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Ca?* Transport Properties of lonophores A23187, lonomycin, and
4-BrA23187 in a Well Defined Model System
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University of Oklahoma, Norman, Oklahoma 73019, and *Hormel Institute, University of Minnesota, Austin, Minnesota 556912 USA

ABSTRACT Models for the electroneutral transport of Ca2* by ionophores A23187, ionomycin, and 4-BrA23187 have been
tested in a defined system comprised of 1-palmitoyl-2-oleoyl-sn-glycerophosphatidyicholine vesicles prepared by freeze-thaw
extrusion. Quin-2-loaded and CaCl,-loaded vesicles were employed to allow the investigation of transport in both directions.
Simultaneous or parallel measurements of H* transport and membrane potential, respectively, indicate that for any of these
ionophores, electrogenic transport events do not exceed 1 in 10,000 when there is no preexisting transmembrane potential.
When a potential of ~150 mV is imposed across the membrane, transport catalyzed by A23187 remains electroneutral; however,
for ionomycin and 4-BrA23187, approximately 10% of transport events may be electrogenic. The defined vesicle system has
also been utilized to determine how the rate of Ca?* transport varies as a function of ionophore and Ca2* concentration and
with the direction of transport. Some aspects of the results are unexpected and should be considered by investigators using
ionophores in biological systems. These include the apparent failure of these compounds to fully equilibrate Ca2* with a high
affinity Ca®* indicator when these species are separated by a membrane, rates of transport that vary markedly with the direction
of transport, and extents of transport that are a function of ionophore concentration. At least some of these unexpected behaviors
can be explained by a strong influence of ApH on forward and reverse transport kinetics. In the case of A23187, the data also
give some initial insights into the relationship between formation of the transporting species and the entry of this species into

the membrane hydrophobic region.

INTRODUCTION

The ionophores A23187 and ionomycin are used widely to
investigate the regulatory activities and metabolism of Ca®*
in biological systems. Effects of these compounds are rou-
tinely attributed to the electrically neutral exchange of Ca?*
for 2H" or for another divalent cation (i.e., Mg?*). However,
the evidence that this is the only transport activity of interest
is not extensive. Regarding selectivity for Ca?*, it is now
clear that both compounds form complexes with a variety of
divalent cations encountered in biological systems in addi-
tion to Ca®* and Mg?* (Kauffman et al., 1982; Bolte et al.,
1982; Taylor et al., 1985; Chapman et al., 1987; Divakar and
Easwarn, 1987; Antonenko and Yaguzhinsky, 1988; Suzuki
etal., 1988; Albrecht-Gary et al., 1989; Chapman et al., 1990;
Stiles, et al., 1991). The pattern of stability constants for both
ionophores obeys the extended Irving-Williams series, in-
dicating no unusual complexation selectivity for Ca?*
(Chapman et al., 1990; Stiles et al., 1991). Complexes be-
tween A23187 and monovalent or trivalent cations are well
known (Pfeiffer et al., 1974; Puskin and Gunter, 1975;
Pfeiffer and Lardy, 1976; Pfeiffer et al., 1978; Tissier et al.,
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1979) and apparently also exist with ionomycin (Liu and
Hermann, 1978; Suzuki et al., 1987, 1988). Thus, the available
solution equilibrium data do not support the idea that A23187
and ionomycin are highly selective as ionophores for Ca**.
Adherence to the electroneutral transport mode over a
range of conditions is also open to question. In mitochondria,
either ionophore acting in conjunction with the endogenous
Ca®* uniporter produces a charge and pH-neutral cycle of
Ca?* uptake and release (Reed and Lardy, 1972; Reed et al.,
1975; Pfeiffer et al., 1976; Kauffman et al., 1980). They
extract divalent cations from an aqueous to an organic phase
in the absence of a lipophilic anion (see Taylor et al., 1983
for review) and can form neutral complexes as further in-
dicated by solution equilibrium studies cited above, and by
solution and solid state structural information (Deber and
Pfeiffer, 1976; Chaney et al., 1976; Smith and Duax, 1976;
Anteunis, 1977; Toeplitz et al., 1979; Anteunis and
Verhegge, 1981). Thus, it is reasonable to assume that
A23187 and ionomycin are capable of electroneutral trans-
port, although this has never been demonstrated quantita-
tively. Furthermore, both compounds form relatively lipo-
philic complexes that bear a positive charge. For A23187
interacting with divalent cations these are of the type MA*,
whereas for ionomycin they are monoprotonated forms of the
1:1 species (MHI*). Under conditions of cation concen-
tration and pH that exist in biological systems, results
from solution studies suggest that these species coexist
with the neutral transporting species MA, and MI
(Chapman et al., 1987, 1990; Stiles et al., 1991). The
possibility that the charged species allows electrogenic
transport modes or results in cation-anion co-transport
through formation of ternary complexes has been pointed
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out (Pfeiffer and Lardy, 1974; Chapman et al., 1987,
1990; Stiles et al., 1991).

The use of electrical techniques to monitor transport by
these compounds across planar lipid bilayers has not given
evidence of electrogenic transport modes under specific con-
ditions (Kafka and Holz, 1976; Wulf and Pohl, 1977;
Moronne and Cohen, 1982). However, Fasolato and Pozzan
(1989) have reported that Ca®* transport into intact cells by
either ionophore is inhibited by depolarization. Their inter-
pretation was that both ionophores transport electrogenically
across the plasma membrane. Effects of an imposed mem-
brane potential on the rate of Ca** transport into multila-
mellar phospholipid vesicles (MLV) were not highly con-
clusive, but tended to support the possibility of an
electrogenic mechanism (Fasolato and Pozzan, 1989). In
view of the requirement to understand the transport mode and
specificities when interpreting ionophore effects on biologi-
cal preparations, we have undertaken investigation of the
transport mechanisms of A23187, 4-BrA23187, and iono-
mycin in a well defined model system. The approach taken
is to begin with previously proposed models for electroneu-
tral transport and then determine if actual transport data are
consistent with them over a range of conditions. The models
of interest are shown in Fig. 1, A and B for A23187
(4-BrA23187) and ionomycin, respectively. They are com-
posed, in either case, of eight consecutive component reac-
tions that when taken in sum are equal to the electroneutral
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exchange of a divalent cation for 2 H* (Pfeiffer et al., 1978;
Kauffman et al. 1983; Taylor et al., 1983; Sankaram et al.,
1987; Fasolato and Pozzan, 1989). They are minimal models
with respect to the number of steps involved, and these steps
are assumed to occur at the membrane-aqueous phase in-
terfaces. The models are consistent with what is known about
the behavior of the free ionophores and their complexes in
solution and in the solid state, as summarized above. They
are also consistent with the data available on how these com-
pounds interact with membranes (Case et al., 1974; Puskin
et al., 1981; Brasseur et al., 1983; Kauffman et al., 1983).

In the present report, we describe the model system used
to investigate cation transport kinetics and present the effects
of ionophore and Ca®" concentrations on the rate of Ca®*
transport within the system. Measurements of H*:Ca®* trans-
port ratios and estimates of membrane potential during trans-
port are also presented. The results are considered in terms
of the behavior expected, assuming adherence to the models
shown in Fig. 1.

MATERIALS AND METHODS
Reagents

Synthetic 1-palmitoyl-2-oleoyl-sn-glycerophosphatidylcholine (POPC) was
obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). Purity was con-
firmed by thin-layer chromatography before use. A23187, 4-BrA23187, and
ionomycin were obtained from Calbiochem (LaJolla, CA) and were used

FIGURE 1 The sequential component reactions which comprise the classical transport reactions of A23187 (A ) and ionomycin (B). Hatched areas represent
a section of bilayer membrane, and the subscripts i and o refer to the inside and outside of the bounded volume, respectively. The cycles are written to reflect

transport out of a bounded volume.
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without further purification. Stock solutions of ionomycin in ethanol were
standardized by spectrophotometric titration with Cu(ClO,), that in turn was
standardized by titration with primary standard EDTA (Vogel, 1961). Stock
solutions of A23187 and 4-BrA23187, also in ethanol, were prepared by
weight. Quin-2 (K* salt) from Sigma Chemical Co. (St. Louis, MO) was
purified by passage over Chelex 100 resin (Bio-Rad, Richmond, CA, 100—
200 mesh) in the Cs* form. Before use, the resin was washed sequentially
with chloroform, acetone, and methanol. Each wash was repeated twice,
allowing the resin to stand in solvent for at least 30 min between washes.
This was followed by an exhaustive washing with water, conversion to the
Cs* form using 1 N CsOH, and washing with water until a neutral effluent
(pH < 8) was obtained. Cs* was selected as the counter ion for Quin-2 and
the buffer employed because there is no indication that this cation is com-
plexed or transported by these ionophores (Taylor et al., 1983, 1985;
Chapman et al., 1990). The CsOH used to generate the Cs* form of Chelex
was itself passed over a Chelex column (H* form) before use for generating
the Chelex (Cs*) to be utilized when purifying Quin-2. This step largely
removed the small amounts of Ca?* and other cations that were present as
contaminants in commercial CsOH and thereby reduced the presence of
these cations in the Chelex (Cs*). Omission of this step resulted in unac-
ceptable levels of Ca®* in the purified Quin-2, which was carried through
the vesicle preparation procedure (see below), producing final preparations
in which the entrapped Quin-2 was 10-15% occupied by Ca?*. Inclusion of
this step reduced the Ca?* contamination to <1% of Quin-2 (see Results).

Preparation and characterization of
phospholipid vesicles

Freeze-thaw-extruded POPC vesicles were prepared as described by Mayer
et al. (1986), with modifications (Chapman et al., 1990; 1991). Briefly, 250
mg of POPC in chloroform was dried by rotation under a nitrogen stream,
to produce a film on the wall of a 25 X 150 mm culture tube. Residual
solvent was removed under high vacuum (4 h), and the film was subse-
quently hydrated in 5 ml of buffer containing 10.0 mM HEPES adjusted to
pH 7.00 with Chelex-treated CsOH. The buffer contained, in addition, 5 mM
Quin-2 (purified and converted to the Cs* salt as described above) or 5 mM
of CaCl,. The mixture was vortexed until the entire film was suspended and
the resulting MLV were frozen in a dry ice-acetone bath, thawed in luke-
warm water, and vortexed again. The freeze-thaw and vortexing procedure
was repeated 2 times. After this, the MLV were extruded 3 times through
two stacked 0.1 pm polycarbonate membrane filters. This step was followed
by 6 additional freeze-thaw cycles and 8 additional extrusions. The resulting
preparations, referred to as LUVET (Hope et al., 1985), were then applied
to Sephadex G-50 minicolumns to remove extravesicular Quin-2 or CaCl,
salts (Fry et al., 1978). The columns were eluted by low-speed centrifugation
(Fry et al., 1978) and were equilibrated previously with buffer at the con-
centration utilized in the lipid film hydration step. A single pass over such
columns effectively removes external indicator or CaCl, (Chapman et al.,
1990).

The nominal concentration of POPC in the final preparations was nor-
mally 70-90 mM as determined by measurements of lipid phosphorus
(Bartlett, 1959). Average vesicle diameters and size distributions were cal-
culated from measurements made on electron micrographs of freeze-
fractured samples (Van Venetie, 1980). 100-200 half-shadowed images
were measured for each analysis. The average vesicle diameter observed
was near 70 nm with a distribution range of ~30 to ~105 nm (Chapman
et al., 1990, 1991). These parameters were unaffected by the composition
of the hydrating buffer. The assumption that the concentrations of solutes
trapped in vesicles prepared by the freeze-thaw extrusion method are the
same as those in the hydrating buffer has been shown recently to be invalid,
particularly at low solute concentrations and when permeant ion pairs are
present (Chapman et al., 1990, 1991). Accordingly, these parameters were
determined directly when required. The entrapped volume was calculated
as described before (Chapman et al., 1990), whereas the Ca** content was
determined by atomic absorption measurements subsequent to dispersing
the vesicles in 0.1 M HCL. The content of entrapped Quin-2 was ascertained
by spectrophotometric titration with standard CaCl, (standardized by titra-
tion with primary standard EDTA), after dispersion of the vesicles in de-
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oxycholate (see Results). For ease of reference, some vesicle properties of
interest are summarized in Table 1.

The vesicles were prepared at room temperature and stored on the shelf
with protection from the ambient light. They were normally used within one
week, although the content of entrapped solutes was stable for longer pe-
riods. Previous work has indicated that these vesicles can tolerate a 50-60
mOsm osmotic pressure imbalance (internal value high) without lysing or
leaking during extended storage (Chapman et al., 1991).

Determination of Ca?* transport kinetics and
data analysis

Tonophore-catalyzed transport of Ca?* into or out of POPC vesicles was
determined by monitoring formation of the Quin-2:Ca’* complex spectro-
scopically. For Ca®* uptake, Quin-2-loaded vesicles were employed with
CaCl, salt present at an appropriate concentration in the external medium.
Release experiments utilized CaCl,-loaded vesicles and an external Quin-2
concentration of 150 wM. Absorbance measurements were made in an
Aminco DW2a spectrophotometer, operated in the dual wavelength mode,
using sample and reference wavelengths of 264 and 338 nm, respectively
(Ca®* uptake), or 360 and 440 nm, respectively (Ca®* release). In both cases
the reference wavelengths are at an isosbestic point in the Quin-2/Quin-2:
Ca®* complex difference spectrum. Different wavelengths were used to
monitor uptake and release to optimize the signal to noise ratio in both cases.
The conditions required for this are different because the Quin-2 concen-
tration (nominal) in the Ca®* uptake experiments was about 1/6 of that used
when investigating Ca®* release. In the case of Ca* uptake, an Oriel No.
59800 band pass filter was placed between the cuvette holder and the beam
scrambler-photomultiplier assembly on the DW2a to prevent detection of
fluorescent light emitted by Quin-2. Ca®* uptake experiments were initiated
with the aid of a rapid mixing device that was designed and constructed in
the Hormel Institute shops. This unit delivers two solutions from manually
driven syringes to a T-tube mixer and subsequently to a NSG No. T-59FL
micro flow cell having a 1 cm path length and a volume of 0.5 ml. Effluent
from the flow cell is collected by a third syringe to produce back pressure
within the system. Each push drives 3.0 ml through the flow cell such that
the preexisting cuvette contents are flushed out before the final 0.5 ml
experimental volume is delivered. The entire volume delivered per push is
contained previously within the lines that connect the sample syringes to the
T-tube, and these lines are contained within a flow-through water jacket to
provide for temperature equilibration before mixing. Experiments were con-
ducted at 25°C with a final POPC concentration of 1.5 mM (nominal). POPC
plus ionophore was contained within one syringe, whereas CaCl, was con-
tained in the second. For Ca®* release experiments, the mixing device was
not used, and conditions were confined to those accessible to a manual time
frame. This was necessary because of problems related to low ionophore
solubilities in the absence of POPC.

TABLE 1 Physical properties of the POPC vesicles®

Property Value
Average diameter 70 nm
Entrapped volume (at 1.5 mM POPC) 3.03 pl/ml
POPC molecules/vesicle
a) Total 41,400
b) Outer monolayer 22,500
c) Inner monolayer 18,900
Internal Quin-2 concentration 9.8 = 0.7 mM
(n=7)
Internal Ca®* concentration 16.1 = 0.7 mM
(n=4)
Internal Cs* concentration (Quin-2-loaded vesicles) 64 * 4 mM
(n=7

“ The values were determined as described in Materials and Methods or were
calculated under the assumptions discussed in Chapman et al. (1990). The
internal solute concentrations presented assume no binding to the inner
membrane surface.
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Data were collected on disk, through a microcomputer interfaced to the
spectrophotometer, utilizing the commercial software Unkel Scope (Unkel
Software, Inc., Lexington, MA). The sampling rate was varied from 0.1 to
5 s according to the level of ionophore employed. Data were then converted
to ASCII files for further analysis. An initial evaluation of the rapid mixing
device was conducted using absorbing solutions. These studies demon-
strated that the time required to completely replace the cuvette contents with
a new solution having a different absorbance is ~300 ms. Dilution experi-
ments showed that mixing afforded by the T-tube assembly is complete
within this time and that the DW2a parameters utilized (chopper speed 250
Hz, electronic response time 100 ms) are not factors limiting response time
within the overall system. It was further determined, by calculation, that the
time required for samples to pass from the T-tube to the cuvette is ~30-40
ms. Based upon these findings, 0.5 s was allowed to pass between comple-
tion of sample flow and the onset of data collection. The data analysis
procedures utilized require knowledge of sample absorbance at t = 0 (the
time at which mixing occurs). This parameter was estimated by fitting
progress curves to the expression

Ap= A+ A, M

where A1 is the total absorbance, ¢ is time, and A, A,, k,, and k, are constants
that reflect the shape of the curves (the suitability of this type of expression
for representing overall progress curves is demonstrated in Results). The
initial absorbance (A,) is then given as the sum of A; and A,. All fitting
procedures were based upon the nonlinear least-squares approach. Uncer-
tainty in the values of A arising from the unknown mixing kinetics and the
potential for reaction to proceed during mixing was not a significant factor
affecting analysis. This was determined by comparing results obtained from
selected experiments when slightly differing values of A were assumed.

To obtain the initial rates of absorbance change, the early portion of
progress curves (first 10-15%) were fit to the expression

Ar = A, + Bt + Ct, )

where Ap and A are the total and initial absorbance values, respectively, B
is the initial rate, C is a correction factor for nonlinearity, and ¢ is time.
Values of B obtained from this expression were converted to Ca®* transport
rates through use of a calibration procedure that is described in Results. The
way in which the transport rate decreases with the extent of transport is also
of interest and was examined by fitting larger portions of the progress curves
to expressions for first-order, second-order, and biexponential decay. The
expressions utilized are given in the Results. All fitting procedures were
conducted with the commercial software Enzfitter (Elsevier-BIOSOFT,
Cambridge, UK).

Determination of H*:Ca?* transport ratios and
measurement of membrane potential

The mole ratios of H* exchanged for Ca®>* by the ionophores were deter-
mined from simultaneous measurements of Ca?" transport and change in
extravesicular pH. The conditions were the same as described above for
determination of Ca®* transport kinetics except that the external buffer con-
centration was reduced to 5 mM and all ionophore additions were manual.
A Fisher model 13-620-280 combination pH electrode, a Beckman model
5400 pH meter, and an external strip chart recorder were employed to meas-
ure and record the pH change. For these determinations, the electrode was
inserted into the cuvette that was mounted in the holder of the dual-
wavelength spectrophotometer. The cuvette contents were stirred magneti-
cally with an accessory provided by SLM-Aminco, Inc. (Urbana, IL). The
electrode response was calibrated by small additions of standard acid or
base, depending upon the direction of Ca®* transport. Points were taken from
the continuous recordings of pH and difference absorbance change, and
from these data, transport was calculated and expressed versus time. The
units used (uM) refer to the extravesicular concentration.

Measurements of membrane potential during Ca** transport were made
with a tetraphenylphosphonium (TPP*) electrode (prepared as described in
Kamo et al., 1979) and a calomel reference electrode mounted in a stirred
and thermostated vessel. The conditions were the same as described for the
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determination of H*:Ca®* ratios except that the medium contained 3.3 uM
TPP™ as the C1~ salt.

RESULTS

Validation and characterization of the
transport system

Because internal solute concentrations are not fully predict-
able when vesicles are prepared by freeze-thaw extrusion
(Chapman et al., 1990, 1991), and because investigators uti-
lizing Quin-2 in biological systems have noted discrepancies
between internal and external approaches to calibration (e.g.,
Arslam et al., 1985), careful consideration was given to cali-
bration of the present data. Fig. 2 shows titrations of Quin-2
with Ca®* when the indicator is trapped within vesicles in the
presence of excess A23187 (internal approach), and when the
indicator has been released by the addition of deoxycholate
before titration (external approach). The insert in this figure
is a summary plot, showing the difference absorbance change
as a function of added Ca®*, for the internal and external
conditions. The initial relationships are essentially linear (as
might be expected in view of the high affinity of Quin-2 for
Ca* at pH 7.0), and there is no significant difference be-
tween the internal and external data until the total Ca** con-
centration is sufficient to produce approximately 70% of the
maximal response. Thereafter, further increases in the Ca**
concentration give a smaller response when Quin-2 is
trapped within the vesicle interior. The maximal responses
obtained at high Ca®* concentrations, however, are similar.
For reasons considered in the Discussion, we take these data
to indicate that the initial additions of Ca®* are nearly com-
pletely bound by Quin-2, regardless of whether the dye is
trapped within vesicles or free in solution. Expressed in a
different way, A23187 fully equilibrates external Ca®* with
internal Quin-2 until a condition of approximately 70% satu-
ration is attained, but as the Ca?* concentration is increased
further, equilibration is incomplete. In view of this situation,
we have used the external method to quantitate the amounts
of Quin-2 trapped within vesicle preparations.

The maximal spectral change seen with internal Quin-2
and saturating amounts of Ca’>* was smaller (about 30%)
when the sample was contained within the flow cell from the
rapid mixing device than it was when a standard 3-ml cuvette
was employed, despite both cells having a 1 cm path length
(data not shown). This situation appears to arise because of
the demanding nature of these samples from a spectroscopic
point of view. At the vesicle diameters and wavelengths em-
ployed, these samples are highly scattering. They also emit
substantial fluorescent light that varies with the chemical
state of Quin-2 and the wavelengths employed. The use of
beam masks and a cutoff filter (see Materials and Methods)
reduced, but did not eliminate, the differences between the
maximal response obtained with the two types of cuvettes
(data not shown). Furthermore, calibration experiments like
the ones in Fig. 2 could not be readily carried out in the flow
cell. In view of these factors, the spectral change observed
in the flow cell with high external Ca’' and ionophore
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FIGURE 2 Calibration and proper- . '
ties of the vesicle transport system. I
Quin-2-loaded POPC vesicles were 3 — |
prepared and utilized as described in 4 :
Materials and Methods. (A) Intact :
vesicles were present at a nominal 6 —— ||
POPC concentration of 1.5 mM and an |
A23187 concentration of 4.0 uM; tem- :
perature = 25°C. Additions of CaCl, 8§ — !
were made 1o give the total Ca’* con- |
centrations indicated in the figure. 10 —— :
After the difference absorbance at 264 :
vs. 338 nm had stabilized after an ad- 42— !
dition of Ca®*, the value was recorded :
briefly versus time. When the total Ca®* 1o — :
concentration had reached 100 uM, :
Cs*-EDTA (pH 7.00) was added at !
1.0 mM and the release of internal 16 — :
Ca’* was then monitored continuously. II
(B)An equivalent experiment is shown, 18 — |
except that the vesicles were lysed with ,'
0.33% (w/v) of Cs*-deoxycholate (pH 20 —— ;
7.00) before the additions of Ca®*. The |
insert panel is a summary plot of the I
data shown in A (O) and B (@). Dashed :
lines in this panel illustrate how the ly- :
sed vesicle data were used to determine 25 —— |
the amount of entrapped Quin-2. (C) :
Difference absorbance at 264 vs. 338 % —
nm as a function of time for intact =i
vesicle incubated in the presence of 1.0 100 1'*
mM external CaCl,, and in the absence EDTA
of A23187.
]2
R

present was taken as the maximal response when calibrating,
whereas data obtained with a standard cuvette were relied
upon to ascertain the range of linearity and the moles of
Quin-2 present in the samples. Values obtained with the two
types of cuvettes were interconverted by using a factor cal-
culated from the two observed maximum response values.

Fig. 2 also contains some additional findings that bear
upon the precision and interpretation of the kinetic data pre-
sented below. After addition of saturating Ca*, excess
EDTA returns the initial difference absorbance reading to
near its initial value when the lysed vesicle sample is em-
ployed (Fig. 2 B). This shows that there is no significant
content of Quin-2/EDTA complexable cations present in the
vesicle preparations. Without lysing the vesicles, excess
EDTA also restores the initial difference absorbance value,
which indicates that the A23187 can transport Ca?* out of the
vesicles at an appreciable rate, even in the presence of excess

10 min

internal Quin-2 (Fig. 2 A). This shows that forward and back
reactions can occur simultaneously and must be considered
when interpreting data.

There is no entry of Ca** into Quin-2-loaded vesicles in
the absence of ionophore over time periods that greatly ex-
ceed the time frame of these experiments (Fig. 2 C), and this
was true as well for release of Ca’* from Ca?*-loaded
vesicles (data not shown). All transmembrane Ca®* move-
ments are, therefore, ionophore-catalyzed.

Finally, the addition of Ca®* in the absence of ionophore
produced a small decrease in difference absorbance, sug-
gesting that a fraction (~5%) of Quin-2 was located in the
extravesicular volume (Fig. 2 C). This apparent fraction did
not increase during vesicle storage (data not shown) and did
not increase during transport experiments, as shown by the
absence of a significant discontinuity or “absorbance jump”
upon adding EDTA to vesicles that had previously been



Erdahl et al.

loaded with Ca** (Fig. 2 A). Furthermore, there was no evi-
dence for an external dye-Ca’* reaction in transport data
obtained with the rapid mixing device (see below). This sug-
gests that such a reaction, if occurring, was complete within
the mixing time of the instrument, in addition to representing
a small fraction of the total Quin-2. In view of these consider-
ations, the potential external dye fraction would not affect data
interpretation and, therefore, was ignored in what follows.

Transport parameters considered and methods of
data analysis

Fig. 3 shows typical progress curves for the transport of Ca®*
into Quin-2-loaded vesicles by A23187, ionomycin, and
4-BrA23187. The concentrations of the ionophores em-
ployed have been selected to give approximately equal initial
rates of transport and are near the middle of the concentration
ranges investigated. Two factors are of interest regarding
these curves. First of all, there is little or no initial linear
segment, despite the extravesicular Ca?* concentration
(1 mM) not being lowered significantly during the experi-
ments (about 10 uM external Ca?* transported in) and de-
spite the linear relationships between Ca®* availability and
the response of Quin-2 that were seen in Fig. 2. To obtain the
initial rates of transport, it was necessary, therefore, to fit the

3]

@

"SF R A23 lono 4-BrA23

[=%

5 6

S | |

T

© [
44
. !

! ! i
1 ! ]
: : i :
04 1 : H
10 min

FIGURE 3 Ionophore-catalyzed transport of Ca?* into Quin-2-loaded
POPC vesicles. Vesicles loaded with the Cs* salts of Quin-2 and HEPES
(pH 7.00) were prepared as described in Materials and Methods. During the
period of observation, the external medium contained 10 mM Cs*-HEPES
(pH 7.00), 1.00 mM CaCl, plus 0.125 uM A23187 (A), 0.125 uM iono-
mycin (B), or 4.0 uM 4-BrA23187 (C). The final concentration (nominat)
of POPC was 1.50 mM, and the temperature was 25°C. Before initiation of
transport in the flow cell of the rapid mixing device (see Materials and
Methods), vesicles plus ionophore were contained in one syringe, whereas
CaCl, was contained in the second. These reagents were initially at twice
their final concentrations because mixing diluted them by 50%. Complex-
ation of Ca®* by internal Quin-2 was monitored at 264 vs. 338 nm. Data
points were taken at 0.5-1.0 s intervals, and it is the collection of these
individual points that is shown in the figure. The 9-13 uM external Ca®*
that was transported in during the 10 min observation periods corresponds
<50% of the entrapped Quin-2 and, therefore, is well within the linear range
of the calibration experiments shown in Fig. 2.
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early segments (10-15%) to Egs. 1 and 2 and to obtain the
initial rates by calculation. Fig. 4 illustrates this procedure for
the initial segments of the data shown in Fig. 3. The distri-
bution of residuals about the calculated lines shows that the
data are well represented by Eq. 2, and this was the case over
the full range of ionophore concentrations investigated. The
initial rate values reported below are the means of three to
five determinations like those shown in Fig. 3, and these
typically agreed within a relative SD of *5%.

The second point of interest with regard to Fig. 3 is the
overall curve shapes, which suggest that different factors
limit the rate of transport during early and later periods of
individual experiments in a fashion that varies with the iono-
phore employed. To analyze data in these regards, progress
curves where fit to Eqs. 3-5, which are expressions for first
order, second order, and biexponential decay, respectively.

A=A_(1—e™*) (3)
A =A2k/(1 + A ki) 4
A=A, 1 - +A,0-e™) ®)

In expressions 3 and 4, A is the Ca®" transported at time ¢,
A_ is the maximal extent of transport, and k is the rate con-
stant. The designations in Eq. 5 are analogous, withA ,, A, ,,
k,, and k, referring to the characteristics of the early and later
segments of progress curves, respectively. The best fit to
experimental data was always obtained with Eq. 5 (Fig. 5 C).
Rate and extent parameters obtained from this expression are
considered individually below.

Ca?* transport as function of ionophore
concentration

Fig. 6 shows the relationships between log initial rate of Ca**
uptake into Quin-2-loaded vesicles versus log ionophore
concentration for the three compounds in question. A linear
relationship is apparent that spans the two to five orders of
magnitude in ionophore concentration, which was accessible
to investigation with the present procedures. Only in the case
of A23187 concentrations higher than ~1 wM or lower than
~10 nM was deviation from linearity observed. For
4-BrA23187 and the linear portion of the data obtained with
A23187, the slopes of lines are 1.78 and 1.74, respectively,
close to the value of 2 that is expected if these compounds
transport through formation of the charge neutral 2:1 (iono-
phore/cation) complex. Similarly, the ionomycin data show
a slope of 0.92, close to the value of 1 expected for transport
through formation of the neutral 1:1 complex between Ca®*
and that of ionophore.

Analysis of the data according to Eqs. 3-5 produces find-
ings that are less easily rationalized. For all three compounds,
the progress curves where best represented as the sum of a
rapid but limited first-order process and a slower more sus-
tained one, with both processes beginning simultaneously
(e.g., Fig. 5 C). The apparent initial rate of the fast process
exceeded that of the slow one by ~10-fold, and plots of log
initial rate versus log ionophore concentration displayed
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FIGURE 4 Estimation of initial trans-
port rates. The early portions of the
progress curves shown in Fig. 3 are
shown on an expanded scale, having 61
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to Fig. 3.
o 10 » 0 4
Time ( sec)
20 A 2 B c. FIGURE 5 Analysis of transport rate
12 i . decay as a function of reaction progress.
wf [+ The ionomycin data shown in Fig. 3
{1 |8 o have been fit to Eq. 3 (panel A), Eq. 4
161 § - (panel B), or Eq. 5 (panel C), which are
1 » expressions for first-order, second-
141 000 20 30 40 &0 89 order, or biexponential decay, respec-
] Time ( sec)

Ca?* Uptake, uM
e . "

tively (See Results). Individual points
are experimental, whereas the lines are
calculated using the parameters ob-
tained by the fitting procedure. In panel
C, the two additional lines are calcu-
lated progress curves for transport via
the apparent fast and slow processes.
The insert panels are residual plots
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case of panel C, the residuals are refer-
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slopes of ~1 in all cases (data not shown). Furthermore, the
fraction of Ca** transported by the two processes (4, and A,
in Eq. 5) varied, and varied differently with ionophore concen-
tration, and with the ionophore in question. Particularly in the
case of A23187, the maximal extent of the fast process (A,,,, Eq.
5) was independent of ionophore concentration over much of the
range investigated, whereas the comparable parameter for the
slow process increased steadily. As a consequence, the calcu-
lated sum of these quantities (the maximal extent of transport)
was not constant as might be expected if the ionophore were
functioning as a simple catalyst, but increased as the ionophore
concentration increased (Fig. 7).

The effect of external Ca?* concentration on the
initial rate of Ca* transport

According to the models shown in Fig. 1, A23187 and
4-BrA23187 transport Ca** through formation of a 2:1 com-

o

able to the calculated line representing

10 20 30 40 50 600 the sum of the fast and slow processes.

Time ( sec)

plex (ionophore/cation), whereas with ionomycin, the stoi-
chiometry is 1:1. We have shown previously that during ti-
tration of A23187 with Ca®*, the 2:1 species forms first but
reacts with excess Ca’* to form two molecules of the 1:1
complex as the Ca* concentration is increased (Eq. 6; see
Chapman et al., 1987).

(A23187),Ca + Ca®* = 2(A23187)Ca* (6)
With respect to the effect of Ca’* concentration on the rate
of transport, one might then expect a saturation type of curve
for ionomycin, whereas with A23187, the rate might rise to
a maximum and then decrease as the Ca?* concentration is
increased further. With both ionophores, a first-order de-
pendence of transport rate on Ca?* concentration would be
expected over the lower Ca>* concentration range. Fig. 8 A
shows that apparent saturation curves are obtained with both
ionophores, which is contrary to expectation in the case of
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FIGURE 6 Relationships between the initial rate of Ca®* uptake and iono-
phore concentration. Initial rates were determined as illustrated in Fig. 4 over
the indicated ranges of ionophore concentration. Each point represents the
mean of three to five determinations with the SDs approximated by the size
of the symbols used. (@) A23187; (M) ionomycin; (A) 4-BrA23187.
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FIGURE 7 The effect of ionophore concentration on the extent of Ca®*
transport into POPC vesicles. Progress curves were fitto Eq. 5, as illustrated
in Fig. 5 C, and the maximal extents of transport were calculated for the two
apparent components of these curves. The sums of these quantities are
shown in the figure as means of five determinations with an error bar rep-
resenting the SD. (@) A23187; (M) ionomycin; (A) 4-BrA23187.

A23187. Log, log plots of these data (Fig. 8 B) displayed
slopes of ~1 for the lower concentration region, however,
consistent with expectation.
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FIGURE 8 The effect of Ca®* concentration on the initial rate of Ca**
transport. (A ) Initial rates were determined as illustrated in Fig. 4, at external
Ca?* concentrations that ranged from 6 uM to 16 mM. The concentrations
of A23187 (O) and Ionomycin (@) were 0.50 and 2.0 uM, respectively,
selected to give approximately equal rates at 1 mM Ca?* (see Fig. 6). Each
point represents the mean of three to five determinations with the symbol
size approximating the SDs. Panel B shows a log-log plot of these data. The
solid and dashed lines have slopes of 1.0 and would be expected to contain
all data points for A23187 and ionomycin, respectively.
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FIGURE 9 Ionophore-catalyzed transport of Ca®* out of CaCl,-loaded
POPC vesicles. Vesicles loaded with CaCl, and the Cs* salt of HEPES (pH
7.00) were prepared as described in Materials and Methods. During the
period of observation, the external medium contained 150 uM Cs*-Quin-2,
and 10 mM Cs*-HEPES (pH 7.00), plus 0.500 uM A23187 (A), 0.016 uM
ionomycin (B), or 6.00 uM 4-BrA23187 (C). The nominal concentration
of POPC was 1.50 mM, and the temperature was 25°C. Ionophore additions
were made manually, rather than by rapid mixing, because of the potential
for ionophores in water solution to bind to components of the rapid mixing
device in the absence of POPC vesicles (ionophore must be added to vesicles
when investigating Ca”* release, whereas with Ca?* uptake, Ca®* is added
to vesicle-ionophore suspensions). Complexation of Ca®* by external
Quin-2 was monitored at 360 vs. 440 nm. Data points were taken at 0.5-1.0
s intervals, and it is the collection of these individual points that is shown
in the figure. The 18-24 uM Ca®* that was transported out during the 5 min
observation period represents <50% of entrapped Ca®" and corresponds to
~20% of the external Quin-2.

Release of Ca?** from Ca?*-loaded vesicles

When the direction of Ca** transport is opposite to that em-
ployed for the above experiments, the progress curves have
distinctly different characteristics, as illustrated in Fig. 9. The
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Ca®*-loaded vesicles utilized to investigate transport in the
direction of release had ~3 pl entrapped volume/ml of re-
action mixture and typically contained enough Ca®* to give
a ~50 uM external concentration when all Ca?* was released
by detergent lysis (Table 1). The initial internal Ca®* con-
centration was then on the order of 16 mM, assuming in-
significant binding of entrapped Ca** to the inner surface of
the vesicle membranes. Fig. 9 shows that after <1/2 of the
entrapped Ca*" is released, transport stops or is slowed mark-
edly. This occurs although a Ca?>* concentration gradient of
~5 orders of magnitude continues to exist across the mem-
brane. The initial rate of transport is distinctly more linear
than what was seen during Ca** uptake (compare Figs. 3 and
9), although when viewed on an expanded time scale (analo-
gous to Fig. 4, data not shown), some nonlinearity was still
apparent, and it was again necessary to utilize Eqs. 1 and 2
to estimate the initial rates. These values are shown in Fig.
10, over a broad range of ionophore concentration, for all
three compounds. Again, the relationships between log rate
and log ionophore concentrations are linear. The slopes of
these plots, together with those that were obtained for Ca**
uptake, are summarized in Table 2. The values are effectively
the same in the case of ionomycin; however, for the other two
compounds, the slopes obtained for Ca®* release are clearly
higher than the ones for Ca®* uptake. Of further interest are
the differences in absolute initial rates that are seen when
contrasting transport in the two directions. These are minimal
in the case of 4-BrA23187 but marked for A23187, depend-
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FIGURE 10 Relationships between the initial rate of Ca®* release and
ionophore concentration. The initial portions of progress curves like those
shown in Fig. 9 were fit to Eq. 2 to estimate initial rates of Ca?* release as
a function of ionophore concentration. Each point represents the mean of
three to five determinations with the SDs approximated by the size of the
symbols used. (@) A23187; (W) ionomycin; (A) 4-BrA23187. The lines
labeled a, b, and ¢ are the fit Ca>* uptake data from Fig. 6 for A23187,
ionomycin, and 4-BrA23187, respectively.
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TABLE 2 Dependence of initial transport rates on ionophore
concentration: slope of the log-log plot

I h
Direction of onophore
transport A23187 4-BrA23187 Ionomycin
Ca?* uptake® 1.74 1.78 0.92
Ca®* release® 2.41 2.14 0.97

“ Values presented are from the data sets shown in Fig. 6.
b Values presented are from the data sets shown in Fig. 10.

ing upon the ionophore concentration, with Ca>* uptake be-
ing faster than release. In the case of ionomycin, a full 20-fold
difference is seen across the entire concentration range in-
vestigated, with Ca** release being faster than uptake. These
data are not necessarily in conflict with the models shown in
Fig. 1; however, they are surprising, given the relative in-
sensitivity of the uptake rate to Ca** concentrations above 1
mM (Fig. 8) and the fact that conditions should be essentially
identical on both sides of the membrane (with the exception
of the Quin-2 concentration) during the initial periods of
transport.

Attempts to fit the overall progress curves for Ca* release
to simple expressions such as Eqs. 3-5 failed to identify an
expression giving a good representation, in contrast to the
case of Eq. 5 and the Ca®* uptake data. Accordingly, the
relationship between the extent of Ca?' release and iono-
phore concentration over a broad concentration range could
not be determined in a practical way.

H*:Ca?* transport ratios and the effect of
transport on membrane potential

Regarding the determination of transport mode, data of the
types presented so far can support or eliminate specific mod-
els such as those shown in Fig. 1, however in general, they
cannot prove a particular mechanism and might not detect
multiple mechanisms operating simultaneously. To test more
rigorously for the possibility of electrogenic transport under
the present conditions, the H*:Ca®* antiport ratios and effects
of Ca’* transport on membrane potential were determined
directly. Fig. 11 shows that in this system H*:Ca”* exchange
ratios of 2.0 are obtained, within experimental error, for all
three ionophores. Measurements of TPP* distribution be-
tween the bulk aqueous and vesicle phases of these incuba-
tions gave no indication of membrane potential formation
during the period of net Ca®* transport under conditions were
values of <50 mV would have been detected (Fig. 11). How-
ever, after maximal Ca®* uptake was obtained, a slow accumu-
lation of TPP* was seen in some cases (Fig. 11, A and B). Similar
data were obtained over a range of ionophore concentrations and
for transport in both directions (data not shown).

When a potential of ~150 mV, negative inside, is im-
posed across the membrane before the initiation of Ca**
uptake, data like those shown in Fig. 12 can be obtained.
These data show that there is no easily discerned effect of
a preexisting potential on the initial rate of Ca’* uptake,
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FIGURE 11 Determinations of H*:Ca?* transport ratios and membrane potential. The data shown in panels A-C were obtained with Ca?*-loaded vesicles
and are then referable to Ca®* release. The conditions were as described in the legend to Fig. 9 except that the external buffer concentration was reduced
to 5 mM to facilitate measurement of the small changes in external pH. Determinations of Ca®* release (O) and H* uptake (@) were made simultaneously
as described in Materials and Methods. Membrane potential (external TPP* concentration) was observed in a parallel experiment using a TPP* electrode
(see Materials and Methods). In these experiments the external medium contained 3.33 pM TPP-Cl in addition to the other components. The ionophore
conditions were as follows: panel A, 0.50 uM A23187; panel B, 0.063 uM ionomycin; panel C, 2.0 uM 4-BrA23187. Panel D in this figure is a positive
control for panels A—C regarding detection of membrane potential by the TTP™ electrode technique. Vesicles were prepared by the normal procedure except
that the medium contained 100 mM KCl instead of CaCl,. External KCI was replaced by 100 mM NaCl during vesicle purification on the sphedex G-50
minicolumns (see Materials and Methods). The additions of valinomycin and nigericin in this panel were 0.20 uM each.

which should accelerate if electrogenic transport occurs
(Fasalato and Pozzan, 1989). However, this large potential
does produce an enhanced uptake during later stages of the
experiments (Fig. 12). Fitting such data to Egs. 2 and 5, to
extract the actual initial rates and extents of transport, re-
spectively, gave the values shown in Table 3. The initial
rate is slightly faster in the presence of a membrane poten-
tial with ionomycin and 4-BrA23187, and slightly slower
with A23187. Comparing the limit data in Table 3 with
Fig. 7 illustrates another point of interest. When the inter-
nal monovalent cation is K* (Fig. 12, Table 3), more Ca**
can be transported into vesicles than when the internal ca-
tion is Cs*™ (Figs. 3 and 7). This difference is seen even
without an imposed membrane potential and may reflect a
greater capacity of these ionophores to catalyze Ca?* for

K* exchange compared to Ca®* for Cs* exchange. The as-
pects of the data in Fig. 12 and Table 3 related to mem-
brane potential are discussed below.

DISCUSSION

Characteristics of the model transport system
and mode of transport

The confidence with which investigators attribute the
biological actions of Ca?* ionophores to electroneutral
2H*:Ca®* exchange is out of proportion with the strength
of the data that indicate that this is the sole activity of these
compounds over a range of conditions (see Introduction).
Reviewing the literature reveals that structural and solution
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- b. TABLE 3 The effect of membrane potential on the initial rate
a and the extent of Ca?* transport?
2 b. b. Ionophore Initial Rate Limit 1 + 2
2 1M/s M
T2 a A23187
e AZ3 lono +BAZS a) — valinomycin 0.242 * 0.0005 252 %03
=P b) + valinomycin 0.230 = 0.007 27.0+ 03
S Ionomycin
g a) — valinomycin 0.354 = 0.011 31.6 £ 0.3
© 04 b) + valinomycin 0.398 = 0.002 324=x02
4-BrA23187
+Val +Val } +Val a) — valinomycin 0.244 * 0.009 219+ 0.6
51 1 | i | b) + valinomycin 0.260 = 0.008 275+ 0.6
1
' ! ¢ All values are means * the SD (n = 5) obtained from experiments like
0 -k - ot

10 min

FIGURE 12 The effect of an imposed membrane potential on Ca®" trans-
port. Experiments were conducted as described in the legend to Fig. 3 except
that the internal monovalent cation was K* rather than Cs*, whereas the
external monovalent was Na*. When utilized, valinomycin (0.2 uM) was
added 60 s before the Ca®* ionophores. Parallel experiments like the one
shown in Fig. 11, Panel D showed a membrane potential of ~150 mV (inside
negative) developed during the 60-s interval and was maintained after the
addition of Ca?" ionophores (not shown). A23187, ionomycin, or
4-BrA23187 were added manually where indicated at 0.125, 0.125, or 4.0
uM, respectively. For curves labeled a, valinomycin was absent. For those
labeled b, valinomycin was present.

chemistry studies of these compounds are substantially
more complete than are those that have sought to investi-
gate actual transport, and that solution data are consistent
with the existence of electrogenic modes. Investigators
have historically utilized bulk two-phase and three-phase
solvent systems and effects of ionophores on mitochon-
dria and other subcellular preparations to interrelate the
chemical properties and transport activities of these
compounds. Bulk solvent systems are inadequate mod-
els of phospholipid bilayer membranes and suffer nu-
merous limitations with respect to the types of transport
properties which can be investigated by their use. The
use of subcellular preparations also results in a lack of
experimental flexibility. In addition, it can be difficult
to analyze data obtained with subcellular preparations
because of interference by the numerous regulated
cation-conducting channels and antiporters that they
contain. Thus, the early transport data are not only in-
complete, but are also of limited value when used in
conjunction with chemical data to predict transport
characteristics in more complex systems.

In view of the above problems we have sought to develop
a flexible and defined model system for investigating trans-
port. The present system is an improvement over earlier
vesicle-based systems (e.g., Pohl et al., 1980; Weissman
et al., 1980; Blau et al., 1984; Smaal et al., 1985; Utsumi
et al., 1985; Shastri et al., 1987; Blau and Weissman, 1988;
Sokolove and Kestner, 1989; van Zanten et al., 1992; Walsh
and Monbouquetle, 1993) in several ways. Preparation of
loaded vesicles by freeze-thaw extrusion is straightforward
and results in vesicles that are unilamellar, of relatively uni-

those shown in Fig. 12. Initial rate values were obtained by fitting the
progress curves to Eq. 2 as illustrated in Fig. 4. The maximal extents of
transport (Limit 1 + 2) were obtained by fitting to Eq. 5 as illustrated in
Fig. 5, panel C.

form size, and that are otherwise physically well character-
ized (Chapman et al., 1990, 1991). The use of POPC as the
single phospholipid molecular species produces a bilayer that
is fluid over the full range of temperatures utilized with bio-
logical systems and allows the transport data to be employed
as areference when investigating effects of lipid composition
on transport properties. Vesicles prepared from POPC are
stable to storage, rapid mixing procedures, and to a degree
of osmotic imbalance. They are also highly impermeant to
the indicator used, to metal cations of interest (see Fig. 2),
and relatively impermeant to H* and OH™ (further discussed
below). The use of Quin-2 instead of lower affinity-
indicating ligands is advantageous because the extent of
transport is increased and the rate of the reverse process is
decreased by cation binding to Quin-2. Furthermore, trans-
port can be monitored by conventional dual wavelength UV-
VIS spectroscopy or by fluorescence methods, providing the
potential for utilizing a wide range of vesicle concentration.
The cation complexation chemistry of Quin-2 is well char-
acterized (Tsien, 1980; Tsien et al., 1982; Hesketh et al.,
1983) and is largely free of multiple cation-complex stoi-
chiometries, unlike arsenazo III, for example (Ogawa et al.,
1980; Dorogi and Newmann, 1981). Preliminary kinetic
studies indicate that analogous polyaminocarboxylate li-
gands, such as EDTA and EGTA, have little effect on the rate
of metal ion dissociation from the A23187 complexes of
several divalent cations (Thomas, 1991), although the dis-
sociation kinetics of ionomycin complexes with divalent cat-
ions (Zn**, Ni**) display a first-order dependence on EDTA
concentration (Craig, 1990). (Possible effects of the latter
finding will be considered below.) Finally, the present sys-
tem lends itself well to modeling conditions encountered
when using ionophores in biological experiments with re-
spect to trapped volume, accessibility of comparable medium
conditions, and other properties alluded to above.

The present application of this system constitutes the first
fully quantitative demonstration of electroneutral Ca>* trans-
port by these compounds, the data shown in Fig. 11 being
particularly revealing in this regard. The H*:Ca?* exchange
ratios are 2.0 as predicted by the model shown in Fig. 1, and
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this ratio is obtained in both directions, with all three iono-
phores, and regardless of whether the absolute rates are fast
or slow. Earlier attempts to measure the ratio using planar
bilayer membranes (Wulf and Pohl, 1977) and egg phos-
phatidylcholine vesicles prepared by sonication (Pohl et al.,
1980) gave values of zero or H* transport ratios that varied
with the extent of divalent cation transport. Those unex-
pected values were thought to reflect a high permeability of
the membrane to H*, relative to the rates of Ca?* flux, or
possibly co-transport of an anion by the ionophore (Wulf and
Pohl, 1977). No transport of **Cl~ accompanied Ca>* move-
ment in this system (data not shown) and, therefore, the ob-
served H* transport occurred via the ionophores.
Although the ratios show that the vast majority of Ca’*
transport occurs in exchange for 2H*, and is therefore neu-
tral, a small fraction of Ca®* transported electrogenically
would have gone undetected by that method. Because of this,
measurements of membrane potential were also carried out.
Under the conditions described for Fig. 11, A and B a trans-
membrane free Ca®* concentration gradient of ~10° exists
after release of the cation has attained the maximal extent.
If this gradient were electrically equilibrated via complexes
such as ACa* or IHCa*, a membrane potential of ~300 mV
(inside negative) would exist. During the initial period,
where net transport occurs, no potential is detected by TPP*,
with a detection limit of 50 mV, again indicating a neutral
mechanism in this system. However, as time proceeds be-
yond that required for maximal Ca?* release, a slow uptake
of TPP* is observed, amounting to ~0.2 uM over a period
of several minutes and corresponding ultimately to a mem-
brane potential of ~75 mV. This potential might reflect a
partial electrical equilibration of the Ca®* concentration gra-
dient by charge bearing ionophore complexes, a complete or
partial equilibration of the inside acid H* concentration gra-
dient that must exist during this time, or a combination of
these effects. If one assumes that only Ca?* movements are
involved then the maximal rate of electrogenic Ca®* release
can be taken as the rate of TPP* uptake.! That rate corre-
sponds to about 0.01% of the initial charge neutral uptake
rate and thus provides an estimate (upper limit) of the relative
efficiencies of neutral and electrogenic mechanisms in this
system. A comparable estimate was obtained by Moronne
and Cohen (1982) using planar bilayers and electrical tech-
niques. These findings contradict the conclusions of Fasolato
. and Pozzan (1989); however, it is important to note that they
reported an inhibition of transport upon collapsing a preex-
isting potential. The data in Fig. 11 indicate that there is no
measurable electrogenic transport when no membrane po-
tential exists initially. To determine whether electrogenic
transport can occur when a membrane potential is present,
the experiments summarized in Fig. 12 and Table 3 were
carried out. The large inside negative potential that existed
during these experiments greatly exceeds that which exists

! Transport via the complexes ACa* or IHCa* would produce an H*:Ca?*
exchange, or a net movement of one positive charge per Ca®* transported.
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across cellular membranes, with the exception of the mito-
chondrial inner membrane, which has a similar potential of
the same orientation. If species such as ACa* or IHCa* could
transport electrogenically, one would expect membrane po-
tential to increase the initial rate of Ca®* uptake. Only a small
increase was observed in the case of ionomycin and
4-BrA2187, whereas a small decrease was seen with A23187
(Table 3). These findings are in further contradiction with the
interpretations of Fasolato and Pozzan (1989), who imply
that Ca®* transport by A23187 and ionomycin is substantu-
ally electrogenic.

The small initial rate increases seen with 4-BrA23187 and
ionomycin may indicate that these compounds have minor
electrogenic modes (~10% of total transport) when a high
membrane potential is present. However, again such esti-
mates must be taken as upper limits. This is because un-
catalyzed H* diffusion into the vesicle interior probably oc-
curs when a high inside negative potential is present. The
result could be a transmembrane pH gradient, inside acidic,
which might accelerate transport via the electroneutral
mechanism. We suspect that H* permeation accounts for at
least a part of the effect of membrane potential on initial
rates. We also suspect that H* permeation limits the increase
in interior pH, as transport proceeds, and that this is partly
responsible for the higher extents of transport that are seen
when a potential is present.

The initial rate of Ca?* transport

In addition to demonstrating the neutral transport mode of
Ca”" ionophores, the present data test aspects of the models
shown in Fig. 1 from a broader perspective. They also give
some insight into what factors establish the kinetics of trans-
port in this system. These subjects will be considered by
discussing the data from the perspectives of initial rate, trans-
membrane pH gradient, and Ca®* concentration dependence.

From the relationships between log ionophore concentra-
tion and log initial rate (Fig. 10, Table 2), it is clear that
ionomycin transports via a 1:1 complex, whereas A23187
and 4-BrA23187 transport via 2:1 complexes as has been
generally held and depicted in Fig. 1. Slopes of the log/log
plots differ from the expected values by small but real
amounts, however, and reason for this nonideal behavior re-
mains to be determined.

Perhaps the most interesting aspects of the initial rate data
are the differences that are seen when comparing Ca”* uptake
and Ca?* release. These are most marked in the case of iono-
mycin, where Ca®* release is 20- to 25-fold faster than uptake
across the full range of ionophore concentration (Fig. 10).
These data cannot readily be explained by the difference in
Quin-2 concentration that was pointed out in Results, be-
cause potential effects of Quin-2 on initial rate kinetics would
be appreciable only for ionomycin and should relate to ac-
celeration of Ca®* release from that ionophore. Under the
present conditions, this would favor Ca®* uptake over re-
lease, the opposite of what is observed. It is also difficult to
invoke surface curvature effects as a potential explanation
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because they generally become negligible for vesicles of
greater than ~40-nm diameter. A possible explanation is that
the actual transport rates depend critically upon the mem-
brane surface to aqueous phase volume ratio and upon the
partition coefficient of the transporting species between the
membrane surface, and the actual volume to which it is ex-
posed. If, for example, complexation of Ca>" by ionomycin
decreased the partition to the membrane surface, the large
difference between the internal and external aqueous phase
volumes could easily account for the rapid rate of Ca®* re-
lease compared to uptake. It is possible to vary the ex-
ternal and internal surface to aqueous phase volume ratios
independently with the present system (external by
changing the vesicle concentration, internal by changing
the vesicle diameter), and so this possible explanation can
be tested.

Another point of interest arises from considering the num-
ber of ionophore molecules per phospholipid vesicle that
pertain over the ranges of ionophore concentration that have
been employed. Using the data in Table 1, these values vary
from a high of ~220 ionophore molecules per vesicle to
lows of one molecule per ~145, 9, and 0.3 vesicles in the
cases of ionomycin, A23187, and 4-BrA23187, respec-
tively. With ionomycin, the log rate versus log ionophore
concentration plot is fully linear across this range (Fig. 6).
This suggests that ionomycin readily exchanges between
vesicles such that the entire population is accumulating
Ca?* uniformly, even at the lowest values of ionophore
molecules per vesicle. Conversely, the deviations from a
linear pattern seen at the lowest concentrations of A23187
and 4-BrA23187 may reflect a lack of rapid ionophore
equilibration between individual vesicles. Again, these
interpretations should be testable by varying the vesicle
concentration.

At A23187 concentrations higher than ~1 uM, the initial
rate of transport falls off progressively from the expected
value, as shown in Fig. 6. This deviation from the overall
linear pattern may reflect the number of turnover cycles that
were occurring during the observation period. Typically,
only 2-4 uM external Ca®* was transported in during the
period used for estimation of initial rates (Fig. 4). As the
A23187 concentration rises above 1 uM, the first transport
cycle constitutes a growing fraction of this segment. The
ionophore distribution between the inner and outer mono-
layer is likely to be approximately 1:1 before rapid mixing
with Ca®*, but this value is likely to change as the number
of transport cycles increases, so as to equalize the rate of all
transport cycle component reactions (Fig. 1). The initial 1:1
distribution may not be optimal, resulting in lower initial
rates than would otherwise be seen.

The influence of transmembrane pH gradient

The calibration data shown in Fig. 2 demonstrate that
A23187 cannot always be relied upon to equilibrate external
Ca®* with a high affinity chelator contained within a mem-
brane bounded volume. Similar data (not shown) were ob-
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tained with ionomycin and 4-BrA23187. It is also seen that
under some conditions, the ionophores fail to release all Ca**
from a membrane-bounded volume, even in the presence of
excess external chelator (Fig. 9), that the extent of transport
can be a function of the ionophore concentration (Fig. 7), and
that Ca®* uptake progress curves are not well represented as
simple first- or second-order processes (Fig. 5). Because
there is no indication that significant electrogenic transport
is occurring under the conditions of these figures (membrane
potential absent), such findings suggest a dominant role of
ApH in determining the rate and the extent of transport, even
when Ca** is present in large excess, and a large transmem-
brane Ca** concentration gradient exists. For example, con-
sidering the nonstoichiometric behavior during the titration
of intravesicular Quin-2 with externally added Ca®* (Fig. 2),
there are two potential explanations for this behavior, both
related to ApH. In the first, as the titration proceeds, the
internal pH may increase to a point where the ionophore at
the internal interface exists predominantly in the anionic
form (A™). Because this form is membrane-impermeant, its
accumulation with rising ApH could eventually reduce net
transport to a negligible rate. In the second explanation,
higher internal pH would result in enhanced complexation of
free Ca®* as the fraction of ionophore in the anionic form
increased. This would result in a progressive replacement of
the 2H*:Ca** exchange reaction by Ca’*:Ca®* exchange,
thus diminishing the extent of net Ca** transport.

For the first explanation to be correct, the internal buff-
ering capacity would have to be exceeded during the internal
titration experiment. This is because the pK, of A23187
associated with phosphatidylcholine vesicles is 7.85
(Kauffman et al., 1982; Taylor et al. 1985), and so the internal
pH would have to approach 10 for the fraction of internal
ionophore in the A~ form to approach 1. The buffer con-
centration inside these vesicles is not known; however, it is
expected to exceed the 10 mM concentration used in the
preparation medium by 3- to 3.5-fold, given that the total
solute concentration in this medium was 3540 mM (see
Chapman et al. 1990, 1991 for data showing how entrapment
effecincy varies with solute concentration and for a discus-
sion of the mechanism by which solutes become concen-
trated within the vesicle interior). A higher entrapment ratio
would be estimated if it were taken from the Cs* entrapment
data shown in Table 1. If the internal buffer concentration is
estimated conservatively at 30 mM, then the nominal con-
centration of entrapped buffer is about 90 uM, considering
that the entrapped volume is 3 ul/ml (Table 1). Taking the
pK, of HEPES to be 7.55, and using the prevailing pH value
of 7.0, gives a nominal concentration of entrapped HEPES
free acid of ~70 uM. When this value is compared to Fig.
2, it suggests that the internal buffering capacity has not been
exceeded at the point where the internal and external titration
data begin to deviate (18 uM Ca®* added). Comparing this
value to Fig. 7 suggests futher that the observed relationships
between the maximal extents of Ca®* uptake and ionophore
concentration also cannot be explained by exceeding the in-
ternal buffer capacity.
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The above considerations focus attention upon the second
potential explanation for the lack of equilibration between
Ca?* and Quin-2 that is seen in some of the figures. Again
considering Fig. 2 as an example, the proposal is that as the
concentration of Ca®* added to intact vesicle approaches 18
uM, the rate of the reverse reaction (Ca?* release) progres-
sively increases, such that Ca?*:Ca®>* exchange replaces
Ca?*:2H* exchange resulting in no further net transport. This
explanation also relates to ApH because an increased fraction
of internal ionophone in the ionized form will result from
even a modest increase in internal pH, whereas the size of
this fraction would be an important determinant in estab-
lishing the rate of Ca?* release. The internal free Ca®* con-
centration would be another important determinant, and this
value will rise as the fraction of Quin-2 complexed with Ca**
rises during the initial stages of the titration. If this second
explanation is correct, one would expect to find a substantial
rate of Ca”>* release upon adding excess EDTA to stop the
forward reaction, and this is observed (Fig. 2, panel A). One
might also expect that increasing the internal buffer con-
centration would decrease, but would not eliminate, the dif-
ferences between internal and external titration data such as
those shown in Fig. 2. This was also observed when data
obtained with vesicles prepared in 10, 50, and 100 mM
HEPES were compared (not shown). Finally, because the
rate of the back reaction will depend upon the free concen-
tration of internal cation, one might expect that the affinity
of Quin-2 for the transported cation would influence the point
at which internal and external titration data begin to deviate.
The affinity of Quin-2 for Mn?* and Zn?* exceeds the affinity
for Ca®* by about 10° (Hesketh et al., 1983). Fig. 13 shows
that there is little or no difference between internal titration
data obtained with Mn?* or Zn?>* and external titration data
obtained with Ca®*. Along with supporting the second ex-
planation, the data in Fig. 13 are a strong argument against
the inadequate internal buffering explanation, assuming that
Mn?* and Zn?* are also exchanged for 2H". It will be nec-
essary to monitor internal pH, together with the parameters
determined here, before the relationships between ApH and
Ca®" transport catalzed by these ionophores can be treated
quantitatively.

The influence of Ca?* concentration

A final point of interest relates to the effect of Ca?>* con-
centration on the initial rate of transport by A23187 as shown
in Fig. 8. The maximal rate is obtained at a Ca®>* concen-
tration near 2 mM, whereas further increases of as much as
eightfold are without an additional effect. These results are
surprising because preliminary data (not shown) indicate that
the formation constant of the ACa* complex under compa-
rable conditions is ~30 uM ™!, whereas the available solution
chemistry data indicate that the second stepwise binding con-
stant for formation of A,Ca does not exceed the first one by
more than a few-fold (Chapman et al. 1987, 1990). Together,
these findings suggest that the rate of transport is maximal
in a Ca?* concentration range where effectively all of the
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FIGURE 13 Titration of internal Quin-2 with Mn** and Zn?*. The con-
ditions were the same as those utilized in Fig. 2. (J, A) Intact vesicles were
employed, and Quin-2 was titrated with MnCl, or ZnCl,, respectively, in the
presence of 4.0 uM A23187. (O) Lysed vesicles were employed, and Quin-2
was titrated with CaCl,.

external surface ionophore exists as ACa* rather than A,Ca.
If further studies show this to be true, then molecules of A,Ca
competent to transport must not be formed as depicted in Fig.
1 A, step 4. Two possible alternative formulations are given
by Egs. 7 and 8.

2ACa* 2 A,Ca + Ca?* @)
ACa* + AH = ACa + H* ®)

In Eq. 7, both molecules of ACa™ could be located at the
external interface. In Eq. 8, the species HA could be ap-
proaching the membrane surface from the interior, returning
to the external side after a previous transport cycle. In either
case, formation of A,Ca would have to be coupled with its
insertion into the membrane to avoid equilibration with the
Ca** and H* concentrations existing in the external aqueous
phase. Studies that test these possibilities, and others dis-
cussed above, are in progress.
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