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Summary. A method was developed for the study 
of divalent cation transport  events on the time scale 
of  20 msec or longer. Passive Ca 2+ equilibration 
across the membranes  of the Ca 2 +_ATPase rich frac- 
tion of  sarcoplasmic reticulum (SR) was studied. The 
method makes use of  the divalent cation sensitivity 
of the surface binding of the fluorescent probe 1-ani- 
lino-8-naphthalenesulfonate (ANS-) .  Binding to the 
inside and outside surfaces is distinguished in fluores- 
cent stopped-flow experiments. The surface binding 
reactions of the probe are faster than the time resolu- 
tion of the instrument (ca. 3 msec), while binding 
reactions requiring transport  across the membrane 
could be resolved. In C a  2+ influx experiments, the 
time course of  fluorescent enhancement was moni- 
tored following a Ca z+ jump. The kinetics of  Ca 2+ 
efflux were studied by pre-equilibrating Ca 2 + across 
the membrane,  removing the external Ca 2 + with an 
E G T A  jump,  and observing the time course of  the 
fluorescence decrease. Rapid transport  of  A N S -  
(coupled to K +) was ensured by the addition of valin- 
omycin. Two processes of  Ca 2 + influx were observed : 
(i) a rapid process with small fluorescent amplitudes 
and a tl/z of  40-60 msec and (ii) a slow process with 
a large amplitude and a tl/2 of 70-100 sec. The rates 
and extents of  the two phases were quantitated in 
terms of the rates and extents of  change in the Ca 2 + 
concentration in the SR lumen. The slow phase ac- 
counted for a larger change, in the internal free Ca 2 + 
concentration than did the first phase. For  the influx 
of 10 mM Ca 2+, the rapid phase raises the internal 
Ca2+ concentration to ca. 1 m ~  within its apparent  
tl/2 of 20 msec. The slow phase brings about  an in- 
crease of  the internal Ca2+ concentration t o  4 mM 
within its apparent  t~/2 of  90 sec. The two phases 
have average rates of  increase of  internal free Ca 2 + 
concentration, A [Ca]i/sec of ca. 50 mM/sec and ca. 
0.02 mM/sec, respectively. The Ca 2+ influx rates in- 
creased with increasing KC1 concentration and with 
increasing external Ca 2 + concentration. 

Two phases of  Ca 2+ efflux were observed. The 
amplitudes and rates were analyzed and the fast phase 

was shown to account for more Ca 2 + movement  than 
the slow phase. The rate of  the fast phase was greatly 
increased by increasing the K § concentration. The 
rate of  the slow phase efflux decreased with increasing 
Ca 2 + concentration in the external medium. The con- 
centration for half-maximal inhibition was 4 pM, a 
value close to the dissociation constant of  the high 
affinity site on the Ca 2 +_ATPase. 

The above constitutes a body of circumstantial 
evidence that the passive Ca 2 + permeability observed 
is mediated by the Ca2+-ATPase,  acting as a Ca 2§ 
for 2 K + exchanger. The fast phases are explained 
as a partial turnover of  the pump in the steady state. 
The slow rate is explained by a preference of the 
ion binding translocator site of  the carrier for an 
outward orientation. 

The A N S -  technique was applied to the monova-  
lent cation permeability of  the Ca 2 § rich SR 
and the results of other studies were corroborated 
and extended. The interaction of valinomycin with 
intrinsic permeability mechanisms of the SR was con- 
sidered. 

The present communicat ion reports the use of  1-ani- 
lino-8-naphthalenesulfonate ( A N S - )  in the study of 
the passive permeability of ATPase-rich sarcoplasmic 
reticulum (SR) to monovalent  and divalent cations 
and to C1-. The question which is addressed is the 
origin of  these permeabilities. Two limiting cases can 
be considered: (i) The passive permeability is due 
to proteins other than the ATPase pump. In this case 
the permeability will operate independently of' the 
pump. It could contribute to the overall mechanism 
by acting in parallel to the pump or by "shor t ing 
o u t "  the pump, with the choice between these possi- 
bilities dependent on the nature of  the passive perme- 
ability and pump mechanisms. (ii) Alternatively, the 
passive permeability could be due to partial reactions 
of the pump which do not require ATP. In this case, 
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the passive permeability might not be displayed under 
active transport  conditions since ATP binding and 
enzyme phosphorylat ion would affect the conforma- 
tional equilibria of the enzyme and would shift its 
distribution between its several states. These problems 
are studied in the present communication using the 
stopped-flow rapid kinetic methods with A N S -  as 
an indicator of internal ion concentrations. Evidence 
will be presented that the passive permeability of  K § 
(C1-) does not depend on the ATPase while the pas- 
sive Ca 2 + permeability is the result of  the 2 K +/Ca 2 + 
exchange function of the pump. 

The recent literature provides a great amount  of  
information relevant to these questions. McKinley 
and Meissner (1977, 1978) have shown that all frac- 
tions of  SR are heterogeneous with respect to mono-  
valent cation permeability. Their experiments were 
conducted with isotope and millipore filtration meth- 
ods. Analysis of  semi-log plots and the comparison 
of trapped volume measurements made with imper- 
meable substances showed that 2/3 of the SR vesicles 
are highly permeable with half-times of flux less than 
the filtration time (20 sec) while the remaining 1/3 
are slowly permeable with half-times of ca. 2 min. 
The authors suggested that a channel was responsible 
for the monovalent  cation permeability and that 2/3 
of the SR vesicles contain this channel, Support  for 
these observations and conclusions is given by the 
recent work of Kometani  and Kasai (1978). These 
workers studied the permeation of monovalent  cat- 
ion-anion pairs by using light scattering changes to 
monitor  SR volume changes in stopped-flow rapid 
mixing experiments. The time constant (z) for KC1 
movement  was found to be ca. 10 sec. The progress 
of  the light scattering change associated with KC1 
movement  had a nonexponential  time course, an ob- 
servation which the authors attributed to the hetero- 
geneity of the SR with respect to permeability. The 
z value showed small variation with the choice of 
anion but large variation with the choice of  cation, 
from which it was concluded that the cation perme- 
ability was rate-limiting. Valinomycin was found to 
increase the rate of  KC1 permeation, but the rate 
approached a maximal value at high concentrations. 
The explanation of this result was that valinomycin 
contributed to the electrically-active K + permeabil- 
ity 1 such that the electrically-active anion permeabil- 
ity became rate limiting for the overall KC1 transport  

Electrically-active permeability is defined here as a unitary 
mechanism by which the ion is translocated alone such that its 
movement translocates its charge across the membrane. This per- 
meability is as defined by the Goldman equation (Goldman, 1948) 
and is in contrast to ion-ion exchange diffusion or cotransport 
mechanisms in that membrane potentials can be generated and 
sensed. 

reaction. The analysis of  data in which valinomycin, 
the cations, and the anions were manipulated showed 
that the (electrically-active) anion permeability is 
higher than the monovalent  cation permeability, with 
the order of decreasing permeability being C1- ~> Rb + 
> K  § > N a  § > L i  +. The C1- permeability was shown 
to be 50 times larger than the K § permeability. 

Several studies have shown that the SR has an 
appreciable passive Ca /+  permeability. Inesi (1979) 
has studied the passive flux of 45Ca2+ across the 
SR in a medium containing 100 mM KC1 and 5 mM 
MgC12 and found that the process had an exponential 
time-course for submillimolar Ca 2+ concentrations. 
He reported a permeability constant of  1.5 x 10- 8 cm 
sec- 1 for 37 ~ Jilka, Martonosi  and Tillack (1975) 
studied the passive Ca z + permeability of SR vesicles 
and vesicles containing purified Ca2§ The 
efflux of 1 mM Ca 2+ was measured at 25 ~ over 
a time range of minutes using the millipore filtration 
technique. Two explanations were considered for the 
passive permeability of  Ca 2 + : (i) That  the permeabili- 
ty was due to the effect of the ATPase on bilayer 
structure and (ii) that the permeability was due to 
the effect of the ATPase acting as a carrier. They 
concluded that the permeability could not be ac- 
counted for by the ATPase acting as a carrier since 
they observed a linear dependence of the initial rate 
of  Ca2+ efflux on the internal Ca2+ concentration 
in the 10-6 to 10-a M range. The linearity indicates 
that the process was not mediated by a site which 
is saturable in this concentration range. A second 
criterion for the lack of carrier mediation was the 
absence of competit ion f rom other divalent cations. 
The study did show that the efflux rate was decreased 
when the external Ca 2§ concentration was elevated 
in the 10 -9 to 1 0 - / M  range. A substantial effect 
was observed at 10-5M external Ca /+ .  This would 
be an expected result if the exchange were mediated 
by a carrier with a dissociation constant on the out- 
side surface in the range of 10-6 to 10-5 M. 

We have suggested that the passive Ca 2§ perme- 
ability of the SR is due to the action of the ATPase 
pump (Chiu & Haynes, 1977; Haynes & Chiu, 1977, 
1978). Our initial studies were carried out on unfrac- 
tionated SR using spectroscopic indicators of external 
free Ca z+ (Chiu & Haynes, 1977). We showed that  
10-~M Ca 2+ crosses the membrane and binds to 
the calsequestrin-type acidic binding proteins (Mac- 
Lennan & Holland, 1975) with a half-time of 2.2 sec. 
Information about the heterogeneity of the SR with 
respect to the acidic binding proteins (Meissner, 1975) 
indicates that this half-time is characteristic of  Ca 2 + 
transport  across the calsequestrin-rich SR. The AT- 
Pase-rich SR has little calsequestrin and thus made 
little contribution to the observed behavior. This illus- 
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trates a serious disadvantage of external equeous indi- 
cators: They indicate the Ca 2+ lost to the external 
medium, but the change produced by the passive equi- 
libration of ions into an internal aqueous compart- 
ment is not sufficiently large for quantitative study. 
Our desire to study the passive behavior of the SR 
and the Ca 2+-ATPase in the subsecond time range 
required the consideration of membrane-bound indi- 
cators. Membrane-active indicators include the fluo- 
rescent lanthanides (Rfibsamen et al., 1976; Morris 
& Schober, 1977), chlorotetracycline (Caswell & War- 
ren, 1972) and A N S -  (Haynes & Simkowitz, 1977; 
Haynes & Chiu, 1977, 1978). Use of the fluorescent 
lanthanides in measuring Ca 2 + transport is precluded 
because they inhibit the pump process which we wish 
to study. Chlorotetracycline (CTC) cannot be used 
to study the rapid kinetics of Ca 2§ accumulation 
because its transport across the membrane is too slow 
(Millman, Caswell & Haynes, 1980). This leaves 1- 
anilino-8-naphthalene-sulfonate (ANS -) as the candi- 
date of choice. Vanderkooi and Martonosi (1971), 
Haselbach and Heimberg (1970) and Ueno and Sekin 
(1978) have shown that increases in A N S -  fluores- 
cence accompany active transport of Ca 2 +. A quanti- 
tative basis for understanding this effect is given by 
our work of the response of ANS - binding and fluo- 
rescence to ionic screening and binding reactions in 
phospholipid vesicles (Haynes, 1974) and in SR (Chiu 
et al., 1980). 

In the third paper of this series (Chiu & Haynes, 
1980) we show that the ANS response to active 
transport is due to the increase of  ANS-  binding 
to the inside surface of  the membrane due to the 
increased internal Ca 2+ concentration. Our use of 
A N S -  as a method is based on our previous observa- 
tions of its behavior in phospholipid vesicles (Haynes 
& Staerk, 1974; Haynes, 1974; Haynes & Simkowitz, 
1977) and in the SR (Haynes & Chiu, 1977, 1978; 
Chiu et al., 1980). The method is based on the obser- 
vation that the degree of  binding of the probe to 
the membrane surface increases with increasing cation 
concentration in the medium. This effect is due to 
the increase in the "screening" of  the negative charges 
on the membrane surface allowing more A N S -  to 
bind. Thus, for low SR and ANS-  concentrations, 
the ANS -  binding is given by 

[ANSk~=K [ANS]~ exp (elPo.JkT) (1) 

where the subscripts b and i indicate the bound and 
free aqueous concentrations in the SR lumen, where 
Kis  a constant proportional to the binding constant, 
and where exp (eOoi/kT) is the function of electrostatic 
surface potential 0o,~. This equation states that the 
degree of binding on the inside surface of the SR 

is proportional to its internal concentration and to 
the exponential function on surface potential. The 
latter increases in value towards unity as the concen- 
tration o fmono-  and divalent cations in the SR lumen 
is increased. As shown in the previous paper (Chiu 
etal . ,  1980), the "Kin" for the monovalent cation 
effect or exp (e~Po,i/kT) is ca. 100 mM while the value 
for the divalent cations is ca. 1 mM. Thus, the internal 
Ca 2+ concentration can be measured at constant in- 
ternal K + concentration if the value of [ANS]I is 
known. We have shown that A N S -  crosses the mem- 
brane as an ion pair with monovalent cations (M § 
and that the rate of crossing is catalyzed by valino- 
mycin. The overall transport mechanism is thus 

Keq 
Mo + +ANSo . wli . . . .  ycin M [ + A N S  i (2) 

where the o and i subscripts refer to the external 
and internal aqueous phases, respectively. This reac- 
tion sets up the following equilibrium 

[ANSI ~ [M+]~ 
Keq= [ANS]o [M--]o = 1 (3) 

within the half-time for ANS permeation (ca. 8 sec 
and 20 msec in the absence and presence of valinomy- 
cin, respectively). Since the reaction transports zero 
net change, neither the rate nor the equilibrium re- 
sponds to membrane potential 2. This is the fastest 
transmembrane reaction involving A N S -  and the 
concentration [ANS]~ will always be in equilibrium 
with it under our experimental conditions for times 
greater than 20 msec in the presence of catalytic con- 
centrations of  valinomycin. The combimation of  Eqs. 
(1) and (3) gives 

[ANS]b,i = K exp (eOo, JkT ) [M + ]o [ANS]o (4) 
[ 1, 

which shows that the degree of binding of ANS-  
on the inside surface after this equilibrium is set up 
is proportional to the exponential function of surface 
potential and to the ratio of  the monovalent cation 
concentrations outside and inside. In the Ca 2+ per- 
meation experiments of this study conditions are cho- 

2 A N S -  transport  and rate of crossing the membrane  would 
respond to the membrane  potential only if A N S -  were permeable 
as a charged species. We consider this to be unlikely for the follow- 
ing reasons : (i) we have conducted experiments (Haynes & Simko- 
witz, 1977) which show that  the rate of  A N S -  permeation does 
not  respond to at tempts to generate a membrane  potential in lipid 
vesicles, and (ii) the conductance increment of ANS in black 
lipid membranes  has been shown to be small compared to that  
of  ionophores and K + (el Fig. 6, McLaughl in  et al., 1971). If  
the t ransmembrane  distribution of ANS were to respond to mem- 
brane potential, then its electrophoretic permeability would have 
to be substantially greater than  that of  Eq. (2); otherwise, the 
effect would be continuously "shor ted  out . "  
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sen such that the latter ratio is kept equal to unity. 
Experiments to measure the rate of KC1 permeation 
are also possible sinceexp (e~o,i/kT) and [M+]o/[M+]i 
have quantitatively different dependencies on [M+]. 
The information contained in Eq. (4) puts us in a 
good position to make quantitative use of the ANS 
fluorescence increase associated with passive trans- 
port or with active transport of Ca a + into SR vesicles. 
The dependence of exp (eOo,JkT) on the internal 
Ca2+ concentration is determined as in the previous 
publication (Chiu et al., 1980) in rapid mixing experi- 
ments. The inside and outside ANS-  fluorescent con- 
tributions, due to binding to the outside and inside 
surfaces, are determined from the amplitudes of the 
instantaneous and slow ( t l / 2  greater or equal to 
20 msec) phases, respectively. The experimental de- 
sign in the present study consists of rapidly mixing 
Ca 2+, Mg 2+, or K + with SR vesicles and monitoring 
the influx of these ions by following the changes in 
the ANS-  signal. The amplitude of the fluorescent 
change and the tl/2 for its occurrence are the experi- 
mental parameters measured. For  Ca 2 + and Mg 2 +, 
these are not direct measures of the internal Ca2+ 
concentration or its rate of influx, owing to the non- 
linear relationship between fluorescent amplitude and 
Ca 2 + concentration (Chiu et al., 1980). The nonlinear 
relationship results in half-maximal fluorescent ampli- 
tudes being seen at internal Ca 2 + concentrations well 
below those corresponding to 50% equalization of 
the inside to outside CaZ+ concentration ratio. The 
extents and rates of C a  2+ movement are evaluated 
using the amplitude and tl/z data together with cali- 
bration graphs of the type presented in Fig. 7 of the 
previous paper (Chiu et al., 1980). 

Subsecond time resolution of the transport events 
is guaranteed by the inclusion of valinomycin as a 
catalyst of ANS -  permeation. The possibility that 
the added valinomycin is perturbing or coupling to 
the existing permeabilities is assessed in experiments 
in which the valinomycin concentration is varied or 
omitted. Preliminary reports of the method and re- 
sults have been made (Haynes & Chiu, 1977, 1978). 

Materials and Methods 

Methods and experimental procedures are as described in the pre- 
vious communicat ion (Chiu et al., 1980). Every process attributed 
to divalent cation transport  was proven to be such by control 
experiments in which the process was accelerated by the addition 
of the Ca 2+ ionophore X537A. Estimation of the changes in inter- 
nal Ca 2+ concentration from the amplitudes of kinetic phases 
is made using fluorescence vs. Ca 2+ concentration curves of  the 
type given in Fig. 7 of  the previous paper (Chiu et al., 1980). Speci- 
fically, the total change in fluorescent amplitude observed after 
the Ca 2+ or Mg 2+ j ump  was scaled to a calibration graph of 
the type given in Fig. 7 of  Chiu et al. (1980), determined at the 

appropriate monovalent  cation concentration. The concentrations 
of internal Ca z+ achieved at t=tl /z  for the appropriate phases 
were read off the graph. Average rates for each of  the phases 
were determined by dividing the amoun t  of  Ca2+ moved in the 
q/2 by the value of tl/2. 

The possibility that the ANS signal was reading out  changes 
specific to the environment of  the Ca 2 +_ATPase protein was ruled 
out  by quan tum transfer experiments as described in the previous 
paper (Chiu et al., 1980). A prototype of each major category 
of experiment was carried out using excitation at the t ryptophan 
wavelength (280 nm), and the results were compared with those 
from direct excitation of the A N S - .  No significant differences 
in tl/2 or relative amplitude values were observed. Additional con- 
trol experiments showed that none of our experimental manipula-  
tions resulted in changes in t ryptophan fluorescence greater than  
5%. 

The lumenal volume of the ATPase-rich fraction was deter- 
mined by measurement  of  trapped 14C sucrose. SR was incubated 
overnight in a buffer solution containing 0.25 M sucrose and 10 mM 
HEPES buffer, pH 7.2, 10 mM KC1 (100 gg SR protein/50 gl), 
the sample was applied to a prewetted 0.42 gm millipore filter 
and washed with 2 ml cold solution. The radioactivity was quanti-  
tated by liquid scintillation counting. The chemical purity of  the 
~4C-sucrose (New England Nuclear, NEC-100 x ,  Lot 1252-023) 
was given as >97%.  A high degree of purity was detemined in 
our paper chromatography experiments. Over 95% of  the radioac- 
tive material migrated as a single peak with an R~ value of ca. 
0.29 in an n-butanol/ethanol~water (50:32:18) system. A trapped 
volume of 1.3_+0.2 (SD) gl/mg Lowery protein was determined 
under a variety of  conditions of temperature and ionic composit ion 
of the medium This value is substantially lower than  the value of 
5 gl/mg reported by Duggan and Martonosi  (I970) for unfraction- 
ated SR and is lower than the choline space 5.8 gl/mg determined 
by McKinley and Meissner (1978) for the ATPase-rich fraction 
of SR. However, our value was obtained consistently with a number  
of  preparations;  the discrepancy could have been the result of  
a smaller diameter vesicle in our preparation. 

Results 

Divalent Cation Influx Kinetics 

Rapid mixing of ANS-  with SR vesicles in the ab- 
sence of Ca 2+ results in an instantaneous (t l /2< 
3 msec) fluorescence increase followed by a slow in- 
crease with an exponential time course and a tl/2 
of 8 sec. A typical experiment was shown in the pre- 
vious paper. If both ANS-  and C a  2+ a r e  rapidly 
mixed, increases in the amplitudes are observed due 
to the Ca 2 + effect and a third process is observed. 

Figure 1 shows the result of an experiment in the 
mixing configuration (SR) vs. (ANS-  + Ca 2 +). In this 
case, three kinetic phases are observed: (i) the instan- 
taneous phase (tl/2 < 3 msec), (ii) the slow phase (tl/z 
=8 sec) and (iii) a still slower phase ( t l /2=120 sec). 
The 120-sec phase arises from the increase in ANS-  
binding to the inside surface which results from move- 
ment of Ca z + into the aqueous interior. This conclu- 
sion is supported by the observation that the 120-sec 
phase is not seen in the absence of divalent cations, 
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Fig. 1. Stopped-flow trace showing the influence of  externally-add- 
ed Ca 2 + on the kinetics of A N S -  permeation through SR vesicle 
membranes. The vertical axis represents fluorescence (1.0 V/divi- 
sion). The horizontal axis represents time (5 sec/division with repet- 
itive sweeps). Syringe A contained 0.2 mg/ml SR protein and medi- 
um. Syringe B contained 3 x l 0 - S M  A N S - ,  15m~a CaCI~ and 
medium. The basic medium was 10 mM histidine, pH 7.2, 10 mM 
KC1 and 0.6 M sucrose 

Fig. 2. Stopped-flow trace showing fluorescence increase accompa- 
nying passive Ca z+ influx to the lumen of light density SR vesicles. 
The mixing configuration was (0.2 mg/ml SR protein, 3 x 10-SM 
A N S - ,  10mM K +, buffer) vs, ( 3 x 1 0 - s M  ANS , 10m~r K +, 
15 mg  Ca z+, buffer). The buffer contains 0.6 ~ sucrose, 5 mM 
histidine, pH 7.2. The temperature is 25 ~ The vertical axis is 
0.2 V/division and the horizontal axis is 5 see/division. Multiple 
sweeps of the experiment were performed in the absence of walino- 
mycin 

Table 1. Dependence of h/2 and amplitude of  A N S -  permeation 
on added calcium ~ 

[Ca z § Ao Ai,~ t~/e,, Ai,b tl/z,o 
(volts) (volts) (sec) (volts) (sec) 

0.0 b 3.2 1.0 8 0.0 - 
2 .0x10 5M 4.3 1.6 8 0.3 120 
2.0 x 10 -4 M 5.8 1.5 8 0.6 120 
2.0x 10-3 M 13.3 2.0 8 1.1 120 
8.0• 10-3 M 14.2 2.3 8 2.4 120 
3.0x 10-2 M 19.6 2.6 8 3.2 120 
6.0x 10-2 M 21.8 2.8 8 3.5 120 

a Experimental conditions are given in Fig. 1. The results (tl/2 
and relative amplitudes) do not depend on the A N S -  concentra- 
tion. 
b 2 x I0-  4 M EGTA added. 

that its amplitude increases with increasing M 2 + con- 
centration, and that its tl/2 is decreased by the addi- 
tion of the Ca 2+ ionophore X537A. 

Table 1 shows the dependence of  the tl/2 and am- 
plitude values on the added Ca 2 + concentration. The 
tt/2 values are essentially invariant with Ca 2 + concen- 
tration while the amplitudes of all three phases in- 
crease with increasing Ca 2+ concentration. An in- 
crease in amplitude of a kinetic phase represents an 
increase in the Ca 2+ concentration responsible for 
that phase. Thus Ca 2+ appears in the SR lumen in 
two kinetic processes, one having a tl/2 of 8 sec or 
less and one having a tl/2 of 120 sec. Figure 2 shows 
the result of a Ca 2+ jump experiment performed 

Fig. 3. Oscillograph trace showing kinetics of  valinomycin + K +- 
assisted permeation of A N S - .  The mixing configuration is 0.2 rag/ 
ml (SR+6~tM valinomycin+buffer) vs. ( 3 x l 0 - S z a  A N S - +  
buffer). The butter solution contained 0.25 M sucrose, 10 rata KCI 
and 10 mM imidazole, pH 7.0 

under similar conditions. Two phases of  Ca2+-in- 
duced fluorescence increase are resolved with t~j2 val- 
ues identical to those of  Fig. 1. 

From the comparison of  the experiments of  Figs. 1 
and 2 it is clear that the kinetics of  Ca 2 + movement 
for times less than 8 sec are obscured by the slow 
movement of A N S -  across the membrane, a process 
necessary for the change in Ca z+ concentration to 
be measured. In order for the Ca 2 + transport kinetics 
to be resolved, the rate of A N S -  transport must be 
increased. As described in the introduction, this can 
be accomplished by the addition of valinomycin. Fig- 
ure 3 shows the kinetics of the progress curve for 
A N S -  equilibration in the presence of valinomycin. 
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Table 2. Kinetics of Ca 2 + Movement indicated by ANS-  

Expt. Mixing configuration tz/2,~ A~,a tl/2,b Ai,b 

1 (SR) vs. 8 sec 1.0 100 sec 5.0 
(30 mM Ca 2+) 

2 (SR+ t]2 val) ~ vs. 45 msec 0.9 120 sec 5.7 
(30 mM Ca ~+) 

3 (SR+val)  vs. 47 msec 1.0 120 sec 6.0 
(30 mM Ca 2+) 

4 (SR+val)  vs, 21 msec 1.1 70 sec 6.5 
(60 mM Ca 2+) 

5 (SR+val ,  no K +) vs. - - 55 sec 5.0 
(30 m~ Ca 2+, no K +) 

6 (SR+  15 mM C a 2 + +  24 msec 6,0 - - 
val, no ANS- )  
( 1 5 m g C a Z * + 2 x A N S  -b) 

In all cases, both reservoirs contained 3.3 x 10 -5 M ANS- ,  0.6 M 
sucrose, 5 mM histidine buffer, pH 7.2, and 10 mM KC1 unless other- 
wise indicated. Val denotes 1.4 x l0 -s  M valinomycin. T=23 ~ 
The maximal experimental uncertainty is _+ 10% for A values and 
15% for t~/2 values. 

7 x 10-6 M valinomycin. 
u 6.6 • 10 -s  M ANS- .  

The 8-sec half-time becomes 20 msec. In the experi- 
ments to follow, Ca 2+ movement was studied in 
CaZ+-jump experiments performed in the presence 
of valinomycin and K +. Table 2 shows the results 
of a series of experiments of this type. Comparison 
of Expt. 6 with the experiment of Fig, 1 demonstrates 
that the ta/2 for ANS-  equilibration is 24 msec. Com- 
parison of Expts. 1, 2, and 3 indicates that the initial 
phase of fluorescence increase associated with Ca 2 + 
influx has a ta/2 of 47 msec or less. This process disap- 
pears when K + is omitted from the medium (Expt. 5). 
This behavior is expected if K + must diffuse out for 
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Ca 2+ to diffuse in. Experiment 5 also proves that 
the 47-msec reaction is not an artifact due to the 
presence of valinomycin in the membrane. Compari- 
son of Expts. 2, 3, and 6 indicates that the measured 
t~/2 values must be characteristic of the kinetics of 
the cae+  permeability system, and that the rate of  
ANS-  movement is not rate-limiting. Table 2 also 
shows that the t~/z and amplitude of the slow process 
are not affected by the valinomycin addition. The 
slow process is of  much greater amplitude than the 
fast process, accounting for the bulk of the Ca e+ 
transported. 

Table 3 shows the effect of the K + concentration 
on the rates of the two phases of fluorescence increase 
associated with two phases of Ca ~ + influx. Increasing 
the K + concentration from 10 to 100 mM increases 
slightly the rates of  both phases of Ca z + equilibration 
across the membrane. The table also shows that 
Mg 2 + equilibrates across the membrane in two kinet- 
ic phases. The slow phase for Mg2+ is significantly 
slower than that measured for Ca2+. The Mg2+ in- 
flux reaction rates were less affected by the K + con- 
centration than were the Ca z+ influx rates. 

The amounts and rates of Ca 2 + influx were eva- 
luated semiquantitatively by the graphical procedure 
described in Materials and Methods. The fifth column 
of the table shows the calculated internal free Ca 2 + 
concentration obtained at t=  t~/2,x for the first phase. 
The ninth column gives the calculated internal free 
Ca2+ concentration obtained after t = t~/2,2. Inspec- 
tion shows that the amount  of Ca z+ moved in the 
first half of the fast phase is smaller than that moved 
in the first half of the slow phase. Division of the 
changes in internal Ca z+ in the first halves of each 
of these phases by the respective tt/2 values gives 
an indication of the average rates of the two phases, 
as shown in the 6th and 10th columns. The rates 

Table 3. Effect of K + concentration on influx of 30 mM Ca z+ and Mg z+ (100 mM KC1) 

[M 2 +] KC1 Fast phase Slow phase 

(ram 
Ai,a tt/2 [Ca2+]i A[CaZ+]i/sec Ai,b tl/z [Ca 2 " - ]  A[CaZ+]i/sec 

(m~) (msec) at t~/z (sec) at tl,,2 

Ca 2+ 100 0.20_+0.05 40_+10 ~ l x l 0  -~ ~ 2 . 5 x  10 -2 1.1+_0,1 100_+ 10 ~ S x 1 0  -3 ~ 5 x 1 0  - s  
Ca 2+~ 100 0.20_+0.05 40_+10 ~ l x l 0  ~ ~2 .5x  10 -2 1.1+0.1 100_+ 10 ~ 8 x t 0  -3 ~ 5 x 1 0  - s  
Ca 2+ 10 0.20_+0.05 60_+10 ~ 2 x 1 0  -~ ~ 3 . 3 x 1 0  -3 1.6_+0. I 150+_20 ~ 5 x t 0  -3 ~ 2 . 7 x  10 -~ 
Mg 2+ 100 0.15_+0.05 30+_10 ~ l x l 0  -3 ~ 3 . 3 x  10 -2 1 . 1 _ + 0 . 1  225-+25 ~ g •  -3 ~ 2 x 1 0  -5 
Mg z+ 10 0.10-+0.05 30_+10 ~ 2 x 1 0  -* ~6 .6 •  10 -3 1 . 6 _ + 0 . 1  250_+30 ~ 5 •  -3 ~ l . 4 x  10 - s  

The indicated divalent cation was jumped to a final concentration of 30 m~. The KC1 concentration was constant throughout the 
experiment. The basic experimental conditions were 0.25 M sucrose, 10 m s  Hepes buffer, pH 7.1, 100 mM KC1. 3 x 10 -~ N ANS- ,  6 gM 
valinomycin, and 0.1 mg/ml SR, T =  23 ~ The values of [Ca z + 1~ were calculated at t = t t~2 for the fast phases, respectively, as outlined 
in Materials and Methods. The average rates for the Ca 2+ movement, A[Ca]~/~c, were calculated from the tljz values and the values 
of A[Ca]~ atributed to the first halves of these phase, respectively. 
" Experiment carried out with valinomycin at ~/3 of the normM concentration. 
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of  Ca 2 + movement in the first phase (3.3-25 mM/sec) 
are high compared with the rates in the slow phase 
(0.014-0.05 mM/sec). Both rates increase with increas- 
ing KC1 concentration. 

Table 4 shows the results of variation of the con- 
centration of  Ca a + on the influx reactions at 100 mM 
K +. Two phases were observed at all concentrations 
where measurable rate data could be obtained ([Ca 2 +] 
> 2.0 raM). The fluorescent amplitudes of  both phases 
increase while the tl/2 values remain essentially con- 
stant in the concentration range of 2 to 10 raM. The 
behavior observed with Mg 2 + influx (not shown) was 
similar to that observed with Ca 2 +, except that the 
values of t~/2 for the slow phase were significantly 
slower, as noted above. As seen in the previous table, 
the fast phase accounts for only a small portion of 
the uptake (columns 4 and 8) but the uptake in the 
fast phase occurs at a much faster rate (columns 5 
and 9). Increasing the external C a  2+ concentration 
increases the rate of  Ca 2 + movement in both phases. 
Kometani and Kasai (1978) have reported permeation 
times (exponential tau values) for 33 mM Ca2+ and 
Mg 2+ to be 6,000sec and 1,800sec, respectively. 
Their  estimates of the rates are over a magnitude 
smaller than our estimate of the rate of the slow 
phase and show Ca2+/Mg z+ specificity opposite to 
what we have observed. We do not believe that their 
study, carried out on unfractionated SR, can be com- 
pared directly with ours carried out on the ATPase- 
rich SR fraction. We have found that unfractionated 
SR and the heavy (or calsequestrin-rich) fraction of  
SR aggregate at Ca 2+ concentrations above 10 rag, 
as evidenced by increases in light scattering which 
do not reverse slowly with time. We have found no 
evidence for Ca Z +-induced aggregation of the 
ATPase-rich fraction. 

The rate of the slow phase can be used to calculate 

the Ca 2+ permeability of  the SR using P=t /3  rk 
where P is the permeability, r is the SR radius and 
k is the exponential rate constant for approach to 
equilibrium. Using the tl/2 of the slow phase of  Ca 2 + 
influx Table 4, we estimate k = 3 - 6  x 10 -3. Using 
250 A and 750 A as lower and upper estimates of  
r, we estimate P to be between 0.75 x 10 -8 and 2.2 x 
10 -8 cm sec -1 at 23 ~ . This range encompasses the 
value of 1.5x 10 -s  cm/sec reported by Inesi (1979) 
based on isotope flux measurements in a medium 
containing Mg 2+ at 37 ~ 

Divalent Cation Efflux Kinetics 

The finding of passive influx implies that a passive 
efflux can also be measured. The latter was studied 
to test for asymmetry effects of the pump. The SR 
was incubated with Ca 2 + at the desired concentration 
at 23 ~ introduced into the stopped-flow apparatus. 
The experiment was initiated by the addition of 
EGTA in the following configuration: (SR, A N S - ,  
K +, x Ca 2+, 1/2 Y tris EGTA, buffer) vs. (ANS- ,  
K +' a/2 x Tris EGTA, buffer). The x represents the 
variable Ca 2 § concentration. In this particular exper- 
imental design Tris EGTA was added to both of the 
reservoirs to eliminate iomc asymmetries. After the 
EGTA addition, the external Ca 2 + concentration was 
reduced to about 25 gM. Figure 4 shows the results 
of an experiment of this type. Two kinetic phases 
of fluorescence decrease are observed with tl/2 values 
of 800 msec and 100 sec, respectively. Table 5 shows 
the effect of K + concentration on the tx/z and ampli- 
tude values of  the two phases. In the efflux experi- 
ments with 2.5 mM Ca z+, the fast phase has the small- 
est amplitude but represents the largest amount  of  
Ca 2+ movement. The slow phase represents the 

Table 4. Effect of external Ca 2+ concentration on the Ca 2+ influx rate (100 mM KC1) 

[Ca 2+] Fast phase Slow phase 
(raM) 

Ai, o h/2,1(Fl) [Ca2+]i A[CaZ+]i/sec Ai,b tl/2,z(Fl) [Ca2+]~ A[Ca 2 +]~/sec 
(msec) at q/ ,  (sec) at ta!2 

0.0 0.0 - -  - - -  0 . 0  - -  - - 

0.5 0.02• 20_+10 < 2 x 1 0  -4 =<1 x l 0  -2 0.0 -- - - 
2.0 0.02_+0.01 20_+10 __<2x10 -4 <1 x l 0  -z 0.16+0.03 90_+10 ~ 8 x 1 0  4 ~ 5 •  
5.0 0.06_+0.01 20_+10 ~ 5 x 1 0  -4 ~2.5 x 10 2 0.45_+0.05 90__+10 ~ 2 x 1 0  -a ~ l x l 0  -5 

10.0 0.07_+0.01 20_+10 ~ l x l 0  -a ~5  x l 0  -2 0.57_+0.05 90-+10 ~ 4 x 1 0  -3 ~ 2 x 1 0  -5 
30.0 0.12_+0.02 20_+10 ~ 2 x 1 0  -3 ~10 x l 0  -2 1,00+0.10 150_+20 ~ 1 2 x 1 0  -3 ~ 5 x 1 0  s 

The Ca 2+ concentration was jumped to the final concentration indicated. The basic experimental conditions were 0.25 sucrose, 10 mM 
Hepes buffer, pH 7.1, 100 mM KC1, 3 • 1 0 - s g  ANS , 6 gM valinomycin, and 0.1 mg/ml SR; T~23 ~ The [Ca2+]t arid A[Ca2+]~/~ec 
values were calculated as described on Table 3. 
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Fig. 4. Example of fluorescence decrease resulting from Ca z ,  re- 
lease from SR. The SR vesicles (0.2 mg/ml) suspended in a medium 
containing 4 x  10 - s  M A N S - ,  2.5 mM EGTA,  5 mM Ca z+, 10 mM 
K +, 6 ~tM valinomycin and 0.1 M imidazole, pH 7.1, were mixed 
rapidly in a stopped-flow apparatus with an equal volume of solu- 
tion of 3 x 1 0  5M A N S - ,  2.5raM tris-EGTA, 10ram K +, 0.1M 
imJdazole. Temperature was 23 ~ The vertical axis is fluorescence 
decrease in 0.5 V/division in both pictures. The time scale of  fluo- 
rescence decrease is 0.5 sec/division on diagram A and 5 sec/divi- 
sion on B 

removal of the small fraction of Ca 2 + of the remain- 
ing (internal concentrations well below 1 raM). The 
initial phase of  efflux has a high average rate (1.9- 
72 mM Ca2+/sec) comparable to the rates observed 
for the fast phase of  Ca 2 + influx. The rate is increased 
by increasing KC1 concentration. The rate of the slow 
phase of efflux, representing the movement  of  a small 
amount  of  Ca 2+, seems to be unaffected by the K + 
concentration. The dependence of the half-time for 
efflux on the internal Ca 2+ concentration is given 
in Table 6. The rates of  both phases of  the Ca 2+ 
efflux increase with increasing internal Ca 2 + concen- 
tration. Such behavior could be expected for a carrier 
system with a Km on the inside surface greater than 
5 mM. The t172 of the slow phase is not affected by 
the choice of initial [Ca2+)i. Addition, of 6 gM 
X537A, a Ca 2+ ionophore, increased the rates of 
both phases (not shown). 

The rate of the stow phase Ca 2 + efflux was found 
to be dependent on the external Ca a .  when the latter 
was varied by varying the [Ca-EGTA]/[EGTA] ratio 
after mixing. The results, given in Table 7, show that 
the half-time for efflux of the low level of  Ca 2 + in- 
creases f rom 50 to 625 sec when the external Ca2+ 
concentration is increased f rom 0.44 to 500 gM. Col- 
umns 5-7 show the rates of efflux are expressed as 
the fraction of the extrapolated maximal (zero Ca 2 +) 
values. Half-maximal inhibition was observed at ca. 
4 gM external Ca 2 +, a value close to the dissociation 
constant reported for high affinity Ca 2" binding to 
the carrier (Ikemoto,  t 974; Inesi et al., 1978 a, 1978 b). 
This result suggests carrier-mediated efflux with a 
trans-inhibition effect which would be predicted from 
this model. Column 7 shows the fraction of the maxi- 
mal rate observed at the various Ca 2 + concentrations. 
Columns 5 and 6 give calculated values based on plots 
made under the assumption of one or n inhibitory 
sites per functional translocated unit, respectively. 
Poor agreement is seen between the observed and 
calculated data for high degrees of saturation under 
the assumption of one Ca 2 ~ binding site per function- 

Table 5. Influence of [K +] on the kinetics of  efflux of 2.5 mM Ca 2" 

[K +1 -Aa /AS  tl/2,~ [Ca~ ' ] i  -A[Ca2+]Jsec  - A b / A S  t>2.b [CaZ+]~ - a [ C a 2 + ] J  

(mu) (msec) at tl,,z (sec) at tl,2 sec 

0.6 0.034 4,000 0.034 100 
10 0.023 800 ~ 1 •  3 ~ 1 . 0 •  0.041 >100 =<2x10 5 < 8 x 1 0 - 6  
25 0.013 200 0.028 >__ 100 
50 0.011 75-100 0.025 => 100 
75 0.0048 20~40 ~1 x l 0  -3 ~ 3 . 8 x 1 0  -1 0.025 100 < 2 x 1 0  4 =<4x10-6 

The experimental conditions were described in the legend of Fig. 5. The variable [K +] is given in the table. The SR vesicles were 
incubated with 2.5 mM free Ca 2 + for 1 hr  before the initiation of  experiments. - A  represents the amplitude of fluorescence decrease, 
AS represents the total fluorescence after the release of Ca 2+. The subscripts a, b denote fast phase and slow phase, respectively. 
The ratio -A , /AS ,  therefore, represents fraction decrease of the fast phase. The [Ca]~ and A[Ca2*]~is~c values were calculated as described 
in Table 3. 
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al unit. Better agreement is observed if a stoichio- 
metry of 0.62 (obtained from a plot of log ((1/tl/2)m~x/ 
(1/q/2)-1) vs. log [Ca2+]o). is used. This shows that 
the kinetics of the inhibition of  translocation are anti- 
cooperative. 

Mg 2+ efflux was studied in the same manner as 
was Ca 2 + efflux, except that EDTA was used to che- 
late the external Mg2 +. Figure 5 shows that fluores- 
cence decrease accompanying Mg z+ release is also 
biphasic. However, the decrease in fluorescence is 
dominated by the fast phase in contrast to the results 
for Ca 2 + efflux where the two phases had comparable 
amplitudes. The figure shows that increasing K § con- 
centration serves to increase the rate of both phases. 

Measurement of K + Permeability of SR Vesicles 

It is possible to observe K + permeability of the vesicle 
by the ANS method. The following describes the 
underlying principles involved in the measurement. 

As described in the introduction section (Eq. (4)), 
there are two factors involved in determining the de- 
gree of A N S -  binding to the inside membrane sur- 
face. The value of exp (eOo,i/kT) and the value of  
[M + ]o/[M +]i. In K +-jump experiments the two factors 
have influences which are temporally distinct. In the 
presence of a low catalytic concentration of  valinomy- 
cin the influence of the increase in the [M+]o/[M+]~ 
ratio is felt immediately and a large fluorescent in- 
crease is observed due to an increase in the [ANS-]b,~. 
However, as MC1 begins to permeate, the ratio de- 
creases and its contribution to the ANS-  binding 
diminishes. Ideally, this effect would be completely 
offset by the effect of increasing [MCI]z on exp (eOo,J 
kT) since the Gouy-Chapman theory predicts propor- 
tionality between these two quantities for high values 
of surface charge and low values of  MCI]. However, 
the surface potential is low and a less than 1.0 power 
relationship is observed between these two quantities 
(Haynes & Simkowitz, 1977). The net effect of the 
inward MC1 movement is thus to decrease the A N S -  

Table 6. Influence of [Ca2+]~ on the kinetics of Ca 2" efflux (10 mM KC1) 

[Ca2+]free -A , /AS  tl/z.~ [CaZ+]~ 3[CaZ+li/sec -Ab/AS tl/2,b [CaZ+]i A[CaZ+]i/sec 
(raM) (msec) at t~/2 (sec) at ta/2 

0.31 0 - - - 0.040 100 - - 
0.62 0.0063 1,000 - - 0.046 100 - - 
1.25 0.011 800-1,000 ~ 3 x 1 0  -4 ~1 -1.2 x 10 -2 0.067 100 < 2 x 1 0  -s  =<..'2• -6 
2.50 0.013 500-800 ~ l x l 0  -3 ~ 1.8-3.0 x 10 3 0.058 100 < 2 x 1 0  -4 < 5 x 1 0  -6 
5.00 0.025 500 ~ 2 x 1 0  -3 ~ 6 x 1 0  -3 0.093 100 ~ 5 x 1 0  -4 ~ l x l 0  -5 

The experimental conditions were essentially the same as given in Table 1. The variable [Ca 2+] is given in the table. The [K +] was 
fixed at 10 raM. The SR vesicles were incubated with the desired [Ca 2+] for 1 hr before the initiation of experiments. Release of 
Ca 2 + is started by the following mixing configuration: left reservoir - SR, 6 gM valinomycin, 3 x 10-5 M ANS , x[Ca 2 +], x/2 Tris-EGTA, 
and buffer; right reservoir - 3 x 10 -5 M ANS , x/2 Tris-EGTA, and buffer. The buffer contains 0.1 M imidazole, pH 7.1, and 10 mM 
K +. Refer to Table 1 for the explanation of the notation. The [Ca 2 +] and A[Ca 2 +]~/~oc values were calculated as described in Table 3. 

Table 7. Effect of external Ca ~ + concentration on the slow phase of Ca 2 + efflux kinetics 

[Ca 2 +It [EDTA]t [Ca 2 +]o ti/2 Calculated fraction Calculated fraction Fraction: of  
(mM) (raN) (gM) (sec) of max rate assuming of max rate assuming maxima/rate  ~ 

Ist power dependence a 0.62 power dependence b 

2.5 25 0.44 50 0.911 0.868 0.912 
2.5 5.0 3.95 85 0.533 0.628 0.536 

(100) d 

2.5 2.5 99.0 300 0.0437 O. 187 O. 152 
2.5 2.0 500.0 625 0.00897 0.077 0.0912 

Ca 2+ efflux experiments were carried out at 23 ~ in the following mixing configuration: (0.2 mg/ml SR, 6 ~tM valinomycin and 5 mM 
Ca 2+ vs. (EGTA). The basic medium contained 0.25 M sucrose, 100 mM KC1, 3 x 10 -5 M A N S -  and 100 mM HEPES buffer, pH 7.1. 
The free Ca 2+ concentrations were calculated using 3.95 x 10-6M as the Kd of the CaEGTA complex (deMeis & Hasselbach, 1971). 
The tl/2 values refer to the slow phase of efflux. The fast phase was not studied. 

A maximal rate (1/tl/2 value) was calculated under the assumption of simple competitive inhibition of the efflux rate external 
Ca 2+ according to (1/tl/2)/(1/tl/2)m,x=(1 +Ki[Ca2+]o) -1 where Ki is the association constant for the inhibitory complex. The data of 
the first two lines were used for this calculation. The values obtained were (1/tl/2)max=2.19 x 10 -2 sec 1 and K~=2.21 x 10 -5 M -1. 
b Values were determined as described above except that a Ki value of 1.323 • 10 -3 (34) -0.62 and [Ca2+]o~ was used. 
c Actual fractions of the maximal rate were determined using the (1/q/2)m,~ given above. 
a Value obtained in the presence of 10 mM KCI. 
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Fig. 6. Triphasic fluorescence behavior resulting from a KCI jump 
under passive conditions. The vertical axis is fluorescence, 0.2 V/ 
division. The horizontal axis represents time after mixing at (A) 
I0 msec/division and (B) 5 sec/division. The upstroke in B repre- 
sents the fast fluorescence increase in A. The mixing configuration 
was 0.2 mg/SR protein, 6 x 10-6M valinomycin v s .  10 mM KC1. 
Both reservoirs contain 0.6 M sucrose, 2 mM histidine, pH 7.0, 
3.17 x 10 5 M A N S -  

Fig. 5. Examples of fluorescence decrease associated with Mg z+ 
release from SR. Experimental conditions are essentially the same 
as that  given in the legend of  Fig. 4 except that Ca 2~ was replaced 
with Mg 2~, and tr is-EDTA instead of tr is-EGTA was used. The 
K § concentrations in the medium are: (A) 10 raM; (B) 25 m~ ;  
(C) 75 raM. The vertical axis is 0.2 V/division and the horizontal 
axis is 5 sec/division in all pictures. Temperature was 23 ~ 

fluorescence, and the rate of this phase is used to 
monitor the rate of MC1 permeation. The possibility 
that the valinomycin contributes to the MC1 transport 
reaction as assessed by experiments in which the iono- 
phore concentration is varied. 

Figure 6 shows the result of an experiment in 
which SR vesicles preincubated with valinomycin and 
ANS-  are rapidly mixed in the stopped-flow appara- 
tus with 10 mM KC1. Three phases of fluorescence 
change are seen. The first phase is a rapid increase 
which results from the shift in the internal ANS-  
concentration resulting from the change in the [K +]o/ 
[K§ rat io(@ Eq. (4)). This is followed by two phases 
of  fluorescence decrease which result from the effect 
of KC1 influx on the exp (e~Jo,i/kT) and [K+]o/K§ 
as described above. The first phase of decrease has 
a tl/2 of about 2 sec and accounts for 60-70% of 
the amplitude. The second phase of decrease has a 
tl/a of about 100 sec and accounts for 30-40% of 
the amplitude. The relative amplitudes of the two 
phases and the tt/2 of the slow phase agree well with 
the findings of McKinley and Meissner (1977) on 
isotope flux. The results can be accommodated by 
their explanation that the SR contains two types of 
vesicle, one containing an efficient permeability mech- 
anism and the other lacking it. The alternative expla- 
nation, that there is one type of vesicle with two 
permeability mechanisms, cannot account for the 
isotope flux results and does not accommodate our 
finding that valinomycin affects the rates of both pro- 
cesses. 

The effect of the valinomycin on the amplitudes 
and rates of the three phases was studied for the 
influx of 400 mM KC1. The results are given in 
Table 8. Since these results are to be used as a control 
for the effect of valinomycin on the active transport 
reaction (Chiu & Haynes, 1980) the experiments were 
carried out in the presence of  1 x 10 _4 u Mg 2~ and 
ca. 25 gM free Ca 2~. The results show that the phases 
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Table 8. Effect of valinomycin on the rates of equilibration of K + 

213 

Valinomycin (N) A~ t~/2 1 A2 t~/2 2 A3 tl/2 3 

0 1.0+0.1 27-+ 3 s e c  . . . .  
2.2 x 10  - 7  1.8_+0.2 100+ 10 msec -0.4 _+0.1 2.0 +0.5 sec -0.4 -+0.1 85-+ 10 sec 
6.7 x 10- 7 2.2 -+ 0.2 40 -+ 5 msec - 0.65 _+ 0.05 400 -+ 50 msec - 0.45 -+ 0.05 80 + 10 sec 
2.0x 10 -6 2.5+_0.2 20-+5 msec - I . I  +0.1 200_+20 msec -0.5 -+0.1 55_+5 sec 
6.0x 10 6 2.5+0.1 10-+5 msec -1.2 -+0.1 175_+25 msec -0.3 -+0.1 25-+5 sec 

The amplitudes of the three phases of fluorescence change observed after a KC1 jump. Both syringes contained 0.6 M sucrose, 1 x 10 -4 M 
MgCI2, 4x 10 -4 M CaEGTA, 3.17x 10 -5 N ANS- and 10 mM histidine buffer, pH 7.0. The A syringe contained 0.1 mg/ml SR and 
the B syringe contained 800 mM KCI. 

cannot be resolved in the absence of  valinomycin. 
This is due to the slow rate of A N S -  permeation. 
The lowest valinomycin concentration in this study 
gave a "100 msec half-time of A N S -  permeation. The 
second and third phases had h / z  values of  2 and 
85 sec, respectively. Reference to Fig. 4 of  the pre- 
vious paper (Chiu et al., 1980) shows that the fluores- 
cence vs. K + concentration relationship is reasonably 
linear in this range and that the ta/2 values for fluores- 
cent decrease are a reasonable approximation to the 
tl/2 values for KCI permeation. The K + permeabili- 
ties Of the two fractions can be calculated (as for 
Ca z+ above) using r values of  250 • (lower limit) 
and 750 A (upper limit). The P~:+ value for the KC1 
permeable vesicles is (0.86-2.6) x I0 -6  cm/sec and the 
P•+ value for the KC1 impermeable vesicles is (2.0- 
6.1) • 10-8 cm/sec. Isotope flux and potential-sensing 
dye experiments of  McKinley and Meissner (1978) 
set this lower limit of 10-6 cm/sec for the KCl-perme- 
able vesicles. Increasing the valinomycin increased the 
rate of  both phases, indicating increased rates of K + 
(C1-) permeation. The fast phase of  KC1 equilibration 
tends to a maximal value (175 msec), while the slow 
phase gives no indication of reaching a maximal rate. 

The above results can be explained by the assump- 
tion that the fast phase represents KCI equilibration 
for an SR fraction containing an active anion channel 
and a less active cation channel. Valinomycin serves 
to increase the permeability of  the system by contri- 
buting an electrical K + permeability. This is the mod- 
el proposed by Kometani  and Kasai (1978), based 
on experiments on unfractionated SR carried out in 
a manner  similar to those reported here. Light scatter- 
ing charges were used as a measure of  electrolyte 
movement.  The results we obtained for the KC1 im- 
permeable fraction can be explained by assuming that 
this fraction contains neither a cation nor an anion 
channel. The valinomycin effect in this fraction is 
based on the ability of  the ionophore to carry KC1. 
The postulated reactions are shown in Fig. 7. In the 
permeable vesicles valinomycin increases the K + per- 
meability until the C1- permeability becomes limiting. 

At this point, a maximal rate of  KC1 entry is observed. 
In the impermeable vesicles, the electrically active 
mode of valinomycin is operative, but ineffective, due 
to the absence of  appreciable electrically-active anion 
permeability, The ionophore makes a small contribu- 
tion to the slow rates due to its Val-K+-C1 - ion 
pair translocation reaction. The contribution of this 
reaction to the total rate is roughly proport ional  to 
the valinomycin concentration, in keeping with the 
postulated mechanism, 

It is of  interest of  estimate the turnover numbers 
of  valinomycin for its two modes of action. This can 
be done using the data of  Table 7 for 2 x 10-6M 

valinomycin. The data show that this concentration 
of valinomycin increments the rate (1/t l /2) of the K + 
translocation reaction by 4.5 sec-J  and increments 
the rate of  the KC1 translocation reaction (of' the 
slowly exchanging vesicles) by 6 x 10- 3 sec- 1. Using 
5 • 10- 3 mg/ml as the internal water space (Duggan 
& Martonosi,  1970) and recognizing that roughly 
200 m g  KC1 has been moved into this space during 
the half-time of  the reaction, we estimate the turnover 
numbers of  valinomycin operating in these two modes 
to be ca. 220 and 0.32 sec -1. 

The value for valinomycin operating in the electri- 
cally-active mode is much smaller than the values 
of  1 .5-5x 104 sec-1 reported for the ionophore in 
black lipid membranes (Stark et al., 1971 ; Benz et al., 
1973). The turnover number  is closer to the value 
of 2020 turnover number  observed in rat liver mito- 
chondria (Haynes et al., 1974). In these experiments 
the valinomycin was probably operating in an electri- 
cally active mode. The low value of 0.32 sec -1 ob- 
served for the electrically silent mode in the present 
study can be compared with a turnover number of  
328 +_44 observed for KCNS translocation in phos- 
pholipid multilayers (Blok, Gier & Van Deenen, 1974) 
and 46 sec -1 observed for K + A N S -  translocat~on 
in phospholipid bilayer vesicles (Haynes & Simkow- 
itz, 1977). The present results prove what the results 
cited above suggest - that in the presence of an ade- 
quate anion permeability system valinomycin moves 
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Fig. 7. Mechanism by which valinomycin can facilitate Ca 2 + transport. Mechanisms for KC1 permeable vesicles and impermeable vesicles 
are given in I and II, respectively. Mechanisms A and B are for the Ca-ATPase operating as a 2 K + for Ca 2+ exchanger. Mechanisms 
C and D are for the enzyme acting in an electrically active fashion 

K + in the electrically-active mode much more effi- 
ciently than it moves KC1 in the electrically-silent 
mode. The ratio of the rates of these two modes 
is ca. 690. 

Discussion 

The present study shows that the passive influx and 
efflux of Ca 2+ (and Mg z+) can be monitored by 
the increase or decrease of ANS fluorescence accom- 
panying these reactions. The changes in fluorescence 
result from the changes in the degree of ANS bind- 
ing to the inside surface brought about by changes 
in the internal concentrations of these divalent cat- 
ions. The observations that the rate of these processes 
are increased by the Ca 2+ ionophore X537A and 
the results of the t ryptophan-ANS- quantum transfer 
experiments are evidence that the probe is not reading 
out slow conformational changes in the membrane 
protein. 

Two phases of fluorescent increase were observed 
in both the Ca 2 + influx and in the Ca e + efflux experi- 
ments. The tl/2 values and amplitudes of the changes 
in fluorescence were used to estimate the rates of 
Ca 2 + movement and the amounts of Ca2 + moved. 
Quantitation of the signal corrects for the nonlinear 
(quasi-hyperbolic saturation) fluorescence of the sig- 
nal on the internal Ca 2 + concentration which makes 

the fluorescence disproportionately sensitive of 
changes of Ca 2 + concentration in the low concentra- 
tion range. For  the influx process the fast phase 
corresponds to a small amount of Ca ~ + set free in the 
SR lumen while the slow phase corresponds to the 
greater portion of the Ca2 + movement. The experi- 
mental design for measurement of the kinetics of the 
efflux process required that lower concentrations of 
lumenal Ca 2 + be measured. In these experiments the 
fast phase was the major contributor to the overall 
efflux process, while the slow phase corresponded to 
Ca 2 + removal at low levels. 

Two possible explanations for the passive Ca 2. 
and Mg 2+ permeability can be considered: (i) The 
process could be the result of a " leak"  or channel 
mechanism or (ii) the process could be the result of 
the Ca 2 +_ATPase operating in its passive mode. This 
study, with the reports cited in the introduction, gives 
results which cannot be readily explained by simple 
forms of the leak or channel mechanisms but which 
fit well with the carrier model. These results include 
the finding of two phases of influx and efflux, the 
finding that the influx and efflux reactions are acceler- 
ated by K +, and the finding that the rate of the 
efflux is increased with increasing internal and de- 
creasing external Ca 2+ concentration. The observa- 
tion that the influx rate increases with increasing ex- 
ternal Ca z+ concentration is the only observation 
not explained by the simplest form of the carrier 
mechanism. 
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Before proceeding with a detailed evaluation of 
our results in terms of  a carrier mechanism, it is 
necessary to discuss some quantitative apsects of  the 
ATPase-rich SR preparation. I f  the ATPase is indeed 
the mechanism by which the Ca 2 + crosses the mem- 
brane, then only a small number  of  turnovers is neces- 
sary for the complete equilibration of Ca 2 + in our 
experiments. Using the pump capacity as 2 moles 
Ca Z+/turnover and the aqueous volume of the inter- 
nal space as 1.3 t~l/mg protein (this study) and the 
tool wt of  the ATPase as 105 daltons, we calculate 
that each pump turnover will increase the internal 
Ca 2+ concentration by 15 raM. Since our estimate 
of the aqueous volume is about  one-half of  that re- 
ported elsewhere (McKinley & Meissner, 1978), a fac- 
tor of  about  7 mM Ca2+/turnover  can be taken as 
the most conservative estimate of  the total pump ca- 
pacity. This calculation shows that most of  the influx 
and efflux experimentation in this paper  reports on 
Ca z + movements  of less than one turnover per pump. 
The major exception to this would be the study of 
the influx of Ca z + and Mg z + to a final concentration 
of  30 mM (Tables 3 and 4). The high capacity of  the 
pump also implies that some of the transported Ca 2 + 
may remain bound to the translocator site affecting 
our estimate of  the number  of  Ca z+ crossing the 
membrane  per sec. This must be taken into consider- 
ation for the evaluation of the rapid phases of  the 
influx and efflux reactions. We will cite evidence that 
the inwardly-oriented form of the translocator has 
a Ka for Ca 2 § which is greater than 5 mM. It would 
thus seem that contributions of  Ca2+ bound to the 
inwardly-directed translocator to the total lumenal 
Ca 2 + can be neglected for free Ca 2 + concentrations 
of  1 mM or less. A second source of Ca z+ binding 
capacity exposed to the SR lumen is the negatively- 
charged phospholipids and low-affinity sites on the 
Ca a +_ATPase. Equilibrium dialysis binding assays of  
the ATPase-rich SR fraction reported by Meissner 
(1975) encompass these two categories of  sites. That 
study gave evidence for a low-affinity binding with 
a Kd of  ca. 1.2 m u  and a capacity of  ca. 75 nmol /mg 
protein (Fig. 3, Meissner, 1975). About  one-half of 
this activity is referable to the inside surface (G. Meis- 
ner, personal communication). Using these numbers 
together with the lumenal volume determined here, 
we calculated that for l mM free Ca 2 + in the lumen, 
an amount  of  Ca 2+ equivalent to 12 mM lumenal 
concentration will be bound on the inside surface. 
Thus the values of  A [Ca2+]Jdt for the fast phases 
of the influx and efflux reactions could be ca. 13 times 
as high as reported in Tables 3-6. The rates for the 
slow phase of influx may also be underestimated, 
but not seriously. 

A second quantitative aspect of  the Ca 2 + perme- 

ation is the K + (C1-) permeability or impermeability 
of the SR on the passive net reactions. The results 
presented here show that the half-time for KC1 move- 
ment across 2/3 of the vesicles is ca. 2 sec. This corre- 
sponds to rates which are more than 50 times as rapid 
as the Ca 2 + translocation. This information sJhows 
that the appearance of the slow phase cannot be due 
to limitations of  KC1 permeability as proposed by 
us earlier (Haynes & Chiu, 1977, 1978). 

We do believe that the fast phases can be under- 
stood as the first partial turnover of  the pump in 
response to the perturbation and that the slow phase 
represents subsequent turnovers or partial turnovers. 
We interpret the fast phase to be the changes in inter- 
nal Ca 2 + concentration resulting f rom perturbation 
of  the equilibria of  the pump and the slow phase 
to be representative of  steady-state kinetics of  the 
pump. We also believe that the effect of  KC1 to accel- 
erate the rate of  the Ca 2 + influx and efflux reactions 
arises from its role as a counter-transported species 
in the pump mechanisms. Slow Ca 2 + for 2 K + equili- 
bration by the Caa+-ATPase  in the absence of ATP 
can be explained by a small tendency of the unphos- 
phorylated E-Ca form to interconvert between the out- 
wardly- and inwardly-oriented forms, coupled to the 
K+-translocating steps postulated by other workers. 
Most of  the information obtained in the present study 
can be rationalized in terms of the model presented 
in Fig. 8. The model makes use of  an important  fea'- 
ture of the model of Kanazawa et al. (1971), that 
the enzyme (E) can bind 2 K § and translocate them 
in a reaction which does not depend on the formation 
of a high energy phosphate bond. The model has 
an added passive translocation reaction for Ca 2+, 
whose rate and characteristics will be discussed below. 
The model has a 2 Ca 2+ and 4 K + binding stoichio- 
metry for the translocator, in keeping with the model 
of Kanazawa et al. (1971). However, the results re- 
ported here could just as easily be accommodated by 
the binding of one Ca 2+ and 2 K+. The net result 
of a cycle is the translocation of 2 K § out for every 
Ca 2+ in. The nomenclature for the rate constants 
is chosen for ease of comparison with the Kanazawa 
model presented in the next paper. The subscript " P "  
is used to denote the reaction under passive conditions 
in the absence of covalent phosphorylation, while the 
subscript is omitted for a partial reaction which is 
considered to be shared with the Kanazawa model. 

The enzyme would seem to have a preferential 
conformation with the translocator exposed to the 
outside. This can be inferred by the rapid binding 
of externally-added Ca 2 + (Chiu & Haynes, 1977; Du- 
pont & Leigh, 1978). Our experimental results can 
be best accommodated by the assumption that the 
equilibria of  both the ECa and EK states favor the 
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externally oriented translocator. The transformation 
from the externally- to internally-oriented form would 
be the rate-limiting step of the passive transport cycle. 
(In the active transport case this rate would be much 
accelerated by the phosphorylation of the enzyme). 
Return of the carrier in the Ca 2 + or K + loaded form 
would be rapid. The overall equilibrium between the 
inwardly- and outwardly-oriented forms of the carrier 
would be modulated by the external and internal 
Ca z+ and K + concentrations. The binding of Ca 2+ 
to the outwardly-oriented carrier is of extremely high 
affinity having an apparent /Ca of 10 -6 M (Ikemoto, 
1979; Inesi et al., 1978a, b). Since the low /Ca is ob- 
tained in the presence of high concentrations of K +, 
we can assume a low affinity for K + for the outward- 
ly oriented translocator. 

With the use of the above assumptions the major 
observations of the present study can be explained. 
The slow rate of the major phase of Ca 2+ influx 
reaction is due to the slow rate of the outward-to- 
inward transition (k6 p) of the Ca 2 +-loaded form of 
the enzyme. Using the maximal value of A[Ca]i/sec 
observed (ca. 5 x 10- s M/sec) and an estimated pump 
capacity of 15 raM/turnover, a k6 p value of ca. 3.3 x 
10-3 sec- I can be estimated under the assumption 
that this is the rate-limiting step in the transport reac- 
tion. 3 The fast phase of Ca 2+ influx is not readily 
explained by the scheme of  Fig. 8. The data of 
Tables 3 and 4 show that at most one crossing of 
the membrane of the translocator is accomplished 
in this phase. Ca 2+ is released to the SR lumen in 
this phase at a rate 100 times faster than in the slow 
phase. A possible explanation for this is that the en- 
zyme is initially in a divalent cation-free state and 
this may represent a conformationally-different state 
than the one present in the steady-state. The following 
paper shows that prior occupation of  the high affinity 
Ca 2 + binding site prior to initiation of active trans- 
port by ATP addition gives rise to faster rates of 
active uptake. This could be considered indirect evi- 
dence for the explanation given. The model of Fig. 8 
also does not account for the observation that the 
rates of both phases of Ca 2+ influx increase with 
increasing external Ca 2+ concentration in the 5 to 
30 mM range. According to the simple model, the 
externally oriented binding site should be fully satu- 
rated under these situations and the influx kinetics 
should be zero order with respect to external Ca 2 +. 
This would make it necessary to postulate that the 
conformationat equilibria of the carrier are affected 
by low-affinity Ca 2+ binding sites exposed to the 

3 In a previous communication (Chiu & Haynes, 1977) we deter- 
mined a ca. 103-fold higher passive Ca 2+ permeability for the 
calsequestrin-rich fraction of the SR. 

2Ca 2+ 

~ * OUTSIDE 
K4 Ca 2 

(9p) ~ / (Sp) 41< + 
2Ca 2+ 

Fig. 8. Cylic mechanism for Ca z +_ATPase_mediated passive equili- 
bration of Ca 2+ and K' .  The numbering of the reactions is by 
analogy to the active transport mechanism of Kanazawa et al. 
(1971) as given in the following paper (Chiu & Haynes, 1980). 
The subscripts p indicate that the reaction is considered to be 
different from that in the active transport case. Our assumptions 
about the position of the equilibria are indicated by the length 
of the arrows (approximate logarithmic scale). The reaction involv- 
ing Ca 2+ and K + are for reference concentrations of 10 6 and 
10-1 M, respectively 

outside surface. Binding studies of Meissner (1975) 
have given evidence for low-affinity binding sites pos- 
sibly associated with the Ca 2 +_ATPase. 

The remaining observations in this paper are readi- 
ly explained by the mechanism of Fig. 8. The ability 
of KC1 to accelerate the influx and efflux of Ca 2+ 
is due to the role of K + as a counter-transported 
cation. The biphasic nature of the Ca 2 + efflux can 
be explained as follows : In the beginning of the exper- 
iment, the outwardly-oriented translocator is saturat- 
ed with Ca 2 + and the inwardly-oriented translocator 
is partially saturated. Rapid mixing with EGTA re- 
moves the external Ca 2", shifting the equilibrimn 
6p in favor of outward orientation. This results in 
a rapid fractional turnover of the pump. This is fol- 
lowed by a slow process of Ca 2+ efflux which is 
limited by the slow return of the K+-loaded form 
of the carrier (step 10p). The observation that the 
rate of the Ca 2+ efflux reaction increases with in- 
creasing internal Ca 2 + concentration (here and Jilka 
et al., 1975) is in line with the predicitions of the 
model if k s / k _  8p is greater than 10 mM. The observa- 
tion that the rate of the efflux reaction decreases with 
increasing external Ca 2 + concentration in the micro- 
molar range is explained directly as a trans-inhibitor 
effect of Ca 2+ on the outwardly-oriented form of 
the carrier. Our observation that the phenomenon 
shows a ca. 0.6 power dependence on the external 
Ca 2" may be evidence for cooperative/anticoopera- 
rive interactions between ATPase motecuIes. Such in- 
teractions may provide an explanation for the discre- 
pancies which we have observed between some of 
our results and the predictions of  the simple model 
of Fig. 8. There is mounting evidence for half-of-site 
reactivity phenomena in the active transport reaction 
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(Froehlich & Taylor, 1975, 1976; cf Chiu & Haynes, 
1980), and it is probable that these considerations 
will require modification of the mechanism of Fig. 8. 

The present study gives strong but not conclusive 
evidence that the passive permeability of Ca 2 + is due 
to the action of the pump. The reaction is slow, in 
keeping with their high thermodynamic efficiency of 
the pump in the active transport mode. A slow passive 
Ca a + " leak" mediated by the pump is to be expected 
since it is inconceivable that conformations brought 
about by phosphorylation of the enzyme could not 
occur to a small extent through fluctuations of the 
unphosphorylated form. This view suggests that the 
conformational equilibria, and thus the rates of pas- 
sive equilibration, will be influenced by phosphate, 
Mg 2+, ATP analogues, inhibitors, and factors in- 
fluencing the active transport process. 
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