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ABSTRACT A23187, 4-BrA23187, and ionomycin transport several lanthanide series trivalent cations at efficiencies similar
to Ca2�, when compared at cation concentrations of �10�5 M, ionophore concentrations of �10�6 M, and a pH of 7.00.
Selectivity sequences and the range of relative rates are as follows: A23187, Nd3� � La3� � Eu3� � Gd3� � Er3� � Yb3� �
Lu3� (�34-fold); 4-BrA23187, Nd3� � Eu3� � Gd3� � La3� � Er3� � Yb3� � Lu3� (�34-fold); ionomycin, La3� � Yb3� �
Nd3� � Lu3� � Er3� � Eu3� � Gd3� (�4-fold). At concentrations between 9 and 250 �M, La3� is transported by an
electroneutral mechanism, predominately through mixed complexes of the type (ionophore)2La�OH (A23187 and 4-BrA23187)
or (ionophore)La�OH (ionomycin), when no membrane potential is present. For all three ionophores, an induced potential of
�160 mV accelerates transport by �50–100%. However, measured values of H�/La3� exchange indicate that only
4-BrA23187 displays a significant electrogenic activity under these conditions. At a La3� concentration of 17 mM, transport
by all three ionophores is electroneutral and apparently occurs through complexes of type (ionophore)3La (A23187 and
4-BrA23187) or (ionophore)La�OH (ionomycin). Analysis of these patterns in a context of comproportionation equilibria
involving the transporting species and free La3� indicates that the species containing three ionophore molecules are formed
on the membrane when aqueous phase solution conditions would strongly favor a 1:1 complex, based upon previous studies
in solution. The implications of this and other findings are discussed.

INTRODUCTION

We have recently utilized a phospholipid vesicle system to
investigate the mechanism (Erdahl et al., 1994, 1995;
Thomas et al., 1997) and specificity (Erdahl et al., 1996) of
cation transport catalyzed by the carboxylic acid ionophores
A23187, 4-BrA23187, and ionomycin (see Fig. 1 for struc-
tures). These studies verified and extended a model for
Ca2� transport proposed earlier (Pfeiffer et al., 1978; Shas-
tri et al., 1987; Fasolato et al., 1989), in which the cation is
exchanged for 2H� through a process that is strictly elec-
troneutral. The transporting species are 2:1 complexes
(ionophore:Ca2�) (A23187 and 4-BrA23187) or a 1:1 com-
plex (ionomycin). The model has not been tested for the
transport of other cations, although aspects of the existing
data suggest that some are transported by alternative mech-
anisms, and that these are important for establishing selec-
tivity. In particular, 4-BrA23187 is highly selective for the
transport of Zn2� and Mn2�, compared to Ca2�, with se-
lectivity values in excess of 103 obtained under optimal
conditions (Erdahl et al., 1996). Neither A23187 nor iono-
mycin displays analogous properties (Erdahl et al., 1996).
Compared to A23187, the high selectivity of 4-BrA23187
reflects decreased activity as a Ca2� ionophore, whereas the
activities for Zn2� and Mn2� are similar for both com-
pounds (Erdahl et al., 1996). To explain the low Ca2�
transport activity of 4-BrA23187, we proposed that interli-

gand hydrogen bonds (Pfeiffer et al., 1976; Smith et al.,
1976), which stabilize the (A23187)2Ca complex relative to
the (A23187)Ca� complex, are weakened by the introduc-
tion of bromine at position 4. Because the charge-bearing
1:1 complex is not a transporting species for either iono-
phore (Erdahl et al., 1994, 1995), destabilizing the 2:1
complex reduces activity as a Ca2� ionophore. To explain
the similar activities of A23187 and 4-BrA23187 as iono-
phores for Zn2� and Mn2�, we proposed that these cations
are transported in part by both compounds as uncharged
mixed complexes of the type (ionophore)M � OH. In that
case, weakening the interligand hydrogen bonds that stabi-
lize 2:1 complexes would have less effect on the rate of
transport. Thus an alternative transport mechanism for Zn2�
and Mn2� may underlie a selective transport of these cat-
ions by 4-BrA23187 (Erdahl et al., 1996).
Lanthanide series trivalent cations (Ln3�) are bound

(Puskin et al., 1975; Pfeiffer and Lardy, 1976; Albin et al.,
1984; Chapman et al., 1990b) and transported (Hunt, 1975;
Hunt et al., 1978, 1982; Amellel et al., 1983; Grandjean et
al., 1984; Shastri et al., 1987) by A23187, suggesting that
additional transporting species and mechanisms may exist,
at least for that ionophore. However, in the existing studies,
NMR was used to monitor transport, which was seen as a
change in phospholipid headgroup signals reflecting chang-
ing concentrations of paramagnetic Ln3� on opposing sides
of the membrane. While elegant in many regards, this
method is not well suited to detailed investigations employ-
ing a range of conditions, because of low sensitivity and for
other reasons. Accordingly, the available data are not suf-
ficient to formulate specific mechanisms for Ln3� transport,
and are conflicting in some aspects. As an example, the
stoichiometry (ligand:metal) of the transporting species is in
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doubt; it is placed at 1:1 by Hunt and co-workers (Hunt,
1975; Hunt et al., 1978) and at 2:1 by Shastri et al. (1987).
In addition, it is not clear how or if electroneutrality is
maintained, and there are no data that reveal transport
selectivity for Ln3�, compared to cations that carry a dif-
ferent charge.
In the present report we describe the use of phospholipid

vesicles loaded with the chelating indicator Quin-2 to fur-
ther characterize the transport properties of divalent cation
ionophores for Ln3�. This approach overcomes several lim-
itations of the NMR methods used previously, yielding
results that provide a more complete view of factors that
govern the transport mode and selectivity of these com-
pounds. In particular, it is shown that transport of Ln3� is
predominately an electroneutral process that occurs via
mixed complexes that contain OH�, supporting the pro-
posed basis for the high transport selectivity of 4-BrA23187
for Zn2� and Mn2�. The results also show that Ca2� iono-
phores are substantially selective for the transport of partic-
ular Ln3� within a set, and that the rates are similar to the
rate of Ca2� transport under some conditions. Aspects of
these findings have been presented in abstract form (Wang
et al., 1996).

MATERIALS AND METHODS

Reagents

Synthetic 1-palmitoyl-2-oleoyl-sn-glycerophosphatidylcholine (POPC)
was obtained from Avanti Polar Lipids. Purity was confirmed by thin-layer

chromatography before use. A23187, 4-BrA23187, and ionomycin were
obtained from Sigma or Calbiochem and were used without further puri-
fication. Stock solutions in ethanol were standardized spectrophotometri-
cally using the following extinction coefficients: 4-BrA23187 (�290 �
15,600); A23187 (�278 � 21,040); ionomycin (�278 � 13,560). Quin-2
(K�) from Sigma was purified by passage over Chelex 100 resin (100–200
mesh) in the Cs� form as described previously (Erdahl et al., 1994). Stock
solutions of CaCl2 (ultrapure grade from Alfa Products) were standardized
by titration with a primary standard EDTA solution (Vogel, 1961). Lan-
thanide series metal oxides, also ultrapure, were obtained from Alfa prod-
ucts or Aldrich Chemical Co. Samples were reacted with an excess of 1 M
perchloric acid, filtered, and then standardized by titration with EDTA.
Excess hexamethylenetetramine, pH 5.5–6.0, was employed to buffer the
unknown samples, and the titration endpoints were indicated by xylenol
orange (Lyle et al., 1963).

Preparation of phospholipid vesicles

POPC vesicles loaded with Quin-2 were prepared by freeze-thaw extrusion
as previously described (Erdahl et al., 1994, 1995). The resulting prepa-
rations were applied to Sephadex G-50 mini-columns and eluted by low-
speed centrifugation (Fry et al., 1978), to replace the external medium with
10 mM HEPES (Cs�) buffer, pH 7.00 (Erdahl et al., 1994, 1995). The
nominal concentration of POPC in the final preparations was determined as
lipid phosphorus (Bartlett, 1959) and was near 80 mM. The average
diameter of these vesicles is 71 nm, as determined by freeze-fracture
electron microscopy (Chapman et al., 1990a). They contain entrapped
solutes at the following concentrations; Quin-2, 10.5 � 0.8 mM; HEPES,
33.7 � 7.6 mM (pH 	 7.4); and Cs�, 60 � 5 mM (Erdahl et al., 1995).
Specific values for Quin-2 and Cs� were determined for each preparation,
by spectral titration and atomic absorption, respectively (Erdahl et al.,
1994, 1995).
Vesicles loaded with La3� were prepared and purified in an analogous

way, except that 5 mM LaCl3 was present in the formation medium, rather

FIGURE 1 Structures of A232187, 4-BrA23187, and ionomycin. Compounds are shown in their free acid forms, as opposed to the ionized forms present
in the cation complexes. Ligand donor atoms are marked with an asterisk.
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than Quin-2. In addition, the HEPES buffer used in the Quin-2 containing
preparations was replaced with 2-(N-morpholino)ethanesulfonic acid at pH
6.00. To determine entrapped La3�, an aliquot of the final preparation was
lysed with deoxycholate (Erdahl et al., 1994) and then titrated with a
standard solution of Quin-2, while monitoring formation of the Quin-2:
La3� complex by difference spectroscopy (see below). La3� is tightly
bound by Quin-2, forming a 1:1 complex with a stability constant of�1012

M�1 (Jones et al., 1992; Yuchi et al., 1993). Accordingly, a sharp end point
is obtained, which is seen as an inflection point in plots of Quin-2
difference absorbance versus La3� concentration. This method gave an
internal La3� concentration of 16.9� 0.5 mM, similar to the level of Ca2�

entrapped by an analogous procedure (Erdahl et al., 1994).

The determination of cation transport

POPC vesicles containing Quin-2 or La3� were utilized at a nominal
phospholipid concentration of 1.0 or 1.5 mM, and at 25°C. The external
medium contained 60 mM CsCl and 10 mM HEPES, pH 7.00, unless
otherwise noted. The medium pH was adjusted with CsOH, which had
been passed over Chelex 100 columns to remove contaminating cations
(Erdahl et al., 1994). Valinomycin (Val) (0.5 �M) and carbonyl cyanide
m-chlorophenylhydrazone (CCP) (5 �M) were normally present to main-
tain internal pH at the external value (Erdahl et al., 1995). However, one or
both agents were omitted when we determined H�/La3� exchange ratios
and the effects of an imposed membrane potential on transport kinetics, as
further described below. Specific concentrations of ionophores and cations
are given in the figure legends. Reactions were started by the addition of
the carboxylic acid ionophore, after an initial 2–3-min period, which was
allowed for the equilibration of internal and external pH.
The transport of Ln3� was monitored by difference absorbance mea-

surements that detect formation of the Quin-2:cation complex. An Aminco
DW2a spectrophotometer operated in the dual-wavelength mode was em-
ployed, using the wavelength pair 267 versus 343 nm. The latter value is
an isosbestic point in Quin-2/Quin-2:Ln3� difference spectra, which gave
a difference extinction coefficient for the Quin-2:La3� complex of
27,180� 275 (M�1 cm�1) (n� 5), and similar values for other Ln3�. The
value specific to each cation was employed when relative rates of transport
were determined. An Oriel no. 59800 bandpass filter was used between the
cuvette and the beam scrambler-photomultiplier assembly in the spectro-
photometer to prevent detection of the fluorescent light emitted by Quin-2
and A23187. Data were collected on disk with Unkel Scope software
(Unkel Software, Lexington, MA).

The determination of H�/La3� exchange ratios

The stoichiometry of H�/La3� exchange was determined by simultaneous
measurement of extravesicular pH and La3� transport. Conditions were the
same as described above, except that the external buffer concentration was
reduced to 3 mM (HEPES only), and CCP or both Val and CCP were
omitted, as specified in the figure legends. A Fisher Scientific AccupHast
electrode and a Beckman model 4500 pH meter were employed, together
with a strip chart recorder. The electrode was inserted into the cuvette,
which was mounted in the open sample compartment of the dual-wave-
length spectrophotometer, under darkened room conditions. To avoid dis-
turbing the electrode by manual mixing, the magnetic stirring accessory
provided by Aminco was operated throughout the experiment. The ob-
served changes in external pH were calibrated by adding aliquots of a
standard HCl solution in the absence of ionophore. This allowed the moles
of H� released from the vesicles during transport to be calculated at times
selected from the continuous recordings of external pH. These values were
plotted (as individual points) versus time, together with the transport
progress curves, to reveal the exchange ratios.

Analysis of transport data

External and internal methods were compared when Ln3� transport was
calibrated. For the external method, vesicles containing a known amount of

Quin-2 were lysed with 0.33% (w/v) of Cs�-deoxycholate and then titrated
with a standard cation solution under the conditions of interest. For the
internal method, Quin-2 was titrated without lysing the vesicles, by includ-
ing an excess of an appropriate ionophore in the system. Data obtained by
the two methods were coincident, indicating that entrapment of Quin-2 and
its complexes does not perturb their spectral properties.
To extract the initial rates of transport, early portions of the progress

curves were fit to Eq. 1 by standard nonlinear least-squares methods:

AT � A0 � Bt� Ct2 (1)

In Eq. 1, AT and A0 are the observed and the initial absorbance values,
respectively; B is the initial rate; C is a correction factor for nonlinearity;
and t is time. Rates are expressed in units of �M/s or nM/s of external
cation transported into the vesicles. Transport selectivities are expressed as
S values, defined by Eq. 2:

SMn� �
Initial rate of Mn� transport
Initial rate of Ca2� transport (2)

When S is determined, an equal concentration of the cation in question
is substituted for Ca2�, with all other conditions held constant (Erdahl et
al., 1996).

RESULTS

Transport selectivity and related properties

Fig. 2 shows that all commonly used Ca2� ionophores
transport a range of Ln3� across the POPC vesicle mem-
brane, and that marked differences exist in the rates of
transport and the shapes of the progress curves, depending
on the cation and ionophore considered. Initial rates were
obtained from these data (Eq. 1), together with a value for
Ca2� transport under the same conditions (data not shown),
and were utilized to calculate the selectivity values (Eq. 2)
presented in Table 1. For 4-BrA23187 and ionomycin, the
selectivity values are near 1 when the Ln3� that are trans-
ported most rapidly are considered. With A23187, Ca2� is
transported more rapidly than any of the Ln3�, but only by
a factor of 3–5 in most cases. The absolute rates of Ln3�
transport span �34-fold in the case of A23187 and
4-BrA23187 and �4-fold in the case of ionomycin (Table
1). These findings show that transport of Ln3� by Ca2�
ionophores is not a minor activity, but approaches the effi-
ciency of Ca2� transport under the conditions of Fig. 2.
They also show that A23187 and 4-BrA23187 have sub-
stantial transport selectivity for individual Ln3� cations,
among the group investigated.
La3� was selected from the initial group of seven cations

for most aspects of studies that follow. It is transported at a
high efficiency by ionomycin, and is intermediate among
the others when transported by A23187 and 4-BrA23187
(Fig. 2). The effect of La3� concentration on initial rate is
shown in Fig. 3. With A23187 and ionomycin, the initial
rate decreases as the La3� concentration is increased,
whereas a modest increase is obtained with 4-BrA23187.
Comparing these data to Fig. 2 suggests that �8–10 �M is
an optimal concentration for La3� transport catalyzed by
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A23187 and ionomycin. This is because in Fig. 2, where the
initial La3� concentration was 9 �M, the rate of transport
decreases progressively as the process proceeds, even
though little or no reverse reaction is occurring. Such be-
havior would be expected if the absolute rate were limited
by the external La3� concentration, because of a limiting
formation of the transporting species at the outer membrane
interface. Thus, at La3� concentrations above (Fig. 3) and
below (Fig. 2) �9 �M, the rate of transport is diminished.
The transport of Zn2� and Mn2� by A23187 and
4-BrA23187 is also characterized by an optimal cation
concentration (Erdahl et al., 1996), whereas this is not true
for Ca2� transport, or for any of these divalent cations when
transported by ionomycin (Erdahl et al., 1994, 1996).

Stoichiometry of the transporting species and
mode of transport

If it is assumed that transmembrane diffusion of the trans-
porting species is the slowest step in the mechanism (Kolber
et al., 1981), the stoichiometry of the species can be ob-
tained, as the slope, from plots of log initial rate of transport
versus log of the ionophore concentration (Blau et al., 1984,
1988; Erdahl et al., 1994, 1996). As seen in Fig. 4 and Table
2, these values are somewhat greater than 2 in the case of
A23187 and 4-BrA23187, and greater than 1 with ionomy-
cin, when determined at a La3� concentration of 15 �M. At
250 �M La3�, the values for A23187 and ionomycin de-
crease slightly, more nearly approaching 2 and 1, respec-
tively. These data indicate a predominant stoichiometry ofFIGURE 2 Transport of Ln3� by Ca2� ionophores. Experiments were

conducted as described in Materials and Methods using POPC vesicles
loaded with Quin-2. The nominal POPC concentration was 1.0 mM. Ln3�,
as perchlorates, were present at an initial concentration of 9.0 �M in a
medium that also contained 60 mM CsCl, 10 mM HEPES (Cs�), pH 7.00,
0.5 �M Val, and 5 �M CCP. At t � 0, transport of the indicated Ln3� was
initiated by addition of the following: (A) A23187 (1.2 �M); (B)
4-BrA23187 (1.2 �M); (C) ionomycin (1.5 �M). Formation of the Quin-
2:Ln3� complex within the vesicle lumen was monitored by dual wave-
length spectroscopy, as described in Materials and Methods.

TABLE 1 Ln3� transport by divalent cation ionophores

Ionophore

Cation

Ca2� La3� Nd3� Eu3� Gd3� Er3� Yb3� Lu3�

A23187
Rate 364 89.7 117 85.2 66.5 22.9 8.00 3.50
Selectivity 1.00 0.25 0.32 0.23 0.18 0.06 0.02 0.01

4-BrA23187
Rate 16.4 5.30 20.3 11.9 7.20 2.30 1.40 0.60
Selectivity 1.00 0.32 1.24 0.72 0.44 0.14 0.08 0.04

Ionomycin
Rate 70.1 97.3 55.3 27.6 24.2 29.3 68.8 40.0
Selectivity 1.00 1.39 0.79 0.39 0.35 0.42 0.98 0.57

Initial rates of Ln3� transport (in units of nM/s) were obtained from the
data in Fig. 2, using Eq. 1, as described in Materials and Methods. The
uncertainty in these values is ��5% (Erdahl et al., 1994). Selectivity (S
values) was calculated according to Eq. 2, using a value for the initial rate
of Ca2� transport determined under the same conditions (see legend to
Fig. 2).

FIGURE 3 Effect of cation concentration on the initial rate of La3�

transport. Conditions were the same as described in the legend to Fig. 1,
except that the ionophore concentration was 1.0 �M in all cases and the
external La3� concentration was varied as shown.
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2:1 (ionophore:cation) (A23187 and 4-BrA23187) and 1:1
(ionomycin), and that species of higher stoichiometry are
also contributing.
In the fully ionized state, A23187 and 4-BrA23187 are

monobasic compounds, whereas ionomycin is dibasic (Fig.
1; Toepilitz et al., 1979; Debono et al., 1981). Accordingly,
2:1 complexes (A23187 and 4-BrA23187) and 1:1 com-
plexes (ionomycin) containing La3� carry a charge of 1�.
Thus it seemed possible that La3� is transported by an
electrogenic mechanism when Val plus CCP is present to
collapse the resulting membrane potential. To investigate
this possibility, the effect of an imposed potential was

determined using vesicles containing a high internal K�

concentration and an external medium containing Na�. In
that system, when Val and CCP are excluded, all three
compounds remain active as La3� ionophores (Fig. 5). This
shows that electroneutral mechanisms are operating when
no potential is imposed. However, in each case, when Val
was also present, but CCP was not present, the rate of La3�
transport was accelerated notably (Fig. 5). Measurements
carried out with a tetraphenylphosphonium cation (TPP�)
electrode (Kamo et al., 1979; Erdahl et al., 1994) showed
that the presence of Val resulted in a membrane potential of
�160 mV, inside negative, that is maintained throughout
the period of La3� accumulation (data not shown). Accord-
ingly, it appeared that La3� might be transported through a
mixed mode mechanism when a membrane potential of the
appropriate orientation is present.
The mode of transport was further examined by deter-

mining the ratio of H� released per La3� accumulated under
several conditions. When the medium and vesicles are anal-
ogous to those employed for Figs. 2–4, three H� are re-
leased per La3� accumulated when Val and CCP are absent,
regardless of which carboxylic acid ionophore is considered
(Fig. 6). With K�-containing vesicles placed in the Na�-
containing medium, the ratio remained at 3 when A23187 or
ionomycin was employed, regardless of whether or not a
membrane potential was imposed by use of Val (Fig. 7, A
and C). With 4-BrA23187, a ratio of 3 is again obtained
when Val is absent, but the value is reduced in the presence
of Val (Fig. 7 B). Thus it is seen that 2:1 complexes between
A23187 or 4-BrA23187 and La3�, and a 1:1 complex be-
tween ionomycin and La3�, can affect a 3H�/La3� ex-
change (Fig. 6); that transport catalyzed by all three iono-
phores is accelerated by membrane potential (Fig. 5); and,
in one case (4-BrA23187), that the accelerated transport is
accompanied by a lowered stoichiometry of H�/La3� ex-
change (Fig. 7).

La3� release from La3�-loaded vesicles

When the direction of La3� transport is reversed by using
La3�-loaded vesicles, with Quin-2 present in the external
medium, the progress curves obtained with A23187 and
4-BrA23187 display a sigmoidal characteristic (Fig. 8 A).
This property is also seen during Yb3� and Lu3� transport
into the vesicles catalyzed by A23187 (Fig. 2). In contrast,
ionomycin produces a hyperbolic-like progress curve when
transporting La3� in either direction (Figs. 2 and 8 A). The
La3� concentration near the membrane interface where the
transporting species forms is a factor that varies dramati-
cally between the accumulation and release experiments.
For the former (Fig. 2) the value was �9 �M, whereas for
the latter (Fig. 8 A) it was �17 mM, ignoring cation-
membrane interactions and other surface-related factors.
Given the complex shape of the La3� release curves,

initial rate values obtained as a function of ionophore con-
centration show more scatter than is apparent when trans-

TABLE 2 Stoichiometry of the transporting species: slope of
the log-log plots

Ln3�,
Concentration

Slope

A23187 4-BrA23187 Ionomycin

La3�, 15 �M* 2.24 2.24 1.39
La3�, 250 �M* 2.09 2.30 1.02
La3�, 17 mM* 3.02 3.07 1.08
Lu3�, 15 �M# 3.01 2.80 N.D.

*Values were obtained from data sets like those shown in Fig. 4, A (15
�M) and B (250 �M), or Fig. 8 (17 mM).
#Values were obtained from experiments like those shown in Fig. 2, except
that the concentration of Lu3� was 15 �M.

FIGURE 4 Relationship between the initial rate of La3� transport and
ionophore concentration. Experiments were conducted as described in
Materials and Methods and the legend to Fig. 2, using the indicated
concentrations of ionophores. The La3� concentration was 15 �M (A) or
250 �M (B). Each set of data points was fit to a linear equation, to obtain
the slopes, which are presented separately in Table 2.
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port occurs in the opposite direction. Nevertheless, values of
reasonable accuracy could be obtained, and are shown as a
plot of log initial rate of transport versus log ionophore
concentration (Fig. 8 B) for comparison to Fig. 4. For
A23187 and 4-BrA23187, the slopes were �3, clearly
higher than the values obtained for transport in the opposite
direction (Table 2). In contrast, the value for ionomycin is
1.08, which is close to the value obtained during uptake at
250 �M La3� (Table 2). Slopes were also obtained for the
transport of 15 �M Lu3� into vesicles by A23187 and
4-BrA23187, and were comparable to those obtained from
Fig. 8 B in both cases (Table 2).
During La3� release from La3�-loaded vesicles, transport

via a species carrying a net positive charge would produce
a membrane potential oriented inside negative, which would
be amenable to detection by the TPP� electrode technique
(Erdahl et al., 1994). Measurements of potential under the
conditions of Fig. 8 A, but with Val and CCP absent, were
negative at a detection limit of �50 mV (data not shown).

Thus La3� release catalyzed by all three ionophores occurs
through an electroneutral mechanism.

DISCUSSION

The predominant mechanism of La3� transport

This is the first study that allows ionophore-catalyzed Ln3�
transport to be evaluated mechanistically and in terms of
specificity. The results indicate that La3� transport occurs
primarily as an electroneutral process, through mixed com-
plexes that contain a single OH�, when the cation concen-
tration is within the range of 9–250 �M. This is shown by
the observed H�/La3� exchange ratios of 3 (Fig. 6), to-
gether with the stoichiometries of the transporting species
(Fig. 4 and Table 2), as follows: A23187 and 4-BrA23187
are monocarboxylic acids (Fig. 1) that complex cations as
the carboxylate anion (Smith et al., 1976; Chapman et al.,
1987). After transport of a single La3� as the 2:1 complex

FIGURE 5 Influence of membrane potential on
La3� transport. Experiments were performed as
described in Materials and Methods, except that the
vesicles were formed in a medium containing 10
mM HEPES (K�), pH 7.00, 5 mM Quin-2 (K�)
and 100 mM KCl. These conditions reduced the
internal Quin-2 concentration to 3.9 mM, and gave
an internal K� concentration of 125 mM. The
external medium contained 10 mM HEPES (Na�),
pH 7.00, 100 mM NaCl, 15 �M La(ClO4)3 and
vesicles at 1.5 mM POPC. Where indicated, Val
was present at 0.5 �M, and was added before the
indicated carboxylic acid ionophore, which was
used at 1.0 �M (A23187 and ionomycin) or 3.2
�M (4-BrA23187). CCP was not present during
any of the experiments.

FIGURE 6 Stoichiometry of H�/
La3� exchange in the absence of mem-
brane potential. The vesicles utilized
were prepared in the medium de-
scribed in Materials and Methods and
were present at a nominal POPC con-
centration of 1.5 mM. The external
medium contained 3 mM HEPES
(Cs�), pH (initial) 7.00, and 21 �M
La(ClO4)3. Val and CCP were not
present. La3� accumulation and exter-
nal pH were determined simulta-
neously, and calibrated, as described
in Materials and Methods. The contin-
uous traces are La3� accumulation, in
units of �M external concentration.
The open circles show H� release, di-
vided by 3, in the same units. Reac-
tions were started by addition of the
indicated carboxylic acid ionophore at
5 �M (A23187 and ionomycin) or 14
�M (4-BrA23187).
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(ionophore:cation), only two H� would be moved to the
opposite side of the membrane upon return of the proton-
ated, uncomplexed molecules. Similarly, ionomycin is a
monocarboxylic acid but contains an enolized �-diketone
moiety (Fig. 1) that is also ionized in 1:1 cation complexes
(Toepilitz et al., 1979; Stiles et al., 1991). Accordingly, 1:1
complexes of this ionophore can also produce a 2H�/cation
exchange, but not an exchange of higher stoichiometry. In
both cases, the third H� can be accounted for only by the
presence of an OH� in the transporting species. Upon
entering a vesicle together with La3�, this OH� becomes
equivalent to a H� that is released, with respect to measured
values of H�/La3� exchange. In addition, the presence of
OH� in the species that transport La3� provides for a net
charge of zero on the complexes. This property is also
required in an electroneutral mechanism. In the case of
A23187, transport of Ln3� through mixed complexes con-FIGURE 7 Stoichiometry of H�/La3� exchange in the presence of mem-

brane potential. Experiments were conducted as described in the legend to
Fig. 6, using Na�-HEPES rather than Cs�-HEPES in the external medium.
In addition, the vesicles were formed in a medium containing 5 mM Quin-2
(K�) and 20 mM KCl. Reactions were started by the addition of 5 �M
A23187 or ionomycin (A and C, respectively), or 14 �M 4-BrA23187 (B).

FIGURE 8 La3� release from La3�-loaded vesicles. Vesicles were pre-
pared in a medium containing 5 mM LaCl3 and 10 mM 2-(N-morpho-
lino)ethanesulfonic acid (Cs�), pH 6.00, as further described in Materials
and Methods. The external medium contained 25 �M Quin-2 (Cs�), 10
mM HEPES (Cs�), pH 7.00, 10 mM CsCl, 0.5 �M Val, 5 �M CCP, and
vesicles at a nominal POPC concentration of 1.0 mM. (A) La3� release was
initiated at t � 0 by the addition of 2.0 �M A23187, 5.0 �M 4-BrA23187,
or 1.0 �M ionomycin, as indicated. (B) Conditions were the same as
described for A, except that the ionophore concentrations were varied as
shown.

When present, 0.5 �M Val was added 1 min before the carboxylic acid
ionophore to generate a membrane potential with an inside-negative ori-
entation. CCP was not present during any of the experiments.
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taining OH� was predicted from solution equilibrium stud-
ies which showed that the requisite complexes exist in a
solvent (80% methanol/water) that mimics the dielectric
environment at a membrane interface (Chapman et al.,
1990b).

Ln3� transport via other species

Aspects of the data also indicate that a fraction of La3�
transport occurs through complexes of higher stoichiome-
try. Within the cation concentration range of 9–250 �M,
this is shown by slopes of the log initial rate versus log
ionophore concentration plots, which generally exceed 2 for
A23187 and 4-BrA23187, or 1 for ionomycin (Table 2).
Presumably, the higher order complexes are (A23187 or
4-BrA23187)3La and H(ionomycin)2La because these are
also neutral species and could produce a 3H�/La3� ex-
change. These species have not been detected by solution
equilibrium methods; however, the inverse relationships
between La3� concentration, slopes (Table 2), and rates of
transport (Fig. 3) support their involvement as follows.
Considering ionomycin first, a complex containing two
ionophore molecules would be subject to comproportion-
ation with a rising La3� concentration, as illustrated by Eq.
4 (protonation state and net charge not designated):

I2La� Laº 2ILa (3)

As a consequence, the fraction of transport occurring via the
2:1 complex is expected to decrease as the La3� concentra-
tion rises, explaining the inverse relationship between slope
and cation concentration (Table 2). Since in general, the
species of 2:1 and 1:1 stoichiometry would have different
transmembrane diffusion constants, the rate of transport
would change with the extent of comproportionation. Thus
the inverse relationship between rate of transport and La3�
concentration, while the ionomycin concentration is held
constant (Fig. 3), can also be explained if both 2:1 and 1:1
species are involved.
With A23187 and 4-BrA23187, the comproportionation

equilibria applicable to a 3:1 complex are as follows;

A3La� La3�º A2La� � ALa2�;

A2La� � La3�º 2ALa2�
(4)

Regarding A23187, when these reactions are considered
together with Fig. 3 and Table 2, the indications are that the
A3La species exists, but is not prevalent, even at 15 �M
La3� (slope only slightly greater than 2). The marked loss of
transport activity with increasing La3� concentration (Fig.
3), together with retention of a predominant 2:1 stoichiom-
etry at 250 �M La3� (Table 2), is taken to indicate that the
1:1 complex, arising ultimately from comproportionation
(Eq. 4), is not a transporting species. This interpretation is
consistent with the relatively high coordination number of
La3� (8–10), together with the much lower number of
liganding atoms available in one molecule of A23187

(three). Thus in a 1:1 complex, even if one or two OH�

were included, there would still be several coordination sites
available to interact with H2O and thereby limit membrane
permeability.
With 4-BrA23187, transport occurs relatively slowly

across the entire La3� concentration region considered in
Fig. 3, yet a mixture of 2:1 and 3:1 species is contributing
at 15 and 250 �M La3� (slopes greater than 2). The low
transport activity seen near 15 �M La3�, in comparison to
the activity of A23187, can be explained by weaker inter-
ligand hydrogen bonds between the two ionophore mole-
cules of the 2:1 complex (Erdahl et al., 1996). This, in
effect, shifts the comproportionation equilibria to the right
at any given La3� concentration (relative to A23187), low-
ering the prevalence of 2:1 species, and thereby diminishing
the rate of transport.
The above interpretations explain most of the data relat-

ing the concentrations of Ln3� and ionophore to the kinetics
of transport. There is an exception, however, in that it is not
clear how the (ionophore)3Ln species that contribute to
Ln3� transport by A23187 and 4-BrA23187 are formed.
These species predominate in transporting La3� when the
cation concentration is 17 mM (Table 2), which is surpris-
ing, given solution equilibrium studies which show that the
1:1 association constant for A� and La3� is �106 M�1 at
pH 7 (Chapman et al., 1990b), and that the second stepwise
stability constant for formation of (ionophore)2M species
generally exceeds the first value by only a fewfold (Tissier
et al., 1993). Accordingly, the (ionophore)3La species form
and transport La3� when the great majority of ionophore is
expected to exist as the 1:1 complex. A similar relationship
was seen with Ca2� transport mediated by A23187, which
attains a maximum rate at cation concentrations where the
1:1 complex predominates (Erdahl et al., 1994). Such a
concentration dependence is observed, even though it is the
(A23187)2Ca complex that transports Ca2� (Erdahl et al.,
1994, 1995).
It seems possible that membrane-associated cation is in-

volved in forming the higher order species when aqueous
phase solution conditions favor a 1:1 complex. This is
suggested by the increasing prevalence of 3:1 complexes as
the aqueous phase cation concentration is increased (Table
2), together with the relatively high affinity of phosphati-
dylcholine membranes for lanthanide cations (Lehrmann et
al., 1994). Regardless of how these complexes are formed,
their occurrence at high cation concentrations provides an
explanation for the sigmoid-like progress curves that were
obtained in several experiments. This behavior is clearly
seen in Fig. 8 A, for example, for La3� release catalyzed by
A23187. The acceleration of transport that is seen as the
vesicles become depleted of La3� may reflect a progressive
shift from transport via the 3:1 complex to a more efficient
transport via a 2:1 mixed complex containing OH�. The
same interpretation can account for the sigmoid-like
progress curves obtained with A23187 transporting Lu3�
and Yb3� into Quin-2-loaded vesicles (Fig. 2). Regarding
those data, it is interesting to note that the apparent shift in
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the predominant transporting species occurs at a much
higher free cation concentration with La3� (several mM in
Fig. 8 A), compared to Lu3� and Yb3� (several �M in Fig.
2). It seems possible that this difference might be exploited
to obtain a separation of specific Ln3� from mixtures.

Influence of membrane potential and the
specificity of transport

All three ionophores transport La3� more rapidly when the
direction is toward the negative side of an imposed mem-
brane potential (Fig. 5). Nevertheless, with A23187 and
ionomycin, three H� are exchanged for each La3� under all
conditions examined. These include conditions where a
potential would be manifest if it formed (Figs. 6 and 7, Val
absent), and conditions where a substantial potential has
been imposed (Fig. 7, Val present). Accordingly, with
A23187 and ionomycin, the effects of an imposed potential
do not reflect a significant fraction of transport occurring
through an electrogenic mechanism.
In contrast, with 4-BrA23187, an imposed potential low-

ers the ratio of H�/La3� exchange (Fig. 7), indicating that
an electrogenic mechanism is operating and is responsible
for a sizable fraction of the total activity. Delocalization of
positive charge in the species (4-BrA23187)2La�, because
of inductive/electronic effects of the bromine substituents,
probably accounts for the electrogenic capability. In addi-
tion, the bromine substituents may increase hydrophobicity
because an analogous substitution has that effect with La-
salocid A (Westley, 1983). Because comproportionation
will greatly reduce the steady-state level of (4-
BrA23187)2La� when the free La3� concentration is high
(Eq. 4), there is no conflict between the observation of a
partially electrogenic mechanism at low La3� and the ab-
sence of potential formation during La3� release from
La3�-loaded vesicles.
Imposed potentials also accelerate the transport of Ca2�

by these ionophores, although the effects are smaller than
with La3�, and there is no indication of an electrogenic
component with any of the compounds (Erdahl et al., 1994).
Effects of membrane potential on rate, when the transport
mode is electroneutral, have been attributed to uncatalyzed
H� diffusion into the vesicles. Under that proposal, the
resulting decrease in luminal pH accelerates transport by
altering the distribution of uncomplexed ionophore mole-
cules across the membrane, and by favoring formation of
the protonated form after transport and release of the cation
(Erdahl et al., 1994, 1995). Because the constants of Ca2�
and La3� adsorption to phosphatidylcholine bilayers are
10–20 M�1 and 4.1 
 103 M�1, respectively (Lehrmann et
al., 1994), surface charge and headgroup effects arising
from the binding of either cation will differ (Tocanne et al.,
1990). These factors may alter uncatalyzed H� diffusion
and account for the larger effect of an imposed potential on
the rate of La3� transport.
The comparable activities for transport of Ca2� and sev-

eral Ln3� are noteworthy regarding the use of these iono-

phores as research tools, and in terms of factors that estab-
lish their transport selectivity. In the former area, Ca2�
transport rises as the cation concentration is increased above
9 �M (Erdahl et al., 1994, 1996), whereas La3� transport
remains essentially constant or declines (Fig. 3). Accord-
ingly, S values, as defined by Eq. 2, would be smaller if
determined at higher cation levels but would perhaps be
larger, or less affected, at lower levels. Thus, when iono-
phores are used to manipulate cell Ca2� while Ln3� are
present to inhibit ion-conducting channels, transport of the
latter into cells and between subcellular compartments is
probable.
The transport selectivity results can be related to solution

chemical properties only in the case of A23187, because
there are insufficient data for the others. In solution, 1:1
complexes between A23187 and the Ln3� are 160–800-
fold more stable than the corresponding Ca2� complex and
follow the order Lu3� � Yb3� � Eu3� � Er3� � Gd3� �
Nd3� � La3� (Chapman et al., 1990b). Although the rela-
tively high stability of ALn2� helps to explain an efficient
transport at low Ln3� concentrations, the stability sequence
is similar to the transport sequence in reverse (Table 1). In
addition, the stability constants span only �5-fold (Chap-
man et al., 1990b), whereas transport selectivity spans�34-
fold (Table 2). These patterns reinforce other results which
indicate that the stability of 1:1 complexes is not a factor of
primary importance in determining the transport selectivity
of this ionophore (Erdahl et al., 1996). Complexation equi-
libria and kinetics, in association with OH�, and unidenti-
fied reactions that form transporting species from mem-
brane associated ionophore are apparently of greater
importance, but are less well understood.

ENDNOTES

1. (The concentration of solutes in vesicles prepared by freeze-thaw extru-
sion exceeds their concentration in the formation medium by several fold
under some circumstances (Chapman et al., 1990a, 1991). This concen-
trating effect is thought to be driven by freezing, which tends to exclude
solutes from the growing ice phase, while increasing their concentration in
the remaining liquid phase, were the vesicles are located (Chapman et al.,
1990a, 1991).)
2. (The association constants for Quin-2 and Ln3� are on the order of

1012 M�1 (Chapman et al., 1990a, 1991), whereas they are �106 M�1 for
ionophore complexes involving these cations (Chapman et al., 1990b).
Because the total Quin-2 entrapped substantially exceeds the total Ln3�

transported into the vesicles (factor of �2.5), the internal concentration of
free Ln3� during accumulation will remain far below the range required for
a significant reverse reaction (Ln3� release).)
3. (Assuming the vesicles to be spherical condensers with an outer

diameter of 70 nm and a bilayer thickness of 2.9 nm (Chapman et al.,
1990a), their electrical capacitance (C) can be calculated from Eq. E-1:

C�
1.11� 1.0�12 � RoRi

Ro � Ri
(E-1)

In this expression, � is the membrane dielectric constant, Ro and Ri are the
outer and inner radii of the vesicles (in cm), and C is obtained in farads (F).
At � � 2.5 (Wrigglesworth et al., 1990), the calculated capacitance of a
single vesicle is 1.08 
 10�16 F, or 0.70 �F/cm2. The latter value
approximates those that have been measured (�0.6 �F/cm2; e.g., Montal,
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1970). Using the calculated value, other vesicle parameters (Chapman et
al., 1990a), and the amount of La3� entrapped (�1400/vesicle), it can be
shown that transport of a single charge across the membrane of one vesicle
will create a membrane potential of�1.5 mV, and that the release of 2–3%
of the entrapped La3� via complexes that carry a net charge of 1� would
produce a membrane potential above the detection limit of the TPP�

electrode method, at the vesicle concentration used to obtain Fig. 8.)
4. (Regarding this discussion of comproportionation equilibria, there is

no intent to imply that the species considered are formed de novo by any
particular reaction mechanism.)
5. (To illustrate potential levels of Ln3�-A23187 complexes, species

distribution calculations (Perrin et al., 1967) were carried out for systems
with the following compositions: pH 7; [A23187]tot � 1.2 �M; [Ln3�]tot �
15 �M, 250 �M, or 17 mM. Based on previous studies (Tissier et al., 1985,
1993; Chapman et al., 1990b), 106 M�1 was used as the conditional
formation constant (approximate) of the first and second stepwise complex
formation reactions (analogous to Eqs. 5 and 6). These constants account
for the protonation and hydrolysis side reactions involving the metal ion,
ionophore, and the complex, but are valid only at a given pH. The
calculations showed that concentrations of A2Ln� species, where
[A2Ln�] � [A2Ln�] � [A2Ln(OH)], and the percentage of total ionophore
that would not be complexed are as follows: [Ln3�]tot � 15 �M, [A2Ln�]
� 7.0 
 10�8 M (5.9%); [Ln3�]tot � 250 �M, [A2Ln�] � 5.6 
 10�9 M
(0.40%); [Ln3�]tot � 17 mM, [A2Ln�] � 8.5 
 10�11 M (0.006%). Levels
of putative A3Ln complexes could not be estimated because no information
is available on their stability. However, these levels would be lower than
those of 2:1 complexes in all cases.)
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