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(1) The Mn~ng ~ l ~ o ~ d  A ~ dip~mitoylph~phafidylcboline (DPPC) v e ~ d ~  was sm~ed f o l ~ n g  
changes ~ ~e  ~ i n ~ c  f l u ~ n c e  of ~ ~nopbore. The Mn~ng c~cdafions ~ c ~ e d  a dissociation 
~ommm ~ ~98 ± 1.5 ~M ~ 48°Q i~ ,  above ~e  ~ans~on ~ m p e ~ m ~  (~ )  ~ ~ e  pu~ pbospbolipid, ~ 
a number ~ binding slt~ ~ 1 per 22 ± 2.5 r e d , d e s  ~ phmpboli~& while ~ 23°~  i~ ,  below ~e  ~ ~ the 
pu~ phmpholipi~ the dissoc~fion ~ m ~  ~as ~15 ± ~24 ~M and ~e  rumber ~ Mn~ng ~tes w~ 1 per 
each 29 ± 1~ molecdes of DPPC. (2) Chan t s  ~ the ~ m p e ~  ~duced changes ~ f l u o ~ e n c e  i n t e n ~  
~ hs~o~d A m ~ y  upon ph~e change~ ~d~ating a pro~essi~ d e l e t e  ~ ~e  ~an~fion temperature 
~companied by a broaden~g of ~e  ~an~t~n as ~s~oc~ A c o n t e n t i o n  was ~ e a s e d .  ~)  ~uorescence 
quencMng experiments ~ N-methylnicotinamide ~owed a ~rtain ~ i b i l i ~  ~ ~e  fluompbodc ~oup 
~ the ionopbo~ ~ the aqueom quencbe~ (4) Diffe~nfi~ ~ , n ~ n g  c~orimetry showed ~ ~ e ~ i n g  
concen~afions ~ t ~  A ~ f i ~ l ~  modred the ~ermo~opic pm~e. At concen~atiom Mgher ~an 5 
m~%, a s~ond peak appea~& pos~My due to a iate~l phase ~ e ~ f i o n  ~ l ~ o c i d  A ~ap~ng some 
phospboli~d mdecde~ (5) The ~ s ~  a~  ~te~reted ~ ~rms ~ Hmi~d sdubili~ of ~s~oc~ A ~ ~e  
phosphdi~d ve~de~ ~is sdubili~ b~ng Mgher ~ fl~d than ~ d~d  pbosph~ipi& La~r~ ~ e g a f i o n  
seems to occur ~ t h  formation ~ more than one phas~ At ~ast the s ~  ~ re,due ~ the ~nopho~ 
appe~s to be Ioca~d near the poi~ head ~oup of ~e  ph~pholi~& 

L ~ o o d  A (X537~ ~ s ~ o d ~  is a c ~ b o x ~  
ionophore w~ch has been shown to b~d a ~  
met~ ~ns, ~ k ~ n e  earth met~ ~ns [1,~, rare 
each met~ ~ns [3,~ and ~an~fion met~ ~ns. It 
~ ~nds primary and ~ n d a r y  ammo~um ions 
[1]. 

T ~  m ~  ~ m ~  ~ m ~ f f ~  ~ o o d  

* To whom correspondence shoMd be addressed. 
Abb~viafions: DPPC, ~pNmim~ph~phatid~chN~e; DSQ 
~ff~enfiN ~an~ng cNof im~;  ~,  g d q ~ q ~ c ~ s t N  
phas~anfifion ~mperatur~ 

and its m ~ s  s~ts were early determined by 
means of X-ray crystallography [5-8]. The use of 
las~odd A in experiment~ biology and ~chnol- 
ogy dire~ed attention to the cation complexation 
process Structur~ and kinetics ~udies of sever~ 
metes and biogenic amine complexes of las~odd 
A in nonpolar solvents were carried out by means 
of proton NMR [9-11] and drcular dichroism 
[12]. The conformafion~ dynamics of the iono- 
phore has been ~udied in solven~ of different 
grade of polarity by means of Orcular dichroism 
[131. 

LasNoNd A has been used for ~ud~ng the role 
of cNdum in phyNoloNcN sy~ems [1~15], and 
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the caldum-transpo~ mechanism by the iono- 
phore through phospholipid membranes has been 
studied [16]. 

Howeve~ ~sser at~ntion has been pNd to the 
in~raction of lasNodd A with the su~ounding 
phospholipids. The use of phospholipid ~efides is 
a good approaching m~hod to study this type of 
in~raction. A more detN~d understanding of the 
inmra~ion of lasModd A comp~xes and phos- 
pholipid bilayers would ~ad to an enhancement 
of the ionophore's utility as a research tool as well 
as to pro~de some useful information in connec- 
tion with the subje~ of membrane interactions 
with smN1 hydrophobic molecules. 

It has been shown that the intrinfic fluores- 
cence of the ionophore is due to a sN~yhc add  
refidue which contributes to the complexing centre 
[17], and that the binding of the ionophore to 
membranes can be followed by changes in its 
fluorescence fignN [18]. Its fluorescence has a 
polarity dependence, so that there is an increafing 
quantum yidd with decreafing solvent polarity 
[181. 

We use in this paper the fluorescence of 
las~odd A as a convenient method for examining 
its in f rac t ion  with phospholipid bflayers. We ~so 
use a well-known and no pe~urbing mchnique as 
differenfi~ scanning c~or ime~y (DSC) to de- 
mrmine the influence of l a s~odd  A on the phos- 
pholipid the rmouop~ phase ~an~tion, which is 
another way of studying the in f rac t ion  between 
las~odd  A and the phospholipid bflayers. 

M ~ d ~ s  ~ d  M ~  

D ~ m i ~ p h o ~ h a t i d ~ c h o l i n e  (DPPC) w ~  
obt~ned from ~ u k ~  Buch~ Swi~erlan& LasSo- 
dd  A ~ u m  s~t and N - m ~ h ~ c o t i n a m i d e  w~e  
from ~gma, P o ~  D o ~ ,  U.K. All o ~  ~ -  
agents were of an~yf ic~  grade. Twice ~ s ~ d  
and d~on~ed  water was used in all the experi- 
men t .  

P h o ~ h ~  m i ~ u r ~  w~e  p ~ p a ~ d  by com- 
~nat ion  of c ~ o r o ~ r m  s~utions c o n t ~ n g  ap- 
p ~ p f i ~ e  amoums of p h o ~ h ~  and l~Modd  
A (and the adecua~ a m o u r s  of N - m ~ h ~ c o -  
finamide when n ~ r ~  ~ n g  a c ~ o r o ~ r m  
s ~ m ~ n  wi~  a fin~ v~ume of 50-200 ~1 ~ a 
small test tube. After d~ing  under a ~ o g e n  

~eam, ~ e  sample was then fu~her des~cated 
u n d ~  vacuum during 2-3 h to ~move the last 
traces of the s~vent. The phosphofip~ mixtur~ 
were ~suspended at 75 mM for the c~or im~ric  
measu~men~ and, unl~s o ~ e r w i ~  ~ c ~ e d ,  at 
0.5 mM for the fluorescence measurements in a 
buffer c o n t ~ n g  50 mM KC1/5 mM Tris (pH 
7.3). M~tilamellar veeries were ~ rmed  by care- 
fully mi~ng us~g a brench ~ b r ~ o L  and keeping 
the ~mpera tu~  at 50-55°C (above the m ~n  ~ 
~an~tion ~ m p ~ a t u ~  of DPPC). Mi~ng was 
continued until an homogeneous and u~form sus- 
pension was obt~ned. At the pH of study (7.3) 
t~s  inv~ves the sin~y negativdy charged form of 
l a s s o e d  A comp~x~ed  with lhe monov~ent  cat- 
ions of the buffer [16]. 

S ~ a d ~ e  fluor~cence measu~men~ w~e  
done u~ng a P ~ n - E l m ~  MPF 44B spec~ofluo- 
rim~er.  The exd~ t ion  and emission wavdenphs  
used were 310 and 415 nm, ~specf ivd~ 

Sampl~ for differential ~ a n ~ n g  ca~r im~ry  
measurements, 15 ~1, w~e  ~ e d  ~ sm~l 
Mumi~um pans and scanned in a P ~ n - E l m ~  
DSC-4 ~sWument, u~ng a reference pan con- 
t ~ n ~ g  the buffe~ The heating and coofing ra~s 
w e~  4 K/min .  The range of ~mpera tu~s  ~ u ~ e d  
was from 25 to 55°C. Peak areas were measu~d 
by w~g~ng  paper cu touts  of the peaks. The 
in~rument was c ~ r ~ e d  using i n , u r n  as a 
standard. 

R e s ~  

~luorescence mea~uremen~ 
B~ding of ~ a ~ d  A ~ DPPC v e s t , s .  Fig. la  

shows the uncorrected fluorescence e m ~ o n  spec- 
tra of l as~odd  A (5 ~M) in the presence of 
increa~ng concentrations of DPPC veeries rang- 
ing f o m  0 to 500 ~M at 48°C, i.e., above the T c of 
pure DPPC. The enhancement of fluorescence 
e m ~ o n  that o c c u r  at increa~ng concen~ations 
cf phospholipid is taken to indicate an a~odaf ion  
between the ionophore and the DPPC bflayer~ It 
was reported before [18] that the fluorescence of 
the ionophore has a polarity dependence with 
increa~ng quantum yidd as the solvent polarity 
decreases. Fig. lb  shows the plot of rdafive fluo- 
rescence inten~ty vs. DPPC concentrations for the 
same samples at 48°C, and the inset of Fig. lb  
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Fi~ 1. (a) Uncorrected emission spectra for lasMocid A in the 
presence of increasing concen~ations of DPPC, ran~ng from 0 
to 500 #M (#M DPPC concentrations appear on the curves), 
at 48°C. Each experiment co~sponds to a different vefide 
preparation. Binding experiments were carried out in a buffer 
containing 50 mM KC1 and 5 mM Tfis (pH 7.3) and with a 
lasalocid A concentration of 5 #M. (b) Plot of lasalocid A 
fluorescence vs. increafing concentrations of DPPC at 48°C. 
The inset of Fi& lb shows the double redproc~ plot of 
fluorescence, l/F, vs. the tot~ DPPC concentration in the 
vefide suspenfion, in #M-~. 

shows the redprocM of the fluorescence enhance- 
ment agMn~ the reciprocM of the DPPC con- 
centration at this temperature. A s~Mght ~ne was 
obtMned ~om the double redprocM plot which 
was ex~apolated to cMculate the y-intercepL and 
from this the lasModd A fluorescence enhance- 
ment, when all the ionophore present in these 
samples (5 ~M) is bound to the DPPC ve~de~ 
was estimated [19]. In a ~milar wa~ the lasalo~d 
A fluorescence enhancement when all the iono- 
phore ~ bound to the DPPC veeries at 23°C, was 
esfima~d (data not shown). A Scatchard anMysis 
[20] was performed on the binding of lasModd A 
~anging ~om 0 to 125 ~M) to DPPC veMdes (500 
~M) at 48 and 23°C, i.e., above and bdow the T~ 
of the pure DPPC. The resul~ are plotted in Fig. 
2, where ~ represents the concentration of lasMo- 
d d  A bound to DPPC veMdes vs. the concentra- 
tion of DPPC veeries and c represents the con- 
centration of lasalo~d A free. The resul~ show 
that at 48°C, i.e., above the T~ of pure DPPC, the 
number of binding sites ~ n = (45.2 ± 5). 10 -3 
(#M/~M) ,  which means that approx, one mole- 
cule of lasModd A binds per 22 ± 2.5 DPPC mole- 
cules, with a di~o~at ion constant (Kd) of 6.98 ± 
1.5 ~M. At 23°C, i.e., bdow T~ of pure DPPC, K d 
was found to be equM to 9.15 ± 0.24 ~M with a 
maximum binding of 1.29 ± 1.6 l a sMood /DPPC 
molar ratio. 

The influence of ~mperature on fluorescence in- 
wnMty. Fig. 3 shows changes in the fluorescence 
intensity of increasing concentrations of lasalodd 
A in~rcMated into bilayers of DPPC, as a func- 
tion of temperature. Samples were heated from 25 
to 50°C. It was observed that fluorescence inten- 
~ty decreased uniformly as ~mperature increased 
until reaching a temperature at which a sharp 
fluorescence enhancement occurred, and agMn the 
fluorescence intenMty decreased as the temper  
ature increased. The temperature at which the 
fluorescence i n a n i t y  enhancement took place was 
~eady  dependent on the ~ s ~ o d d  A concentra- 
tion: this temperature decreased as the lasModd A 
concentration increased, and ranged from approx. 
41°C for the sample with the Mast lasModd (a 
DPPC/ IasMood  A molar ratio of 100 : 1) to about 
33°C for the sample with more in~rcMated 
lasModd A (a DPPC/ lasModd  A molar ratio of 
2 : 1). Therefore as the lasMocid A concen~ation is 
increased the ~anMfion temperature remarkably 
goes down with respect to T¢ of the pure DPPC 
(41°C). It is wo~hwhile to observe that not only 
the fluorescence enhancement temperature is 
lower, but Mso this enhancement is larger when 
the lasModd A concen~afion ~ increased. 

Quenching of lasalocid A fluorescence by N- 
methylnicotinarnide. 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 veficles (500 #M), where ~= [lasalocid 
A]bound/[DPPC], and c= [lasalocid A]t~. Each point repre- 
sents the average of three different experimen~ and the bars 
represent the standard deviation. @, 48°C; B, 23°C. 
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Fig. 3. Fluorescence i n a n i t y  of ~ncreafing concentrations of 
h s ~ o c ~  A in~rcM~ed into DPPC bilayers (0.5 mM) vs. 
~mperatur~ Mdar  DPPC/hsa lood  A ratios are indica~d on 
the curves. 

into DPPC bilayers are quenched by this agent. 
The quenching constants for the ionophore 0.e. 
the ~ope of the Stern-Volmer plo0 were 0.8 and 
0.6 M ~ for the DPPC bflaye~bound lasalocid A 
at 23 and 48°C, respecfiv~y (i.e., above and below 
T~ of the phospholipid); for these temperatures the 
constants are a factor of respectivdy 7 and 9.5 
lower than that of the lasalocid A in aqueous 
solution (5.7 M ~). 

D S C  measuremen~  

Fi~ 5 shows the heating and colling DSC 

_0.3 ~ 

~0.2 

~o.] 

o 
I I I I I I 

0 ~03 ~06 &09 ~2 ~5 
[ ~ . , ~ . , i  . . . .  ~ M 

~ 4. ~ e ~ - V ~ m e r  ~ m  ~ r  the quenc~ng ~ Me ~s~o~d  A 
fluorescence by N - m e M ~ c o f i n a ~ .  Sam~es ~ r  quenc~ng 
experimen~ were prepared mi~ng cMoro~rm s~ufions of 
D P P ~  MsM~M A and ~ m e M ~ c o ~ a ~ ,  and veMdes 
were fo rm~ as M&cmed M Me section of M ~ h o ~ .  Each 
p ~ m  ~ Me p ~  co~esponds to a dif~rent ve rde  preparm~n. 
DPPC and MsM~M A concen~afions were ~5 mM and 5 #M, 
r e s p ~ t ~ .  &, quenc~ng of MsMood A fluorescence in ~ u e -  
ous s o l , o n ;  quenc~ng of MsM~M A fluorescence ~ v  
cMa~d in DPPC MMyers at 23°C ( ~  and 48~C (~ .  
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Fig. 5. DSC cMorim~ric profile for the Mermotro~gel- to-  
liq~d-crystal phase ~an~tion for pure DPPC and DPPC/  
MsMocM A sy~em~ DPPC concentration was 75 mM and the 
m~ar  DPPC/lasModd A rM~s a ~  ~ c a ~ d  on the curves. ~)  
Heating experiments; (b) cooling experiments. 

calorimetric profile of the thermotropic gd-to- 
liquid crystalline ~anfition 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 blurting of the 
pretransition and a broadening plus decreafing in 
height of the main ~anfifion peak (molar D P P C /  
lasalocid ratios of 50 : 1 and 20 : 1 sample~. With 
increafing proportion of lasalocid A in the brayer  
the profile of the thermo~opic tranfition becomes 
more complex, giving rise to a new peak at tem- 
peratures lower than the T c of pure DPPC, while 
the main transRion peak progresfively decreased 
(in the DPPC/lasalocid molar ratio of 10:1 a 
shoulder is also present at a temperature higher 
than T~). 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/ la sa lodd  ratios of 4 : 1 
and 2 : 1) only one peak appeared at intermediate 
temperature at which the two heating curves peaks 
were locafized. 

Fig. 6 shows the values of A H for the thermo- 
tropic transition of DPPC vs. the molar lasalocid 
A / D P P C  ratios. For pure DPPC AH was esti- 
mated to be of 35.6 k J/ tool .  It can be observed 
that the increasing concentrations of lasalodd into 
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Fi~ 6. AH for the gel-to-~quid-crystal phase transition for 
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the bilayer have the effect of decreasing AH of the 
DPPC ~anfition bong  the v~ue of AH for the 
most concentrated samp~ (molar lasMood A /  
DPPC ratio of 0.5) of 23.0 and 13.8 kJ /mol  for 
the heating and cooling experiment~ respectivA~ 

D~cuss ion 

The intrinfic fluorescence prope~ies of lasSo- 
d d  A may be exploited to g~n information about 
its location in phospholipid membranes. 

The experiments reposed above allow the 
c~culation of the binding paramete~ of the iono- 
phore to DPPC ~posomes, showing that the bind- 
ing is slightly favoured when the membrane is 
fluid, fince above T~ the Kd v~ue ~ lower and the 
n v~ue is higher than bAow T~. 

The presence of las~odd A may pe~urb the 
phospholipid phase ~anfition as seen both in 
changes in fluorescence intenfity with temperature 
and DSC experiment .  Both types of technique 
closely agree in showing that T c decreases as more 
las~odd  A is included in the membrane so that it 
~ as low as 32°C (fluorescence) or 31°C (DSC) 
for a DPPC/ la s~oc id  A molar ratio of 2.1. DSC 
is somehow more predse than fluorescence inten- 
fity measurements, fince it de~cts different ~anfi- 
tions that probably arise from different phases. 

This phase separation is sugges~d by the ap- 
pearance of two peaks in the ~anfition profile, at 
DPPC/ l a sa lood  A molar ratios lower than 20 : 1. 
It has to be remembered here that as concluded 
above from changes upon fluorescence binding 
measurement ,  the maximum molar ratio that 
could be achieved is 22 : 1 D P P C / l a s ~ o d d .  These 
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resul~ probably mean that l a s~ood  A in exce~ of 
this concentration segregates in the plane of the 
membran~ possibly ~apping some phospholipids 
and hence generating the peak of the c~orimetric 
profile that mats  at lower temperature. Similar 
resul~ obt~ned from DSC experimen~ made on 
mixtures of cannabinoic drugs and DPPC were 
given a fimilar explanation [21]. On the other 
hand the peak with a higher mat ing temperature 
probably arises from the effect of the hsa lood  A 
dispersed on the bulk phospholipid, so that the 
~anfition of this phase ~so occurs at ~mpera- 
tures lower than the one corresponding to pure 
DPPC. According to the examples shown by J~n  
and Wu [22], a shift in the temperature of the 
~anfition peak may be in~rpre~d  as an interac- 
tion of the molecule with the polar head group of 
the phospholipid. 

Neve~hAes~ the effects seen in the c~orimet- 
ric experiments obt~ned at very high phospholi- 
p i d / l a s ~ o d d  A ratios ( 9 2 0 :  1) might not be 
particularly rAevant to the norm~ interactions of 
l a s~odd  A with membranes, fince las~odd  A is 
active in b~ayers at very low concentrations. 

The phase ~anfition produces an increase in 
the in~nfi ty of the intfinfic fluorescence of 
lasalood A and this may be due, at ~ast  partiall~ 
to the higher solubility of l as~odd  A in fluid than 
in rigid DPPC, as discussed abov~ ~though an 
increase in the las~odd  A quantum yiAd during 
the ~anfifion interv~ of mmperatures may be not 
excluded. 

The fact that the ampfitude of the fluorescence 
change at the main ~anfition markedly increases 
as the ionophor~to-fipid ratio increases (Fig. 3) 
might be a~ributed in pr indp~,  to Ather a sA~ 
quenching of fluorescence or to an enhancement 
of fluorescence at high loc~ concen~ations of 
ionophore that begin to come into play as the levA 
of ionophore in the b i a y e ~  increase~ Howeve~ 
we favor the first posfibihty, fince we observed 
sel~quenching of fluorescence in ethanofic solu- 
tions of h s ~ o o d  A when comparing the fluores- 
cence in~nfi ty of solutions with h s ~ o o d  A con- 
centrations ranging b~ween 0.36 and 23 mM (re- 
sults not shown). 

Finall~ the fluorescence quenching experi- 
ments indicate that at ~ast  the fluorophoric ring 
of lasalocid A is f i tua~d at the aqueous in~fface 
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of the outer monolayer, fince this quencher may 
not pen~ra~ into the hydrophob~ core of pho~ 
pholipid vesicles [23]. The fact that a higher v~ue 
for KQ was  found for the quenching experiments 
performed bdow T~ for those above T c may reflect 
a change in l o c ~ a t i o n  of the ionophore b~ng 
more hidden to N-m~hylnicofinamide when the 
phospholipid ~ fluid. 

In condufio~ our fluorescence and DSC ex- 
periments indicate a fimi~d solubility of lassoed  
A in DPPC vefide~ forming separate phases at 
very high concen~ation~ and that the l oc~a f ion  
of las~odd A in the membrane allows lhe s a l i c ~  
a~d re,due to be fituated near the interface of the 
outer h~f of the bilayer with the aqueous en~ron- 
ment, wilh the hs~o~d  A molecule somehow 
in~racfing with the polar head group of DPPC. 
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