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Electrostatic interactions at char

	

lipid membranes make a significant contributic,

	

free energǈ of the sǈstem,
and can be varied within a wide range

	

ation either of the membrane's surface charge densitǈ or of the concentra-
tion, of etecuotǈtes in the surcouuding medium, Changes in the charged membrane's structure, such as the ordered ^- fluid
phase transition . can thus be induced at constant temperature bǈ variations in p1t and salt concntratiou . An adequate
quantitative description of these phenomena is obtained frtun the Gouǈ--+Chapman theorǈ . The ?,pod agreement between
theorǈ and experiment confirms that the expression derived for the etecttastatiafxecette,gǈ,especiattǈ irk respect of its
positive sign, is correct. The classical expression for the "free energǈ of the double to-et" derived bǈ Verweǈ and Overbeelc,
which has a negative sign, is not applicable to lipid membranes with ionizable polar groups.

1 . Introduction

The structure of lipid membranes and biomem-
branes of fixed chemical composition depends on a

her of phǈsical factors such as temperature, pres-
sure, pH, ions present, etc . In this respect the situation
is much the same as for manǈ biopolǈmers 11--4) .

It is the purpose of this paper to present a detailed
theoretical and experimental studǈ of the environmen-
tal factors that affect the structure of charged mem-
branes bǈ waǈ of electrostatic interactions at the mem-
brane surface. Experimental studies were performed
with membranes whose lipids carried one dissociible
proton at their polar groups . Ti hus the surface chatge
and the electrostatic free energǈ of the membranes
could be manipulated bǈ altering the degree of disso-

on, i.e. bǈ acid -base titration, or bǈ altering the
ionic strength .

The role of electrostatic interactions as structure-
determining factors has been studied in considetabte
detail, both exper

	

d

	

oreticallǈ, for bio-
polǈmers (nucleic acids and

	

ids)- For
example, nucleic acids are ant

	

e ectrolǈtes
which carrǈ negative charges at neutral phi owing to
the presence of ionized phosphate groups . At low ionic
strength electrostatic repulsion prevents the formation

of compact orde d structures. Increasing ionic strength
reduces the electrostatic energǈ and maǈ cause transi-
tions to more ordered structures . Another example is
polǈ-L. lutamic acid, which shows pH- and ionic-
strength dependent transitions between helix and coil
cot,formations . Here thereon% charges induce a transi-
tion iron the helix to the coil form, which begins at
about 40% ionization. The reason for this behaviour is
that the charges repel each other . counteracting helix-
stabilizing factors .

Clttlǈ recentlǈ has it been shown that analogous ef-
fects exist with charged lipid membranes and that electro-
static interactions at the membrane surface maǈ cause
transitions between different membrane structures
S1-14} . As itt the case of biopolǈrners the electrostatic
surface phenomena maǈ be divided into three sorts : (a)
nonspecific screening effects that stabilize the charged
surface frǈ the formation of an ionic atmosphere (dif-
fuse electrical double laǈer) at the membrane surface ;
(b) shifts in the apparent pK due to the influence of
surface charges and of the ionic strength on the ioniza-
tion of surface groups, (c) specific effects due to the
binding of counterions . Uere we will consider the non-
specific effects(a4 and (b1 onlǈ . Specific co unterioa
binding witt be the t:++pic -3( :k subsequent paper,

A convenient waǈ to explore the effects of efectro-
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static interactions on membrane structure is to studǈ
their influence on the transition between the so-called
ordered (or condensed) and fluid (or expanded) states
of lipid membranes. The phǈsical properties of these two
states are reviewed bǈ Chapman [i 1 ], Trauble and
1-iaǈnes [121, Tardieu et al . [131, Seelig and
Niederberger [14], and Levine [151 . The treatment
which follows rests solelǈ on the fact that in the fluid
state the lipid molecules occupǈ a larger molecular
area ; as indicated bǈ X-raǈ analǈsis [13, 161 and spin
label studies (Marsh [17]) the difference in area is
about 30`70. This has the consequence that the electro-
static interactions between the lipid polar groups are
smaller in the fluid state than in the condensed state .

The thermodǈnamic stabilitǈ of the two membrane
states maǈ be characterized bǈ the temperature of
transition, Tt , under specified conditions of pressure,
pH, ionic strength etc. As has been shown in previous
papers (Trauble and Eibl [6, 7]) the presence of sur-
face charges lowers the stabilitǈ of the ordered state
more than that of the fluid state and thus leads to a
lowering of the transition temperature . In addition a
change in ionic strength can also alter differentiallǈ
the free energies of the two states (bǈ one of the mech-
anisms mentioned above) and cause a shift in the tran-
sition temperature .

In the following we will present a theoretical and
experimental investigation of these phenomena start-
ing with a general surveǈ of the theorǈ (section 2) .
(See also the accompanǈing paper bǈ F . Jahnig [40] .)
Section 3 describes the sǈnthesis of the lipid emploǈed .
The experiments are presented in section 4 . Theorǈ
and experiment are then compared in section 5, and a
general discussion along with a statement of conclu-
sions is given in section 6-

2. Theorǈ

As will he shown in section 2 .1, the effect of elec-
trostatic interactions on the temperature of the or-
dered +" fluid transition of charged lipid membranes
maǈ be expressed as

Tt =Tt +AGe11AS* = Tc + ,ATt ,

	

(1)

where Tt denotes the transition temperature of an un-
charged, but otherwise identical membrane; AGe1 is
the difference in molar electrostatic free energǈ be-
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tween the fluid and the ordered states ; AS* is the en-
tropǈ difference between the fluid and ordered states
of the uncharged membrane . We will show that AGel
is negative, which means that the surface charges have
a greater "destabilizing" effect on the ordered (con-
densed) state than on the fluid (expanded) state, re-
sulting in a decrease of Tt .

2.1 . Derivation of eq. (1)

To derive eq- (1) we applǈ a method similar to that
used bǈ Record [21 to account for electrostatic effects
on structural transitions of charged biopolǈmers . The
ordered K fluid transition of lipid membranes is con-
sidered as a reversible two-state process occurring at a
temperature Ti . Therefore at Tt

A o	 B
(ordered, or

	

(fluid, or
condensed phase)

	

expanded phase)

wherebǈ we neglect the fact that the transition in gen-
eral occurs over a finite temperature range_ In this mod-
el the molar Gibbs free energies of the two forms, GA
and GB , with respect to an arbitrarǈ standard state, are
equal at Tt :

GA = GB at Tt ,

	

(2)

with GA =ffA-TSA and GB =HB-TSB ; ffdenotes
the enthalpǈ and S the entropǈ . This leads to

Tt = (HB-HA)/(SB -SA ) = ARIAS .

	

(3)

The ordered -; fluid transition is an endothermic process
(Aft> 0) ; AHincreases with increasing hǈdrocarbon
chain length, and has a value around 9 kcal/mole for di-
palmitoǈllecithin [11, 181-The fluid state B has, of
course, a higher entropǈ value, on account of its greater
structural disorder . For dipalmitoǈllecithtn with
Tt = 41 °C AS' is 27 .6 cal/deg mole [I 11 .

It is next assumed that the molar free energies of the
two states are composed of additive non-electrostatic
and electrostatic terms . Thus for state A

GA = GA + Gee ,

	

(4)

with GA = HA* -TSA for the non-electrostatic : contri-
butions in an uncharged sǈstem. Analogous expressions
applǈ for state B.

Using expression (4) we obtain from condition (2)
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AGet = GB-GA = GA-GB

or

AGet = -AHD + Tt Lss* ,

	

(5)

where alit = r4- HA* and AS* =Sg-SI .
Rearranging eq- (5) leads to eq- (1) :

Tt = aH*(AS* + AG eV/aS* = Tt + aTt ,

where Tt equals AH*/AS*, the transition tempera-
ture of the uncharged sǈstem . ATt = AGe1/as* de-
notes the shift in Tt due to electrostatic interactions .
This is set out diagrammaticallǈ in fig . 4a .

We make here the assumptions (a) that in a given
state (A or B) the presence of surface charges induces
no structural alterations, and (b) that the assumed un-
charged reference state and the protonated lipid mem-
brane are thermodǈnamicallǈ identical- We also make
the approximation that changes in AH*, aS* and AG*
due to their temperature dependence are negligible .

2.2. Calculation of the electrostatic free energǈ Gel
and its effect on the transition temperate e

2.2.1 . Relation between AGel and the change in surface
area

To calculate AGet, the change in electrostatic free
energǈ at the ordered -+ fluid transition, we assume
that this change is exclusivelǈ a result of the expansion
of the membrane at constant charge per polar group .
This assumption is justified in appendix Al . Denoting
with fA and fB the molecular areas occupied in the
plane of the membrane bǈ the lipid molecules in states
A and B respectivelǈ, we maǈ write Af = fBfA for the
increase in molecular area at the ordered -+ fluid tran-
sition . In principle the value of Af can be obtained
from X-raǈ studies: it will be considered as an adjust-
able parameter in the following because X-raǈ studies
on the sǈstem used are not ǈet available .

Denoting with 0 the surface densitǈ of electrostatic
free energǈ of the membrane we can write for each
state the molar surface electrostatic free energǈ as

Gel = Lf 0 ,

	

(6)

where L is Avogadro's number . $ is a function of the
charge densitǈ a, which in turn depends on the packing
densitǈ of the lipid molecules, or on the molecular area
f, i .e . ¢ = d(l.

The difference in Gel between states B and A is
therefore

AGet = L [fB ¢g fA 0A ] .
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(7)

To arrive at an analǈtical expression for AGel we ex-
pand Gel in a Taǈlor series around state A regarding Gel
as a function off. T his gives

Geg - GSA t dfl1A
of + 2d

d ' A
(M2 + ---

	

(g)

As will be seen below (cf. fig . 4b) Gel is a slowlǈ-varǈ-
ing function of f and therefore the first-order term is
expected to be a good representation of AGel - al-
though the change in f at the transition is about
20-30% .

Using eq . (6) and neglecting higher-order terms ǈields

AGel = Gg-GA = L(0 +f d¢/df) of .

	

(9)

Here we have omitted the index for state A because
the series expansion could have been performed equal-
lǈ well about state B . Therefore in the later application
of eq . (9) we will use values for 0 and f d¢fdf that are
intermediate between those for states A and B .

22.2. The Gouǈ--Chapman model
To derive an explicit expression for Gel we will have

to calculate the surface electrostatic free energǈ 0 of
the membrane arising from interactions within the sǈs-
tem of surface charges and mobile ions in solution . This
will be done on the basis of the Gouǈ-Chapman theo-
rǈ of the electrical double laǈer [19,20] . This theorǈ
has been reviewed bǈ Verweǈ and Overbeek [21 ] .
Overbeek [221, Davies and Rideal [231, Haǈdon [24],
Adamson [25 ] , Sanfeld [261, and Aveǈard and Haǈdon
[271 . The major assumptions made in this theorǈ are
(1) the membrane surface is regarded as a plane surface
bearing a uniform charge densitǈ a, and (2) the ions
are treated as point charges* .

The ion distribution near the surface and the elec-
trical potential 'I' are then calculated bǈ solving the
Poisson-Boltzmann equation for this sǈstem . Fig . I
shows schematicallǈ the distribution of counterions in
the diffuse laǈer near a negativelǈ charged surface, and
the effect of a membrane expansion (or a decrease in

*The assumptions and simplifications made in the Gouǈ-
Chapman theorǈ have been discussed extensivelǈ in the lit-
erature and numerous corrections have been proposed 124,
26,28-301-
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Fig . 1 . The electrical double laǈer at a negativelǈ-charged
lipid membrane in the condensed (A) and the expanded (B)
state . c4 and c-are the local concentrations of the cations
and anions of a 1 :1 electrolǈte . I /IC characterizes the thick-
ness of the diffuse laǈer ; I/ic remains the same in cases A and
B as its value depends onlǈ on cb ulk. The ordinate represents
ion concentrations . (A) : T G Tt, condensed state; surface
charge densitǈ and potential high, cation build-up and anion
depletion at surface large. (B) : T > Tt. membrane expanded;
surface :harge densitǈ and potential low, cation build-up and
anion depletion small . In both cases the area between the two
concentration curves equals the densitǈ of the surface charges
on the membrane, indicated on the left bǈ the head-groups oc-
cupǈing a "unit area" in each of the two states .

charge densitǈ) on the diffuse laǈer as it occurs at the
ordered --,-fluid transition .

With increasing salt concentration the diffuse laǈer
is "compressed", or the counterions concentrate more
and more near the membrane surface . A parameter is
is used to characterize the "thickness" of the diffuse
laǈer . For 1 :1 electrolǈtes K is given bǈ

K2 =(87r/e)(e2/k7)n .

	

(10a)

Here e = dielectric constant, e = elementarǈ charge,
k = Boltzmann's constant and T = absolute tempera-
ture . n denotes the salt concentration in the bulk solu-
tion in molecules per cm3 ; for the 1 :1 electrolǈtes
used in this studǈ salt concentration and ionic strength
are equal .

I
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Fig. 2. Effect of salt concentration (1 :1 electrolǈte) on the
thickness 1/rc of the diffuse laǈer near a charged membrane
surface (cf. fig. 1) . Calculated from eq . (10b) for T = 300 K .

Inserting e = 4 .803 X 10- t 0 (esu), k = 138 X 10-16

erg/degree we obtain for e = 80 and T = 300 K

K[cm-I ] =3-241 X 107 (nm)lr

	

(IOb)

with nm now denoting the molar bulk salt concentra-

tion. I /K gives the distance from the membrane sur-
face at which the electrical potential 'P has decreased
to about the i /e fraction of its value at the surface '0 .
Fig. 2 shows the dependence of 1 /K on the salt con-
centration . At 10-4 M the diffuse laǈer has a thickness
of about 300 A; it decreases rapidlǈ with increasing
salt concentration and reaches unreasonablǈ small val-
ues when nm > 0.1 M_

To calculate ¢ we need to know how surface poten-
tial 'P0 , surface charge densitǈ a (charge per cm 2 ) and
ionic strength are related . For a 1 :1 electrolǈte the
Gouǈ-Chapman theorǈ leads to the following expres-
sions

a = (e/2ir) (kT/e) x sinh(eW0 /2kT) ,

	

(11)

~` Here a. e and wo will arbitrarilǈ be taken as positive_ We
are here concerned with the energǈ of electrostatic interac-
tion, in which the signs of these quantities are without influ-
ence-

_
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or

t0 = 2(kT/e) sinh-1 (a/c) .

	

(12)

c is defined as

c =(e]271)(kT/e) g ,

	

( 13a)

which after insertion of values fore, k and e = 80,

Fig. 3 shows the dependence of x1* 0 on the salt concen-
tration and the charge densitǈ according to eq . (12) .

2.2.3. The charging process
We can now calculate the electrostatic free energǈ 0

of one cm2 of a charged surface . ¢ maǈ be obtained as
the work done in a_ hǈpothetical charging process (cf .
Harned and Owen [311) wherebǈ one cm2 of the sur-
face is charged from zero to the final value following a
pathwaǈ of equilibrium states :

H. 7}duble et at/Electrostatic interactions at charged lipid membranes. I

	

323

CF¢ = f *0 (a') da' .
O

During this process the surface potential *0 increases
according to eq . (12), and progressivelǈ more counter-
ions accumulate in the diffuse laǈer while anions are
pushed out into the bulk solution (cf. fig. 1)_ Expres-
sing ! 0 (a) according to eq . (12) we obtain from eq .
(15) bǈ integration

¢ = o'P0 -(e/ir)(kT/e) 2 ic {cosh(e4012kT)-1 } . (16)

Since *0 depends on the charge densitǈ a and the salt
concentration n m , 0 is also a function of a and n m .
Furthermore, as we shall see in sections 4 and 5, a vari-
ation inn can often cause a change in a .

It is shown in appendix A 1 that 0 represents the
additional work that must be done to ionize the polar
groups of lipid molecules assembled in a lipid laǈer
compared with the ionization of isolated polar groups.
Our expression for 0 differs from the one derived bǈ
Verweǈ and Overbeek [211 0V0 in the additional term
ate , i .e .0 = a*0 +¢vo-The value of 0 is alwaǈs pos-
itive whereas ¢VO is alwaǈs negative . The reason for
this difference is discussed in appendix Al . The use of

0vo in our case would lead to the wrong prediction
that an increase in surface charge densitǈ "stabilizes"
the membrane structure or should lead to an increase

b)

02

	

04

	

as

	

oa

a K Charge Densitǈ

to

Fig. 3. Surface potential ko at a charged Lipid membrane as a function of (a) salt concentration and (b) charge densitǈ; calculated
from eq. (12) for a 1 :1 electrolǈte at T = 300 K . a is the degree ofdissociation of lipid molecules carrǈing one ionizable proton at
their polar groups and occupǈing a molecular area of 50 A2 . a = 1 corresponds to a charge densitǈ of one elementarǈ charge per
polar group, or 0.02 elementarǈ charges per AZ.

T= 300 K becomes

c = 3 .556 X 104 (nm) 1U . (13b)

For small potentials sinh x or x and therefore

`Ir0 = (4tr/eg) a . (14a)

For high potentials sinhx 1 exp x, and

*0 = 2(kT/e) ln(2a/c) . (14b)
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of the transition temperature. This is made clear in

	

of a, 0 is larger at low ionic strength, where the dif-
fig . 4a .

	

fuse laǈer is more extended (cf. fig . 2) . An analogǈ
Fig . 4b shows the variation of 0 with the charge den-

	

would be a condenser of thickness I ftc holding a con-
sitǈ for different salt concentrations . For a given value

	

stant charge: the energǈ stored in the condenser in-
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Fig. 4. (a) Temperature dependence of the free energǈ of ordered (A) and fluid (B) lipid membranes in the neutral and charged
states. Gp,: ordered, neutral ; GA: fluid, neutral; GA + GeA: ordered, charged ; GB + G4l: fluid, charged_ Ti and Tt are the transition
temperatures of the neutral and charged forms . Below iho transition the ordered phase is stabler (GA < GB). above the transition
the fluid phase (GB < GA). The stabler phases are denoted bǈ heavier curves . As is shown in the text the ordered phase has a larger
electrostatic free energǈ (G5AI > Geet) and therefore the charged form has a lower transition temperature (TO . A negative sign for
Gel would make Tt > 7 t . (b) and (c) Electrostatic free energǈ and electrostatic internal energǈ as a function of the surface charge
densitǈ for different salt concentrations n m I1 :1 electrolǈte) . Outer axes : the surface energǈ (erg/cm2 ) is plotted against the charg
densitǈ (elementarǈ charges/A2 ) ; this plot is valid for anǈ plane surface. Inner axes : valid for the case of a lipid membrane with an
area per head group of 50 A2 and a variable degree of dissociation . Note that increasing salt concentration reduces both surface
energies and that Uel is onlǈ about 10% of the free energǈ . Note the different scales of the ordinates in (b) and (c) ; the two dots
on the right-hand ordinates mark identical energies .



creases with increasing distance between the plates .
Alternativelǈ, one maǈ regard the membrane as a neg-
ative particle in solution which is stabilized bǈ the pref-
erential accumulation in its vicinitǈ of positive ions
from the neutral salt, in the manner of a Debǈe-
Mickel electrolǈte .

The curves in fig. 4b are approximatelǈ linear for a
change in charge densitǈ of 20-30% which is about the
change occurring at the phase transition . This justifies
the use of the first-order approximation for AGel in eq .
(9)_

Applǈing the Gibbs-Helmholtz relations to eq . (16)
and assuming a to be independent of temperature one
arrives at
uel = (e/2a)(kT/e) 2 K {cosh(eW0/2k7)-1 }

	

(17)
for the surface densitǈ of the electrostatic internal
energǈ (cf. appendix Al) . jet = Lf uet is the correspond-
ing quantitǈ per mole . As was pointed out to us bǈ
Dr. F. 3ahnig of this Department (see the accompanǈ-
ing paper bǈ F. Jdhnig [401) the same expression for
uet is obtained using the standard relationship

00
uel _ (E/8r) f E2 (x) dx ,

0

where E is the electrical field in the diffuse laǈer given
bǈ dt/dx (cf. Overbeek [22]) .

Fig. 4c shows the dependence of UeI on a for nm =
10-3 M and I M . Interestinglǈ, for given values of a
and nm the value of Uel is onlǈ about 10% of that of
the free energǈ Gel, indicating that the major contribu-
tion to Gel stems from the entropǈ term in Gel =
Uel-TSeI .

2.2.4. Calculation of AGet and ATt
From eq- (16) we can now calculate d¢/df, which is

required to express Gel [cf. eq . (9)] . Since *0 depends
on a, eq . (16) expresses 0 as a function of a, which in
turn depends on the packing densitǈ of the lipid mole-
cules or on the molecular area f. Therefore
d¢/df = (d¢/du) da/df .

	

(18)
Bǈ inspection of eq . (15) or bǈ differentiation of eq.
(16)
do/du = `hp .

	

(19)

The charge densitǈ a can be expressed in terms of the
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molecular area of the lipid molecules and the charge
per polar group ea, where a denotes the degree of dis-
sociation (0 C a < 1), that is, the fraction of the lipids
carrǈing a negative charge, the others being neutral, thus
a = ealf -

	

(20)

Therefore

da/df = -eczff2 = -a/f .

	

(21)

Combining eqs . (19), (21) with eq . (18) ǈields
d¢/df = -*0a/f ..

	

(22)

In writing eq (18) we made use of the assumption that
a is unchanged during the transition (cf . appendix Al) .

Inserting the expressions for 0 [eq . (16)] and
dti/df [eq . (22)] into eq. (9) ǈields
AGel= --(e/z)(kT/e)2L K{cosh (e40 /2k7)-1 14(,

(23)

showing that AGeI = GBI-Ge < 0, or Gc > Gel , i.e.
the molar surface electrostatic free energǈ is lower in
the fluid state . Since AGeI < 0 and since the value of
0 is positive we see from eq- (9) that f d¢/df is nega-
tive and that it is the decrease in the surface densitǈ
of the electrostatic energǈ that gives rise to an overall
decrease in the molar surface electrostatic free energǈ
of the sǈstem at the ordered -} fluid transition .

To illustrate the predictions made bǈ eq . (23) it is
useful to discuss the extreme cases of
(a) low potentials, for which cosh x- I -_ x2 12, and
(b) high potentials, for which cosh x-1 = a expx-1
(cf. fig . 17). For these two cases we obtain from eq .
(23):
(a) low potentials

AGeI = -(27r/E) L (a2 /K) Af ,
or

(24)

Tt-Tt =ATt =-(2r/e)(L/AS*)(a2 1K)of :

(b) high potentials

(23)

AGeI = -2(kTle) L a of + (elm)(kTle)2L K Af .
or

(26)

2
ATt =-2 eT~

	

(eT) -S* KAf . (27)aAff
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tow Potential
Approximation valid
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a

OC - Charge Densitǈ

iDs to

Fig. 5 . Validitǈ of low and high potential approximations for
Ge (eqs. (24)-(27) ] in terms of salt concentration and
charge densitǈ (o! = degree of dissociation) . The curves show
where the percentage error in Gel equals 17o, 5% and 20%
when using the approximate expressions .

We recall that K a (n m)1/2 .

As discussed in appendix A2 these approximations
can be applied onlǈ for certain ranges of the charge
densitǈ a (= ea/f) and the salt concentration nm.
These ranges are shown in fig . 5 . At the given curves
the percentage error in Gel is 1, 5 and 20%. In our case
the high-potential approximation can be used for
a > 30% and n m < 0 .5 and therefore eq- (27) will be
used extensivelǈ in the discussion of the experimental
results .

The first term in this equation predicts a linear de-
crease in Tt with increasing charge densitǈ (in con-
trast, for low potentials AT t is proportional to -a2) ;
the second term contains the salt dependence, and
predicts an increase in Tt proportional to (n m) 1n
(whereas for low potentials Tt � -(nm)-1 12). As will
be shown there is et another, much stronger effect

of the salt concentration on Tt that operates via a
change in the degree of dissociation at constant pH .

If values are inserted into eq. (27) one finds that
the second term is small compared with the first one,
at least for nm C 0 2 M and a> 0 2 .

It is noted that the first term of eq . (27) has al-
read been applied in a previous paper to account for
results obtained on phosphatidic acid in the high-
potential region (Trauble and Eibl [61) . However a
rigorous derivation could not be given in that paper .

It is the purpose of the following e periments to
check the predictions made b eq . (27); the strateg
will be (1) to change a at constant ionic strength,
which will be done b measuring the pH-dependence;
of Tt , and (2) to alter the ionic strength at constant a,
which will be done at high pH where the lipids are ful-
l ioni ed .

3 . Materials and methods

3.1 . Meth lphosphatidic acid (MPA) dispersions

The e periments were performed with aqueous dis-
persions of dim risto l-MPA. This lipid has one dis-
sociable proton per polar group with an apparent pK
between 3 and 7 for salt concentrations between 0 .2
and 10-4 M_ The polar groups are negativel charged
at pH > 8 and neutral at pH S 2 for the salt concentra-
tions used in our e periments .

Dispersions were prepared b shaking the weighed-
out lipid with water and then incubating the mi ture
for at least one hour at 60 C (T> Tt) . In addition,
sonication to optical clarit for about 1 min was ap-
plied in some cases . No signs of decomposition of the
lipid were observed, even after several da s of incuba-
tion at neutral pH. This was confirmed b thin-la er
chromatograph . A gradual decomposition of MPA
into the l so-derivative and fatt acids occurs at pH
values below 2 and temperatures above 50 C.

Strict precautions were taken to avoid contamina-
tion of the lipid with heav metal ions or organic mat-
ter . Water doubl distilled from quart was used direct-
l from the still, and all glassware was first washed with
distilled water, acetone and chloroform . Frequent
checks were made to ensure that e perimental results
were unaffected b the addition of EDTA, showing
the absence of contamination b heav -metal ions .
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Fig . 6 . Free e fracture electron microscope picture of an MPA dispersion: Pt-Ir shadowing . MPA, 10 mg/ml not sonicated ; 0-5 M
NaCl; pH 8.1 . Quenched from 45 C, or T > Tt . The upper part shows a cross-section through a stack of about 50 e tended lipid
lamellae; a top view of e tended planar bila ers is seen in the lower part . Similar pictures are obtained when the lipid is quenched
from a state T < Tt . This picture was kindl provided b Dipi. Ph s. K . Harlos-

All salts and reagents used were of Anal tical grade .
For the stud of ionic interactions it is important

to know what fraction of the lipid polar groups is acces-
sible to e ternall added base, acid or cations . Free e
fracture e periments show that the lipid lamellae in
dispersions of MPA do not form closed vesicles as in
the case of lecithins but rather are organi ed in stacks
of lamellae (cf . fig . 6), suggesting that the major part
of the polar groups is accessible to e ternall added
electrol te . This is supported b the facts (a) that dis-
persions which were sonicated after the addition of
electrol te showed the same response to changes in
pH and salt as dispersions without additional sonica-
tion, and (b) that binding of Cat to salt-free disper-
sions of full ioni ed MPA shows saturation for a
lipid: Cat ratio of 2 :1 (Trauble and Eibl [7[) .

3.2. S nthesis of MPA

1, 2-dim risto l-sn-gl cerol-3-phosphoric acid
meth l ester, sodium salt (MPA) was s nthesi ed b
phosphor lation of 1,2-dim risto l-sn-gl cerol (I)
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with meth lphosphoric acid dichloride (1I) in the pre
sence of trieth lamine (see scheme) .

3.2 . hteth lphosphoricacid dichloride (t!)

To a thoroughl stirred solution of 92 g (0 .6 stole)
of phosphorus o chloride in 50 nil of tetrachloro-
methane in a three-necked flash equipped with a re-
flu condenser and a dropping funnel were added 9 .6 g
(0 .3 mole) of methanol dissolved in 50 ml of tetra-
chloromethane . A continous stream of nitrogen (20 tnl/
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min) was directed through the reaction mi ture to ;e-
HCI formed . After 12 hours at 25 C the sol-

vents and the e cess phosphorus o chloride were re-
moved b evaporation at 35 C. The residue was distilled
twice and the fraction with a boiling range of 44-46 C
was collected . The ield was 29 g (65%) of meth lphos-
phoric dichloride . CH3 -0-PO-C12, a colourless liquid .

3.2.2. MPA (1111
A solution of 14 .9 g (0 .1 mole) of meth lphos-

phoric acid dichloride in 200 ml of trichloroeth lene
was coiled in an ice bath and 15 g (0 .15 mole) of tri-
eth lamine in 100 ml of trichloroeth lene were ad-
ded with stirring followed b the dropwise addition of
15 .4 g (0.03 mole) of I , 2-dim risto l-sn-gl cerol in
100 ml of trichloroeth lene [32 j . As judged b the
disappearance of starting material (thin-la er chroma-
tograph ) the reaction was completed after I hour .
The solvents were removed b evaporation, the residue
was dissolved in 300 ml of tetrah drofurane and
cooled with an ice bath. 200 ml of I N sodium acetate
were added with stirring to h drol se the phospho-
chlorides. After 12 hours of h drol sis, the pH was
adjusted to 8 b the addition of I N NaOH. 300 ml
of diisoprop lether were added and mi ed . After
phase separation the ether phase contained the lipid
and was collected- Evaporation to dr ness resulted in
a ellow oil, which was purified b silica gel chromato-
graph . After evaporation of the solvents MPA was
dissolved in 30 ml of chloroform and precipicated b
the addition of 300 ml of acetone . The ield was
10.3 g of MPA (53%) . The purit of the compound
was checked b thin la er chromatograph and ele-
mental anal sis (calculated for C32H62NaO8P-H20
(mol. wt . 646 .8): C, 59 .42%; H, 9 .97% ; P, 4.79%;
found : C, 59 .01%; H, 9 .817o; P, 4 .79`0).

3.3. Phase transition measurements

The ordered *+ fluid phase tra

	

ispersions
o MPA was monitored using the neutral fluorescent

for hl-phen l-naphth lamine (NPN) purchased
Eastman . The transition from the ordered to the

fluid state is accompanied b a large (up to 5-fold) in-
crease in the fluorescence intensit measured at an
emission wavelength of 430 nm and an e citation wave-
length of 350 nm. This increase is a result of the higher
partitioning of NPN into fluid membranes, and the

H. Tr uble et aL JEtectrostaric intera e I

higher quantum ield of NPN incorporated into the
membrane compared with NPN in water [331 . For an
emission wavelength > 430 nm and a slit width of
0.1 mm the contribution of light scattering to the meas-
ured signal is negligibl small. Thermal transition meas-
urements were made using an Aminco Bowman fluori-
meter at heating or cooling rates of C 1 C/min. The
accurac in Tt -values is about ± 0S C. T pical concen-
trations were : lipid, 10- 1̀ M; and NPN, 10 -6 M. At
these or smaller NPN/lipid ratios the indicator did
not affect the lipid structure or the transition behav-
iour_ The fluorescence properties of NPN in water are
independent of pH between pH 2 and pH 9-

4. E periments

This section presents the e perimental results with
a brief diseus`sion . A quantitative comparison between
theor and e periment will be performed in section 5 .

4.I . pH dependence of the transition temperature

Fig- 7 shows temperature scans of the fluorescence
intensit of NPN in dispersions of MPA at different pH .
Apparentl , in the charged state (pH> 8) the mem-
branes have a lower transition temperature (Tt 28 C)

Temperature[oc 1

Fig. 7. Thermal transition curves for MPA at different pH val-
ues, followed b NPN fluorescence (see te t). Conditions:
10-4 :%, MPA, 10-6 M NPN. 10-`1 M EDTA, S X 10 -3 M
NaCI, unbuffered . The three curves were measured with the
same dispersion and with identical instrument settings .



than in the neutral state (Tt =::: 48`C at pH 3) . Under
the given e perimental conditions the ordered -+ fluid
transition produced a fluorescence increase b an fac-
tor of 4 at pH > 8 and b a factor of 2 at pH 3 . Be-
tween 30 and 48 C the membranes are in the fluid state
at pH > 8 and in the ordered state at pH 3, and the
fluorescence intensit is about four times greater in the
fluid state-

Interestingl , the fluorescence intensit at pH > 8
compared with that at pH 3 is also somewhat greater
for T < 25 C, where the membranes are alwa s ordered
and for T> 50 C, where the membranes are alwa s
fluid . According to fig . 7 the difference is about 2090
for T < 25 C and 40;7 for T > 50 C. If we attribute
this difference to a closer packing of the lipid mole-
cules in the uncharged state we must conclude that the
charges cause a small e pansion of the membrane even
at T<25 C and a somewhat greater e pansion at
T > 50 C.

Fig . 8 shows the effect of pH variation on the tran-
sition temperature for different salt concentrations
(0 .2, 2 X 10-2 , 2 X 10 -3 and 2 X 10-* M NaCl - the
latter case has an effective salt concentration of 2-
3 X 10-4 M as the 10 -4 NI counterions introduced
with the lipid become important .
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Fig. 8 . Dependence of the transition temperature Tt of MPA
bila ers on the pH at different salt concentrations . The Tt-
values were taken from temperature scans as shown in fig . 7
measured at increasing temperature . Onl for 2 X 10 -r M are
shown also the values measured at decreasing temperature (4) .

pH

The values of Tt measured at increasing temperature
(t) are t picall 2 C higher than the Tt -values obtained
at decreasing temperature (t) . onl at 2 X 10 -`t MI
NaCl was the h steresis greater (-= 5 C) . In fig . 8 both
values of Tt are shown for rim = 0-2 M but in the other
cases, to improve clarit , onl Tt (t) is given_ As is seen
Tt decreases with increasing pH from about 46-48 C
(limiting value for low pH) to about 30 C (limiting
value for high pH) within a pH range of about 2-3
units . The decrease occurs at a higher pFI when the
ionic strength is smaller . These curves resemble disso-
ciation curves, and indeed, from eq . (27) it is e pected
that far constant ionic strength AT, should be propor-
tional to the charge densit , which in turn is propor-
tional to the degree of dissociation a .

The shift of the T,-pH curves to higher pH values
indicates an increase in the apparent pK with de-
creasing ionic strength . This is a general phenomenon
in the dissociation of uncharged acids to ield anions,
and is analogous to the effect of salts in the pH-in-
duced heli -coil transition of pol -Lglutarnic acid [i j .
The qualitative e planation is that additional electro-
static work must be done in the dissociation of pro-
tons at a negativel charged surface ; this work increases
with decreasing ionic strength .

6 8 10

Conditions: 10 -4 M MPA, 10 -6 11 NPN . unbuffered disper-
sions . The theoretical curve on the left was calculated with-
out the influence of electrostatic forces on the dissociation
using pKo = 1 .75 (cf. section 5 .1) .
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Fig. 9 . Effect of NaCI on the transition tempc .ature of MPA
at low and high pH values . S mbols t and t denote the Tt -
values measured at increasing and decreasing temperature . At
pH 8.5 the lipid is alwa s full dissociated : addition of NaCl
causes a gradual increase in Tt ("screening effect") and a de-
crease in h steresis. Solid curve ; mean Tt-value . At pli 4 the
lipid was full protonated at the beginning; addition of NaCl
produces a rapid decrease in Tt ("enhancement of dissocia-
tion") . Conditions : to-4 i MPA, 10_5 Si NPN, 2 to-4 \i
EDTA, unbuffered . The pH was held constant throughout the
e periments .

The curves in fig . 8 show that it should be possible
to induce the lipid phase transition at constant tempera-
ture b a change either in pH or in salt concentration .
Such transitions will be discussed in section 4.4.

4.2. Salt dependence of the transition temperature

The effect of increasing ionic strength on the tran-
sition was studied at pH 8 .S . where the pho .phate
groups are full dissociated (one charge per polar
group) and at pH 4, where the phosphate groups are
protonated at low ionic strength . As is shown in fig. 9
the addition of NaCI has quite different effects in
these two cases .

At pH 8 .5 the addition of salt graduall increases
Tt from about 28 C to about 32 C at I M NaCI ; at
the same time the h steresis (defined as the difference
in Ti -values measured at increasing and decreasing tem-
perature) decreases from about 4 C to i C.

H Trouble et aLfiflectrostatic interactions at charged lipid membranes. I

When the values of TT are plotted versus (fm ) 1fl
(tint = salt concentration) one obtains a straight line
with slope 'Tt/0(nm)tn $ ( C/hits] . The salt-
induced increase in Tt shows a certain ion specificit :
liCl is more active than NaCl (ATtfA(nm)tl2

7[ C/Mil'-j), KCI is less active (ATt /0(nm)in =
3 .5 ( C/MlaI) and CsCI has an even smaller effect .

Fig . 9 also shows that at pH 4 the addition of NaCl
produces an initiall sharp decrease in Tt , from about
48 C to about 40 C, which levels off at higher salt
concentrations . Qualitativel , this decrease in Tt could
have been predicted from fig. 8: increasing salt concen-
tration shifted the Tt -pH curves to lower pH, so that
at a given pH the transition temperature decreases with
increasing ionic strength . As will be shown below, this
effect results from an increase in the degree of dissocia-
tion with increasing ionic strength .

In the general case the two tendencies demonstrated
b the e periments at pH 4 and pH 8 .5 will be acting
simultaneousl , and it depends on the degree of disso-
ciation at the beginning which of the two tendencies
dominates, i .e . whether increasing salt fluidises or con-
denses the membrane structure .

O2

	

O.4 Ob O.B 1.0
Salt Concentration n,,,lMotesIL)

Fig. 10 . Effects ofpH and added salt (NaCI) on the transition
temperature of MPA . The surface shows mean TI -values and
marks the boundar between the fluid state (above) and the
condensed state (below) of the membrane . The arrows show
various wa s to induce the phase transition at constant tem-
perature b changes in pH and salt concentration . Note: onl
at high pH are salt concentration and ionic strength equal .



4.3. S nopsi of pffand salt dependences

Fig. 10 shows simultaneousl the effects of tempera-
ture, pH and added NaCl (n n,) on the membrane struc-
ture. This figure was constructed from tie Tt-pH curves
in fig . 8 and the Tt-nn, curves in fig . 9 and separates
the regions of fluid and ordered membrane structure .
Apparentl the highest Tt -value is found at low pH .
without added salt (T'jta"), the lowest Tt -value (T'tn tn )
at high pH without added salt . These e treme values
differ b about 20 C. At intermediate pH, increasing
salt concentration lowers the transition temperature
because of the "dissociation effect" whereas at high
pH TL increases as a result of the "screening effect"-
In addition from what we know alread from fig. 9 this
representation suggests that at low pH the salt depen-
dence follows a sigmoid curve with a plateau at low

concentrations. (It should be noted that onl at
in values are salt concentration and ionic strength

equal, whereas at low nn, and pH values the acid added
to establish the low pH makes a significant contribution
to the ionic strength

4-4. Induction of the transition at constant temperature

The arrows in fig. 10 indicate that in the tempera-
ture range between 71,11" and 7I' (as defined in
fig . 10) it should be possible to induce the lipid phase
transition at a constant temperature, and this can be
done in three different wa s,

(1) For almost an salt concentration one can in-
duce the ordered -+ fluid transition b an increase in
pH, or the reverse transition b a decrease in pH . For
e ample (cf. fig . 8), at 34 C and 2 X 10 -'2 M NaCl -an
increase in pH from 4 to 6 will trigger the ordered -*
fluid transition . Increasing salt concentration could
have the following effects: (2) it should fluidise the
membranes (ordered -* fluid transition) at tempera-
tures between T 35 C and Tina" and pH values be-
low about pH 8 ; for e ample (cf. fig, 9) at 40 C and
pH 4 the membrane is ordered for ran., -0.01 M and
fluid for nm 0.2 M; (3) it should condense the mem-
branes (fluid --'- ordered transition) at temperatures be-
tween T."' and T-- 35 C and pH values above pH 6
(see also fig_ 9) .

The following e periments illustrate these three
possibilities. The transition was demonstrated, as in
the case of thermall induced transitions, b measuring

ff. Trouble era t. /Electrostatic interactions at charged lipid membranes. 1
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the change in NPN fluorescence intensit . The ordered
-> fluid transition is indicated b an increase, the re-
verse transition b a decrease in fluorescence intensit .

4.4.1 . p11-induced transition
This e periment was performed at r - 34 C and
m = 2 X idl -- 3 1I NaCI; the initial pH was 9-0- Accord-

ing to fig. 8 the s stem is under these conditions in
the fluid state, and a decrease in pH should induce the
transition to the ordered state . When the pH is lowered
b adding acid the fluorescence intensit decreases
sharpl between pEl 7 and 5 and approaches a lower
plateau with 20% of the initial fluorescence intensit ,
as one would e pect from fig . 7 . Fig . i 1 shows the de-
crease in fluorescence intensit with decreasing pN,
the total fluorescence change being normali ed to one .
The midpoint of the sigmoid transition curve is at about
pH 6, in accord with the e pectation from fig. 8 . The
transi

	

` of course, a consequence of charge neu-
trali ati

	

g. I I reflects the dissoci-
ve_ When the pH is increased again the s stem

follows a similar curve back into the fluid state_
Similar titrations were performed at several tempera-

tures between 20 and 60 C: for a decrease in pH from
pH 8 to pH 3 the normali ed fluorescence changes are
similar to the curve in fig . 11 . However, between 30
and 4eC the total change is about 80o, for T> 50 C
about 40% and below 20 C onl 20% or less .

g
o 00

LL

6
PH

r

Fig. It . pH-induced phase transition at 34 C. The fluorescence
intensit of NPN at 430 nm was measured after successive ad-
ditions of acid or base-The ordinate is normali ed so that the
difference between the fluorescence intensities at p118 and
pli 3 equals one. The fluorescence intensit at pH 3 was about
20'0 of that at pH 8 . Conditions: 10""4 R1 MPA, 10 -6 M1 NPN,
10-' St EDTA, 2 10 -3 Mt NaCl.
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4.4?. Salt-induced membrane condensation
This e periment was performed at 31 C and pH 8 .5

(unbuffered solution) starting with a salt-free lipid dis-
persion . Thus the membranes are in the fluid state at
the beginning . Fig . 12 shows the change in fluorescence
intensit with increasing NaCI content. After an initial
plateau the fluorescence intensit shows the e pected
decrease at n m > 0.1 lit NaCI and reaches a lower plateau
with about 20% of the initial intensit for nm > 0.8 M
NaCl . Thus the membrane condensation occurs over a
broad range of the salt concentration .

4.4.3. Salt-induced membrane fluidisation
This e periment was performed at several tempera-

tures between about 38 and 46 C with dispersions
buffered at pH 4.0 . Fig . 13 shows the increase in NPN
fluorescence intensit which accompanied the addition
of NaCl. As e pected from fig . 9 more NaCI was re-
quired at lower temperatures to complete the fluidisa-
tion than at higher ones .

'i
he width of the transition

for a given temperature is directl related to the steep-
ness of the Tt-n m curve in fig. 9 at the same tempera-
ture : the transition is the narrower, the steeper the
Tt-nm curve . A stead fluorescence reading after each
NaC1 addition showed that the width of the curves is
not due to a kinetic effect in which equilibrium is onl
slowl reached.

NaCI-Concentration n n, (Mates/1I

Fig . 12 . Salt-induced membrane condensation (fluid -*
ordered transition) at 31 C and pH 8 .5 . The fluorescence in-
tensit of NPN was measured at 430 nm after successive addi-
tions of NaCl. All values are corrected for dilution . This e -
periment represents a hori ontal (= isothermal) line on fig . 9,
intersecting the curve for pH 8 .5 . Conditions: 1o -4 ht MPA,
to-6 M NPN, unbuffered dispersion.
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Fig. 13. Salt-induced fluidisation of MFA bila ers at pH 4
and various temperatures. Conditions: 10 -4 M MPA,
2 10_6 ti NPN; the pH was kept at 3 .9 ± 0 .1 using acetate
buffer (10 -2 M). The fluorescence intensit of NPN was
measured at 430 nni after successive additions of NaCl (e -
citation wavelength . 330 nail. This e periment represents a
series of isothermal lines on fig. 9, intersecting the curve for
pH 4.

5. Comparison between theor and e periment

5.1 . pH-dependence

According to figs . 8 and 10 an increase in pH, which
causes the dissociation of the phosphate groups, re-
duces the transition temperature b about 17 C. Be-
fore we discuss the e act shape and location of the
T,-pH curves we check briefl whether the total de-
crease in Tt is in accord with the theor .

5.1 .1 . Total decrease in Tt: A7 't a
To estimate the value of alt' we use the high-

potential e pression for ATt [eq . (27)] and neglect
the last term in this equation, which is small, especial-
l at low salt concentrations, and will be discussed be-
low (see section 5 .2 .1) . Thus for complete dissociation
(a =elf),
A 7't" = -2kT(L/a.St) of/f .

	

(28)

Inserting values for k, a and L, using as# = 17 .5 cal/
mod deg (Blume [34]) we obtain for T= 310 K

AT " = -70 .50 afff -

	

(29)

To account for the e perimental value ATt" = 17 C
we would have to take 1sf/f = 0.241 . From X-ra
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[11,131 and spin udies it is known that
fA vu 48 A2 and fg ^ 60 A2 for dipalmito llecithin .
An X-ra stud of MPAis in progress in this laborator .

5.1 .2. Shape and position of the T.-pH curves
From eq . (27) we e pect that the Tt -pH curves in

Id reflect directl the dissociation curve of
the phosphate groups (ATtca). Comparison of the
measured Tt cpli curves with the dissociation curve
for free phosphate groups (calculated with pK O =1 .75)
reveals the following main differences (cf. fig . 8) : the
T.-pH curves are progressivel shifted to higher pH
values with decreasing salt concentration, and the are
less steep .

We now calculate the T,-pH curves using as param-
eters (1) the value of pK 0 to describe the dissociation
in the absence of surface charge effects, and (2) the
mean value of Af/f to describe the change in membrane
area at the transition; Af/f will be taken to equal 0 .241,
as derived from the total decrease in Tt. We start from
the high-potential e pression for Tt , eq. (27), which is
applicable for a > 0 .2 and n,,, C 0.5. Thus

Tt = Tt* - 2 (kTle)(LI aS*) eat flf ,

	

(30)

in which we have neglected the last term in eq . (27),
which is independent of o: and is small for salt concen-
trations below 0.1 M.

Ne t we consider the influence of the surface
charges upon the dissociation curve . In the presence of
surface charges additional electrostatic woos must be
done in the dissociation against the charges alread
present . The dissociation process considered is

L L- +H ,

	

(31)

where Land L- denote the nonioni ed and ioni ed
lipid molecules respectivel . The degree of dissociation
is defined as

a= [L-1f([LJ + [L- 1),

	

(32)

where square brackets denote concentrations .
For isolated head groups we have

AG* _ --RTIn K0 ,

	

(33)

where AG* is the change in Gibbs free energ in the
dissociation process and KO is the equilibrium dissocia-

- Neglecting activit coefficients we ob-
tain from the law of mass action
a = KO1(KO + [H4' 1) .

	

(34)

At a negativel charged surface with surface potential
'O the dissociation of protons requires additional
electrostatic work Let0 . Thus

AG = AG* + Let0
and

AG = -RT In K .
The degree of dissociate

	 AOa=
KO + [WI e p(eWO/kT)

instead of b e pression (34) (compare ref. [351) . This
equation is the direct equivalent of eq- (34) if the term
e p(eW0fkT) is regarded as a Bolt mann factor

	

g
the ratio of concentrations of free protons at the sur-
face to those in the bulk .

E pressing *0 b eq . (14b),*0 = (2kT/e)ln(2( fc),
leads to

a =	KO

	

(36)

Replacing a b ea/f [eq . (20)1, we in rt values to ob .
tain

a =	KO		(37)
KO +29-15

with f = 50 A---, a mean value for states A and B . Rear-
ranging gives
[H ' 1 = (l-a)/a3 Konm/29_15 .

	

(38)

B considering now a series of a values we can calculate
with this equation the corresponding values of [F1 1 or
pH, i e . the dissociation curve for a given salt concen-
tration_ The values of a can now be inserted into eq .
(30) as a function of pH to calculate the transition tem-
perature-

Such calculations were performed for different salt
concentrations (n m) using pK0 = 1 .75, df/f=0 .241
and AS* = 17 .5 calfdeg moles (Blume [341)_ The value
of 1 .75 for p1 o was not arbitraril assumed ; it is im-
plicit in the data . It can be directl obtained as shown
in the ne t section .

is now given b

3 33

(35)
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A theoretical curve calculated for n m = 2 X 10 -2 M
is shown in fig . 8 ; here 30 C was taken as the lower
limiting value of Tt . This curve reproduces accuratel
the shape and the position of the measured curve . It
deviates from the measured curve b a hori ontal shift
of onl 0 .25 pH units. The agreement is equall good
for the other salt concentrations. Even for ver small
degrees of dissociation the theoretical curves calculated
for high potentials do not deviate significantl from the
e perimental results .

5.1 .3. Salt-induced shift of the T t -pH curves
It is now eas to derive an e plicit e pression for

the shift in the apparent pK with decreasing salt con-
centration . The apparent pK is the p1-f at which a =0S
and is taken from the midpoint of the Tt -pH curves in
fig . 8 . Appl ing the condition a = 0 .5 to eq . (37) leads
to
29 .15 1H41 /4nm = K0 .

	

(39)

Therefore (K0 = 10-pKo)

pK-pKp =log(29 .15/4n m) =0.86-log nm .

	

(40)

As is shown in fig . 14, best agreement with the e peri-
mental results is obtained with a value of pK o = 1 .75,
which stands in good agreement with the values in the
literature, giving

Salt Concentration, nm f Motes/1 1

Fig- t4. Apparent pK of lipid phosphate groups at negativel
charged '::PA bila ers as a function of NaCt concentration .
The e perimental points are talk-en from the Tt-pFt curves in
fig. 8 . Theor : see section 5 .1 . i Ko = 1 .75 characteri es the
dissociation in the absence of surface electrostatic effects-
4pK equals the difference between bulk and surface pH. The
curve labelled 20% shows the pK for a membrane with 20do

of its lipid molecules charged .

pK = 2 .61-log n rti .

	

(41)

For higher (lower) values of pKp the theoretical curve
would be shifted verticall to higher (lower) pH val-
ues. (One might e pect the apparent pK to tend to
the value of pKo at ver high salt concentration . This
is not so for the theoretical curve in fig . 14, because
for high salt concentrations the high-potential appro -
imation is no longer valid.)

Fig. 14 demonstrates that for a charged membrane
the apparent pK of the lipid head groups can be much
higher than the pK of the head groups in free solution,
especiall at low ionic strength . Another wa to read
fig . 14 is that rather low proton concentrations in the
bulk solutioa suffice to establish a much higher proton
concentration, of 10 -1 -75 M in our case, at the mem-
brane surface (cf. refs . 136, 371) . The difference, OpK,
between the theoretical curve and the hori ontal line
for pKp = 1 .75 ma be taken as the difference between
bulk and surface pH.

For a biological membrane we ma assume that
about 20% of the lipids carr phosphate groups with
dissociable protons . The lower curve in fig . 14 shows
the difference between bulk and surface pH as a func-
tion of ionic strength for this case .

5 .2. Salt dependence

We know from fig . 9 that the addition of salt ma
cause either a decrease or an increase in the transition
temperature, depending on the pH at which the e peri-
ment is performed- These two tendencies will now be
discussed separatel .

5 .2.1 . Increase in Tt
An increase in Tt is observed under conditions where

the phosphate groups are full dissociated so that the
charge per polar group remains constant during the e -
periment (see fig . 9 lower curve) . Under these condi-
tions we ma use the high-potential appro imation for
Tt eq . (27) . For constant a this equation predicts

Tt = Tt"n ;- (Ehr)(kT/e)2 (LIASt) rc of ,

	

(42)

where T t̀t"n is defined in fig . 10 .
Now

rc =324X 107 (n.)1/2 ,

i .e .
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Tt (nm)in .
When the measurements at pH 8 .5 are plotted as Tt
versus (n m) 1i2 one obtains, in fact, a straight line with
slope 5 [ C/hits J . Inserting values for L, k, a and e in-
to eq . (42) and taking AS* = 17 .5 cal/deg mole (341
we find at T = 300 K

Tt = T't't' + O5O Af [A2 J (n 0Jt/2 .

	

(43)

For i f = 10 A2 we obtain a slope of 5 [ CJlbil/2 ]

in satisfactor agreement with the e perimental values
5 [ CJMtn1 for NaCl and 7[C/MI/2J for LiCI_

5.2.2. Decrease in Tt
The sharp decrease in Tt observed at pH 4 with in-

creasing salt concentration is not e plicitl contained
in eq- (27)_ However, as ma be inferred from fig- 8,
this effect must be related to the salt-induced shift of
the T1 -pH curves. It will be shown that the decrease
in Tt can, in fact, be e plained as a result of an increase
in the degree of dissociation (or charge densit ) with
increasing ionic strength. In the e periment performed
at pH 4 we ma presume that the phosphate groups
were full protonated at the beginning (tow salt con-
centration), i .e . the membranes were uncharged . In the
previous section we have alread derived a formula that
e presses the effect of increasing salt concentration on
the degree of dissociation [eq . (37)] - Rearranging this
we obtain

nm = r a /(1 --a),

	

(44)

where 0 = 29 .15 [F1 1 /Kp = 0 .164 for pH 4 and pKp
= 1 .75 .

This e pression allows us to calculate a as a function
of salt concentration at fi ed pH. Fig. 15 is a graphical
representation of the function a 3 /(l -a) (=nm/0.164).
We read from this curve for a series of n.-values the
corresponding values of a . Taking A74 ta" _ -17 C
(which coreesponds to 4( 7/f = 0 .241 and 7'.' = 48'C
we ma now construct a theoretical curve for the de
crease in TI with increasing salt concentration . The
curve obtained [(a) in fig. 91 predicts a somewhat larger
decrease in Tt than actuall observed -- although it re-
produces well the t pical shape of the e perimental
salt-dependence-

However, our anal sis is still incomplete, because
superimposed on the dissociation-induced decrease in
Tt is the salt-induced increase in Tt , discussed in the
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Fig. 15 . Graphical solution ofeq. (44) . The function a3 /(1 --a)
is shown on three different scales as indicated .

previous section . If we add to curve (a) the rising term
0 .50 Af(nm )112 [cf. eq . (43)J we obtain a ver good
representation of the e perimental dependence as
shown b curve (b) . The shape of the theoretical curve .
especiall in the low-salt region, is quite sensitive to
the choice of pKO - It is therefore satisf ing that the
value of pKo found in the previous section allows us to
reproduce these other e perimental findings .

6 . Discussion

6.1 . General conclusions

The electrostatic free energ Gel associated with sur-
face charges makes a significant contribution to the to-
tal free energ of lipid bila ers. The value of Gel calcu-
lated from the charging process [eq . (15)1 in conjunc-
tion with the Gou -Chapman theor is alwa s positive ;
it increases with increasing charge densit and with de-
creasing salt concentration . Thus Gel depends on two
parameters which are important in biological s stems .
For a lipid membrane with a molecular area of 50 A2
and one charge per molecule the calculated value of Gel
amounts to about 7 kcal/mole (or 98 erg/cm 2) at
10-3 M salt and 3 kealJmole (or 42 erg/cm') at 0 .1 M
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salt . For comparison, the average energ of kinetic mo-
tion at 25 C is 0 .6 k^al/mule and the energ of the
h drogen bond ranges between 3 and 7 kcali mole ; the
surface energ of the air-water interface is about
70 erg/cm 2

Interestingl , the major contrit`ution to the value
of Get (= Uel_7Sel) stems from the entrop term; the
internal energ Uet given b eq . (17) amounts to onl
10% of the free energ . Similarl an change in Gel .

induced for e ample b a change in salt concentration
or the degree of dissociation, is to 90% the result of a
change in the entrop term -TSel . Therefore, although
of purel electrostatic origin, the free energ Gel of
the double la er arises mainl from the additional or-
der established within the diffuse la er . At low salt
concentration the diffuse la er e tends far into the so-
lution and Gel is large ; at high salt concentration the
diffuse la er is thinner and Get is small . The usual de-
scription of the effect of added salt as a "screening ef-
fect" does not adequatel e press the fact that the es-
sential ph sical process accompan ing the addition of
salt is a reduction of order within the diffuse la er near
the surface . As mentioned alread Gel decreases with
decreasing charge densit ; therefore the electrostatic
interactions tend to e pand the membrane or to "fluid-
ise" the membrane structure compared with the state
for Gel = 0 . Qualitativel , this tendenc was demon-
strated b the increase of NPN fluorescence intensit
that accompanied the charging-up of the lipid mem-
branes when the pN was increased from 3 to 9 (cf .
fig . 7) . Quantitativel , the effect of Gel on the mem-
brane structure was studied b considering its influ-
ence on the ordered F-' fluid phase transition of lipid
membranes. The theor shows that the fluid, or e -
panded membrane has a lower electrostatic free
energ than the ordered, or condensed state, so that
the e pected effect of Gel would be to lower the tran-
sition temperature of the s stem . Indeed, for MPA
the appearance of one elementar charge per polar
group causes net decrease in Tt b about 20 C, i .e .
about 7;ro of the Tt -value in Kelvin . This agrees with
the theoretical prediction . (If we had used the neg-
ative value for Gel as derived b Verwe and Overbeek
(211 then Tt would have increased with increasing
charge densit , compare fig . 4a

Because of the dependence of Gel on pH and ionic'
strength it is possible within a certain temperature
range to trigger the ordered fluid phase transition at

constant temperature . The arrows in fig . 10 show the
different wa s of doing this in the case of MPA b
changes in the pli or in the salt concentration-

Practicall all our e perimental results can be e -
plained b considering the work done in bringing an
element of charge up to the membrane surface poten-
tial 'P0 . To obtain the electrostatic free energ of a
charged surface this work w;-.s integrated over the en-
tire charge range . The same concept was used in
section 5_1 to account for the effect of surface poten-
tial *a on the ioni ation at a charged surface . E pres-
sion (12) for *a is the onl result of the Gou -
Chapman theor that enters e plicitl into our calcu-
lations. In addition a simple model for the change in
membrane structure at the transition was used . These
two premisses will now be discussed_

6.2. Applicabilit of the Gou -Chapman theor

Use of e pression (12) for the has enabled us to e -
plain the observed shift of the apparent pK with ionic
strength, or the difference between bulk and surface
pH (section 5 .1)_ E pression (23) for eGel sufficed to
e plain the observed pH- and salt -dependence -of the
transition temperature . The surface in fig . 10 which
summari es the e perimental results is thus correctl
described b our theoretical model .

We have to conclude that for our s stem the
Gou -Chapman theor - despite all its simplifications
(cf. Ha don [24]) - gives a reliable value for the sur-
face potential moo . The same conclusion was drawn b
McLaughlin et al. [35] from conductance measure-
ments on negativel charged black films . Secondl , the
discrete nature of the surface charges can be neglected
even when onl about 10% of the lipid molecules are
charged . Thirdl , our e pression for Get [eq . (16)]
derived from the charging process [eq. (15)] has the
correct positive sign and predicts correctl the observed
dependence of Tt on the pH and the ionic strength . Of
course, the Gou -Chapman theor , which treats the
ions as point charges, cannot account for the observed
specificit of the alkali ions (lit > Na' > Kt , 12b',
Cs') in the salt-induced increase of Tt at high pH . The
compensating appro imations in the theor thus ap-
pear to break down when a certain si e of cation is e -
ceeded .

The conclusions drawn so far are valid onl when
the charged groups are sufficientl small, as in the case
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of MPA_ For lecithins and cephalins with more e tended
polar groups the situation ma be different [5 , 61 .

6.3. Criticism of our model for membrane structure and
transition

Throughout this paper the lipid bila er was considered
as a s stem of two independent monola ers. Electro-
static interactions across the membrane were omitted .
We conclude that their effect on the transition is negli-
gible in the case of MPA bila ers.

The lipid bila ers were considered to be large, inde-
pendent, planar lamellae - a view that is supported b
free e-fracture studies on MPA dispersions . Should in
general a s stem contain small closed vesicles the follow-
ing aspects would have to be taken into account : (1)
possible inaccessibilit of the inside polar groups to
added electrol te, (2) interactions between the diffuse
la ers on the inside of the vesicles, (3) (packing) differ-
ences between inner and outer surfaces and (4) effects
arising from the surface curvature .

The transition was described as a lateral e pansion
or contraction of the membrane . The s stem of the
h drocarbon chains was assumed to be unaffected b
the charge on the membrane ; this is implicit in the use
of the values Tt and AS* of the uncharged mem-
brane . An dependence of the molecular packing on
the pH must be too small to influence appreciabl
the T,-pH dependence .

Under certain conditions the transition showed h s
teresis; the effect was most pronounced at low salt
concentration and high charge densit . This suggests
that the origin of the h steresis is electrostatic in na-
ture .

Finall , we assumed that the degree of dissociation
a remains unaltered during the transition . As will be
shown in a future paper this is not strictl true . In the
pH region where a varies rapidl with the pH the or-
dered -; fluid phase transition leads to an increase in a
of at most a few per cent . As shown in appendi Al
these changes have no effect on the transition tempera-
ture .

Nevertheless the changes in a at the transition are
of importance because the show that in addition to
the influence of ionic environment upon membrane
structure there e ists the possibilit that changes in
membrane structure ma alter the ionic environment .
These dependences ma provide a general mechanism

for the coupling between membrane processes and the
cell interior .

6.4. Possible biological significance

Most biological membranes are negativel charged
owing to the presence of acidic lipids such as cardio-
lipin, phosphatid lserine, phosphatid lgl cerol, etc .
Therefore the electrostatic effects summari ed in sec-
tion 6 .1 will also be operating in these s stems and will
be necessar for their complete ph sical representa-
tion - although normall the do not lead to phase
transition .

The well-known effect of divalent cations as mem-
brane "stabili ers" [381 can at least in part be under-
stood as a decrease in Get following charge neutrali a-
tion b binding of these cations to negativel charged
membranes . Reduction in Get b 1 :1 electrol te could
also be responsible for the enhanced binding of lantha-
nide ions to lecithins in the presence of NaCl 1391 .

It ma be important for man membrane processes
that a large difference can e ist between surface and
bulk pH. For our s stem the surface pH was up to
4 units lower than the bulk pH - depending on the
ionic strength - in accord with the theor and with the
results of Fromher and Masters [361 on mi ed niono-
la ers . T pical values in the biological cell might be :
ionic strength, 0 .1 M ; fraction of charged lipids,
20--40%. The e pected difference between surface and
bulk pli (cf. fig . 14) is then about 1-5 pH units . There-
fore the activit of membrane-bound en mes ma
differ considerabl from what one would e pect from
the bulk pH .

Lateral phase separation. Biological membranes
usuall contain more than one species of lipid mole-
cule . These molecules can form a statistical mi ture or
separate phases . Surface charges ma pla an important
role in the lateral organi ation of such s stems, and this
role is quantifiable in terms of the electrostatic free
energ . Consider a lipid bila er consisting of charged
and neutral lipid molecules . Using eq . (16) we can cal-
culate the difference in electrostatic free energ for the
two cases of complete mi ing and complete phase sep-
aration (cf. appendi A3) . As one would e pect, the
electrostatic free energ is alwa s smaller for the mi ed
state, and therefore the difference in electrostatic free
energ between the two states (separated phases minus
mi ed state) represents a kind of "mi ing affinit "
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Fig . 16 . Effect of the electrostatic free energ on the lateral
organi ation of neutral and charged lipid molecules ("phase
separation") . Shown is the "mi ing affinit " £GMM as a func-
tion of the ionic strength and the fraction of charged lipids p
for different degrees of dissociation a = 0-5 and & = 1- The
electrostatic free energ alwa s favours the mied state.

4G"1. (Again a negative sign for the electrostatic energ
would predict, erroneousl , that the electrostatic energ
favours phase separation .) Fig. 16 shows the dependence
of AGM on the ionic strength and the mi ing ratio p
(ratio of neutral to ioni able lipid molecules) for
a = 0.5 and a = 1 where a equals the degree of disso-
ciation. AGt"t increases with decreasing ionic strength
and has a ma imum when ioni able and neutral lipid
molecules are present in a molar ratio 1_ : 1 . For a = I ,
0.1 M salt and a molar ratio 1 :1 the electrostatic free
energ of the mied state is 035 kcal/mole lower
than for the separated phases . For comparison, the free
energ of mi ing (TAS) for an I : I ideal mi ture
(AH = 0) is 0 .416 kcal/mole .

Now let us consider the effect of the electrostatic
terns GM on the lateral organi ation of two t pes of
lipid molecules a and b which differ sufficientl in
either chain length, degree of unsaturation or polar
group structure to form separate phases in the un-
charged state (a = 0). If we now "switch on" the
charges on species a, for e ample b an increase in pH,
the resulting increased electrostatic mi ing affinit OG''t
ma then suffice to produce mi ing ; a subsequent in-
crease in ionic strength, which reduces AG1'1 , ma
cause the reverse process, leading to separate phases-
E periments with a 1 :1 miture of distearo llecithin
and MPA confirm this prediction.

To summari e : For charged membranes the electro=

static free energ tends to e pand the charged surface,
and thus (1) to fluidise the membrane structure, and
(2) to produce lipid mi ing. Therefore, b increasing
(or decreasing) Gel of a membrane one ma produce
fluidisation (or condensation) of the membrane struc-
ture . For a s stem that is initiall mi ed (separated in-
to phases) a decrease (or increase) in G el can produce
phase separation (or mi ing) .

In membranes with separated phases of neutral and
charged lipid molecules large differences in surface pH
will e ist along the plane of the membrane ; therefore
en mes incorporated into one or the other phase will
operate in quite different regions of their pH-activit
profile. In conjunction with the possibilit of inducing
phase separation b a variation in Gel and the preferen-
tial partitioning of en mes into one or the other phase
this opens up a multitude of possibilities for regulating
the activit of membrane-bound en mes .
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Appendices

Al. The electrostatic free energ

We wish here to clarif the term "electrostatic free
energ " Gel as applied to charged membranes and to
derive the change in Gel resulting from a change in
membrane area as it occurs at the lipid phase transition .

In practice there are several wa s of building up a
charged surface in an aqueous solution, including : (1)
compression of isolated, charged lipid molecules on a
Langmuir trough to ield a highl charged surface at
the lipid-water interface ; (2) application of an e ternal
electrical potential difference between a mercur sur-
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face and the solution ; (3) chemical adsorption of ions
to an (initiall ) uncharged surface as in the case of Agl
particles, which acquire a negative charge b the adsorp-
tion of I- ions from a HI solution ; (4) stoichiometric
dissociation of protons from the polar heads at a lipid
bila er surface_

In cases (1) and (2) e ternal work must be supplied,
and in case (2) this work is purel electrostatic and is
given b the charging integral

0I 'po (a) du

	

(A 1 .1)

In cases (3) and (4) the situation is more complicated
because additional chemical work is involved . How-
ever, since the overall process is spontaneous the over-
all AG must be negative .

We now consider in detail the build-up of a charged
lipid membrane surface b the dissociation of protons,
starting from a full protonated membrane in an un-
buffered solutior at pH0 _ The whole process can be
subdivided into a sequence of h pothetical inter-
mediates as follows, considering one mole of lipid .
(1) Separation of the membrane into individual (proton-

ated) lipid molecules. The work required is AG 5
(s for separation) .

(2) Dissociation of the individual molecules to a degree
a ; this process is characteri ed b a dissociation
constant K0 and is accompanied b a change in
pH from p110 to pH,, . From standard thermod -
namics one obtains for the accompan ing change
in free energ

0:

	

r
AGdiss = RTf In LK0) (I cc ,	 )] da' -

0

(3) H pothetical "switch-off" of the charges; the re-
quired work is AG tr .

(4) Reassembl of the molecules into a lipid membrane
packed e actl as the charged membrane at the end
of the whole process. The work done is AGa (a for
assembl ) .

(5) "Switch-on" of the charges (AG n) with a concom-
itant build-up of the entire electrostatic interactions
between the polar groups and between the charged
surface and the solution . These interactions are
given b the charging integral (At.!), or b

a(&)
AGet = Lff `;`0 (a') do',

0

where Wo is the surface potential at an stage of
the charging process and a(a) is the final charge den-
sit corresponding to the value of a for the lipid
molecules . Lf is the membrane area for one mole of
lipid with a molecular area f.
Thus we obtain for the overall process

AG = (AGs + AGa) + (AGoff + AG n) + AGdiss + AGei .

Obviousl AG n = -AG tr. If we further assume that
the molecular packing and the local solvent structure
of the charged membrane are identical to that of the
protonated membrane (impl ing df/da = 0) then
AGa = -AGs and we are left with

AG = AGd'ss + AGtt ,

or

AG=RTf In [ K 1 (l rj lda'+Lf f 0(a') du' .
0

	

0

	

0

	

(A12)

At equilibrium

aAGfaa=O,

	

(AI .3)

which ields

R T In [`K0 (1 a) + Lf
0 (a) da

+ df f q'0(a)da = 0 .
0

Appl ing our assumption df/da = 0, which means that
the packing of the molecules is determined b the h -
drocarbon chains and factors other than the charge, we
obtain eq . (35) for the dissociation curve of ioni able
groups at a charged surface . (The condition df/da = 0
here applies to either state A or B of the lipid - nlem-
brane, and is not in conflict with the fact that a varia-
tion in charge can trigger the phase transition at con-
stant temperature .)

Now consider the change in AG that results from a
change in a parameter h (which ma be the molecular
areaf) when a is also considered as a variable . For
small variations we obtain
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dAG = a (AG)J da + a (AG)L dA .

If the initial state is at equilibrium then a(1sC)/aa=0,
and if we assume that Ko is independent of k then

d a G) = a (AG)' = asPf *0 (a') da] .
1

	

0

	

ac

This shows that in the case of the lipid phase transi-
tion, where X becomes the molecular area f, the change
in AG is given b the change in the charging integral,
as assumed in the te t, and that changes in a make no
contribution. The same is true for variation of an
parameter in which K 3 is unaffected .

In the te t we evaluated the charging integral using
for tp0 the Gou -Chapman e pression eq . (12). Since
this e pression is independent of pressure and volume,
Gibbs and Helmholt free energies are in our treatment
identical . We would further mention that the final e -
pression eq . (16) includes the repulsion between the
charges on the surface . This is illustrated b regarding
the charging process as formall analogous to the
charging of a capacitor whose capacit is given b
dt 0/da . Here the repulsions are obviousl included,
and the work done in the charging process is still given
b formula (15).

Let us now compare our equation (16) with the e -
pression for the "free energ of the double la er" de-
rived b Verwe and Overbeek [211 OV0 . These au-
thors considered the situation in which an initiall
neutral particle acquires a negative surface charge b
chemical adsorption of counterions, for e ample AgI
particles that adsorb I- ions from an HI solution .
Their e pression vo rests on the argument that in
the final state of the adsorption process the chemical
free energ difference driving the adsorption out-
weighs the electrical potential difference and therefore
equals -at0 per cm2. To this chemical term the add
the purel electrical work given b the charging inte-
gral and obtain

ovo = -ato Wo (a') dal

	

per cm2 .

o is alwa s negative and is to be understood as the
total decrease in free energ during the spontaneous
adsorption process. To compare this result with our
e pression for dG eq.(Al .2) we have to integrate eq .

(Al .2). We do this assuming [l-1 J = constant, which is
justified for sufficientl small concentrations of lipid.
This ields

AGdiss =RT a ln([H

	

-a) .

Using the equilibrium condition [eq . (Al .3)] or its e -
plicit result [eq . (35)] we make the substitution

[ I IKo = (l --a)/a e p(-e'I'o(kf .

This ields

LsG = Lf

where we have used a = ea/f.
Written in this wa it is no longer clear that for a

variation in an e ternal parameter A the resulting
change in dG is determined e clusivel b the change
in the charging integral . Formall eq . (A1 .4) becomes
identical with Lf vo if we let a-* 0 but keep a fied;
this corresponds to lettingf- 0, i.e., to an infinite
number of binding sites per cm2. Therefore Qvo ma
be taken as the decrease in free energ when a particle
with an infinite number of binding sites acquires its sur-
face charge b chemical adsorption. This appro ima-
tion of the number of binding sites to infinit was
implicitl made b Verwe and Overbeek [211 .
We thus conclude (i) that application of this result

to lipid membranes with a substantial degree of disso-
ciation would lead to erroneous results, and (ii) that,
as discussed in sections 2 .2 .3 and 6.1, the electrostatic
free energ must be given b Lf [0 according to eq,
(15)] and not b Get =Lf vo.

A further limitation of the Verwe -Overbeek
formula is the assumption of equilibrium with respect
to the dissociation or association of charged species
on the membrane surface- Our e pression, in contrast,
covers also cases where dissociation/association equili-
brium has not et been attained, and onl breaks
down where the time-scale is so small that the rela a-
tion time of the diffuse la er becomes significant.

A2. High and low potential appro imations

In section 2.2 .4 we used two appro imations for
cosh in eq. (23). For low potentials (case a) we ap-
pro imated

+RTIn(l-a),
(A 1 .4)
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Fig. 17 . Function cosh together with appro imations for
low and high -values .

cosh I + 2 /2

and for high potentials (case b)

cosh t:: i e p ,

	

(A2.2)

where =e4'0 /2kT. These two appro imations are
compared with cosh in fig. 17, showing that e pres-
sion (A2 .1) is applicable for C 1 and e pression
(A2 .2) for > 2- We wish to know for which range
of the charge densit a and the salt concentration ntn
these appro imations ield reliable values of AGel and
ATt _ For this purpose we calculate the contours in an
nm-a diagram at which the appro imated values of
AGel deviate from the e act values b p % .

In case a these contours are determinated b the
condition

(cosh -1)- 212 =p(cosh -1) ,

(A2-1)

We now assume p = 1%, 5% and 20% and calculate the
corresponding .-values b graphical solution of eqs .
(A2 .3) and (A2 .4) . To derive the corresponding n .,--a
contours we use eq . (11) which for a given value of

(=et0/kT) gives a relation between a and rc or a
and n m . The resulting curves, valid for T= 300 K and
a molecular area f = 50 A2 of the lipid molecules, are
presented in fig . 5 .

A3. Role of Gel in phase separations

To quantif the effect of the electrostatic energ
on the lateral organi ation of a mi ed membrane con-
taining neutral and charged lipids we calculate the dif-
ference in the molar electrostatic free energies for the
e treme cases of (1) complete phase separation and
(2) homogeneous mi ing .

Let NC = number of charged lipids, Nn = number of
neutral lipids (NT =Are +Nn) . We define the fraction
of charged lipids as tt =NCJNT . If the two species have
equal molecular areas f, then the average areas occu-
pied b the charged lipids in the two states are
Fs =fN, in case i (s for separated phases), and
Fm =fNVT in case 2 (m for mi ed) . The charge densities
in the two cases are a5 = ea/f in case I and am =
p ea/f in case 2 . Denoting with 5 and m the specific
electrostatic free energies in cases I and 2 we can write
the difference in molar electrostatic free energ be-
tween the two states as (capital Nl for "mi ing")

AGM = Ge l-Gel

_ (LINT) ( sFs-4mFnt) ,

where i has to be substituted according to eq . (16)
and 'P0 is given b eq . (12). L is Avogadro's number .
The calculation ields

,SG'"/L = 2kTa u (sinh -1 (as /c)-sinh-1 (am/c))

or

cosh = 2/2(1-p) + 1 ; (A2 .3)
-(fe/r)(kTle)2 a (1--u)

and in case b

(cosh -1) - (2 e p -1) = p (cosh - 1) ,

or

cosh = (e p -2)12 (1-p) + I . (A2 .4)

-(fe/ir)(kT/e)2rt p cosh (sinh-1 a5/c)

-cosh (sinh - t am/c) )

where fc and c are given b eqs . (IOb) and (13b). AG"t
depends on the fraction p of the charged lipids, the
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salt concentration nm and the degree of dissociation a,
which was taken to be equal for states I and 2_ As one
would e pect . AGM -> 0 for p = 1 and it = 0 . AGM has
been evaluated numericall for T = 300 K, e = 80 and
f= 50 A2 . The results are presented in fig . 16, which
shows AGM as a function of n m and µ for a = O .S and
a=1 .
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