 + in calf heart mitochondria. Results pre- 
sented in our study show that lanthanum and 
uranyl ion both decrease the affinity of Ca 2+ , K a 
1.82- 10 -6 M and 2.15. 10 -6  M,  respectively, to 
the membrane, and also reduce the number of 
binding sites to 30 pmol and 43 pmol per mg 
protein, respectively. Furthermore, lanthanide 
cations were non-competitive inhibitors for the 
uptake of Ca 2+ while UO 2+ showed competitive 
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inhibition. It appears that lanthanide cations in- 
hibit the uptake by binding to sites away from the 
Ca 2÷ binding site, while inhibition by uranyl ion 
occurs as a result of uptake of uranyl ion via Ca 2 + 
carrier protein, since UO~ ÷ reduces the number of 
binding sites of Ca 2 ÷ as well as dissipates forma- 
tion of A pH. Although we do not have direct 
proof for the transport of UO~ + , it appears likely 
that this species is being transported. In whole 
cells of Pseudomonas aeruginosa, uranyl acetate at 
a concentration of 1 mM has been shown to 
inhibit the oxidation of glucose, alanine and citrate 
presumably by inhibiting the uptake of these 
nutrients [29]. There is a contribution of/~ff to the 
uptake of Ca 2+, since dissipation of membrane 
potential by the addition of thiocyanate, a per- 
meant anion, caused inhibition in the reversal of 
quenching of fluorescence of 9-aminoacridine in- 
duced by Ca 2÷ . Brey and Rosen [5] also observed 
requirement for membrane potential in the uptake 
of Ca 2+ in E. coli membrane vesicles and sug- 
gested a stoichiometry of H ÷ :Ca2+>  2. Al- 
though, we have not directly measured stoichiome- 
try it appears that one can draw similar conclusion 
regarding stoichiometry of H+ :Ca2+ > 2 in the 
uptake of Ca 2÷ in M. phlei membrane vesicles. 
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