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A continuation of the study of phospholipid bilayer vesicles as model membrane systems by laser-induced europium(IIl)
luminescence spectroscopy is presented here (B.M. Cader and W. DeW. Horrocks, Jr, Biophys. Chem. 32 (1988) 97). This
spectroscopic technique was used to characterize further the physical properties of small and large vesicles composed of di-
palmitoylphosphatidylcholine and egg phosphatidylcholine, respectively. Unilamellar preparations were confirmed and internal
aqueous volumes were calculated. The calcium-binding carboxylic ionophores, lasalocid A and A23187, were incorporated into the
lipid bilayers of these vesicles for the purpose of modeling the mobile carrier mechanism of ion transport across cell membranes.
Spectroscopic data implicate the presence of 1:1 and 1:2 europium(III)/lasalocid A complexes within the hydrophobic region, both
capable of efficient transport and containing no water molecules in the inner sphere of europium(l1l). First-order rate constants for
lasalocid A-mediated europium(III) transport were determined at 37 and 62° C (0.018 and 0.11 min ~!, respectively) using EGTA as a

‘flag’ to bind and detect the post-transported metal ion.

1. Introduction

A number of hypotheses have resulted from
efforts to elucidate the mechanism(s) by which
metal ions are transported across biological mem-
branes [2,3]. One of the most popular theories, the
mobile carrier mechanism, involves the presence
of organic-soluble molecules that bind aquated
cations on one side of the membrane, diffuse
through the central hydrophobic region of the
membrane, and dissociate on the other side, re-
leasing the ions into another aqueous medium.
These molecules, known as ionophores, have the
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ability to function as efficient mobile carriers
within biomolecular lipid or artificial membranes
and possess the following characteristics: (1) a
polar interior with sufficient ligating atoms (e.g.,
ether, alcohol, carbonyl, and carboxyl oxygens;
nitrogens of substituted amines) to replace some
or all of the solvent molecules in the primary
solvation sphere of the cation; (2) a nonpolar
exterior which ‘masks’ the cation and allows it to
be solubilized in a hydrophobic medium; (3) a
high degree of cation selectivity; (4) binding con-
stants large enough to bind cations effectively, yet
small enough to release them efficiently; (5) com-
plexation-decomplexation kinetics and diffusion

‘rates favorable enough to allow high transport

turnover numbers (> 500 s™!

membranes).

across biological

0301-4622 /89 /303.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)



266 B.M. Cader, W. DeW. Horrocks, Jr / Eu(III} I

Ionophores fall into two classes; the first, natu-
rally occurring antibiotics, is further divided into
neutral ionophores (which contain no dissociable
protons) and carboxylic ionophores (which con-
tain a terminal carboxylic acid functionality that
deprotonates upon complexation). The other cate-
gory consists of synthetic ionophores such as the
cyclic crown ethers and cryptands. This study
focuses on lasalocid A (X-537A), as well as A23187
(calcimycin), the calcium-binding, carboxylic
ionophores isolated from bacteria [4].

The effectiveness of Eu(IIl) as a substitutional
probe for the spectroscopically and magnetically
silent Ca(IT) ion has been detailed in our earlier
publication involving the characterization of
Eu(III) interactions with the head group regions of
phospholipid bilayer vesicles [1]. The laser-in-
duced Eu(III) ion luminescence technique used in
that study has been further exploited here to in-
vestigate metal ion transport phenomena across
model biological membranes, viz., unilamellar
phosphatidylcholine vesicles.

The ability of Eu(IIT) to luminesce in solution
at room temperature and its possession of nonde-
generate ground (F,) and excited (*D,) elec-
tronic states, separated by an energy of approx.
17250 cm™1 (~ 580 nm), have allowed the devel-
opment of convenient and useful spectroscopic
methods. The nondegeneracy of the "F,—3D,
transition precludes any ligand field splitting and,
barring coincidental superimposition of two or
more bands, results in excitation spectra con-
taining a single band for each unique Eu(III)
environment. In addition, a relationship exists be-
tween the frequency of the "F, — 3D, transition
and the total electrostatic charge of the ligands
coordinated to Eu(IIl) [5], as well as between the
number of water molecules in the primary coordi-
nation sphere of Eu(III) and the difference in °D,
excited-state lifetimes in H,0 and 2H,0 [6].

Numerous investigations of phospholipid bi-
layer vesicles as model systems for the mobile
carrier theory of ion transport have been reported
in the literature. Most of these involve the appli-
cation of 'H- or 3P-NMR to determine iono-
phore-mediated transport rates of paramagnetic
lanthanide (Ln(II)) ions such as Pr(III}) and Eu
(I1II) [7,8]. These experiments are generally based
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on chemical shift or coupling constant measure-
ments of phospholipid head group nuclei (N-
methyl protons or phosphorus), using the para-
magnetic species to differentiate between the inner
and outer head group regions. The data accu-
mulated were used to derive information regard-
ing transport rates and stoichiometry. Discrepan-
cies exist concerning the stoichiometry of the
transporting complexes in Ln(I1I)/lasalocid A and
Ln(1II)/ A23187 systems; both 1:1 and 1:2
metal : ligand species have been implicated [8—10].

The NMR techniques mentioned above are use-
ful, but limited in that they do not involve direct
examination of the transporting species. The di-
rect observation of metal ions and high sensitivity
of laser-induced Eu(III) luminescence make it a
potentially valuable tool *for determining the
stoichiometry of these species, as well as to ob-
serve and quantitate rate processes. An additional
application of the luminescence technique re-
ported herein is the determination of the average
encapsulated aqueous volume within a system of
phospholipid bilayer vesicles,

2. Materials and methods

The chemicals used in this study were em-
ployed without further purification and are listed
with their sources as follows. L-a-Dipalmitoyl-
phosphatidylcholine (DPPC, synthetic, ~ 99 + %),
L-a-phosphatidylcholine (EPC, type V-E from
frozen egg yolk, ~ 99%), EGTA (97-98%), oc-
tylglucoside (crystalline), Triton X-100 (octyl
phenoxy polyethoxyethanol), Sepharose 4B and
Sephadex G-50-80 were obtained from Sigma.
EuCl, - 6H,0 (99.9%) and lasalocid A (Las,
sodium salt, 99 + %) were purchased from Al-
drich. A23187 (free acid) was obtained from
Calbiochem-Behring Corp.

Small unilamellar vesicles (SUVs) were ultra-
sonically prepared as described previously [1],
using 20 mg DPPC dispersed in 2 ml buffer. The
buffer system consisted of 10 mM piperazine
(Sigma, laboratory grade), 150 mM KCl (Fisher,
ACS grade), in either '"H,0 or 2H,O at pH 6.0.
For those cases in which Eu(IIl) was encapsulated
in the SUVs, 20 uM or 1 mM EuCl, was added to
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the buffer prior to ultrasonication. Subsequently,
external EuCl, was removed from the vesicle sam-
ple using the Sephadex minicolumn technique of
Fry et al. [11]. A 1-ml aliquot was used for each
spectroscopic study.

Larger vesicles were prepared by the detergent
dialysis method of Philippot et al. [12], using 15
mg EPC and 60 mg octylglucoside in an identical
buffer system to that described above, with or
without 1 mM EuCl,. When necessary, the vesicle
samples were passed through a Sepharose 4B col-
umn equilibrated with buffer at 4°C, to remove
external EuCl,. For each of the internal volume
determinations and the quantitative rate experi-
ments, 1 ml of the vesicle preparation was diluted
to 2 ml with buffer prior to spectroscopic analysis.

For those studies requiring the presence of
Eu(III) in the external aqueous medium only, ap-
propriate microliter additions to the vesicle sam-
ples were made from a 1 mM EuCl,/buffer stock
solution. Ionophore additions were made from 1
or 10 mM ionophore/ methanol stock solutions.
All volumetric measurements were performed with
Eppendorf digital pipets (+1%).

Phosphorus determinations were accomplished
with the Mg(NO,), digestion method of Ames
and Dubin {13] with the inclusion of an additional
digestion step involving 60 pl of 72% perchloric
acid. The samples were incubated for 30 min at
60° C; absorbances were measured at 625 nm.

The pulsed Nd-Y AG-pumped tunable dye laser
described previously was used to obtain Eu(III)
'F, » °D, excitation spectral and lifetime data
[1,14]. Vesicle scattering information was obtained
from a Cary 210 spectrophotometer. All spectro-
scopic studies were performed by using a Teflon-
capped quartz cuvette with a 1 cm path length.

The Gaussian/Lorentzian spectral peak decon-
volution and excited-state lifetime exponential de-
cay analyses were performed using computer pro-
grams developed in this laboratory, which are
based on the nonlinear regression method of
Marquardt. Complete discussions of these pro-
grams have been previously documented {1,15].

The quantitative ionophore-mediated transport
data were collected as follows and analyzed as-
suming first-order kinetics. The dye laser was tuned
to 580.1 nm, allowing only the excitation of

EuEGTA™. Data collection was initiated prior to
the addition of EGTA and continued as EGTA,
ionophore, and detergent were added at the ap-
propriate times during the course of the experi-
ment. This procedure resulted in a plot of inten-
sity at 580.1 nm vs. time, in which each point
represented the signal intensity averaged over a set
period of time. Typically, the gate box was set at
40 pulses per channel and, given a laser pulsing
frequency of 10 Hz, this corresponded to 4 s per
channel. The intensity in every twenty-fifth chan-
nel (this number varied with the length of the
experiment), beginning with the addition of the
ionophore (time zero), was corrected for signal
present before time zero. This value, denoted by
I,, was used to determine the rate constant from
eq. 2 (vide infra). In some cases, the data con-
tained within a specific number of channels were
averaged and used for the logarithmic plot. The
intensity at £ = oo, I, is defined as the intensity
beyond the point at which transport had ceased,
i.e., the leveling off of the EuEGTA ~ signal.

The intensity of the FuEGTA ™ signal at any
given time, I,, is related to the rate constant, k,
through eq. 1:

It=loo _Icoe_kt (1)

Rearranging eq. 1 and taking the natural loga-
rithm gives a linear expression (eq. 2)

Ioc =1
IH(T) = —kt (2)
and enables k£ to be determined from a plot of

In{(I,—1)/1,} vs t.

3. Results and discussion

3.1. Determination of average internal volume of
phospholipid bilayer vesicles

The physical characterization of a model sys-
tem is an essential precursor to the performance of
actual model studies. A number of experiments



268 B.M. Cader, W. DeW. Horrocks, Jr / Eu(IIT) luminescence of phosphatidyicholine vesicles

have been carried out on phospholipid bilayer
vesicles which not only reveal information regard-
ing their physical properties, but also demonstrate
the utility ‘of the laser-induced Eu(III) lumines-
cence technique for the study of these systems.
Vesicle formation, integrity, and temperature de-
pendence of Eu(lII) binding to vesicles have been
discussed in a recent article [1]; this paper pre-
sents a method for the determination of the aver-
age internal volume (and, concomitantly, the aver-
age diameter) for a sample of phospholipid bilayer
vesicles  prepared by detergent dialysis. In ad-
dition, a means is presented to quantitate the
average concentration of Eu(III) encapsulated in a
vesicle sample and therefore, the initial concentra-
tion of Eu(IIl) in a given transport experiment.

In a typical internal volume determination,
phospholipid bilayer vesicles were produced by
detergent dialysis of egg phosphatidylcholine in a
1.2 mM EuCl; medium. With Eu(lll) incorpo-
rated in the internal aqueous volume and all exter-
nal Eu(IIT) removed, detergent (Triton X-100) was
added to resolubilize the vesicle sample and free
the entrapped Eu(IIl) in the presence of excess
EGTA. The intensity of the EHEGTA™ "F, = 3D,
excitation signal at 580.10 nm was measured and
compared with a linear calibration plot of inten-
sity vs. concentration of known EuEGTA™ solu-
tions; the total concentration of Eu(IIl) in the
vesicle sample was determined from this line to be
38 pM for a 2.0 ml aliquot. Since the internal
Eu(III) concentration, prior to solubilization, was
identical to that of the medium in which the
vesicles were formed (1.2 mM), the fraction en-
capsulated by the lipid is simply the dilution fac-
tor, 3.8 uM /1200 pM = 0.0032 or 6.4 ul of the 2.0
ml total volume.

This information is used to calculate the aver-
age diameter and the internal aqueous volume of
an average vesicle in a particular saniple. An assay
of the above sample for phosphorus determined
the total amount of lipid to be 7.0 X 10~7 mol per
2.0 ml sample. The validity of the Eu(III) lumines-
cence and phosphorus assay results can be
evaluated from the following formulation. Eq. 3
expresses the relationship between the total inter-
nal volume, V.;, determined by Eu(IIl) lumines-
cence to be 6.4 pl and the radius of the internal

aqueous volume of a single vesicle, ry, in a homo-
geneous sample containing N, vesicles:

Vo= %W"ISNV 3

The total volume of the lipid (PC) bilayer in the
sample, V5, is calculated according to eq. 4:

Ve =1250(mol PC- N, ) = 4z (ri—r3)Ny, (4)

where N, is Avogadro’s number, r; the total
vesicle radius, and 1250 the volume of an average
PC molecule in A’ [16], In addition, the literature
value of approx. 40 A for the width of a PC
bilayer relates r; and r; according to eq. 5 [16]:

re=r+40 (5)

Combination of egs. 3-5 to eliminate the un-
known quantity, Ny, and subsequent rearrange-
ment yield eq. 6, which contains a single un-
known, rq.

VatVm\”’_ e ©
Vi rr— 40

Solving for ry requires knowledge of V, and
V- As previously mentioned, V,; was de-
termined experimentally by Eu(1II) luminescence;
a total internal aqueous volume of 6.4 ul or 6.4 X
102! A? was obtained for a typical experiment. Vy
was calculated (eq. 4) from the amount of phos-
pholipid in the vesicle sample (7.0 X 10~7 mol),
which was determined by a phosphorus assay,
yielding a total bilayer volume of 5.3 x 102 A3.
With this information in hand, »;, may be calcu-
lated from eq. 6; ry = 1530 A. This corresponds to
an average diameter of approx. 3000 A, which is
in good agreement with the previously reported
electron micrographs [1), as well as with the re-
sults reported by the developers of the detergent
dialysis method of vesicle preparation [12] *.

* One can simplify this expression even further by assuming,
as suggested by a referee, that the vesicle size is large
compared to the width of the lipid bilayer and therefore,
rr = ry. Vg can now be described as (dV.y /dr;) ArN, which
is equal to 4wr2ArN,, where Ar =40 A. By dividing this
form of Vy into that given above for Vq; and rearranging,
one obtains r = 347V / V5. Substitution of the appropriate
values yields r = 1455 A, which is in good agreement with
that reported above.
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It is important that the vesicle preparations be
unilamellar, as this feature is necessary for the
quantitative rate experiments discussed in section
3.5.2. The good agreement between the lumines-
cence and electron microscopy data is evidence for
the unilamellar character (single bilayer) of the
vesicles. The presence of concentric bilayers within
each vesicle (i.e., multilamellar) would result in the
prediction of a smaller average radius, since the
amount of Eu(Ill) incorporated in the internal
aqueous volume would be lower and V;; would be
smaller. Further evidence for unilamellar vesicles
is presented in section 3.5.2.

Attempts to determine the average diameter of
ultrasonically prepared vesicles (SUVs) resulted in
values over an order of magnitude too high (~
14000 A from Eu(IIl) luminescence; ~ 250 A
from electron micrographs [1]). The ’F,—°D,
excitation spectrum of SUVs sonicated in the
presence of Eu(III) contains a single peak centered
at 579.25 nm, even after complete removal of the
external metal ion. The Eu(III) environment corre-
sponding to this signal, discussed in detail in the
previous manuscript [1], is located within the
phosphatidylcholine head group. All Eu(III) con-
tained in the outer monolayer (ultrasonically pre-
pared vesicles contain no more than one bilayer
due to the high radius curvature), as well as in the
external aqueous space, is effectively removed by
adding EGTA to the external agqueous region and
passing the sample through a Sephadex minico-
lumn. This ’F, - 3D, band is intense enough to
obliterate the relatively less intense signal which
may be due to solvated Eu(IIT) encapsulated in
the internal aqueous space. The entrapment of a
fraction of Eu(Ill) in the inner monolayer has
been attributed to the rapid rate of vesicle forma-
tion by this method of preparation. Indeed, this
phenomenon would significantly increase the ob-
served encapsulated Eu(III) concentration (and
therefore, Vi) as measured by luminescence,
causing an excessively high radius to be calcu-
lated. Using the r; measured from the electron
micrographs (~ 125 A), and substituting into eq.
6, a value of 8.3 x 1073 ml for ¥;, was obtained
(from phosphorus assay, ¥ =1.8 X 10% A® per
1.0 ml aliquot). This is only approx. 1% of the
total internal volume determined from the Eu(III)
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luminescence experiment, implying that very little
Eu(III) was actually contained within the aqueous
cavity (from Eu(IIT) luminescence, ¥y = 0.011 mi
per 1.0 m! aliquot). In addition, the proposed
location of the excess Eu(Ill) is not unreasonable
since these data correspond to only one Eu(III)
ion for every 20 phospholipid molecules in a ves-
icle. :

3.2. The effects of methanol on aqueous vesicle
solutions

The insolubility of ionophores in water, the
medium in which phospholipid bilayer vesicles are
formed, precludes the use of aqueous ionophore
stock solutions in any of the ionophore/ vesicle
studies discussed in this article. For this reason,
methanol was chosen as the most reasonable
solvent for ionophore stock preparation, since the
ionophores are soluble in it and it is highly misci-
ble with water. A number of experiments were
performed to determine the effects of methanol on
the components of a vesicle/ metal ion transport
system and, in particular, to evaluate the aqueous
environment as seen by the Eu(IIl), and the in-
tegrity of the vesicles.

A plot of the excited-state lifetime of a 1 mM
Eu(11I) solution (10 mM piperazine, 150 mM KCl],
pH 6.0) as a function of percent methanol (by
volume) is shown in fig. 1. The lifetimes plotted
were derived from the observed single-exponential
decay curves and represent weighted averages of
the Eu(IIl)/H,0/CH,0H species present. It ap-

3ac

100 -

-

PERCENT METHANOL
Fig. 1. Plot of excited-state lifetime (A, = 578.95 nm) of 1 mM
Eu(lIl) vs. percent methanol in water (A,  (nm)=578.90
(H,0); 579.00 (CH,OH)).
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pears that methanol does not compete effectively
with water as a ligand for Eu(III) until it reaches
approx. 70% by volume. Indeed, the higher affin-
ity of Eu(III) for water over methanol is reflected
in the fact that H,O-bound species are major
contributors to the overall lifetime at 90, and even
98% methanol. '

Methanol additions to phospholipid bilayer
vesicles at temperatures greater than that of the
gel — liquid-crystalline phase transition (7;) do
not affect vesicle stability. Additions below T, on
the other hand, result in a marked increase in
turbidity of the vesicle sample. Upon addition of
200 pl MeOH to 0.5 ml of a DPPC vesicle
preparation (~ 35 mg lipid) in the presence of
Eu(lIl) at 78°C, the sample maintained its rela-
tively clear, opalescent character for a period of
time exceeding that of an experiment; lowering
the temperature below 7, caused an immediate
clouding of the sample.

To minimize the effects of methanol, all iono-
phore/ vesicle experiments were carried out using

55
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>

5

EQUIVALENTS LASALOCID A
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0]

578 579 580

WAVELENGTH (nm)
Fig. 2. "F, - °D, excitation spectra of DPPC vesicles with
external Eu(III) vs. equivalents lasalocid A at 70 ° C (all inten-
sities are relative). DPPC/Las = 0, 150, 80, 30, 15.

microliter additions of ionophore stock solutions
to yield a total methanol content no greater than
15%.

3.3. Proof of ionophore incorporation into phos-
pholipid bilayers

Ionophore incorporation into the hydrophobic
lipid bilayer of phospholipid vesicles is demon-
strated at temperatures above T, as follows. For
DPPC vesicles in their fluid, liquid-crystalline state
(> 41°C), lasalocid A (Las) intercalates into the
bilayers in the presence of Eu(IIl) in the internal
and external aqueous regions as demonstrated by
the "F,—°D, excitation spectra (fig. 2). As
successive aliquots of a Las stock in methanol
were added, a significant shift from the iono-
phore-free spectrum occurred, along with an in-
crease in intensity of the ’F,— *D, excitation
peak maximum. Since ionophores do not bind
metal ions in water {4], the lipid bilayer is the only
medium in which a Eu(llI)}-ionophore complex
can exist.

Further evidence for this phenomenon resulted
from exploitation of the nonradiative deexcitation
pathway provided by the ionophore A23187, de-
scribed elsewhere in detail [4]. Addition of this
ionophore to a sample of Eu(III)/DPPC vesicles
at a temperature greater than T, resulted in com-
plete quenching of Fu(I1I) luminescence upon ex-
citation of the ’'F, - *D, transition, in accord
with the findings in pure methanol [17]. This
observation is consistent with Eu(lII)-ionophore
complexation being limited to the lipid bilayer.

The degree of light scattering (apparent ab-
sorbancy at 400 nm) of DPPC vesicles was mea-
sured over the course of a typical Las titration at
70°C (see section 3.4), in an attempt to detect a
precipitated species in the aqueous medium. No
change was observed upon addition of increasing
amounts of Las (and methanol), consistent with
quantitative ionophore incorporation into the bi-
layer.

3.4. Direct examination of Eu(Ill) / ionophore com-
plexes within a phospholipid bilayer by Eu(IIl)
luminescence

Owing to the lack of an 'F, — > D, excitation
spectrum for A23187-bound Eu(III) species, this
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Fig. 3. Curve resolved 7F, — °D,, excitation spectrum of a 1 ml sample of 10 mg DPPC vesicles (ultrasonicated) in 1 ml buffer (10
mM piperazine, 150 mM KC1, pH 6.0) with 20 uM EuCl, and (A) 5.5, (B) 10, (C) 25, (D) 55 equiv, Las. T =73°C; A .. (nm) and
full-width and half-maximum (nm, cm ™ '): 578.75, 0.67, 20 (free Eu®*); 579.10, 0.51, 15 (BuLas); 579.35, 0.24, 7 (Eu(Las),).

section deals only with the characterization of the titration of Las into a solution of Fu(III)-con-
Eu(II1)/lasalocid A complexes in the lipid bilayer. taining DPPC vesicles at a temperature above T_.
Eu(IIl) luminescence reveals the presence of two Gaussian/ Lorentzian curve resolution analyses of
types of metal ion/ionophore ¢omplexes during the individual spectra discussed in section 3.3
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implicate the initial formation of a 1:1 Eu(III):
Las species with the coordination of a second
ionophore ligand occurring at ligand-to-metal
molar ratios greater than 10 (fig. 3A-D), with a
lipid concentration of ~ 10 mM. Similar spectra
{not shown) were obtained for the larger vesicles
prepared with egg PC by detergent dialysis.
Stoichiometries have been assigned based on the
relative peak positions of 57910 nm (1:1) and
579.35 nm (1:2); the red shift is consistent with a
higher degree of complexation by a negatively
charged species, as predicted by the 'F, > °D,
transition energy/ligand charge correlation [5].
The presence of a third peak at 578.75 nm (in
systems containing excess Fu(III) in the external
aqueous region) is attributed to ionophore-free
Eu(I1I); more specifically, the ‘superficial’ Eu(IIT)
species described in our earlier paper [1], which
actually represents the rapid equilibrium between
the free hydrated Eu(IIT) ion and the phosphate-
bound ion. The wavelength maxima for the iono-
phore complexes in the lipid bilayers are in excel-
lent agreement with findings for the correspond-
ing methanol system, with one exception [17].
Unlike the methanol case, no more than two Las
molecules appear to be able to bind Eu(III) within
the lipid bilayer; in fact, a relatively large excess
of the ionophore is necessary to produce the bis
complex. The probable cause of this discrepancy is
that the lipid bilayer environment is considerably
more hydrophobic and the initial sequestration by
the ionophore is therefore more complete, which
inhibits the coordination of additional ligands.

Eu(ITI) excited-state lifetime data were ob-
tained for the mono(Las) species formed in DPPC
vesicles prepared by ultrasonication in the pres-
ence of 20 pM EuCl,. Studies in 'H,0 and *H,0
systems were performed with the intention of de-
termining the number of water molecules, if any,
coordinated to the complex during Eu(II1) trans-
port through the lipid bilayer. The relationship
between *Dj excited-state lifetimes and the num-
ber of O-H oscillators in the primary coordination
sphere of Eu(Il1) has been previously discussed
[1]. The lifetime values, derived from double-ex-
ponential decay curves, are listed in table 1.

In the absence of ionophore, the lifetimes gen-
erated correspond to the head-group-bound

Table 1

Eu(III) excited-state lifetimes (in ps) of Eu(1II)/DPPC vesicle
systems in '"H,O and 2H,0 at 73° C, with and without lasalo-
cid A (A, = 579.0 nm)

H,0 2H,0
No Las 330 %;180 . 350 2; 1400 °
7 equiv. Las 330 2; 180 © 450 *; 190 ©

® Sequestered (or similar) species.
b Superficial species.
“ 1:1 Eu/Las species.

‘sequestered’ and ‘superficial’ Eu(IIT) species re-
ferred to in section 3.3 and described in detail
elsewhere (330, 350 and 180, 1400 ps, respectively,
in 'H,0 and ?H,0) [1]. Upon addition of Las at
73°C, no apparent change in values for the 'H,O
system was observed, whereas the deuterated sys-
tem showed significant alterations. Most notable
is the absence of the 1400 pus species in H,0
(which represents the highly solvated superficial
species), indicating that the 180 us lifetime ob-
served in 'H,0 with lasalocid A is not due to the
‘superficial’ species, A reasonable interpretation
assigns this lifetime (as well as the 190 ps lifetime
in 2H,0) to the mono(Las) complex, while the 330
and 450 pus values are attributed to a Eu(IIl)
species containing no ionophore, similar, if not
identical, to the ‘sequestered’ species. In addition,
the 180 pus lifetime is consistent with that found in
protonated methanol for the 1:1 Eu(lll)/Las
complex. Further comparison of these data to
those obtained in methanol (for which a signifi-
cant isotope effect was observed) [17] reveals a
minimal change in lifetime of the mono(Las) com-
plex due to lack of an isotope effect. These results
imply that there are no water molecules contained
within the inner coordination sphere of Eu(III) in
the 1:1 transporting complex.

3.5. The transport experiment

The design of an optimal model ion-transport
system for study by laser-induced Eu(I1I) lumines-
cence involves detection of the post-transport
species. Since this method of analysis focuses on
the metal ion itself and since the metal ion is
present during the transport process in both the
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internal and external aqueous media (as well as
being sequestered by the ionophore within the
lipid bilayer), the design must allow for the dis-
crimination of Eu(IIl) in its various environments,
The system used to determine the average internal
volume, in which Eu(III) is contained in the inter-
nal aqueous space with excess EGTA in the exter-
nal volume, was chosen for the transport studies
based on the following considerations. Firstly,
EGTA in the external region serves as an excellent
‘sink’ for Eu(III) due to its high affinity (K, = 10"’
M) [18] and the ’F, — °* D, excitation profile of
the EUEGTA™ complex (A .. = 580.1 nm) does
not overlap with excitation bands produced by
any other Eu(III) species present during the course
of a transport experiment. In addition, it has been
previously shown that phospholipid bilayer vesicles
with Eu(III) encapsulated in their internal aque-
ous cavities remain intact over a time period which
exceeds the duration of a typical transport experi-
ment [1]. This ensures that any Eu(IIl) detected
externally is due to legitimate transport through
the bilayer and not to leakage resulting from
vesicle degradation.

It is generally agreed upon that the rate-limit-
ing step in the Ln(IIl)/ionophore transport pro-
cess is the binding of a metal ion to the ionophore
at the membrane interface, as opposed to diffu-
sion of the complex through the hydrophobic re-
gion [9]. If this is the case, the data produced in
our experimental system should legitimately re-
flect the rate-limiting step, despite Eu(III) binding
to EGTA in the external medium. The rate data
presented herein were analyzed assuming
first-order kinetics, as described in section 2.

3.5.1. Qualitative observations — The effect of vary-
ing Eu(I1l) /lasalocid A ratios

Initial transport experiments were conducted to
evaluate the effectiveness of EFu(I11) luminescence
in qualitatively observing Eu(III) transport in
phosphatidylcholine bilayer vesicles. The systems
examined consisted of DPPC vesicles ultrasoni-
cally prepared in the presence of Eu(lIl). The
greater part of the external Eu(III) was removed
by passing the vesicle sample through a Sephadex
mini-column, the remainder being tied up by the

+ DETERGENT

INTENSITY AT 580.10 nm

I 4 IONOPHORE

+ EGIA

TIME
Fig. 4. Eu(IIl) transport experiment with excess lasalocid A
within ultrasonicated DPPC vesicles (EuEGTA ™ signal moni-
tored at 580.10 nm).

addition of excess EGTA to the external aqueous
region.

It was discovered that in the presence of a large
excess of ionophore (either Las or A23187) over
metal ion, Eu(IIl) is transported (only at a tem-
perature greater than T7) [19] from the internal to
external aqueous region at a rate too high to
measure (the formation of EWuEGTA™ was moni-
tored at 580.10 nm). At this point, detergent (Tri-
ton X-100) was added to the vesicle sample for the
purpose of solubilizing the lipid and allowing any
remaining encapsulated Eu(1II) to bind to EGTA.
No increase in EnEGTA ™ signal was observed,
indicating the complete transport of Eu(III) to the
external aqueous region (fig, 4).

Analysis of an identical vesicle system to that
described above, with the exception that only 2.5
equivalents of lasalocid A were added per Eu(IID),
yielded a nonlinear logarithmic plot. This biphasic
curve is consistent with competitive binding, most
likely with a sequestered Eu(III) site in the head
group region, similar, if not identical, to that
described previously [1] (the "Fy — *D, spectral
data for ultrasonically prepared vesicles indicated
that Eu(III) was contained in the head group
region prior to ionophore addition; see section
3.1). Vesicles of larger diameter (such as those
produced by detergent dialysis) are better systems
to study because of their lower radii of curvature
(making them more similar to natural cell mem-
branes than the smaller, ultrasonicated vesicles),
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Fig. 5. Intensity at 580.10 nm as a function of time for Eu(III)

transport through EPC vesicles at 62° C (40 laser pulses per
channel; EPC/Las =13).

greater capacity for solute encapsulation, and the
absence of sequestered Eu(IIl) during formation.

3.5.2. Quantitative observations — The effect of tem-
perature on transport rates

Large vesicles prepared by detergent dialysis of
egg phosphatidylcholine were studied in an at-
tempt to observe first-order kinetics of
ionophore-mediated Eu(III) transport. A series of
experiments was conducted under conditions
where the 1:1 Eulas complex is the dominant
metal ion-ionophore species present in the lipid
bilayer (see section 3.4; "F, - *>D, spectrum con-
tains a peak at 579.10 nm and no peak at 579.35
nm). A typical intensity vs. time plot is shown in
fig. 5. All experimental runs produced linear loga-

I 1 1 1
: L] a 12 113

TIME (min)
Fig. 6. Natural logarithm plot of intensity vs. time data for
Eu(III) transport through EPC vesicles at 62°C; slope{— k) =
—0.13 min~?!, y-intercept =0.035, correlation coefficient =
—0.995 (11 points).

Table 2

Rate constants for lasalocid A-mediated transport of Eu(III)
through large unilamellar. phosphatidylcholine vesicles at. 37
and 62° C ([Eu] =1.9 uM; [Las] =13 pM; [PC] = 0.17 mM)

Trial k (min~ ")

37°C 6°cC
1 0.014 0.11
2 0.025 0.13
3 0.016 0.10

rithmic plots with excellent correlation coefficients
(> —0.99; vide infra); an example is displayed in
fig. 6.

In order to demonstrate the utility of the laser-
induced Eu(1II) luminescence technique, the trans-
port experiment was carried out at two tempera-
tures: 37 and 62° C (both temperatures above the
T, for egg PC). The data are listed in table 2. The
average rate constants were calculated to be 0.018
and 0.11 min~?! at 37 and 62°C, respectively.

Further evidence for the legitimacy of these
experiments was obtained by addition of Triton
X-100 to the vesicle sample after the EuEGTA™
"F, = °D, signal intensity leveled off. At this
point, the sample turned from its opalescent ap-
pearance (typical of stable vesicles in aqueous
media) to clear and colorless, indicative of com-
plete lipid solubilization. In addition, the
EuEGTA" intensity did not increase further, pro-
ving that Eu(III) had been completely removed
from the internal aqueous region and transported
to the external region by the ionophore. This
result is also consistent with the presence only of
unilamellar vesicles as opposed to the multilamel-
lar variety. If the vesicles were composed of con-
centric bilayers, then the Eu(IIl) entrapped within
the innermost aqueous region would not have
been transported out by the ionophore (the iono-
phore would have been contained in the outer
bilayer only). In such a case, a substantial increase
in EuEGTA™ signal intensity would have been
observed upon lipid solubilization.

4. Conclusions

The utility of laser-induced Eu(IIl) lumines-
cence spectroscopy in the study of small and large
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phospholipid bilayer vesicles as model membrane
systems has been demonstrated. Vesicles consist-
ing of phosphatidylcholine, prepared by ultrasoni-
cation or detergent dialysis, are observed to be
unilamellar. The average internal radius of the
large vesicles prepared by detergent dialysis was
determined from Eu(IIl) entrapment experiments
and was found to be in excellent agreement with
electron microscopy data. This method also re-
vealed that significant quantities of Eu(lll) were
trapped within the bilayer region of the smaller
vesicles during ultrasonication. This resulted in an
excessively high apparent radius as compared to
the corresponding electron micrographs.

The calcium-binding carboxylic ionophores,
lasalocid A and A23187, were successfully incor-
porated into the phospholipid bilayers for the
purpose of demonstrating, via Eu(II) lumines-
cence, the mobile carrier mechanism theory of ion
transport across cell membranes. Direct examina-
tion of ionophore-bound species in the bilayer
indicated the presence of both 1:1 and 1:2
Eu(Ill) /Las complexes. Unlike the situation in
methanol, higher order ionophore complexes do
not appear to exist in the lipid bilayers. The mono
and bis species contain no water molecules in the
inner coordination sphere of Eu(III). The rate of
ionophore-mediated transport of Eu(III) across
the hydrophobic region was quantitatively ob-
served by detecting the time-dependent ap-
pearance of Eu(IIl) in the outer aqueous region.
At low ionophore-to-metal ion ratios (high lipid-
to-ionophore ratios), conditions under which the
1:1 Eu(lll)/Las complex prevailed in the lipid
bilayer, competition between the ionophore and
the phosphatidylcholine head group for Eu(III)
precluded the evaluation of first-order rate con-
stants in vesicle systems prepared by ultrasonica-
tion. Extremely large excess of ionophore (high
concentration of 1:2 Eu(IIT)/Las in bilayer) re-
sulted in transport events that were too rapid to
measure by this technique. Transport experiments
performed with vesicles prepared by detergent di-
alysis yielded linear first-order logarithmic data.
Rate constants at 37 and 62°C were determined
to be 0.018 and 0.11 min !, respectively.

In summary, the transport process was success-
fully monitored by laser-induced Eu(IlI) lumines-

cence under conditions in which the 1:1
Eu(III)/Las species was the only ionophore com-
plex present, and also under conditions where the
1:2 species prevailed. Both species appear able to
transport Bu(III) across the lipid bilayer, the
bis(Las) complex being the more efficient of the
two.
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