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(1) The binding of lasalocid A to dipalmitoylphosphatidylcholine (DPPC) vesicles was studied following
changes in the intrinsic fluorescence of this ionophore. The binding calculations indicated a dissociation
constant of 6.98 + 1.5 uM at 48°C, i.e., above the transition temperature (7,) of the pure phospholipid, with
a number of binding sites of 1 per 22 + 2.5 molecules of phospholipid, while at 23°C, i.e., below the T, of the
pure phospholipid, the dissociation constant was 9.15 + 0.24 pM and the number of binding sites was 1 per
each 29 1+ 1.6 molecules of DPPC. (2) Changes in the temperature induced changes in fluorescence intensity
of lasalocid A mainly upon phase changes, indicating a progressive decrease in the transition temperature
accompanied by a broadening of the transition as lasalocid A concentration was increased. (3) Fluorescence
quenching experiments with N-methylnicotinamide showed a certain accessibility of the fluorophoric group
of the ionophore to the aqueous quencher. (4) Differential scanning calorimetry showed that increasing
concentrations of lasalocid A drastically modified the thermotropic profile. At concentrations higher than 5
mol%, a second peak appeared, possibly due to a lateral phase segregation of lasalocid A trapping some
phospholipid molecules. (5) The results are interpreted in terms of limited solubility of lasalocid A in the
phospholipid vesicles, this solubility being higher in fluid than in rigid phospholipid. Lateral segregation
seems to occur with formation of more than one phase. At least the salicylic acid residue of the ionophore
appears to be located near the polar head group of the phospholipid.

Introduction and its metals salts were early determined by

means of X-ray crystallography [5-8]. The use of

Lasalocid A (X537A, lasalocid) is a carboxylic
ionophore which has been shown to bind alkali
metal ions, alkaline earth metal ions [1,2], rare
earth metal ions [3,4] and transition metal ions. It
also binds primary and secondary ammonium ions
[1].

The molecular structures of metal-free lasalocid

* To whom correspondence should be addressed.
Abbreviations: DPPC, dipalmitoylphosphatidylcholine; DSC,
differential scanning calorimetry; T, gel-to-liquid-crystal
phase-transition temperature.

lasalocid A in experimental biology and technol-
ogy directed attention to the cation complexation
process. Structural and kinetics studies of several
metals and biogenic amine complexes of lasalocid
A in nonpolar solvents were carried out by means
of proton NMR [9-11] and circular dichroism
[12]. The conformational dynamics of the iono-
phore has been studied in solvents of different
grade of polarity by means of circular dichroism
[13].

Lasalocid A has been used for studying the role
of calcium in physiological systems [14,15], and
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the calcium-transport mechanism by the iono-
phore through phospholipid membranes has been
studied [16].

However, lesser attention has been paid to the
interaction of lasalocid A with the surrounding
phospholipids. The use of phospholipid vesicles is
a good approaching method to study this type of
interaction. A more detailed understanding of the
interaction of lasalocid A complexes and phos-
pholipid bilayers would lead to an enhancement
of the ionophore’s utility as a research tool as well
as to provide some useful information in connec-
tion with the subject of membrane interactions
with small hydrophobic molecules.

It has been shown that the intrinsic fluores-
cence of the ionophore is due to a salicylic acid
residue which contributes to the complexing centre
[17], and that the binding of the ionophore to
membranes can be followed by changes in its
fluorescence signal [18]. Its fluorescence has a
polarity dependence, so that there is an increasing
quantum vyield with decreasing solvent polarity
[18].

We use in this paper the fluorescence of
lasalocid A as a convenient method for examining
its interaction with phospholipid bilayers. We also
use a well-known and no perturbing technique as
differential scanning calorimetry (DSC) to de-
termine the influence of lasalocid A on the phos-
pholipid thermotropic phase transition, which is
another way of studying the interaction between
lasalocid A and the phospholipid bilayers.

Materials and Methods

Dipalmitoylphosphatidylcholine (DPPC) was
obtained from Fluka, Buchs, Switzerland. Lasalo-
cid A sodium salt and N-methylnicotinamide were
from Sigma, Poole, Dorset, UK. All other re-
agents were of analytical grade. Twice distilled
and deionized water was used in all the experi-
ments.

Phospholipid mixtures were prepared by com-
bination of chloroform solutions containing ap-
propriate amounts of phospholipid and lasalocid
A (and the adecuate amounts of N-methylnico-
tinamide when necessary) giving a chloroform
solution with a final volume of 50-200 ul in a
small test tube. After drying under a nitrogen

steam, the sample was then further dessicated
under vacuum during 2-3 h to remove the last
traces of the solvent. The phospholipid mixtures
were resuspended at 75 mM for the calorimetric
measurements and, unless otherwise indicated, at
0.5 mM for the fluorescence measurements in a
buffer containing 50 mM KCl1/5 mM Tris (pH
7.3). Multilamellar vesicles were formed by care-
fully mixing using a brench vibrator, and keeping
the temperature at 50-55°C (above the main T
transition temperature of DPPC). Mixing was
continued until an homogeneous and uniform sus-
pension was obtained. At the pH of study (7.3)
this involves the singly negatively charged form of
lasalocid A complexated with the monovalent cat-
ions of the buffer [16].

Steady-state fluorescence measurements were
done using a Perkin-Elmer MPF 44B spectrofluo-
rimeter. The excitation and emission wavelengths
used were 310 and 415 nm, respectively.

Samples for differential scanning calorimetry
measurements, 15 upl, were sealed in small
aluminium pans and scanned in a Perkin-Elmer
DSC-4 instrument, using a reference pan con-
taining the buffer. The heating and cooling rates
were 4 K /min. The range of temperatures studied
was from 25 to 55°C. Peak areas were measured
by weighing paper cut-outs of the peaks. The
instrument was calibrated using indium as a
standard.

Results

Fluorescence measurements

Binding of lasalocid A to DPPC vesicles . Fig. 1a
shows the uncorrected fluorescence emission spec-
tra of lasalocid A (5 uM) in the presence of
increasing concentrations of DPPC vesicles rang-
ing from 0 to 500 uM at 48°C, i.e., above the T of
pure DPPC. The enhancement of fluorescence
emission that occurs at increasing concentrations
of phospholipid is taken to indicate an association
between the ionophore and the DPPC bilayers. It
was reported before [18] that the fluorescence of
the ionophore has a polarity dependence with
increasing quantum yield as the solvent polarity
decreases. Fig. 1b shows the plot of relative fluo-
rescence intensity vs. DPPC concentrations for the
same samples at 48°C, and the inset of Fig. 1b
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Fig. 1. (a) Uncorrected emission spectra for lasalocid A in the
presence of increasing concentrations of DPPC, ranging from 0
to 500 puM (uM DPPC concentrations appear on the curves),
at 48°C. Each experiment corrsponds to a different vesicle
preparation. Binding experiments were carried out in a buffer
containing 50 mM KCl and 5 mM Tris (pH 7.3) and with a
lasalocid A concentration of S uM. (b) Plot of lasalocid A
fluorescence vs. increasing concentrations of DPPC at 48°C.
The inset of Fig. 1b shows the double reciprocal plot of
fluorescence, 1/F, vs. the total DPPC concentration in the
vesicle suspension, in uM ™1,

shows the reciprocal of the fluorescence enhance-
ment against the reciprocal of the DPPC con-
centration at this temperature. A straight line was
obtained from the double reciprocal plot which
was extrapolated to calculate the y-intercept, and
from this the lasalocid A fluorescence enhance-
ment, when all the ionophore present in these
samples (5 puM) is bound to the DPPC vesicles,
was estimated [19). In a similar way, the lasalocid
A fluorescence enhancement when all the iono-
phore is bound to the DPPC vesicles at 23°C, was
estimated (data not shown). A Scatchard analysis
[20] was performed on the binding of lasalocid A
(ranging from 0 to 125 uM) to DPPC vesicles (500
M) at 48 and 23°C, i.e., above and below the T
of the pure DPPC. The results are plotted in Fig.
2, where » represents the concentration of lasalo-
cid A bound to DPPC vesicles vs. the concentra-
tion of DPPC vesicles and ¢ represents the con-
centration of lasalocid A free. The results show
that at 48°C, i.e., above the T, of pure DPPC, the
number of binding sites is n=(452+5)-1073
(pM /uM), which means that approx. one mole-
cule of lasalocid A binds per 22 + 2.5 DPPC mole-
cules, with a dissociation constant (K4) of 6.98 +
1.5 puM. At 23°C, i.e., below T, of pure DPPC, K,
was found to be equal to 9.15 + 0.24 uM with a
maximum binding of 1.29 + 1.6 lasalocid / DPPC
molar ratio.
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The influence of temperature on fluorescence in-
tensity. Fig. 3 shows changes in the fluorescence
intensity of increasing concentrations of lasalocid
A intercalated into bilayers of DPPC, as a func-
tion of temperature. Samples were heated from 25
to 50°C. It was observed that fluorescence inten-
sity decreased uniformly as temperature increased
until reaching a temperature at which a sharp
fluorescence enhancement occurred, and again the
fluorescence intensity decreased as the temper-
ature increased. The temperature at which the
fluorescence intensity enhancement took place was
clearly dependent on the lasalocid A concentra-
tion: this temperature decreased as the lasalocid A
concentration increased, and ranged from approx.
41°C for the sample with the least lasalocid (a
DPPC /lasalocid A molar ratio of 100: 1) to about
33°C for the sample with more intercalated
lasalocid A (a DPPC/lasalocid A molar ratio of
2:1). Therefore as the lasalocid A concentration is
increased the transition temperature remarkably
goes down with respect to T, of the pure DPPC
(41°C). It is worthwhile to observe that not only
the fluorescence enhancement temperature is
lower, but also this enhancement is larger when
the lasalocid A concentration is increased.

Quenching of lasalocid A fluorescence by N-
methylnicotinamide. Stern-volmer plots for the
quenching of lasalocid A fluorescence by N-meth-
ylnicotinamide (Fig. 4) show that both lasalocid A
in aqueous solution and lasalocid A incorporated
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Fig. 2. Scatchard plot for the binding of lasalocid A (0-125
M) to DPPC vesicles (500 uM), where » = [lasalocid
Alpound /[DPPC], and ¢ = [lasalocid A],... Each point repre-
sents the average of three different experiments and the bars
represent the standard deviation. @, 48°C; m, 23°C.
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Fig. 3. Fluorescence intensity of increasing concentrations of
lasalocid A intercalated into DPPC bilayers (0.5 mM) vs.
temperature. Molar DPPC /lasalocid A ratios are indicated on
the curves.

into DPPC bilayers are quenched by this agent.
The quenching constants for the ionophore (i.e.
the slope of the Stern-Volmer plot) were 0.8 and
0.6 M~ for the DPPC bilayer-bound lasalocid A
at 23 and 48°C, respectively (i.e., above and below
T of the phospholipid); for these temperatures the
constants are a factor of respectively 7 and 9.5
lower than that of the lasalocid A in aqueous
solution (5.7 M 1).

DSC measurements
Fig. 5 shows the heating and colling DSC
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Fig. 4. Stern-Volmer plot for the quenching of the lasalocid A
fluorescence by N-methylnicotinamide. Samples for quenching
experiments were prepared mixing chloroform solutions of
DPPC, lasalocid A and N-methylnicotinamide, and vesicles
were formed as indicated in the section of Methods. Each
point of the plot corresponds to a different vesicle preparation.
DPPC and lasalocid A concentrations were 0.5 mM and S uM,
respectively. a, quenching of lasalocid A fluorescence in aque-
ous solution; quenching of lasalocid A fluorescence inter-
calated in DPPC bilayers at 23°C (@) and 48°C (®).
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Fig. 5. DSC calorimetric profile for the thermotropic-gel-to-
liquid-crystal phase transition for pure DPPC and DPPC/
lasalocid A systems. DPPC concentration was 75 mM and the
molar DPPC /lasalocid A ratios are indicated on the curves. (a)
Heating experiments; (b) cooling experiments.

calorimetric profile of the thermotropic gel-to-
liquid crystalline transition of DPPC and those of
DPPC:lasalocid A mixtures with increasing con-
centrations of ionophore. Heating curves (Fig. 5a)
revealed that the presence of increasing concentra-
tions of lasalocid A produced a blurring of the
pretransition and a broadening plus decreasing in
height of the main transition peak (molar DPPC/
lasalocid ratios of 50:1 and 20:1 samples). With
increasing proportion of lasalocid A in the bilayer
the profile of the thermotropic transition becomes
more complex, giving rise to a new peak at tem-
peratures lower than the T of pure DPPC, while
the main transition peak progressively decreased
(in the DPPC /lasalocid molar ratio of 10:1 a
shoulder is also present at a temperature higher
than 7). The cooling curves (Fig. 5b) were sym-
metrical with the corresponding heating ones, ex-
cept by the normal hysteresis and by the observa-
tion that in the samples most concentrated in
lasalocid A (molar DPPC /lasalocid ratios of 4:1
and 2:1) only one peak appeared at intermediate
temperature at which the two heating curves peaks
were localized.

Fig. 6 shows the values of AH for the thermo-
tropic transition of DPPC vs. the molar lasalocid
A /DPPC ratios. For pure DPPC AH was esti-
mated to be of 35.6 kJ/mol. It can be observed
that the increasing concentrations of lasalocid into
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Fig. 6. AH for the gel-to-liquid-crystal phase transition for
systems containing different molar lasalocid A /DPPC ratios.
B, heating experiments; @, cooling experiments.

the bilayer have the effect of decreasing A H of the
DPPC transition being the value of AH for the
most concentrated sample (molar lasalocid A/
DPPC ratio of 0.5) of 23.0 and 13.8 kJ/mol for
the heating and cooling experiments, respectively.

Discussion

The intrinsic fluorescence properties of lasalo-
cid A may be exploited to gain information about
its location in phospholipid membranes.

The experiments reported above allow the
calculation of the binding parameters of the iono-
phore to DPPC liposomes, showing that the bind-
ing is slightly favoured when the membrane is
fluid, since above T, the K, value is lower and the
n value is higher than below 7.

The presence of lasalocid A may perturb the
phospholipid phase transition as seen both in
changes in fluorescence intensity with temperature
and DSC experiments. Both types of technique
closely agree in showing that 7, decreases as more
lasalocid A is included in the membrane so that it
is as low as 32°C (fluorescence) or 31°C (DSC)
for a DPPC/lasalocid A molar ratio of 2.1. DSC
is somehow more precise than fluorescence inten-
sity measurements, since it detects different transi-
tions that probably arise from different phases.

This phase separation is suggested by the ap-
pearance of two peaks in the transition profile, at
DPPC/lasalocid A molar ratios lower than 20: 1.
It has to be remembered here that as concluded
above from changes upon fluorescence binding
measurements, the maximum molar ratio that
could be achieved is 22 :1 DPPC /lasalocid. These
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results probably mean that lasalocid A in excess of
this concentration segregates in the plane of the
membrane, possibly trapping some phospholipids
and hence generating the peak of the calorimetric
profile that melts at lower temperature. Similar
results obtained from DSC experiments made on
mixtures of cannabinoic drugs and DPPC were
given a similar explanation [21]. On the other
hand the peak with a higher melting temperature
probably arises from the effect of the lasalocid A
dispersed on the bulk phospholipid, so that the
transition of this phase also occurs at tempera-
tures lower than the one corresponding to pure
DPPC. According to the examples shown by Jain
and Wu [22], a shift in the temperature of the
transition peak may be interpreted as an interac-
tion of the molecule with the polar head group of
the phospholipid.

Nevertheless, the effects seen in the calorimet-
ric experiments obtained at very high phospholi-
pid/lasalocid A ratios (>20:1) might not be
particularly relevant to the normal interactions of
lasalocid A with membranes, since lasalocid A is
active in bilayers at very low concentrations.

The phase transition produces an increase in
the intensity of the intrinsic fluorescence of
lasalocid A and this may be due, at least partially,
to the higher solubility of lasalocid A in fluid than
in rigid DPPC, as discussed above, although an
increase in the lasalocid A quantum yield during
the transition interval of temperatures may be not
excluded.

The fact that the amplitude of the fluorescence
change at the main transition markedly increases
as the ionophore-to-lipid ratio increases (Fig. 3)
might be attributed in principle, to either a self-
quenching of fluorescence or to an enhancement
of fluorescence at high local concentrations of
ionophore that begin to come into play as the level
of ionophore in the bilayers increases. However,
we favor the first possibility, since we observed
self-quenching of fluorescence in ethanolic solu-
tions of lasalocid A when comparing the fluores-
cence intensity of solutions with lasalocid A con-
centrations ranging between 0.36 and 23 mM (re-
sults not shown).

Finally, the fluorescence quenching experi-
ments indicate that at least the fluorophoric ring
of lasalocid A is situated at the aqueous interface
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of the outer monolayer, since this quencher may
not penetrate into the hydrophobic core of phos-
pholipid vesicles [23]. The fact that a higher value
for Ky was found for the quenching experiments
performed below 7, for those above T, may reflect
a change in localization of the ionophore being
more hidden to N-methylnicotinamide when the
phospholipid is fluid.

In conclusion, our fluorescence and DSC ex-
periments indicate a limited solubility of lasalocid
A in DPPC vesicles, forming separate phases at
very high concentrations, and that the localization
of lasalocid A in the membrane allows the salicylic
acid residue to be situated near the interface of the
outer half of the bilayer with the aqueous environ-
ment, with the lasalocid A molecule somehow
interacting with the polar head group of DPPC.
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