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Summary 

The ionization of fatty acids, fatty amines and N-acylamino acids incorpo- 
rated in phosphatidylcholine single-walled vesicles has been measured. The 
guest molecules have been specifically enriched with 13C and titrated by using 
NMR spectroscopy. The apparent pK a of  fatty acids in phosphatidylcholine 
bilayers is 7.2--7.4 and those of  fatty amines are approx. 9.5. These pK, values 
depend on many different parameters related to the structure of the lipid/ 
solution interface, to the composit ion of  the aqueous medium and to the local- 
ization of  the ionizable groups. A special sensitivity to the ionic strength and to 
the surface charge has been found. A positive surface charge decreases the pK• 
value whereas a negative one increases it, the total range of variation being 2.5-- 
3 units. In a qualitative macroscopic interpretation, it is proposed that  pK, is 
essentially determined by the low polarity of  the lipidic matrix. 

Introduct ion 

In a phospholipid bilayer, the network of  polar heads forms an interface 
separating the very hydrophobic chain region from the surrounding aqueous 
medium. This interface mediates the interactions between the bimolecular 
leaflet and water, ions, exogenous molecules and also, to a large extent, 
extrinsic proteins. In spite of different at tempts to determine the conforma- 

* To w h o m  r e p r i n t  r eques t s  shou ld  be  addressed .  
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tions of polar heads [1--4], their hydration [5,6] and their interactions with 
ions [7,8], the organization and the dynamics of  the bilayer surface remain 
poorly understood. In the present work, we investigate the ionization of  fatty 
acids, fatty amines and N~cylamino acids incorporated in phosphatidylcholine 
bilayers. As previously shown [9], such guest molecules can reveal local proper- 
ties of the polar heads region in which their ionizable groups are anchored. 
Interfacial ionization phenomena have been previously investigated by different 
authors by using spin-labeled probes [10,11], ~3C-labeled probes [9], fluor- 
escent probes [12] or by determining the thermodynamical  properties of  pure 
phospholipid phases [13]. We have specially developed the use of ~3C-labeled 
molecules which allows intrinsic nuclear magnetic resonance (NMR) titrations 
of  these molecules embedded in single-walled vesicles. 

Additional interest arises from the study of  fatty acids since they are minor  
components  of biological membranes. They are intermediates in phospholipid 
metabolism and it is thought  they are involved in proton transport [14,15] and 
in fusion of  lipid vesicles [16]. 

Materials and Methods 

Phosphatidylcholine was prepared from hen egg yolk (I.N.R.A., ref. PAl2) 
by the method of Singleton [17] and stored under nitrogen at --20°C. Its 
purity was regularly checked by thin-layer chromatography. 90% enriched 
[ 1-13C]stearic, and myristic acids were prepared by carbonation of the Grignard 
reagent of corresponding bromoalcanes (Ref. 9 and Bouloussa, O., unpublished 
account). Enriched stearic and palmitic acids were also purchased from Stohler 
Isotope Chemicals (Waltham, USA) and from CEN Saclay (France), respec- 
tively. Octadecylamine was approx. 45% ~3C~nriched on the a~CH2 group by 
reduction of enriched octadecane nitrile with lithium aluminium hydride. 
N-Palmitoylglycine and N-palmitoyl L-R1Ardne were prepared by condensing 
palmitoyl chloride and 90% enriched [1-13C]glycine or L-[1-13C]alanine (CEN 
Saclay products). N-Palmitoyl-VL~lutamic acid was prepared by condensing 
palmitoyl chloride with glutamic acid specifically labeled with 13C on the a- or 
the 5-COOH group (Bouioussa, O., unpublished account). Purity of all labeled 
compounds was checked, especially by mass spectrometry and ~3C-NMR. A 
chloroform solution of  lipid probes and phosphatidylcholine (1--16 tool% lipid 
in phosphatidylcholine according to experiments) was first evaporated to dry- 
ness. The film was then dispersed in a buffer solution and homogeneous solu- 
tions of mixed uvilamellar vesicles were prepared by sonication of refrigerated 
samples and centrifugation. Mixed micelles were prepared by heating a 0.1 M 
detergent solution of sodium tetradecyl sulfate (STS), cetyltrimethylammonium 
bromide (CTAB) or of purified Triton X-100 containing 5 • 10 -3 M of myristic 
acid or of stearylamine, to above the dissolution temperature. 

Proton decoupled 13C spectra were recorded at 22.63 MHz with a WH90 
Bruker spectrometer operating in the pulse Fourier transform mode. Approx. 
30 000 transients were accumulated in most  experiments. Proton decoupled 
3~p-spectra were recorded at 36.43 MHz with the same equipment.  In some ~3C 
experiments, a partial precipitation occurs after some hours. That does not 
obscure the well resolved spectra of  single-walled vesicles remaining in solution. 
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Results 

Ionization of fatty acids and fatty amines 
Intrinsic titrations of carboxylic groups and of amine groups were achieved 

by measuring the variations of 13C chemical shifts of R-*COOH (A~ ~ 5.2 
ppm) and R-*CH2-NH2 (A6 ~ 0.65 ppm) carbon nuclei with pH. An apparent 
pK a is then defined by the bulk pH value corresponding to half dissociation. 
For fatty acids incorporated in phosphatidylcholine vesicles, the pK~ is 7.2-- 
7.4 (0.1 M phosphate buffer, 310 K), i.e., approx. 2 units higher than the pK of 
isolated molecules (approx. 5) (Fig. 1). For stearylamine, the pKa, approx. 9.5, 
is more than one unit lower than the normal pK, approx. 10.7 (Fig. 1). 

Considering the dissociation: R-COOH ~ R-COO- + H * as fast on the NMR 
time scale, the measured chemical shift of the acidic group is: 

1 
~mes = ~R--CO0- + [~R--COOH -- ~R--CO0-] [1 + ~/[H,']I 

where K is the equilibrium constant. The titration curves are conveniently 
represente d by plotting a = f(pH) where a is the dissociation coefficient: 

= [R--COO-] 
[R--COO-] + [R--COOH] 

~rnes -- ~R--COOH 1 

6R--CO0-- ~R--COOH = 1 + 10 pK--pH " 

These classical equations apply normally to simple Hasselbad acid-base 
equilibria in bulk media. If interfacial ionizations are described by such equilib- 
ria, the titration curves obey the previous relationship in which pH -- bulk pH 
and pK = pK a. Small differences between calculated and experimental curves 
are observed only in the extreme parts of these curves (Figs. 1 and 3). 

Inteffacial acid-base equilibria should depend on many different parameters: 
temperature, concentration, ionic strength, permittivity, surface charge, elec- 
trical field, molecular interactions and dynamics of the interface. The effects of 
several of these parameters were tested and the results are summarized in 
Table I. 

As previously described [9], the pKa of fatty acids decreases when the tem- 
perature increases: typically the ApK a is approx. 0.15 unit for A T ~  10 K 
(stearic acid). Small effects of concentration were also observed for fatty acids: 
the pK~ increase is approx. 0.2 unit when the fatty acid : lecithin molar ratio 
increases from 1% to 15%. A pK, ~ 7.45 was found for stearic acid when 2H20 
was used instead of H20 with 0.1 M sodium phosphate buffer (the pH was 
defined by meter readings). This value is somewhat lower than those given by 
Kantor and Prestegard [18]. (These authors reported only the change of the 
chemical shift (6 ppm) with pH and did not find any effect of ionic strength, a 
result which disagrees with the results reported here.) The pK~ depends also on 
the buffer: ApK a ~ 0.1 unit was observed when sodium carbonate buffer was 
used instead of sodium phosphate buffer or when potassium phosphate 
replaced sodium phosphate. A more significant difference is obtained with a 
borax buffer in which the pK, is approx. 0.5 unit higher than in sodium phos- 
phate buffer. 
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Fig. 1. T o p ,  N M R  t i t r a U o n s  o f  m y r i s t i c  a c id  in  s tng le -waUed  p h o s p h a t i d y l c h o U n e  vesic les  (o)  a n d  in  d e t e r -  
g e n t  m/ce l les .  T h e  d i s s o c i a t i o n  c o e f f i c i e n t  ~ d e d u c e d  f r o m  the v a r i a t i o n s  o f  t h e  c h e m i c a l  s h i f t  o f  t h e  
1 3 C . e n r / c h e d  c a r b o x y l l c  g r o u p  is p l o t t e d  ve r sus  t h e  b u l k  p H .  T = 3 0 0  K,  0 . I  M p h o s p h a t e  b u f f e r  in  H 2 0 ,  
3 .3  too l% f a t t y  a c i d  in  p h o s p h a t i d y l c h o l l n e ,  4 t oo l% f a t t y  a c i d  in  d e t e r g e n t s .  B o t t o m ,  N M R  t i t m t l o n s  o f  
s t e a r y l a m i n e .  T ffi 3 0 0  K .  1 6  m o l %  f a t t y  a m i n e  in  p h o s p h a t i d y l c h o l i n e ,  6 m o l %  f a t t y  a m i n e  in  d e t e r g e n t s ,  
0 .1  M p h o s p h a t e  b u f f e r  a n d  0 . 2  M c i r b o n a t e  b u f f e r  ( p H  ~> 9)  in  H 2 0 .  C T A B ,  c e t y l  t r i m e t h y !  a m m o n / u m  
b r o m i d e  mice l l e s  (o ) ;  STS,  s o d i u m  t e t r a d e c y l  su l f a t e  miceUes  (1 ) ;  PC,  p h o s p h a t l d y l c h o l i n e  vesicles  (o) ;  
T r i t o n  X - 1 0 0  mice l l e s  (× ) .  

The effect of  ionic strength is represented in Fig. 2. The PKa increases nearly 
linearly when the ionic .strength decreases from 10 -1 M to 10 -3 M. 

Dramatic changes in pKa values were induced by the surface charge. Nega- 

T A B L E  I 

STS,  sodium t e t r a d e c y l  s u l f a t e ;  C T A B ,  c e t y l  t r l m e t h y l a m m o n t u m b r o m i d e .  

E n v l r o n m e n t  Myr i s t i c  a c i d  S t ea r i c  ac id  S t e a r y l a m i n e  
(*,  0 .1  M b u f f e r )  

p K  a T p K  a T p K  a T 
(K)  (K)  (K)  

H 2 0  s o l u t i o n  -~5.0  
* C T A B  mice l l e s  5 .0  
* T r i t o n  X - 1 0 0  mice l l e s  6 .7  
* STS mice l l e s  7 . 6 5  
* P h o s p h a t l d y l c h o l i n e  vesicles  7 . 2 5  

* P h o s p h a t i d y l c h o l i n e  vesicles  + 2 0 %  s t e a r y t a m l n e  
* P b o s p h a t i d y l c h o l i n e  ves ic les  + 1095 

p h o s p h a t i d i c  a c i d  

~ 5 . 0  ~ I 0 . 7  
3 1 0  5 .0  3 1 0  8 . 4 5  3 2 0  
3 1 0  & 9 5  3 2 0  
3 1 0  1 1 . 2 5  3 2 0  
3 0 0  7 .4  3 0 0  ~ :9 .5  3 0 2  

7 . 2 5  3 1 0  
6 .1  3 0 0  

7.6 300 
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Fig .  2. V a r i a t i o n s  o f  p K  a o f  5 t o o l %  s t ea r i c  ac id  in  s /ng le -wa t l ed  p h o s p b a t i d y l c h o l i n e  vesicles  w i t h  i o n i c  
s t r e n g t h  ( p h o s P h a t e  b u f f e r  in  H 2 0 ) .  

tively charged vesicles were prepared by adding 10 mol% phosphatidic acid to 
neutral phosphatidylcholine. The pK, of stearic acid incorporated in such 
vesicles is increased approx. 0.2 unit. Unfortunately,  the ionization of phos- 
phatidic acid itself and a decreasing stability of vesicles for pH more than 8 
make rather difficult a complete titration of the fatty acid probes. Positively 
charged vesicles were prepared by adding 20 mol% of bC~earylamine to phos- 
phatidylcholine at pH less than 9. The pKa of  fatty acids is then decreased 
approx. 1.3 unit. The surface charge effects were qualitatively confirmed by 
measuring the ionization of fatty acids and fatty amines incorporated in 
detergent micelles according to a procedure previously used by Fromherz 
[12]. The results reported in Table I and in Fig. 1 clearly show that  a positively 
charged surface drives the PKa towards low values whereas a negatively charged 
surface drives it towards high values. The ApK a is approx. 2.6 units for myristic 
acid and 2.8 units for stearylamine. For these two kinds of probe, the PKa is 
approx. 0.5 unit  higher in neutral phosphatidylcholine vesicles than in Triton 
X-100 neutral micelles. 

100 -0~% 

50 

0 , _ . ) p H  
3 4 

i i 
5 6 7 8 9 1() 11 

Fig .  3 .  N M R  t i t r a t / o n s  o f  m y r l s t i c  (C 1 4  c h a i n )  a c i d  (o)  a n d  s teaz ic  (C 1 8  c h a i n )  a c i d  (e )  i n  ,dnmle-walled 
pbosphatidylcholine ves/eles .  T = 3 0 0  K ,  0 .1  M phosphate buffer in  H 2 0 .  T h e  fu l l  l ine  f o l l o w s  t h e  t h e o -  
r e t i ca l  l aw :  ~ = 1 / I  + 1 0 P K a  - - p H  f o r  m y r / s t l c  ac id ,  b u t  d o e s  n o t  f o r  s t ea r l c  ac id .  
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T A B L E  II 

CTAB, eety l  t r i m e t h y l a m m o n i u m  bromide.  

Environment  Pal-N-GIy Psd-N-L-AIa P ~ - N - D , L - G I u  

aCOOH 8COOH PK a T pK a T 
(K)  (K)  

pK a T pK a 
(K) 

T 
(K) 

D i p e p ~ d e i n  H 2 0  Gly-Gly L - A I a - L - A ~  L-GIu-L-GIu  L-GIu-L-GIu  
3.1 298  3 .35  298  3 .14  4 .38  

C T A B  micel les  
(0 .1  M ci trate/  
phosphate  
buffer)  

Phosphat idylehol ine  
vesteles (0 .1  M 
c i t ra te /pho~  
phate buffer)  

3 . 0  3 0 0  

5.2 300  5 .25  300  4 . 6 5  300  ~:~6,3 300  

As shown in Fig. 3, the position and the shape of the titration curves also 
depend on the length of the hydrocarbon chain of fatty acids. 

Ionization of N-acylamino acids 
The pKa of end carboxylic groups of Ri-CONH~H-COOH molecules (RI = 

l 
R2 

CIsH31. R2 = H : Gly, R2 = CH3 : A l a) incorporated in neutral single-walled 
phosphatidylcholine vesicles is 5.2 (Table II). This value is higher than those 
found for dipeptides Gly~ly or Ala-Ala, even if one takes into account the 
decreasing effect (<0.4 unit) due to end NH~ group [19]. 

These two lipoamino acids act differently on the stability of single-walled 
vesicles solutions. N-Palmitoyl glycine induces partial precipitation below the 
pKa and two slightly different NMR signals are detected. On the other hand, 
there is no precipitation and no supplementary signal with N-palmitoyl-L- 
alanine. 

The titration curves of the a and 8 carboxylic groups of N-palmitoyl-DL- 
glutarnic acid are presented in Fig. 4. The ionization of the ~ group is very 
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Fig. 4 .  NMR ti trat ion curves of  10  mol% N-l~i~ltoyl-DL-Ilutam4,~ acid in ~n_~le-wailed l~hosphatidylo 
cho l ine  vesicles.  T = 3 0 0  K,  0 .1  M c i trate /phosphate  buffer  in H 2 0 .  
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clearly detected by the a group in a range of pH 5--7. As expected, the pKa 
values are higher than those obtained with a dipeptide in aqueous solution. 
Two slightly different resonances were often observed for the ~ group. It must 
be noted that a remarkable stability is observed for solutions containing phos- 
phatidylcholine vesicles in which some percent of N-palmitoyl-DL-glutamic acid 
were incorporated. 

Discuss ion  

Schematically, the pK, of acids and amines inserted in phosphatidylcholine 
vesicle walls depends on: Ca) the environment of ionizable groups; (b) local I-I + 
concentrations. The locslization of guest molecules within the phospholipid 
bilayer must then be discussed first. 

(1) The incorporation of spin-labeled fatty acids in vesicle walls was well 
demonstrated in many ESR experiments: Ca)the ESR spectra are typically 
those of molecules oriented in a bilayer; (b) the 13C-resonances of surrounding 
phospholipid molecules are broadened through interaction with the paramag- 
netic nitroxide radical of fatty acid probes [20]. Our own experiments with 
spin-labeled fatty acids and also spin-labeled N-acylamino acids confirm the 
same result in the total range of pH, i.e., for ionized as well as for protonated 
molecules. Nevertheless, it must be mentioned that for palmitic acid (C 16 
chain) a small ESR signal (less than 3% of the total intensity) attributed to the 
free form is observed at a very basic pH of approx. 11. Such partition was never 
observed for stearic acid (C 18 chain). This suggests that, for decreasing chain 
length, spin-labeled ionized fatty acids can partition between phosphatidyl- 
choline vesicles and solution (even for low concentrations of 1--3 tool% of 
these fatty acids). 

In NMR experiments, in which normal fatty acids are used, there is no evi- 
dence of partition between different environments. A single narrow line is 
always observed in 13C-NMR and the pK a values reflect well changes in the con- 
stitution of the lipidic matrix and in surface charge. Nevertheless, it must be 
mentioned that a fast equilibrium on the NMR time scale between incorporated 
and free forms would be undetectable. Furthermore, the absence of a polar 
nitroxide group should increase the hydrophobicity of the aliphatic moiety of 
ionizable probes. 

Some restrictions may concern N-acylamino acids for which two NMR sig- 
nals were detected in several experiments. The origin of these two signals was 
not elucidated. They could be due to an incomplete incorporation of lipoamino 
acids in vesicles or to heterogeneous structure of mixed vesicles. 

(2) The possibility of segregation of fatty acids incorporated in phospholipid 
bilayers has been often discussed. The absence of segregation for spin-labeled 
fatty acids is well demonstrated by the absence of characteristic broadened 
ESR spectra due to spin-spin interactions. Segregation of normal fatty acids in 
their protonated form was recently proposed by Hauser et al. [21,22]. This 
assumption was essentially based on the incomplete ionization (in a range of 
pH 6--11) of fatty acids incorporated in multllamellar liposomes, this ioniza- 
tion being detected by electrophoretic mobility measurement and Ca 2÷ binding. 
As incomplete ionization is also observed in the same range of pH for mono- 
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layers of pure fatty acids [23], these authors suggested clustering of fatty acids 
in phosphatidylcholine. ESR experiments [11] prove that  the pK, of  unaggre- 
gated spin-labeled fatty acids incorporated in phosphatidylcholine is strongly 
shifted: pK, ~ 6.15 in multilamellar structures (approx. 35% water), pKa 
6.55 in unilamellRr vesicles. 

The present study confirms the strong dependence of pKa on the environ- 
ment  created by the phospholipid matrix. More generally, the conditions of 
ionization are certainly different in pure fatty acid monolayers, mixed mono- 
layers, multiwalled liposomes and single-walled vesicles. A high pK, cannot 
then be considered as a definitive proof of clustering. A perfect miscibility of 
fatty acids and phosphatidylcholine was found by Torosian and Lemberger 
[24] in monomolecular  films spread on double<listilled water. In these condi- 
tions, the bulk pH should be approx. 5.5--6 and the fatty acids should be 
mainly protonated.  From the phase diagram of  dimyristic phosphatidylcholine~ 
myristic acid multilamellar dispersions, Kantor and Prestegard found no evi- 
dence of segregation of fatty acids [18]. The phase diagram of the dipalmitoyl 
phosphatidylcholine-palmitic acid system established by Mabrey and Sturtevant 
[25] does not show the characteristic shape found for systems in which lateral 
phase separation occurs. 

A clustering of fatty acids should involve an ionization mechanism more 
complex [23] than a simple dissociation: AH ~ A- + H ÷, i.e., very pronounced 
concentration effects and pronounced deviations of the experimental titration 
curves compared to calculated ones. The small effects observed here for single- 
walled vesicles do not support the formation of broad patches in which such 
complex mechanism should occur. Furthermore, the similarity in behaviour of 
fatty acids in phosphatidylcholine vesicles and in detergent micelles demon- 
strates that the pK~ is mainly determined by the lipid or the detergent environ- 
ment and not by a segregation phenomenon. 

(3) The use of a shift reagent like Pr 3÷ does not allow direct determination of 
the distribution of fatty acid molecules between the internal and external 
layers of vesicle walls. At acidic pH, there is a flip-flop of protonated fatty 
acids from one side to another (Sanson, A. et al., unpublished results) which 
prevents perturbation of carboxylic groups anchored on one side. Clearer con- 
clusions are drawn by observing the shifts induced by Pr 3÷ on 31p-resonance 
lines of phospholipid polar heads. The internal as well as the external 31p 
signals are shifted differently when fatty acids are incorporated in vesicles, 
which suggests that these fatty acids are present on the two sides of the bilayer. 

(4) Most of the at tempts to interpret interfacial ionization in detergent 
micelles [ 12], lipid monolayers [23] and phospholipid bilayers [13] are based 
on a macroscopic description in which the electrical potential &0 and the 
activities of  ions are the fundamental  parameters. 

Indeed, a microscopic description of the structure and dynamics of the 
interface is extremely difficult even for simple systems formed by homogene- 
ous lipids [23]. Such a description is no longer possible for phosphatidyl- 
choline interfaces. In multilamellar structures, the choline groups are thought  
to be tilted nearly parallel to the plane of the bilayer [2,3]. There is no evi- 
dence that  such conformations are predominant  in the curved bilayer forming a 
vesicle wall which requires, in addition, different packings inside and outside. 
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The hydra t ion  o f  choline groups and possibly of  the glycerol backbone involves 
approx. 20 molecules of  water [6]. The distribution of  anions and cations in 
this region of  the bilayer remains unknown.  Furthermore,  the exact  location of  
ionizable guest groups, especially with regard to the  phosphate group, is rather  
difficult to specify. 

On the  other  hand,  a simplified macroscopic model  as proposed by 
Fernandez and Fromherz [12] can account  for interracial dissociations. Two 
acid-base equilibria are considered: 

A H c - A - + H +  (1) B H ÷ - ~ B + H  ÷ (2) .  

By considering A- or B inserted in a neutral membraneous  matrix and H" in the 
bulk phase, the difference between the pK l at the interface and the pKw in bulk 
water  is written: 

ApKl = pKl -- pKw = 1 1 
2.3R-----T (po~_ _ po~} 2.3R T (#o~ _ po~) .  

12 Om and /~Ow are the standard chemical potentials respectively referred to mem- 
brane and aqueous solution. 

The above is consistent with a ApKl ~> 0 for fa t ty  acids and a ApKl <~ 0 for 
fa t ty  amines. A fundamental  hypothesis is to consider the  interfacial proton 

H ÷ activity ai equal to the  bulk proton activity aw H+. When the dissociation occurs 
inside the  matrix,  a supplementary ApK is introduced by ( # ~  --/~r~), i.e., by the 
energy difference of  the  proton in the  membrane and in the  aqueous phase. In 
detergent  micelles, Fernandez and Fromherz concluded that  the pK, was 
mainly determined by the local low polarity of  the matrix and that  there was 
no supplementary electrical potential. The difference of  pKa determined in 
neutral  (zwitterionic) phosphatidylcholine bilayers and in neutral (nonlonic) 
Tri ton X-100 micelles (Fig. 1) could be due to such a potential induced by a 
special arrangement of  polar glycerol backbone and choline groups. 

When there is a surface charge, the potential ¢P0 creates a H ÷ concentrat ion 
gradient: [I-I+]i = [H*]b  exp(----e~Po/kT), where [H÷]t = inteffacial concentra- 
t ion, [H÷]b = bulk concentrat ion.  In spite of  many simplifications, a Gouy- 
Chapman model  accounts approximatively for ionizations in detergent  micelles 
[12] and in non-zwitterionic phospholipid lamellar structures [13]. Such sur- 
face charge effects are reflected by the pK a of  guest molecules in charged 
vesicles or micelles. However, an acceptable value of  the Co potential cannot  
be proposed if the exact position of  the ionizable group with electrical field 
remain unknown.  

The ionic strength effect  observed in neutral  phosphatidylcholine vesicles 
can be explained by changes in the chemical potential,  #ow, of  the  probes and 
possibly of  H ÷. Changes in the structure of  the interface (polar head conforma- 
t ion,  ion distribution) can also contr ibute to such effect.  

(5) The internal volume of a vesicle diameter  of  approx. 200 ~ is only = 
9 • 10 -22 I. Such a small volume contains only some dozens o f  ions (0.1 M ionic 
strength) and one cannot  defme a pH in the usual sense. All ESR and NMR 
experiments  show that  there is no important  difference between the  degrees of  
ionization of  internal and external guest molecules. Fur thermore,  31p NMR of  
an internal phosphate buffer  demonstrates  that  its dissociation is equal to those 
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measured in the external bulk medium (Prigent, Y. and Gary-Bobo, C., 
personal communication). Formation of vesicles maintains the same conditions 
of dissociation for the buffer and surface probes in the internal microphase as 
that in the bulk medium, in spite of fundamental differences in their thermo- 
dynamical and kinetic properties. On the other hand, ion and H ÷ transport 
through bilayers closing such small vesicles should involve very special mecha- 
nisms (Sanson et al., unpublished results). 

Conclusion 

This qualitative approach of interfacial ionization in phospholipid bilayers 
displays the complexity of phenomena occurring at the interface formed by 
the choline polar heads. Changes in the consti tution and in the charge of these 
polar heads should complicate more these phenomena.  In a general way, the 
insertion of an ionizable molecule in a neutral bilayer induces appreciable shifts 
in its apparent pKa which is partly determined by the low polarity of its 
environment. This shift is modulated by many other factors which usually 
affect the acid-base equilibria or which more specifically modify the guest- 
bilayer interactions and the structure and the dynamics of the interface. 

Positive and negative surface charges respectively decrease and increase the 
pKa, the total shift is approx. 2.5--3 units for molecules investigated here. 

It is very tempting to consider the biological relevance of such properties. 
The extreme sensitivity of interfacial ionization to the bilayer structure and to 
surface charge in a range of  pH 6--9, suggests that  pH and interactions with 
ions are factors which could modulate very effectively local interactions 
between phospholipids and ionizable molecules. 

The present investigations are now carried on with special reference to pH 
gradient effects, proton transport by fatty acids and interactions between 
phosphatidylcholine vesicles induced by low concentrations of  detergent, all 
phenomena involving interfacial ionization. 

Acknowledgments 

We are very grateful to A. Heitz for help in NMR experiments and to 
C. Gary-Bobo and Y. Prigent for helpful discussions. 

References 

1 Koh/er, S.J. and Klein, M.P. (1977) Biochemistry 16, 519--526 
2 Seellg, J. and Gally, H. (1976) Biochemistry 15, 5199--5204 
3 Seel/g0 J., Gaily, H. and Wohlgemuth, R. (1977) Bioch/m. Biophys. Acts 467, 109--119 
4 Yeagle, P.L., Hutton0 W.C., Huang, C. and Martin, R.B. (1977) Biochemistry 16, 4344---4349 
5 Finer, E.G. and Darke, A. (1974) Chem. Phys. Liplds 12, 1--16 
6 Sanson, A. and Ptsk, M. (1976) Chem. Phys. Lipids 17, 445--455 
7 KuJdand, R., Newton,  C., Nlr, S. and PapahadJopoulos (1979) Biochim. Biophys. Acts 551,137--147 
8 Newton, C., Panbom, W.0 NLr, $. and PapAha~oDottlOS (1978) Biochim. Biophys. Acts 506, 281--287 
9 Elpret-Charller0 M., Sanson, A., Ptsk, M. and Boulou~a, O. (1978) FEBS Lett. 89, 318--316 

10 Barzat, M.P. and Laggner, P. (1974) B/och/m. Binphys. Acts 363, 127--183 
11 Sanson, A., Ptak, M., Rigaud, J.L. and Gary-Bobo, C.M. (1976) Chem. Phys. Lipids 17, 435--444 
12 Fernandez, M.S. and Fromhsrz,  P. (1977) J. Phys. Chem. 61, 1755--1761 
13 TrKuble, H., Teubner, M., Wodlley, P. and Eibl, H. (1976) Biophys. Chem. 4, 319--342 



397 

14 Premman, B.C. and Lardy, H.A. (1956) Biochlm0 Biophys. Acta 21,468--466 
15 Wojtczak, L. (1976) J. Bioenerg. Biomembranes 8, 298--~11 
16 Kantor, H.L. and Prastei~Lrd, J.H. (1978) Biochemistry 17, 8592--3697 
17 Singleton, W.S., Gray, H.S., B~own, M.L. and White, J.L. (1965) J. Am. Oil Chem. Soc. 42, 53--66 
18 Kantor, H.L. and Prastegard, J.H. (1978) Biochemistry 17, 3592-8597  
19 Tanokura, M., Tasurl, M. and bilyazawa, T. (1976) B/opolymers 15, 393--401 
20 GodlcL P.E. and Landsberger, F.R. (1974) Biochemistry 1 3 , 3 6 2 - 8 6 8  
21 Hauser, H. and Guyer, W. (1978) Bio~hlm. Biophys. Acta 553, 3 5 9 - 8 6 9  
22 LlauNr, H., Guyer, W. and Howen, K. (1979) Blochem/stry 18, 3285--3291 
23 Goddard, E.D. (1974) Adv. Colloid Interface Sci. 4, 45--78 
24 Torosian, G. and Lemberger, A.P. (1968) J. Pharm. Se/. 57, 17--22 
25 Mabrey, S. and Sturtevant, J.M. (1977) Biochlm. Biophys. Acta 86,444--450 


