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Summary 

The interaction of various lanthanide ions with vesicles of  phosphatidyl-  
choline from egg yolk has been followed by 3~p NMR at 30°C. From known 
magnetic properties of  these ions, separation of the paramagnetic shift into a 
pure contact  and a pseudo-contact  part was carried out.  Binding curves for  the 
contact  contr ibut ion (F curves) were obtained from vesicles in solutions of  
sodium salts with monovalent  anions over a wide concentra t ion range. These 
curves should be insensitive to any conformat ional  effects due to ion binding. 
Indication of  a conformat ional  change in the lipid head group at low ion 
binding was obtained by studying the ratio between the contact  and the 
pseudo-contact  contributions.  Besides the adsorption of lanthanide ions, 
specific anion binding to the surface was introduced to account  for  the 
enhanced chemical shifts ( C I - <  B r - <  NO~). The results were analYzed in 
terms of the theory  for the diffuse double layer (Gouy-Chapman-Grahame) 
with equilibrium conditions for the adsorbing cations and anions. Simulations 
of the t i trat ion curves furnished parameters for the ion-lipid interactions. The 
synergism between the cations and anions follows from the potential  effects. 
Comparison of results with lanthanide ions and Ca 2+ indicates that  the anion 
adsorption probably depends on the nature of  the adsorbed cation. Lanthanide 
ion binding to L-glycerophosphorylcholine is not  influenced by sodium salts. 
The binding constant  for this complex is weaker than with phosphatidylcholine.  
The chemical shifts for the lanthanide ion complexes with these two phos- 
phorus compounds  seem to be about  the same. 
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Introduction 

Phosphatidylcholine constitutes the major lipid material in many biological 
membranes. Although this lipid is an electrically neutral zwitterion at physi- 
ological pH values it can bind di- and trivalent cations at the membrane surface. 
In this context  Ca 2÷ is of importance due to its many physiological functions.  
However, Ln 3÷ often mimics the properties of Ca ~÷ and therefore competes with 
the latter in biological systems. The coordination geometry of Ca 2÷ and Ln 3÷ 
are probably different, but Ln 3÷ as a probe will still reflect the general scheme 
for the adsorption of cations to the membrane surface. Since the coordination 
takes place at the phosphorus sites 3,p NMR is useful as we have shown [1]. 
Interaction with Ca 2÷ induces weak but measurable chemical shifts due to the 
metal binding to phosphatidylcholine vesicles [1,2]. Several Ln 3÷ have para- 
magnetic properties making them suitable to study the ion-lipid interaction. 
Numerous papers have appeared where phosphatidylcholine vesicles in the 
presence of Ln 3÷ have been studied by means of NMR for various nuclei [1-- 
5]. We have recently published a alp NMR study of Ln 3÷ binding to vesicles of 
phosphatidylcholine from egg yolk at different ionic strength produced with 
NaC1 [1]. The equilibria behind the adsorption were investigated, and we 
stressed the importance of the surface potential effects. These were analyzed 
in terms of the theory for the diffuse double layer (Gouy-Chapman) making it 
possible to derive intrinsic binding constants. McLaughlin et al. [5] have 
studied Co 2÷ as a divalent paramagnetic probe with alp NMR. However, since 
its binding constant is as low as for Ca 2÷, high concentrations of  this ion are 
required in order to get measurable effects. The results from Co 2* experiments 
were analyzed by them in a manner similar to the approach employed by us for 
Ca 2÷ and Ln 3÷. An interesting confirmation of the surface potential effects 
were obtained by McLaughlin et al. with an independent determination of 
~'-potentials with electrophoresis. The Gouy-Chapman theory has been applied 
by Puskin [6] in an EPR study of Mn 2÷ binding to various phospholipids and 
by Nir et al. [7] in their equilibrium dialysis experiments on Mg 2÷ and Ca 2÷ with 
phosphatidylserine. 

In our preceding work [1] we noticed some discrepancies between the 
results obtained for the initial range of the titration curves and those based on a 
curve-fitting procedure more strongly emphasizing the subsequent part. No 
detailed analysis of this observation was at tempted at that time. One obvious 
possibility would be some structural rearrangement taking place in the surface 
due to ion interactions. 

Recently some NMR evidence for a conformational change due to lanthanide 
binding has been presented [8,9]. However, according to Barsukov et al. [10] 
the conformation is independent of the presence of lanthanide ions. Also the 
average motional rate of phosphate region should be unaffected by ions [2]. 
Earlier we used Tb 3÷ as a shift ion because of its large shifts. Structural changes 
in the surface may, however, influence the ratio between contact  and pseudo- 
contact shifts due to altered intra- as well as intermolecular vectors. In the 
present work we have therefore extended our previous study using several 
different lanthanides (La a÷, Ce 3÷, Pr 3÷, Eu 3÷, Tb 3÷) in order to distinguish 
between contact  and pseudo-contact effects. Since the contact contribution to 
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the shift is isotropic and requires a direct overlap between the metal orbitals 
and those of the phosphorus site one expects this type of shift to exhibit 
minimum sensitivity to conformational  effects. From theoretical values 
[11,12] separation of the shifts into pure contact  and pseudo-contact parts 
have been at tempted.  Using information from all the ions studied we have 
derived experimental t i tration curves for the contact contribution. These 
so-called F curves should more correctly than previous data reflect the forma- 
tion of lipid-ion complexes. 

In order to further test the theory for the diffuse double layer (Gouy- 
Chapman) we have employed different total electrolyte concentrations (0-- 
1 M) by exposing the vesicles to sodium salts with various monovalent anions 
(Cl-, Br-, NO~). As reported by Hauser et al. [3,4] the 3~p NMR shifts were 
enhanced by anions in the order C1- < Br- < NO~. We accounted for this by 
assuming specific interactions of the anions with the membrane surface [1]. 
Independently Barsukov et al. [13] have proposed a specific anion adsorption 
based on their NMR and electrophoresis experiments. The specific anion 
binding to phosphatidylcholine has recently been questioned by McLaughlin 
et al. [5]. Contrary to Barsukov et al., they claim that  anions (chloride) do not  
influence the electrophoretic properties of the liposomes. The enhanced 
lanthanide shift caused by the anions is now further elucidated. We demon- 
strate an intimate synergism between the cation and anion bindings promoted 
by the surface potential effect. 

To get further information about the intrinsic binding constant for the phos- 
phate-Ln 3÷ interaction we have also studied glycerophosphorylcholine and 
found its binding to Eu 3÷ to be fairly weak. As expected, in the latter case no 
sensitivity to ionic strength is found since surface potential effects are not  
involved. 

The improved technique and the large number of experiments now carried 
out  give us confidence to revise the earlier presented binding parameters in 
order to get a better quantitative agreement with the total material. The main 
message delivered in our first paper still remains and is emphasized, namely the 
importance of accounting for the surface potential effects. 

Materials and Methods 

The experiments with egg yolk phosphatidylcholine vesicles were carried out  
essentially as described elsewhere [1], but with a more refined control and 
standardization of the preparations. Since no buffers were employed particular 
at tent ion was paid to the pH value, which was adjusted to a meter reading of 
about 3.9 (corresponding to p2H about 4.3). Also all salt solutions added had 
pH values close to this figure, and after completing a ti tration the pH was 
checked and found never to deviate significantly from the starting value. All 
samples were analyzed for phosphorus by the standard method of Fiske and 
Subbarow [14]. The average vesicle size was determined by 31p NMR, wi thout  
proton decoupling in order not  to introduce any errors due to the NOE effect. 
No systematic and significant variation in vesicle size between the various 
preparations was observed. Hence, we estimated the outer surface of all the 
vesicles studied to contain about 65% of the total phosphatidylcholine mole- 
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cules, a figure used to calculate the total concentration of active phosphorus 
sites, [P]0. All NMR measurements were made at 30 + I°C. 

The procedure for ti tration at high ionic strengths (NaC1, NaBr and NaNO3; 
0.1--1.0 M in deuterium oxide) was to add small volumes of a concentrated 
solution of lanthanide salts to vesicles directly into the NMR tube (10 or 
12 mm). The chloride salt of  the lanthanides was always used even in the 
presence of the other anions. LaC13 (Kebo AB, Sweden), CeC13, EuC13 • 6H20, 
PrC13 • 6H20 (Alpha Products, U.S.A.) and TbC13 (Koch-Light Labs. Ltd.,  U.K.) 
were all 99.9% and used without  analysis. For the comparison between the set 
of Ln 3÷ and the construction of the so-called F curves we always carried out  all 
the separate titrations with one single-vesicle stock solution. The different Ln 3÷ 
salts were added so that  the concentrations of the various Ln 3÷ coincided. The 
shifts were corrected for the small diamagnetic contribution derived from the 
La 3+ titrations. For experiments at low and/or constant ionic strength vesicles 
in salt-free solutions were instead added to the appropriate weak Ln 3÷ solu- 
tion. In this particular case solutions of EuC13 and Eu(NO3)3 were used. The 
initial slope experiments were performed as described before [ 1 ], but now with 
Eu 3÷ instead of  Tb 3÷ and in the presence of 0.1 M NaC1, NaBr or NaNO3. 

The experiments with L~-glycerophosphorylcholine in 0.1 M NaC1 at pH 
about 4 were made with Eu 3÷, for the complete titration, as well as the other 
Ln 3÷, at one single concentration. The initial slope study was done with Eu 3÷ 
over a wide concentration range of glycerophosphorylcholine (2.4--158 mM). 
This compound in the form of the cadmium chloride complex (Sigma Chem. 
Co., grade I) was beforehand converted into the free zwitterionic form by 
adding Chelex-100 (sodium form) followed by filtration. The pH was lowered 
to about 4 by HC1 and the concentration determined by phosphorus analysis 
[14]. 

Two control experiments were performed to see if adsorption of Eu 3÷ to the 
walls of the NMR tubes took place. In one experiment, some NMR tubes were 
coated with a hydrophobic coating (Dricote, Fischer Scientific Co.) on the 
inside and some were uncoated. The shifts obtained at very low [M]0/[P]0 
ratios of low [P] 0 values (7.5 mM) did not  differ significantly for the two types 
of  tubes. In another experiment the concentrations of Eu 3* in a solution were 
measured colorimetrically by the alizarinsulfonate method [15] before and 
after the solutions had been shaken several times in NMR tubes. However, no 
adsorption could be detected. 

The simulations were carried out on a DEC 10 system. A standard sub- 
routine NS01A from the Harwell Subroutine Library [ 16] was used to obtain a 
full solution of the system of non-linear equations. 

Theory 

Separation of  lanthanide shifts into contact and pseudo-contact parts 

The total chemical shift induced by a Ln 3÷ (j) for the 31p nucleus studied can 
be expressed as 
~tOt = ~dia + ~?ara ~j (1) 
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The diamagnetic part is assumed to be equivalent to the shift recorded for La 3+. 
The paramagnetic part is defined as being positive for upfield values (ppm). 
Separation of the paramagnetic contr ibut ion into one term due to contact  and 
another  due to pseudo-contact  effects has been examined before for various 
lanthanides [11,12].  At constant  tempera ture  and a given crystal-field splitting 
for an axially symmetric  complex,  one expects 

p a r a  = F "  ( S z )  j + G • C~j (2) J 

The first term accounts for the contact  and the second for the pseudo-contact  
contr ibut ion.  The factors F and G depend on the nucleus studied (31p) ,  but not  
on the Ln 3÷ employed.  G is a funct ion of the geometry  of the actual complex.  
(Sz)j and C~ are theoretically calculated atomic constants (Table I) for each 
individual Ln 3÷ (j). The ions selected here belong to the first part of the 
lanthanide group, but  cover a contact  to pseudo-contact  ratio, <Sz)j/C~j, over 
a wide range. As seen, Eu 3+ is the ion of choice when predominant ly  contact  
shifts are wanted.  

Eqn. 2 gives the paramagnetic shift for  the 31p nucleus in a complex with 
L n  3+. In the case of a fast exchange between complexed and free forms the 

~ p a r a (  - - paramagnetic shift, oj oos~ will become proport ional  to the fraction (y) of 
complexed nuclei, since it is assumed that  the free nuclei do not  experience any 

/ i pa ra  shift. From 6 p a r a ( o b s )  = y • v i and Eqn. 2 we obtain 

  a a(obs)/C  = y  r + y O t3) 

This equat ion shows that  it should be possible to distinguish the contact  and the 
pseudo-contact  parts by employing a set of several Ln 3+ with different  <S~)i/~ ~ 
ratios [11,12] .  If the basic assumptions behind Eqn. 2 are fulfilled and if the 
selected Ln a+ have very similar physicochemical properties (i.e. complex con- 
stants, activity coefficients,  e t c . )we  expect  a straight line by plotting 5~a'~(obs)/ 
C~ versus the parameter ratio <Sz)JC~j. By Eqn. 3 the factor  y F may be ob- 
tained from the slope and y • G from the intercept  at a fixed y value for all the 
actual Ln 3+. Since this procedure is very demanding we were restricted to use 
only a few Ln 3+, mainly La ~+, Ce 3+ , Eu 3+ and Tb ~+ . 

We assume that  F(obs) will be insensitive to any conformational  changes 
due to the complex formation taking place. The so-called F curves, i.e. F(obs) 
versus the ratio between the total lanthanide-to-ligand concentrat ions ([M]o/ 

T A B L E  I 

T H E O R F T I C A L  P A R A M E T E R S  USED IN EQN.  3 TO S E P A R A T E  T I l E  L A N T H A N I D E - I N D U C E D  
S H I F T  I N T O  C O N T A C T  AND P S E U D O - C O N T A C T  P ARTS  

A d o p t e d  f rom Refs. 11 and 12. 

<Sz> j C D ,~Sz>j/C D 

Ce 0 .970  ---6.25 - -0 . 155  
Pr 2 .972  - -10 .99  - -0 . 270  
Eu - - 1 0 . 6 8 2  4 .05  - -2 . 638  
Tb - - 3 1 . 8 1 8  - -85 .26  0 .373  
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[P]0) should faithfully reflect the real binding curve. For the pseudo-contact 
part we would expect the factor G to vary if there is a conformational change, 
due to intra- as well as intermolecular effects. The G factor will then be a func- 
tion of the fraction of complex formation, G(obs) = y  • G(y). As long as no 
variation in G(y) takes place the ratio of F ( o b s ) / G ( o b s )  should remain con- 
stant. 

In t e rac t ion  o f  ca t ions  and anions wi th  the  mernbrane surface 
We here extend our published treatment  [1] of the surface phenomena in 

terms of specific binding and the diffuse double layer theory. Only a brief 
account will be given in the following as the main points are already outlined 
in our work [1]. As before, we assume the anion X- (Cl-, Br- and NO~) as well 
as the metal ion M 3÷ to bind to the phospholipids in the surface (s). Thus 

M 3+ (s) + n P ~ MP~ + (M 3+ = Ln 3+) 

X- (s) + P -~ XP- 
where P symbolizes the zwitterionic site and n is the stoichiometry for the 
metal ion complex. We anticipate that the Ln 3+ and the anions can bind to all 
the outer phosphatidylcholine moleeules except those already occupied by a 
cation, respeetively an anion. We also include the complex formation between 
metal ion and anion in the bulk solution (b) 

M 3+ (b) + X- (b) # MX 2+ (b) 

Absorption of MX ~+ to the surface is neglected (see Discussion). 
As we have shown earlier [ 1] the relevant equilibrium relations then involve 

the bulk (b), interface (I), and surface (s) concentrations, giving: 

7MX [MX]b 
gMx .¥M[M]b~,X [X]b (1/mol) (4) 

Kx - [XPls (1/mol) (5) 
~/X [X]i [P]s 

K .  - [ M P . ] s  
~/M[M]I[p] ~ ((A2) n-1 " l/mol n) (6) 

Values on the constants KMX are found in the literature [17--19], The 
appropriate activity factors are assumed to be equal to the bulk values and are 
denoted by ~/ [20--23]. 

The relationships between interface concentrations and bulk concentrations 
are given by the Boltzmann relation. The Grahame equation gives the relations 
between the charge on the surface created by the ions bound, the surface 
potential and the ionic composition in the bulk solution. 

where a is the surface charge in electronic charges/A 2, [i]b is the bulk con- 
centration of  the i ' th ionic species in mol/1, zi is its charge, ~ is the surface 
potential in mV, F / R T  = 26.1 mV and (2eeoRT)  -1/2 = 274.0 at 30°C. 
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T he  surface charge is c rea ted  by  the  b o u n d  species. 

3 [MP,]s  1 [XP]s 
o - 7 0  [Plos 70 [Plos (8) 

T he  bulk  concen t r a t i ons  are calculated as the  d i f fe rence  be tween  the  to ta l  
a m o u n t  of  ions added and the  a m o u n t  of  ions bound .  

Rela t ions  be tween  bulk  concen t r a t i ons  and surface concen t r a t i ons  are given 
by  s • [P]os = v • [P]o,  where  v is the  to ta l  so lut ion vo lume,  s is the to ta l  area on 
the  outs ide  of  the vesicles, [P]o is the  concen t r a t i o n  of  phosphol ip ids  on  the  
outs ide  o f  the  vesicles in mol/1 and [P]os is the externa l  surface concen t r a t i on  
( m o l / h  2) o f  phosphol ip ids .  For  egg yo lk  phospha t idy lcho l ine  the molecu la r  
cross-sect ional  area at the  surface is assumed to  be 70 A: even in the  presence  
o f  Ln 3+. This cor responds  to  [P]os = 1 /70  Nm o l /A  2. F r o m  the  expe r imen t s  we 
have be means  of  Eqn.  3 deduced  values for  

[MP,,]s 
F(obs)  = y • F = n . . . . .  F (9) 

[Pl o~ 

T h e  fac to r  F is now the  re levant  shift  pa ramete r  ra the r  than  the  b o u n d  shift  
used in ou r  earlier work  [ 1] .  

We thus  have a sys tem of  non- l inear  equa t ions  wi th  two  u n k n o w n s  [ M P n ] J  
[Plos and [ X P ] J [ P ] o  s and fou r  inpu t  paramete rs  n, F, K n and K x. Firs t  we find 
an a p p r o x i m a t e  so lu t ion  by  neglect ing the  a m o u n t  o f  anions bound ,  c o m p a r e d  
to  those  in the  bulk  so lu t ion ,  and by  solving the  equa t ions  so ob ta ined  using 
N e w t o n ' s  m e t h o d .  The  full so lu t ion  is then  calculated by  using a l ibrary sub- 
rou t ine  [161 wi th  the  a p p r o x i m a t e  values on [ M P , ] J [ P ] o s  and [ X P ] J [ P ] o s  as 
inpu t  values. The  cons tan t  K ,  was i n t roduced  in Eqn.  6 as a mixed  cons tan t  
bu t  it is more  pract ical  to  t r ans fo rm this in to  K~ = K , .  [p]n~-I [1] .  This 
cons t an t  t hen  has the  d imens ion  o f  1/mol. 

We have also appl ied the  initial slope approach  [1] which is valid far f rom 
sa tura t ion :  

k = - -  e x p ( 3 F ~ / R T )  ---+n']~ ~i para. (10)  
V" K,~ [P]o ' 

where  6~ ara n o w  takes the  place of  A ,  used in ou r  earlier w o rk  [1] .  Here  k = 
0(5~a~a(obs) ) /0( [M]o/ [P]o)  is the  initial slope of  the  t i t ra t ion  curve. If  the 
t i t r a t ion  is carr ied ou t  with Ln 3+ which  p r e d o m i n a n t l y  gives a co n t ac t  shif t  (of. 
Eqn.  2),  such as g u  3÷, it should  be possible to  d i rec t ly  ob ta in  an es t imated  

~para o f  the  initial slope graph. Hence ,  this value of  F f r om the  in te rcep t ,  n-  - i  , 
i n t e rcep t  will co r r e spond  to  n .  F -  <Sz>j and we have a way to  es t imate  the  
value of  n • F. Because o f  the  inf luence  of  the  anion binding on  the  surface 
po ten t i a l  ~ in Eqn.  10 it  is no t  possible to  ex t r ac t  K* f rom the  slope o f  the  
line. The  initial s lope lines have to  be s imulated.  

Since the  c o n c e n t r a t i o n  [P]o was varied be tween  2.6 and 43.9 mM we have 
to  co r rec t  the to ta l  so lu t ion  vo lume  for  the  space occupied  by  the  vesicles to  
ob ta in  the  ef fec t ive  bulk  vo lume,  used to  calculate  the  effect ive  bulk  con-  
een t ra t ions  o f  the  ions. This  was t aken  care of  in the  simulat ions.  
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Results 

The  separat ion o f  the  Ln 3÷ shifts in to  co n t ac t  and pseudo-con tac t  parts  
requi red  a careful  e l iminat ion o f  sys temat ic  errors.  In Fig. 1 a p lo t  according 
to  Eqn.  3 is de mons t r a t ed  for  t i t ra t ions  with various Ln 3+ in the  presence  o f  
0.5 M NaCl. The  lines are f i t ted  to  the values for  Ln 3÷ t i t ra ted  to  an identical  
concen t r a t i on  rat io,  i.e. [M]o / [P]o .  As seen, the  agreement  with straight  lines 
is sa t i s fac tory  (corre la t ion  coeff ic ients  a round  0.999) .  Hence,  the  basic assump- 
t ions behind Eqn.  3 seem to be valid and we may  proceed  to  de te rmine  y • F 
and y • G ( y ) .  

F r o m  the  slope o f  each line (Fig. 1 and others  n o t  shown)  valid for  a f ixed 
conce n t r a t i on  rat io  [M]o / [P]o  a value o f  F(obs )  = y • F is ob ta ined .  In Fig. 2a 
these points  are p lo t t ed  for  the  three  NaC1 concen t ra t ions  applied.  We see tha t  
the  F curves exhib i t  the same shape and depen d en ce  on  the  ionic s t rength  as 
r epo r t ed  earlier [1] fo r  the  conven t iona l  t i t ra t ion  curves with Tb a÷. However ,  
the  F (obs )  values now represent  the  average co n t ac t  con t r i bu t ion  f rom a set 
o f  selected Ln 3÷, and no t  the  to ta l  shif t  ~para f rom a single ion as in Ref.  1. v j  

Calculat ions o f  the  F(obs )  and G(obs)  values f rom the expe r imen t s  men-  
t ioned  above showed tha t  Eu 3÷ gave an a lmost  pure co n t ac t  shift.  Hence,  the  

~para  A ,  ra t io  be tween  the  to ta l  paramagnet ic  shift  and the  con tac t  shift ,  i.e. y - Eu /J  ' 
F "  <Sz)j, was 1.06 in 0.1 M NaC1 at [M] o / [P]o  = 0.1 fo r  Eu 3÷. This  just if ied the  
use o f  this par t icu lar  ion a lone in some exper iments .  Here  the  four  o the r  ions 
(La a÷, Tb 3÷, Ce a+ and Pr 3÷) were  e m p l o y e d  toge the r  wi th  Eu a÷ at one  single 

xpara/., . F "  <Sz>j in Ln 3÷ concen t r a t i on .  This  made  it possible to  calculate  y • -Eu ,J  
o rder  to  check  tha t  no drast ic con fo rma t iona l  changes had occur red  which 
would  make  compar i sons  be tween  exper imen t s  diff icul t .  

T he  observed enhanced  Ln3+-induced shifts in the  presence of  NaBr and 
NaNO3 c o m p a r e d  to  NaC1 at  the  same concen t ra t ions  are seen in Fig. 2a--c 
where  the  exper imen ta l  F (obs )  values as func t ions  o f  [M]o / [P ]o  are shown for  
d i f fe ren t  concen t ra t ions  of  these salts. With NaNO3 as e lec t ro ly te  the  stabil i ty 
o f  the  vesicles in the  presence  o f  Ln 3÷ seems lower  than  in the o the r  two  salts. 

05 

'T'b 

Pr 
EIu C • 

-15 

-30 -20 -10 110 

<s,>j/c~ 

Fig. 1. Plot  accord ing  to  Eqn.  3 o f  the  31 p chemica l  shif ts ,  ~ a r a ( o b s ) ,  for  var ious  Ln 3+ at  t h ree  di f ferent  
values  o f  the  m o l a r  rat io  [ M ] o / [ P ]  o (c ,  4.9 • 10 -3 ;  ~, 1 .45 • 10 -2 ,  and  ~, 8.21 • 1 0 - 2 ) .  The to ta l  lipid 
c o n c e n t r a t i o n  was 62 .2  raM, corresponding  to [ P ] o  = 40 .4  m M  f r o m  the  o u ter  bi layer .  0 .5 M NaC1 in 
2 H 2 0 ,  p H  a b o u t  4 ( m e t e r  reading) .  T e m p e r a t u r e  30°C.  
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F i g .  2. T h e  e x p e r i m e n t a l  c o n t a c t  c o n t r i b u t i o n s ,  F ( o b s )  = y • F ,  d e r i v e d  f r o m  g r a p h s  o f  t h e  k i n d  d e m o n -  

s t r a t e d  in  F i g .  1, T h e  t i t r a t i o n  c u r v e s  h a v e  b e e n  m e a s u r e d  a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h r e e  s o d i u m  
sa l t s .  - - - ,  t h e o r e t i c a l  c u r v e s  s i m u l a t e d  w i t h  t h e  p a r a m e t e r s  p r e s e n t e d  in  T a b l e  I I .  T h e  t o t a l  l i p id  c o n -  

c e n t r a t i o n  w a s  in  al l  c a s e s  c l o s e  t o  6 0  r a M .  ( a )  NaC1;  (b )  N a B r ;  (c )  N a N O  3. T h e  e x p e r i m e n t a l  t i t r a t i o n  
c u r v e s  ( . . . . . .  ) f o r  0 .1  M NaC1 a n d  N a B r  ( f r o m  (a)  a n d  ( b ) )  a r e  a l so  i n c l u d e d .  T h e  f r a c t i o n  o f  p h o s p h o -  

lipids bound (y) can be calculated from the curves with >, = I"(obs)/l:, where /" = 17. 

The vesicles started to aggregate, as noted from the increased turbidity, in 
0.5 M NaNO3 already at quite low values of [M]o/ [P]o  and this is probably the 
reason why we fail to simulate the experiment at this concentration.  The NMR 
signals in NaNO3 are also broader than in the other two salts which makes the 
evaluation of  the shifts less accurate. In Fig. 2c we have for comparison 
included the experimental curves (broken lines} for the other two sodium salts 
at 0.1 M. 

Some examples of the F curves at very low Ln 3+ concentrations are shown in 
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Fig. 3a and b. For [M]o/[P]o < 0.02 the shifts are quite insensitive to the total 
salt concentration (Fig. 3a) and the effect of the anion nature is still small 
(Fig. 3b). All the nine experiments (including La 3+, Ce 3÷, Eu 3+ and Tb 3÷) in 
Fig. 2 also covered the small Ln 3÷ concentrations employed in Fig. 3. In all 
cases the same dependence on the electrolytes as seen in Fig. 3 was noticed. 
Obviously the specific anion effects are most easily seen at fairly high Ln 3÷ 
concentrations ([M]o/[P]o > 0.1) and the shift enhancement follows the order 
CI- < Br- < NOS. 

From the graphs of the type illustrated in Fig. 1 it is possible to extract 
F(obs) from the slopes and G(obs) from the intercepts (cf. Eqn. 3). For all nine 
titration curves included in Fig. 2a--c the corresponding values of  F/G(y)= 
F(obs)/G(obs) values have been calculated. As an example the results from 
experiments with vesicles in NaC1 solutions are presented in Fig. 4. In spite of  
the scattering of  the points, due to difficulties to determine F(obs) and G(obs) 
with high precision, the three sets of  experiments with NaC1 (Fig. 4) and the 
corresponding ones with NaBr and NaNO3 (not shown) all reveal the same 
tendency of a decrease of  F/G(y) in the beginning of the curves. 

We have repeated the initial slope experiments using Eu 3÷ instead of  Tb 3÷ 
employed earlier [1].  In Fig. 5 the experimental points with vesicles in 0.1 M 
NaC1, NaBr and NaNO3 are plotted according to Eqn. 10. 

In order to minimize the effects of the anions we also carried out experi- 
ments with vesicles prepared in salt-free solution. Only Eu 3+ has been used in 
this case and the titrations were done in two different ways. In the conven- 
tional way concentrated solutions of  EuC13 or Eu(NO~)3 were added to vesicle 
solutions (60 mM phosphatidylcholine in 2H20 ). In this way the electrolyte 
concentration can be kept low but will steadily increase. The titration curves 
do not exhibit any saturation tendency. For [Eu]o/[P]o > 0.01 it was obvious 
that the shift produced by the addition of Eu(NO3)3 was larger than for EuC13. 
An alternative way to do the titrations is shown in Figs. 6 and 7, where a con- 
centrated salt-free vesicle solution has been added to dilute Eu 3+ solutions. In 
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Fig.  4 .  P l o t  o f  the  r a t i o  b e t w e e n  t he  c o n t a c t ,  F ( o b s ) ,  a n d  the  p s e u d o - c o n t a c t ,  G ( o b s ) ,  c o n t r i b u t i o n s  t o  
t h e  p a r a m a g n e t i c  sh i f t  ( c f .  E q n .  2 )  for  v a r y i n g  Ln 3÷ l o a d i n g  a n d  at  d i f f e r e n t  NaCI  c o n c e n t r a t i o n s .  T h e  
c o r r e s p o n d i n g  F c u r v e s  are  f o u n d  in Fig.  2. 

Fig.  5. T h e  in i t ia l  s l o p e  v a l u e s  (t¢) f or  o r d i n a r y  t i t r a t i o n  c u r v e s  p l o t t e d  a c c o r d i n g  to  E q n .  10 .  V e s i c l e  so lu -  
t i o n s  w i t h  varYing  l ip id  c o n c e n t r a t i o n s  ( [P ]o :  2 .6 - -43 .9  raM) w e r e  t i t r a t e d  w i t h  E u C l  3 in  the  p r e s e n c e  

o f  0.1 M NaC1,  N a B r  a n d  N a N O  3.  , c a l c u l a t e d  w i t h  t he  p a r a m e t e r s  in  T a b l e  II f or  the  N a C l  case .  
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F i g .  7. Titrat ion  o f  0,1  m M  EuC13 a n d  E u ( N O 3 )  3 so lut ions  w i th  p h o s p h a t i d y l c h o l i n e  ves ic les  prepared 
in salt-free so lu t ion  ( 2 H 2 0  adjusted to  pH ab ou t  4) .  

this way the ionic strength is kept constant and as seen in Fig. 6 this will 
produce titration curves which show saturation behaviour. Fig. 7 demonstrates 
that also with this titration procedure the nitrate gives larger shifts than the 
chloride. The ratio of the total observed paramagnetic shift to the contact part 
(vide supra) for Eu 3÷ was calculated at one concentration of Ln 3÷ and found to 
be 1.066 showing that Eu 3÷ still gives an almost pure contact shift making com- 
parisons with the earlier experiments in salt solutions meaningful. 

For the Ln 3÷ complexes with phosphatidylcholine vesicles the binding is 
influenced by potential effects and all these experiments (Figs. 2a--c and 3a 
and b) have to be simulated by solving the system of  equations mentioned 
before. For values of KMX in Eqn. 4 we are referred to literature values, which 
unfortunately differ quite a lot between the various investigators. We have 
selected the values in Table II as being the most reliable. These values are valid 
at an ionic strength of  1 M. 

T A B L E  I I  

P A R A M E T E R S  U S E D  F O R  T H E  S I M U L A T I O N S  O F  T H E  L A N T H A N I D E - I N D U C E D  C H E M I C A L  

S H I F T  C U R V E S  W I T H  P H O S P H A T I D Y L C H O L I N E  V E S I C L E S  ( F I G S .  2 A N D  3)  

* ~ b K n K x n F Anion  [ N a X ]  3, X = - r iga  X a YM = ~/~¢IX 3 K M X  
X -  ( tool /1)  ( l / t o o l )  c ( l / m o l )  ( l / m o l )  

C1- 0 .1  0 . 7 7  0 . 4 9  
0 . 5  0 , 6 8  0 . 3 4  0 . 9  7 0 0  0 .9  2 17  

1 .0  0 . 6 6  0 . 3 0  

B r -  0 .1  0 . 7 8  0 . 4 9  
0 . 5  0 . 6 9  0 . 3 4  0 . 6 5  7 0 0  2 .0  2 17 

1 .0  0 . 6 9  0 . 3 0  

N O 3  0 .1  0 . 7 6  0 , 3 9  
0 . 2  0 . 7 1  0 , 3 1  1 . 4  7 0 0  8 . 0  2 17  

0 . 5  0 . 6 2  0 . 2 1  

a F r o m  R e f .  23 .  
b F r o m  Refs .  2 0 - - 2 2 .  
c F r o m  Refs .  1 7 - - 1 9 ; v a l u e s  refer  to  an ion ic  s trength  o f  1 M, 
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For TMX we lack information and have to assume that  ')tMX = ~/M" Mean ion 
activity factors [20--23] for the pure salts at the same ionic strength as in the 
actual experiment have been used instead of single ion activity factors which 
are not  available in the literature. 

A reasonably good fit to the experimental curves in Figs. 2 and 3 (full lines) 
was obtained by the set of parameters given in Table II. For the initial slope 

~para = --364 as a mean value for experiment in Fig. 5 we determined n • vj ppm 
Eu 3+. If we approximate the induced shift from this particular ion as being a 
pure contact  shift we get from Eqn. 2, n .  F = n • 5~a / (S z>j  = 34.0. This value 
was used for the simulations. Simulation of the initial slope experiment with 
the parameters in Table II used in Eqn. 10 resulted in lines with slopes 
deviating from those given by the experimental points (Fig. 5). 

Simulations of the titration experiments carried out at very low ionic 
strength (Figs. 6 and 7) resulted in too low shifts compared to the experiment 
with the parameters from Table II. 

We have also undertaken a 31p NMR study of L~-glycerophosphorylcholine 
as a model compound. In this case one does not  have any surface phenomena 
governed by the electrolyte concentration. Glycerophosphorylcholine in 
distilled water as well as 0.1 M NaC1 has been titrated with various Ln 3+. As 
expected, the induced shifts with this compound were insensitive to the 
presence of NaC1. The initial slope experiment will in this case allow an 
immediate determination of  the binding constant since no potential effects are 
involved (~ = 0). Experiments with varying concentrations of glycerophos- 
phorylcholine titrated with EuC13 (0.1 M NaC1) when plotted according to 
Eqn. 10 furnished a straight line. From the slope K* = 2.9 1/mol and from the 
intercept n • 5~ ara = --303 ppm were obtained. Assuming a 1 : 1 stoichiometry 
for the complex we get 5~ara = --303 ppm. Also in this case the ratio of total 
paramagnetic shift to contact  shift for Eu 3+ was checked by using the four 
other Ln 3÷ together with Eu 3+ at one single Ln 3÷ concentration. This ratio was 
calculated to be 1.048. 

D i s c u s s i o n  

We have designed the experiments to be able to calculate the so-called F 
curves which give expressions of  the contact  shifts and should therefore reflect 
the real binding curve for an average Ln 3÷. Working with the F curves makes us 
confident that  the shape of the curves, the effects of ionic strength and the 
specific anion used are not  merely a result of conformational changes of  the 
phosphate moieties, which might affect the balance between the contact and 
the pseudo-contact contributions to the shifts. 

From the variation of the F ( o b s ) / G ( o b s ) =  F / G ( y )  values as a function of 
Ln 3÷ addition (Fig. 4) we have some evidence that  a conformational change 
might take place upon ion binding. Due to the tedious task to produce F / G ( y )  
curves we restricted ourselves to only three paramagnetic Ln 3+. However, for 
the points at 0.5 M NaCl in Fig. 4 the number of ions was four. It is not 
possible to give a good estimate of the errors (including systematic ones) in the 
F / G ( y )  values. From their 31p NMR study, Brown and Seelig [8] noticed a 
change in the chemical shift anisotropy in the presence of relatively high c o n -  
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cen t ra t ions  of  Ln 3+. Our  results suggest a possible eo n fo rm a t io n a l  change com- 
p le ted  at  low Ln 3+ concen t ra t ions .  

In the present  work  we have a t t e m p t e d  to  s imulate  the co m p le t e  F curves, 
f rom very low to high ion binding. Hence ,  the  parameters  in Table  II are those  
selected to  give as good as possible overall  f i t  to the  exper iments .  We then  had 
to  use a higher  chlor ide  binding cons tan t  than r epor t ed  earlier [1] .  This also 
resul ted in an F pa ramete r ,  which agreed well with the initial slope expe r imen t .  
The  parameters  used for  the s imulat ions  of  the F curves do,  however ,  no t  give 
the  right slope in the s imulat ions of  the initial slope curves. One possible 
exp lana t ion  could  be tha t  the Eu "~+ adsorb  to the walls of  the NMR tubes,  
t he r eby  lowering the effect ive  bulk  concen t r a t i on .  This would  be especially 
no t iceab le  at the lowest  Eu ~+ concen t ra t ions  used (i.e. at low [ P ] .  values). Th e  
two con t ro l  expe r imen t s  pe r fo rmed  showed tha t  this exp lana t ion  is p robab ly  
no t  t rue.  In the initial slope e x p e r i m e n t  (Fig. 5) the total  anion concen t r a t i on  
was 0.1 M, bu t  [P]o varied be tween  2.6 and 43.9 M. The exper imen t s  with the 
full F curves were carried ou t  only  at one  lipid co n cen t r a t i o n ,  close to  the 
higher  value. If our  descr ip t ion  of  the anion binding mechanism is too  primit ive 
(vide infra) we e xpec t  problem,s when t rying to  s imulate  the  expe r imen t s  at all 
[P]o values with the same set of parameters .  However ,  the  initial slope curves 
can be s imulated sat isfactor i ly  with the same relative rat io be tween  the  three  
K x values as used for  the F curves {Table II), bu t  then  lower absolute  values 
must  be e m p l o y e d  (Kx = 0.2 l / tool  for  C1 ). These  lower values are, however ,  
t oo  low to give good s imulat ions  of  the  full F curves (Figs. 2 and 3). 

Earlier [1] we found  large discrepancies be tween  the so-called l imiting shift  
values. Our  new extensive results suppor t  tha t  a s to i ch iome t ry  fac to r  n = 2 is 
valid for  the  l an than ide -phospha t idy lcho l ine  complex .  In our  earlier s tudy  we 
had selected n = 3, bu t  also indicated  the ambigui ty  ab o u t  the s to i ch iome t ry .  
Fo r  s implici ty we have assumed a single well-defined co m p lex  to  exist  
neglect ing any possible effects  of  coopera t iv i ty  in the surface. Hauser  et al. 
[3 ,4]  using a Langmui r  i so therm have suggested tha t  n = 2, bu t  as thei r  studies 
were no t  based on a t ho rough  analysis o f  the potent ia l  ef fects  a direct  com- 
parison is diff icul t .  The  s to i ch iome t ry  used by o thers  [3--7]  in a Langmui r  iso- 
t he rm  t r e a t m e n t  is not  d i rec t ly  comparab le  to  our  n value when  n ¢ 1 [1] .  

The  values in Table  II should be regarded as representa t ive  and no t  unique  
due  to  the c o m p l e x  system requir ing many  parameters  for  the simulations.  
Moreover ,  there  are uncer ta in t ies  in l i te ra ture  values for  the KMX cons tan ts  and 
the  act ivi ty  coeff ic ients .  The  reason to  in t roduce  activities was to accoun t  for  
the  large var ia t ion in the  ionic s t rength  wi thin  our  exper iments .  

F r o m  the  initial slope expe r imen t  wi th  L-g lyce rophosphory lcho l ine  we 
no t i ced  tha t  its binding cons tan t  to  Eu 3+ is m u ch  lower  than  for  phospha t idy l -  
chol ine  vesicles. However ,  the values for  n .  F a lmost  agree (28.4 and 34.0,  
respect ively) .  Our  binding cons tan t  for  the g lyce rophospho ry l cho l ine  co m p lex  
(2.9 1/mol) is no t  too  far f rom the  value r epo r t ed  by  Hauser  et al. [9] ,  who  
however  measured  in the  presence of  Cd :+ and at a higher  pH value. F o r  the 
Co "-+ c omple x ,  McLaughlin et al. [24]  have de t e rmined  the binding cons tan t  
to  be 0.2 1/mol. (Not ice  tha t  they  in the summary  b y  mistake refer  to  the  
binding cons tan t  as 5.1 tool/1.) 

Accoun t ing  for  the inf luence  of  anions in case of  the  phospha t idy l cho l ine  
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membrane is very crucial for the simulations. We have made at tempts  to 
simulate the experiments wi thout  any direct anion binding to the surface. 
At tempts  to simulate binding of  LnX 2÷ alone or in parallel with Ln 3÷ were not  
successful. Also the experiment in salt-free medium (Fig. 7) indicates that 
binding of  LnX 2. alone can be ruled out  since the difference between EuC13 
and Eu(NO3)3 would have been greater. Although we feel that the ratio 
between the anion binding constants Kx has been correctly established (C1- : 
Br- : NO3; 1.0 : 2.2 : 8.8) we would prefer to consider them as phenomenolog- 
ical parameters for the phosphatidylcholine-Ln 3÷ system. 

Indications of  specific anion effects also come from proton NMR [25] and 
Raman [26] studies of  phosphatidylcholines. The electrophoretic mobili ty of  
phosphatidylcholine liposomes in various monovalent  potassium salts has been 
studied by Barsukov et al. [13].  They report  the mobili ty to be 3.1 times 
higher in nitrate medium compared to chloride. (However, from Table III in 
Ref. 13 we understand that this factor should be 9.7.} The mobili ty for 
liposomes in 0.15 M KC1 was reported to be --0.15 + 0.01/am • s -1 • cm • V -1. 
This low mobili ty should correspond at maximum to a few mV ~'-potential 
according to the Helmholtz-Smoluchowski formula. The surface potential in 
0.15 M KC1, in the absence of  Ln 3÷, may be estimated from our theoretical 
approach if we assume the K ÷ adsorption to be negligible. With Kx = 0.91 1/mol 
for C1- this potential will become too negative compared to the ~'-potential 
mentioned. Barsukov et al. [13] reported binding constants for the C1- and 
NO~ adsorption to phosphatidylcholine (1.67 and 4.03 l/tool, respectively). 
They followed the 3,p NMR shift from Pr 3÷ and applied a Langmuir isotherm 
without  discussing the potential effects. If the binding constants given [13] 
really are intrinsic parameters, and not  apparent, a discrepancy with the 
electrophoretic results obviously exists. 

McLaughlin et al. [5] claim that they do not  need to introduce any specific 
C1- binding to vesicles in their 3,p NMR study of  the Co 2÷ interaction. They 
also measured the ~'-potential for various Ca 2÷ concentrations. From their 
diagram (Ref. 5, page 347, Fig. 2) one can imagine a small negative potential 
to exist in the absence of  Ca 2÷, indicating a weak C1- binding to phosphatidyl- 
choline (notice the logarithimic discontinuous concentration scales). We can 
simulate the experiments by McLaughlin et al. quite well, with the binding 
constants reported earlier by  us [1].  There we used a weak C1- binding (Kx = 
0.065 I/mol). 

Trusting the electrokinetic studies [5,13] we like to suggest that  the specific 
adsorption of  C1- to the phosphatidylcholine membrane is weak in the absence 
of  adsorbed cations and that the anion binding is enhanced in the presence of  
adsorbing cations. Hence, different Kx values would apply to vesicles with Ca 2÷ 
and Ln 3÷. We have therefore considered the following surface reactions with 
anions: 

X- + P ~  XP- 
X- + LnP 3+ ~ XLnP~ ÷ 
X- + CaP 2+ # XCaP + 

It is quite reasonable to assume that this mechanism would lead to stronger 
anion binding in the presence of Ln 3÷ compared to Ca 2+. One further binding 
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constant is required, increasing the complexity considerably. We refrain from 
further calculations since we feel that  a discrete-charge treatment is most 
relevant for this model for anion binding. This is a difficult task since the 
charge distribution is not constant during a titration. Further investigations will 
be necessary to settle the problem of cation-specific adsorption of anions to the 
phosphatidylcholine membrane. 

The Gouy-Chapman theory has proved to be surprisingly successful con- 
sidering all the inherent assumptions. The large variation in ionic strength (0-- 
1.0 M) means that  the Debye length is changing considerably. For 1 M NaCl 
this length must be small {order of A). We have therefore considered to apply a 
discrete-charge model in our investigation. The most simple form of such a 
theory is based on the linearized form of the Debye-Hfickel theory [27]. Our 
system of equations is too complicated to be handled in this simple form. A 
more complete t reatment  of the discrete-charge theory,  in a form more relevant 
to our problem, does not to our knowledge exist. The greatest need for a 
discrete-charge model probably exists at the beginning of the titrations, where 
rather few ions are bound. Then the surface potential is low and [MP~]s < <  
[P]s. In Appendix we show with a very simplified t reatment  how the effective 
cation binding in this particular case, neglecting anion binding, becomes 
identical for the discrete-charge and the smeared-charge model. A discrete- 
charge model where binding of anions parallel with cations takes place would 
be even more complicated. 

Conclusions 

We have demonstrated the importance of accounting for surface potential 
effects upon ion binding to phosphatidylcholine vesicles. Due to the com- 
plexity of the problem it has not been possible to determine precise intrinsic 
binding constants. We have established a specific anion effect. The anion 
adsorption might depend on the actual metal ion employed since the intrinsic 
chloride binding constant seems to be larger in the case of the Ln 3÷ than for 
Ca 2÷. We have not been able to directly determine the anion adsorption to the 
phosphatidylcholine vesicles in the absence of interacting cations. An indepen- 
dent measure of anion binding constants would facilitate the interpretation of 
our results. 

In this study we employed Ln 3÷ due to their relative strong intrinsic binding 
also to neutral lipids and their individual magnetic properties. By using several 
Ln 3÷ and separate the chemical shifts into contact  and pseudo-contact parts we 
have avoided possible complications from variations of the pseudo-contact part. 
The results from this procedure demonstrated that  the basic properties of the 
binding curves are intrinsic effects of specific ion binding and potential 
phenomena. We have some indications that  a conformational  change takes 
place already at low ion binding to the surface. The main conclusions from this 
study should be relevant to the Ca 2÷ interaction with phosphatidylcholine 
membranes. This ion can be replaced by Ln 3÷ in several biological systems 
[28]. 
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Appendix 

Comparison of the effective ion binding in the case of discrete and smeared 
charges 

The article by Nelson and McQuarrie [271 should be consulted for the 
theoretical background. We assume the ions with charge z to be uniformly 
distributed on the phospholipid surface forming a two-dimensional square 
Bravais lattice with lattice constant a. The potential will then vary in a periodi- 
cal manner on the surface. We may regard the surface as being divided into 
squares with the side a and the charge z located at the centre of each area. For  
each square a coordinate system is defined with origo at the point  of the 
charge. As all squares are identical it is enough to study one such square. 

A small amount  of ions is added, which can bind to all points on the surface 
according to: 

M z + nP ~ MP z 

Suppose that the ions added are too few to affect the original arrangement of  
charges. The surface concentration of  ions bound at each infinitesimal area dx • 
dy with origin at the point (x; y),  [MP.(x, Y)]s, will depend on the potential at 
this point, ~(x, y). We assume that [MP.(x, Y)]s < <  [P(x, Y)]s, which means 
that [P(x, y)]~ ~ [P]os for all points. 

We then get (cf. Eqn. 6 and the appropriate Boltzmann relation): 

[MPn(x, Y)]s = g .  [P(x, y)]~ [M]b exp(--zF~(x,  y)/RT) 

Of interest is the mean concentration over the total surface. We integrate 
[MPn(x, Y)]s over the square, and divide by its area 

[MPnls 

a o 

I 2 2 

= f f [MPn(x, y)ls dx. dy 
O 12 

2 2 

If 6 < <  RT/F (the condition for the linearized form of the Debye-Htickel 
theory) 

1 
[MP~]s = ~  f f g ~ [ M ] b [ P ] ~  s ( 1 - - z F ~ ( x ,  y) /RT)dx .  dy 

Applying the potential derived in Ref. 27 (Eqn. 29) this integral can be 
evaluated. The result is 

[MP.]s = K.[Mlb[Plo~ (1 --zF6/RT) 

where ~ now is the potential  for the smeared-charge case (Ref. 27, Eqn. 25). 
With ~ < <  RT/F and [P]s ~ [P]os, which is true if [P(x, Y)]s ~ [P]os, we 

get: 

[MPn ]s = K.  [M]b [pin exp(--zFd}/R T) 
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which is the form of the equation used in the present study (Eqn. 6 combined 
with the appropriate Boltzmann relation). 

Acknowledgements 

We like to thank Prof. Anders Ehrenberg for his continuous interest in this 
work and for the facilities placed at our disposal. The skilful technical assistance 
by Mrs. Karin RydstrSm and Miss Maria Dalin was much appreciated. Dr. Hans 
Grasdalen, the University of Trondheim, and Dr. Bo Cartling contributed with 
valuable discussions. This study was supported by the Swedish Natural Science 
and Medical Research Councils as well as the Knut  and Alice Wallenberg 
Foundat ion and the Magn. Bergvall Foundation.  

References 

1 G r a s d a l e n ,  H.,  lEriksson, L .E .G . ,  W e s t m a n ,  J .  a n d  E h r e n b e r g ,  A. ( 1 9 7 7 )  B i o c h i m .  B i o p h y s .  A c t a  4 6 9 ,  
1 5 1 - - 1 6 2  

2 H u t t o n ,  W.C. ,  Yeagle ,  P.L.  a n d  Mar t i n ,  R .B .  ( 1 9 7 7 )  C h e m .  Phys .  L ip ids  19 ,  2 5 5 - - 2 6 5  
3 Hause r ,  H. ,  Phi l l ips ,  M.C. ,  Levine ,  B .A.  a n d  Wil l iams,  R . J .P .  ( 1 9 7 5 )  Eur .  J .  B i o c h e m .  58,  1 3 3 - - 1 4 4  
4 Hause r ,  H. ,  H i n c k l e y ,  C.C. ,  Krebs ,  J . ,  Levine ,  B.A. ,  Phi l l ips ,  M.C. a n d  Wil l iams,  R . J .P .  ( 1 9 7 7 )  B i o c h i m .  

B i o p h y s .  A c t a  4 6 8 ,  3 6 4 - - 3 7 7  
5 M c L a u g h l i n ,  A. ,  G r a t h w o h l ,  C. a n d  M c L a u g h l i n ,  S. ( 1 9 7 8 )  B i o c h i m .  B i o p h y s .  A c t a  513 ,  3 3 8 - - 3 5 7  
6 Pusk in ,  J .S .  ( 1 9 7 7 )  J .  M e m b r a n e  Biol .  35 ,  3 9 - - 5 5  
7 Nir, S.,  N e w t o n ,  C. a n d  P a p a h a d j o p o u l o s ,  D. ( 1 9 7 8 )  B i o e l e c t r o c h e m .  B ioene rg .  5, 1 1 6 - - 1 3 3  
8 B r o w n ,  M.F.  a n d  Seel ig ,  J .  ( 1 9 7 7 )  N a t u r e  269 ,  7 2 1 - - 7 2 3  
9 Hause r ,  H.,  G u y e r ,  W., Levine ,  B., S k r a b a l ,  P. a n d  Wil l iams,  R . J .P .  ( 1 9 7 8 )  B i o c h i m .  B i o p h y s .  A c t a  

508 ,  450- - -463  
1 0  B a r s u k o v ,  L.I . ,  S h a p i r o ,  Yu .E . ,  V i k t o r o v ,  A .V. ,  V o l k o v a ,  V . I ,  B y s t r o v ,  V .F .  a n d  Berge l son ,  L .D.  

( 1 9 7 6 )  B ioo rg .  K h i m .  2,  1 4 0 4 - - 1 4 1 5  
11 Re i l l ey ,  C.N. ,  G o o d ,  B.W. a n d  D e s r e u x ,  J . F .  ( 1 9 7 5 )  Ana l .  C h e m .  47 ,  2 1 1 0 - - 2 1 1 6  
12  Re i l l ey ,  C.N°, G o o d ,  B.W. a n d  A l l e n d o e r f e r ,  R .D .  ( 1 9 7 6 )  Ana l .  C h e m .  48 ,  1 4 4 6 - - 1 4 5 8  
13 B a r s u k o v ,  L.I . ,  V o l k o v a ,  V.I . ,  S h a p i r o ,  Yu .E . ,  V i k o t o r o v ,  A.V. ,  B y s t r o v ,  V .F .  a n d  Be rge l son ,  L.D. 

( 1 9 7 7 )  B ioo rg .  K h i m .  3, 1 3 5 5 - - 1 3 6 1  
1 4  F iske ,  C .H.  a n d  S u b b a x o w ,  Y. ( 1 9 2 5 )  J . 'B io l .  C h e m .  66 ,  3 7 5 - - 3 8 6  
1 5  R i n e h a r t ,  R .W.  ( 1 9 5 4 )  Anal .  C h e m .  26,  1 8 2 0 - - 1 8 2 2  
16 H o p p e r ,  M.J .  ( 1 9 7 3 )  Ha rwe l l  S u b r o u t i n e  L i b r a r y ,  A C a t a l o g u e  of  S u b r o u t i n e s ,  T h e o r .  Phys .  Div.,  

A . E . R . E . ,  Ha rwe l l  
17 P e p p a r d ,  D .F . ,  Mason ,  G.W. a n d  H u c h e r ,  I. ( 1 9 6 2 )  J .  I no rg .  Nucl .  Chem.  24 ,  8 8 1 - - 8 8 8  
18  C h o p p i n ,  G . R .  a n d  Unre in ,  P.J .  ( 1 9 6 3 ) J .  Inorg .  Nucl .  C h e m .  25 ,  3 8 7 - - 3 9 3  
19 Bansa l ,  B .M.L . ,  Pat i l ,  S.K° a n d  S h a r m a ,  H.D.  ( 1 9 6 4 )  J .  Ino rg .  Nucl .  C h e m .  26,  9 9 3 - - 1 0 0 0  
2 0  S p e d d i n g ,  F .H . ,  Ne l son ,  R . A .  a n d  R a r d ,  J .A .  ( 1 9 7 4 )  J .  C h e m .  Eng.  D a t a  1 9 , 3 7 9 - - 3 8 1  
21 S p e d d i n g ,  F.H.~ Weber ,  H .O. ,  Saeger ,  V.W.,  P e t h e r a m °  H.P. ,  Rard~ J . A .  a n d  H a b e n s e h u s s ,  A.  ( 1 9 7 6 )  

J .  C h e m .  Eng .  D a t a  21,  3 4 1 - - 3 6 0  
2 2  O ' B r i e n ,  W.G.  ( 1 9 7 4 )  D i s s e r t a t i o n  I o w a  S t a t e  Un ive r s i ty ,  R e p o r t  1 9 7 4 ,  IS-T-621~ Dep  NTIS  
23  R o b i n s o n ,  R . A .  a n d  S tokes ,  R . H .  ( 1 9 4 9 )  T rans .  F a r a d a y  Soc .  45 ,  6 1 2 - - 6 2 4  
2 4  M c L a u g h l i n ,  A.C. ,  G r a t h w o h l ,  C. a n d  R icha rds °  R . E .  ( 1 9 7 8 )  J. Magn .  Res.  31,  2 8 3 - - 2 9 3  
25  J e n d r a s i a k ,  G . L .  ( 1 9 7 2 )  C h e m .  Phys .  Lip ids  9 , 1 3 3 - - 1 4 6  
2 6  L o s h c h i l o v a ,  E. a n d  K a r v a l y ,  B. ( 1 9 7 8 )  B i o c h i m .  B i o p h y s .  A c t a  514 ,  2 7 4 - - 2 8 5  
27 Ne l son ,  A.P.  a n d  M c Q u a r r i e ,  D .A.  ( 1 9 7 5 )  J. T h e o r .  Biol .  55,  1 3 - - 2 7  
2 8  Swi t ze r ,  M.E.  ( 1 9 7 8 )  Sci.  Prog .  Oxf .  65~ 1 9 - - 3 0  


