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The adsorption of manganous ions to dipaimitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidyl- 
ethanolamine (DPPE) and spbingomyelin in water dispersions was studied by using ESR spectrometry. The 
adsorption to phospholipids with phosphorylcholine polar headgroups was found to be greater in the gel phase 
than in the liquid-crystalline phase. The change of adsorption at the main phase transition of these lipids can 
be described by the Gouy-Chapman theory of the diffuse double-layer. Only a low adsorption without any 
abrupt change at the main phase transition was observed for DPPE. Cholesterol decreased the adsorption to 
DPPC and sphingomyelin in the gel phase. From our results, a conclusion can be drawn that the adsorption 
of manganous ions to zwitterionic phospholipids is determined both by intermolecular interactions of their 
polar beadgroups and by the state of their aliphatic chains. 

Introduction 

Divalent cations influence the properties of bio- 
logical membranes in many ways. Though a num- 
ber of their effects may be caused by specific 
interactions with membrane proteins, some of their 
effects may originate from more general interac- 
tions with the phospholipid part of the membrane 
surface. 

In recent years, the properties of phospholipid 
bilayers and monolayers have been widely studied, 
but yet there remains much uncertainty about the 
precise mechanisms of their interactions with ions. 
The generally recognized arrangement of phos- 
pholipids as bilayers with polar headgroups ori- 
ented at the l ip id/water  interface means that an 
electrostatic field will extend out into the sur- 

Abbreviations: DPPC, dipalrnitoylphosphatidylcholine; DPPE, 
dipalmitoylphosphatidylethanolamine. 
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rounding water. The simplest treatment of interac- 
tions of ions with such surfaces is the Gouy-Chap- 
man theory of the diffuse double-layer supple- 
mented by the Stern equations [1]. McLaughlin 
and co-workers [2-4] experimentally confirmed the 
relevance of this theory for description of ion 
binding and ~'-potentials when several monovalent 
and divalent ions adsorbed to some anionic and 
zwitterionic phospholipids. A similar conclusion 
was reached by Puskin and Coene [5] who ex- 
amined the adsorption of manganous ions to 
anionic phospholipids, though some difficulties re- 
main. 

In the present paper, we examine the interac- 
tion of divalent manganous ions with water disper- 
sions of zwitterionic phospholipids, phosphati- 
dylcholine, phosphatidylethanolamine, sphingo- 
myelin, and their mixtures with cholesterol, as a 
function of temperature. Manganese-phospholipid 
association was determined by ESR spectrometry. 
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Materials and Methods 

Dipalmitoyl-L-a-phosphatidylcholine (DPPC), 
dipalmitoyl-L-a-phosphatidylethanolamine 
(DPPE), and bovine sphingomyelin were purchased 
from P-L Biochemicals, and since they yielded 
only a single spot in one-dimensional thin-layer 
chromatography in ch lo ro fo rm/methano l /wa te r  
(65 : 25 : 4), they were used without further purifi- 
cation. Cholesterol was purchased from Merck, 
Darmstadt.  All lipids were stored dry in the dark 
at - 2 0 ° C .  MnC12 of analytical grade was ob- 
tained from Labora, n.p. 

Water dispersions of phospholipids were pre- 
pared as follows. A chloroform solution of the 
lipid was dried down under vacuum. Then it was 
transferred into a capillary with an inner diameter 
of 2.5 mm. Traces of the solvent were removed by 
pumping in a high vacuum for about 1 h. The 
proper aqueous solution of MnCI 2 was added into 
each capillary, which was immediately sealed. Be- 
fore measurements, each sample was sonicated 
with an ultrasonic generator at 20 kHz for 20 min 
in a water-bath at temperatures slightly higher 
than the main phase transition temperature of the 
lipid. The generator was tuned to give the maxi- 
mum cavitation. Then the samples were recycled 
from - 2 0  to + 60°C for several times. 

ESR measurements were performed on an X- 
band spectrometer constructed by Dipl.-Ing. Stefan 
Surka at the Department of Experimental Physics 
at the Faculty of Mathematics and Physics of the 
Komensky University. Each spectrum in the tem- 
perature interval 25-80°C was determined relative 
to a standard solution of MnC12 in water. The 
temperature was monitored with a digital milli- 
voltmeter N R  30 in conjunction with a thermocou- 
pie taped to the sample tube. Accuracy in temper- 
ature readings was _+0.5°C. Samples and stan- 
dards were always equilibrated for 10 min before 
measurements were carried out. Each value was 
determined as an average of three measurements. 

The association of manganous ions with phos- 
pholipids was determined by ESR spectrometry. 
Mn 2+ have a 3d 5 electron configuration and in a 
water solution, they exist as high-spin complexes 
with five unpaired electrons, the resultant electron 
spin being S = 5/2 .  It can be shown [6,7] that the 
zero-field-splitting relaxation leads to three Lo- 

rentzian lines representing the I_+ 5 / 2 )  ~ [_+ 3/2), 
]_+ 3 /2 )  ~ [ +  1 /2 ) ,  and ] -  1 /2 )  ~ ]+ 1 /2 )  tran- 
sitions. 

The 55 Mn possesses a nuclear spin I = 5/2,  and 
the electron-nuclear spin interaction results in 
splitting of the above-mentioned three lines into 
six hyperfine lines. For aquated manganous ions, 
the zero-field-splitting is very small as compared 
to the hyperfine splitting. The three zero-field lines 
will overlap and we can monitor only six hyperfine 
lines with a width of about 0.0025 T at a room 
temperature (Fig. 1), each of which is a superposi- 
tion of the three Lorentzian lines, having in gen- 
eral different widths and intensities. 

In a water solution, the Mn 2+ exist as 
hexaquo-complexes [Mn(H20)6] 2+ with an oc- 
tahedral symmetry. If the precise geometry of such 
a hexaquo-ion is perturbed by binding to a ligand, 
the zero-field-splitting becomes more complicated. 
New absorptions and greater splittings of energy 
levels may arise. Apart  from new absorptions, it 
leads to a greater splitting of the overlapping 
zero-field lines resulting in a broadening of the 
hyperfine lines up to approx. 0.1 T. Practically, it 
means that the spectrum of bound manganous 
ions will not be detectable under conditions for 
monitoring the spectrum of free manganous ions. 
For complexing of Mn 2+ with zwitterionic phos- 
pholipids, this broadening is not so dramatic, the 
linewidths being about 0.01 T [8], but this is 
sufficient to make the spectrum of those with 
phospholipid-associated ions vanish in conditions 
for detecting free hexaquo-ions (Fig. 2). 

It wa~ found that intensities of characteristic 
ESR signals of free manganous ions are linear 
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Fig. 1. ESR spectrum of 0.01 M MnC12 m water at 25°C. 
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Fig. 2. ESR spectrum of 0.01 M MnCI 2 in 
DPPC (1.43 M) at 25°C. 
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functions of their concentration in the range 
(10-3_10 2) M [9]: 

I ( A B )  2 = k,[Mn 2+ ]f (1) 

w h e r e  [ M n 2 + ] f  is the concentration of free 
manganous ions and k~ is a constant. As an inten- 
sity characterizing parameter we used the expres- 
sion I (AB) 2, where I is the amplitude and AB the 
width of the fourth spectral line. The intensity of 
the fourth line measured in this way is in general 
the average of all six lines [10]. 

Manganese-phospholipid association was char- 
acterized by an apparent association constant Ka 
defined as: 

K, = K i exp{ - 2eq~° 
* r  j (2) 

where q~0 is the electrostatic potential at the l ip id/  
water interface, K~ is the intrinsic association con- 
stant which does not depend on the potential '~0, T 
is the absolute temperature, k is the Boltzman 
constant, e is the electronic charge. The association 
constant was estimated from the ratio of bound 
and free manganous ions [11-13]: 

fl[ Mn2+ ]b 
K° (3) 

[Mn 2+ It[P]0 

where [ M n 2 + ] b  and [Mn:+]f are concentrations of 
bound and free ions, respectively, [P]0 is the total 
phospholipid concentration and/3 is a factor tak- 
ing into account the stoichiometry and the fraction 
of phospholipid headgroups accessible to Mn 2+. 
Intensities of spectral lines in the presence of 
phospholipids were calibrated by using standard 
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water solutions of MnC12 at all temperatures. From 
Eqns. 3 and 1 it follows: 

• ' w [ , ( , , B ) 2 ]  
M~ 

K~ =/3- [ I (ZlB)2]  w[P]o (4) 

where M w is the mass of water in the phospholi- 
pid-water dispersion, M~ is the mass of the stan- 
dard M n C l J w a t e r  solution, [I(AB)2]w and 
[I(AB)2]~ characterize intensities of manganous 
spectral lines in phospholipid-water dispersions 
and in standard solutions, respectively. 

Results 

Temperature dependences of apparent associa- 
tion constants K a of manganous ions to DPPC, 
DPPE,  D P P C and D P P E  mixtures, and 
sphingomyelin are shown in Fig. 3. For DPPC and 
sphingomyelin, there was an abrupt decrease of K~ 
as the lipid passed from the gel into the liquid- 

3o~ 
l 

2s~ 
I 

20 ~ 

is)  

I 

trasp tmDppC 
T 

tmD~ ~ 

i 
t 

1 
] 

i 

J 

0 ' 
20 30 40 50 60 70 

t (°C) 

Fig. 3. Temperature dependences of apparent association con- 
stants K a of Mn 2+ and DPPC (e), DPPE (+) ,  D P P C / D P P E  
mixture in mole ratio 1 : 0.658 ( ~ )  and sphingomyelin ( × )  in 
0.34, 0.46, 0.27 and 0.38 M water dispersions, respectively. The 
MnC12 concentration was always 6.7 mM. Main phase transi- 
tion temperatures of DPPC, DPPE and sphingomyelin, t,~Dp~., 
/mDPPE, / m s  P, a r e  indicated. 
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crystalline state (tm = (41 +_ 1)°C for DPPC, and 
t m = (40 + 1)°C for sphingomyelin [14-18]). For 
DPPE, no abrupt change of K, with temperature 
was observed, and the values of K,, were very low 
in the whole temperature range investigated. On 
the other hand, the DPPC and DPPE mixture in 
mole ratio 1:0.658 exhibited qualitatively a simi- 
lar behaviour as pure DPPC, with a decrease of K~ 
between main phase transition temperatures of 
DPPC and DPPE (tm = (41 + 1)°C for DPPC, and 
t,, = (62 + 1)°C for DPPE [14-18]). By calcula- 
tions of Ka according to Eqn. 4, we assumed that 
manganous ions adsorbed to both phospholipids 
equally. 

As DPPC and DPPE have the same palmitic 
aliphatic chains, the difference in the adsorption 
of manganous ions must be caused by different 
chemical composition and intermolecular interac- 
tions of their polar headgroups. The low values of 
K~ for DPPE may be interpreted in two ways: 

1. Phosphorylethanolamine groups build a very 
compact matrix, which is more resistant to hydra- 
tion than the phosphorylcholine matrix [19-23]. 
The charge of polar groups on the surface of 
phosphatidylethanolamine aggregates is therefore 
probably more neutralized than in the case of 
phosphatidylcholine. 

2. In calculations of the association constant 
according to Eqn. 4, we have used the parameter 
/3= 1 for both DPPC and DPPE. This is con- 
sistent with the situation when all phosphate groups 
are accessible to manganous ions, and the 
stoichiometry of manganese-lipid binding is 1 : 1. 
In concentrated phospholipid dispersions that we 
have used, [P]0 = (0.3-0.4) M, direct interactions 
between headgroups  of phospho l ip ids  in 
neighbouring bilayers may exist and not all phos- 
phate groups must be accessible to manganous 
ions. In contrast to DPPC, pure DPPE does not 
form stable vesicles, and it tends to precipitate in a 
water solution [24]. Therefore, a large proportion 
of polar headgroups may have been inaccessible to 
manganous ions in our samples. If this was the 
case, the low measured values of K~ should be 
considered as an artefact. 

At concentrations of DPPE lower than mole 
ratio D P P E / D P P C  = 0.5 : 1, strong intermolecu- 
lar interactions of DPPE are eliminated by dilu- 
tion in such a way that no precipitation occurs, 

and stable vesicles can be formed from such mix- 
tures [24]. This is in agreement with our finding 
that the adsorption of manganous ions to a 
D P P C / D P P E  mixture exhibited a qualitatively 
similar temperature behaviour as for pure DPPC. 
The observation that the D P P C / D P P E  curve does 
not have binding constants intermediate between 
those of pure DPPC and DPPE (Fig. 3), but 
similar to those of pure DPPC, indicates that the 
affinity of manganous ions to DPPE in mixture, 
where intermolecular interactions and association 
between DPPE polar headgroups are lowered or 
eliminated by dilution, is roughly the same as to 
pure DPPC. 

Apart from the decrease of K a at the gel to 
liquid-crystalline phase transition, another de- 
crease of K a below the main phase transition tem- 
perature was observed for the D P P C / D P P E  mix- 
ture. This change may be connected with the 'pre-  
transition' of the mixture, characteristics of which 
may be different for pure DPPC, DPPE and their 
mixture [25]. Though no abrupt decrease in Ka at 
the pretransition was observed for pure DPPC, the 
course of its temperature dependence in the gel 
phase does not agree with predictions of Eqn. 2 
(see Figs. 3 and 4). For sphingomyelin, in contrast, 
Eqn. 2 is in accord with the K a curve both above 
and below its main phase transition. As the change 
in DPPC arrangement at pretransition may have 
an influence on its affinity to ions, it would be 
desirable to examine it in more detail in a broader 
temperature range below the main phase transi- 
tion. 
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Fig, 4. The krrhenius plot of apparent association constant of 
Mn 2+ and DPPC in 0.34 M water dispersion, The concentra- 
tion of MnC12 was 6.7 raM. The main phase transition temper- 
ature of DPPC, /mDp~:' is indicated. 



At present, the generally accepted average 
orientation of P-N dipoles of polar headgroups of 
zwitterionic phospholipids is nearly parallel to the 
bilayer surface in the gel as well as in the 
liquid-crystalline state [19,23,26,27]. The adsorp- 
tion of ions to such surfaces can be described by 
the Gouy-Chapman  theory of the diffuse 
double-layer [1,28-32]. 

The surface-charge density on phospholipid ag- 
gregates with adsorbed manganous ions is: 

z,e[MiP. L 
o = ~ - -  + oo ( 5 )  

, s [ P ] o ~  

where z, is the valence of adsorbed ions of i-th 
species, [M~P,] s is their surface concentration, [P]os 
is the total surface concentration of phospholipid, 
s is the surface requirement of one phospholipid 
headgroup, e is the electronic charge, and o o is an 
eventual inherent initial surface-charge density. 

The adsorption of cations and anions will mod- 
ify the surface potential of phospholipid aggre- 
gates which is nearly equal to zero in the absence 
of ions [33]. The dependence of surface-charge 
density a on surface potential q~o is expressed by 
the Graham equation from the Gouy-Chapman 
theory of the diffuse double-layer: 

( o = +_ 2%toRT [ M i ] b u l k  e x p  -- ~ -  (6) 

where [Mi]bulk is the bulk concentration of ions, z, 
is their valence, e r and e 0 is the dielectric constant 
of the diffuse layer and free space, respectively, F 
is the Faraday constant, R is the gas constant, and 
T is the absolute temperature. 

The surface concentration of phospholipid can 
be expressed by its volume concentration as fol- 
lows: 

V 
[P]o~ = ~[P]0 (7) 

where S is the entire surface of phospholipid ag- 
gregates and V is the volume of the sample. Using 
Eqns. 3, 6 and 7, and taking into account that: 

[M n2+ ]bulk = [ Mn2+ ]f = [ Mn2+ ]0- [ Mn2+ ]b (8) 

we obtain a dependence of the surface potential q~o 
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upon temperature, which can be numerically solved 
for a given set of parameters [Mn2+]0, [P]o, 

(Ka)Mn2+, (K . ) cw ,  BMn 2+, BCl : 

1 [2e (Ka)Mn2+ [Mn2+ ]o 
2G~RT ~ - "  tiM. 2+ + (Ka)Mn 2+ [P]o 

_ 2e.  _(Ka)c,-[Mn2+_]0 t z 
S flCI +(ga)c ,  [P]oJ 

_ tiM,,  2+ [ M n 2 +  ]o 
flMnZ~-+?Ka)Mn--~+--[p]0"(exP(-- 2 R ~ )  -1)  

2flcl [ Mn2+ ]o F+O 
+ f l c ? + ( K a C ~ ] 0 " ( e x p { ~ ) - l )  (9) 

where (Ka)Mn2+ and (Ka)c i  are apparent associa- 
tion constants of manganous and chloride ions, 
respectively, [Mn 2+ ]0 is the entire concentration of 
manganous cations which is equal to the con- 
centration of the used MnC12 solution, and for the 
concentration of chloride anions we have written 
[C1-]o = 2[Mn2+]0 . 

From our experiments, we have no data availa- 
ble on the adsorption of chloride anions to phos- 
pholipids, because this interaction cannot be de- 
tected by ESR spectrometry. According to the 
results of electrophoretic and 31p_NMR measure- 
ments, the values of apparent association con- 
stants of chloride anions and phosphatidylcholine 
lie between 0.025 and 0.065 M-1, being higher in 
the presence of polyvalent cations and depending 
on the concentration of polyvalent cations 
[3,31-35]. In our case, the following surface reac- 
tions can be expected: 

CI + P ~ CIP- 

C1 +[Mn(H20)4P2] 2+ ~ [Mn(H20)4P2CI] + 

C1- + [Mn(H20)sP] 2+ ~ [Mn(H20)sPCI ] + 

These mechanisms would obviously lead to a 
greater adsorption of chloride anions in the pres- 
ence of manganous cations. In order to describe 
such reactions, a further binding constant should 
be introduced, making the calculations much more 
complicated. As the association of cations and 
zwitterionic phospholipids is low, the distribution 
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of positive charge seen by chloride anions on the 
surface of phosphol ipid  aggregates is discontinu- 
ous, and the influence of discrete charges should 
be considered. This is rather  difficult, because the 
distribution of charge depends on the concentra-  
tion of cations, state of phospholipid,  temperature ,  
etc. Because of the low value of the association 
constant  of  chloride anions, (K~)cL =(0 .025 
0.065) M 1 in compar ison  to that  of manganous  
cations, (Ka)M,2+ = (6.4 14.0) M 1, and because 
of low concentrat ions of MnCI 2 solutions that we 
have used [Mn2+]0 = (10 -3 -10  2) M, the adsorp-  
tion of chloride anions will be neglected in further 
considerations.  Then Eqn. 9 will have the form: 

1 {2e.K~[Mn2+]o~ 2 
2 e ~ t o R r  s /~ + K.[e]o j 

//[ Mnz+ ]0 [ ( 2F~o'I 
/~ + K~-P]oo" l e x p / -  ~T--}  -1 } 

+ 2[Mn2+ ]0. (exp{ ~ -  ) - 1 )Fq%~ \ (lo) 

where we have writ ten for simplicity ( K a ) M n ~ =  

Ka, ~Mn2+ = /~, /~CI- = 1. 
If we suppose that  the surface occupied by one 

D P P C  molecule is s 1 = 5 0 . 1 0  -2o m 2 in the gel 
phase and s 2 = 6 0 . 1 0  2o m e in the liquid-crystal- 
line phase [23], and if we insert into Eqn. 10 the 
experimental ly  acquired values of the apparen t  
association constant  Kal = 14.0 M a and Ka2 = 6.4 
M-~ ,  we can calculate the surface potential  of 
D P P C  aggregates with adsorbed manganous  ions 
~01---33 mV and q~02 = 1 3  mV in the gel and 
liquid-crystalline phase of DPPC,  respectively. By 
calculations we have supposed that the dielectric 
constant  of the diffuse layer is equal to the one of 
water. 

The  surface potential  in the liquid-crystalline 
phase of DPPC with adsorbed ions can be esti- 
mated  also f rom the Arrhenius plot  of K a (Fig. 4), 
q~o2 = (9 + 5) mV. This is in a good agreement  with 
the above calculated value. By extrapolat ion of the 
linear Arrhenius plot, we obta ined the value of the 
intrinsic association constant  of manganous  ions 
and liquid-crystalline DPPC,  K i = (13 + 5) M -1 
In the gel-phase region, the exper imenta l ly  
acquired tempera ture  dependence of K~ was not in 

accord with Eqn. 2, therefore it was not possible to 
est imate the surface potential  and the intrinsic 
association constant.  

In all calculations, we have used the stoichiome- 
try pa ramete r  fl = 1. As stated above, this is rele- 
vant to the si tuation when all phosphate  moieties 
of polar  head-groups are accessible to manganous  
ions and the binding stoichiometry is 1 : 1. On the 
other hand, if we assume that always two 
manganous  ions bind to one DPPC molecule, the 
choice of fl = 1 is relevant to the case when half of 
all phosphate  groups is accessible to ions. It must 
be noticed that the value of the surface potential  
calculated according to Eqn. 10 is independent  of 
the choice of ft. 

Cholesterol is known to influence the fluidity of 
phosphol ip id  systems [36-38]. In order to examine 
whether  it can influence also the electric propert ies  
of  zwitterionic phospholipids,  we have measured 
apparen t  association constants  of manganous  ions 
and mixtures of DPPC and sphingomyel in  with 
cholesterol (Fig. 5). In calculations of K a accord- 
ing to Eqn. 4, we have assumed that manganous  
ions adsorbed only to phosphol ipids  and not to 
cholesterol. Therefore,  we have inserted the total 
D P P C  or sphingomyel in  concentra t ion for [P]0. 
Both tempera ture  dependences of Ka in Fig. 5 
exhibit  no discontinuity,  absolute values of K~ 
being similar to those of liquid-crystalline DPPC 
and sphingomyelin (see Fig. 3). Our  results are in 
agreement  with results of  Inoko et al. [39] who 
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Fig. 5. Temperature dependences of apparent association con- 
stants of Mn 2 +, and mixture of DPPC with cholesterol in mole 
ratio 1:0.37 (O), mixture of sphingomyelin with cholesterol in 
mole ratio 1:0.30 (×), in water dispersions containing 28.0 
wt% and 26.5 wt% of the total lipid, respectively. The con- 
centration of MnCI 2 was always 5.7 mM. 



found by X-ray diffraction measurements that the 
interaction of some other polyvalent cations with 
DPPC in the gel phase is smaller in the presence of 
cholesterol. 

From 3tp-NMR studies, it is known [40] that 
cholesterol makes aliphatic chains of phospholi- 
pids in the gel phase more fluid, while in the 
liquid-crystalline phase it lowers their mobility. 
The conformation of polar heads in both phases is 
similar to the one of pure liquid-crystalline DPPC, 
where intermolecular  interactions between 
neighbouring polar heads are lowered or 
eliminated. Which of these effects of cholesterol 
on the conformation and association of phos- 
pholipid molecules is responsible for the lowering 
of adsorption of manganous ions to the investi- 
gated phospholipids in the gel phase cannot be 
decided on the basis of our study. 

Conclusion 

Specific biomembranes have in general a specific 
composition [41]. A proper lipid composition seems 
to be necessary for their optimal function. Re- 
vealing dependences between the composition and 
functions of biomembranes is a two-step process. 
The first step involves gathering of knowledge on 
behaviour of each lipid as well as revealing exact 
lipid compositions of specific biomembranes. The 
second step involves combining this information 
with information on functions of specific mem- 
branes. The aim of our work was to contribute to 
the first step. The following general conclusions 
can be drawn from our results: 
(1) The adsorption of manganous ions to zwit- 
terionic phospholipids with phosphorylcholine 
headgroups is greater in the gel phase than in the 
liquid-crystalline phase. 
(2) The temperature dependence of adsorption to 
liquid-crystalline phospholipids is exponential. In 
the gel phase, a change of adsorption can be 
expected at the pretransition of the lipid. 
(3) Cholesterol decreases the affinity of manganous 
ions to DPPC and sphingomyelin in the gel phase. 
(4) The adsorption of manganous ions to pure 
DPPE is much lower than to DPPC or 
sphingomyelin, with no change at the main phase 
transition. 
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