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Electrostatic interactions at charged lipid membranes make a significant contribution to the free energy of the system,
and can be varied within 2 wide range by alteration either of the membsane’s surface charge density or of the concentra-
tion of lactrolytes in the swrrounding medivm, Changes in the charged membrane's structuse, such as the ordered «~ fluid
phase transition, can thus be induced ar constant temperature by variations in pH and salt concentration. An adequate
quantitative description of thesz phenomena is obtained from the Gouy~Chapman thaoty. The good agreament between
theory and experiment confirms that the expression derived Tor the electronatic fiee anesgy, especiatly in resgect of its
positive sign, is correct, The classical expression for the “ree energy of the double layes" devived by Verwey and Overbeek,
which bas a negative sign, is not applicable to lipid membranas with tonizzble polar proups.

1. Introduction

The strycture of lipid membranes and biomem-
branes of fixed chemical composition dependson a
number of physical factors such as temperature, pras-
sure, pH, ions present, ete. In this respect the situation
is much the same as for many biopolymaers |1 -4}

It is the purpose of this paper 1o present a dayailed
theoretical and experimental study of the environmen-
tal factors that affect the structure of charged mem-
branes by way of electroststic interactions at the mem-
brane surface. Experimental studies were performed
with membranss whose lipids carried one dissociable
proton at their polar groups. Thus the surface charge
and the electrostatic free energy of the membranes
could be manipulated by altering the degree of disso-
ciation, i.e. by acid —base titration, or by altering the
ionic strength.

The rdle of electrostatic interactions as structure-
determining factors has been studied in considerable
detail, both experimentally and theoretically, for bio-
polymers (nueleic acids and polyaminoacids). For
example, nucleic acids are anionic polyelectiolytes
which carry negative charges at neutral ptl owing to
the presence of {onized phosphate groups. At low ionic
strength electrostatic repulsion prevents the formation

of compact ordered structures. Increasing jonic strenpth
reduces the electrostatic energy and may cause transi.
tious to more ordered structures, Another example is
noly-Lelutamic acid, which shows pHi- and tonie-
strength-denendent transitions between helix and coil
conformations. Here increasing charges induce a transi-
tion from the helix o the coil form, which begins at
about 40% lonization. The reason for this behaviour is
that the charges repel each other. counteracting helix-
stabilizing factogs.

Only recently has it bean shown that analogous ef-
fects exist with charged lipid mambranes and that electro-
static interactions 3t the membrane surface may cause
transitions between different membrane structures
13 —10}. As la the case of biapolymers the electrostatic
surface phenomena may be divided into three sorts: (a)
nonspecific screening effects that stabilize the charged
surface by the formation of an ionic atmosphere (dif-
fuse electrical double layer) at the membrane surface,
{b) shifts in the apparent pK due to the influence of
surface charges and of the jonic strength on the ioniza-
tion of surface groups; (¢) specific effects due to the
binding of counterions. Here we will consider the non-
specific effects (a) and (01 only. Specific counterion
Pinding will be the wopic of a subsequent paper.

A convenient way to explore the effects of efectro-
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static interactions on membrane structurz is to study
their influence on the transition between the so-called
ordered (or condensed) and fluid (or expanded) states
of lipid membranes. The physical properties of these two
states are reviewed by Chapman {11], Triuble and
Haynes [12}, Tardieu et al. [13}, Seelig and
Niederberger [14], and Levine [15]. The treatment
which follows rests solely on the fact that in the fluid
state the lipid molecules occupy a larger molecular
area; as indicated by X-ray analysis [13, 16] and spin
1abel studies (Marsh [17]) the difference in area is
about 30%. 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 thermodynamic stability of the two membrane
states may be characterized by the temperature of
transition, T, 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 stability 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 caa also alter differentially
the free energies of the two states (by 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 survey of the theory (section 2).
(See also the accompanying paper by F. Jihnig [40].)
Section 3 describes the synthesis of the lipid employed.
The experiments are presented in section 4. Theory
and experiment are then compared in section 5, and a
general discussion along with a statement of conclu-
sions 1S given in section 6.

2. Theory

As will be shown in section 2.1, the effect of elec-
trostatic interactions on the temperature of the or-
dered <+ fluid transition of charged lipid membranes
may be expressed as

T, =T + AG®YAS* = T{ + AT, , ¢}

where T¢ denotes the transition temperature of an un-
charged, but otherwise identical membrane; AG® is
the difference in molar electrostatic free energy be-

tween the fluid and the ordered states: AS®is the en-
tropy difference between the fluid and ordered states
of the uncharged membrane. We will show that AGe¢l
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 7.

2.1. Derivation cf eq. (1)

To derive eq. (1) we apply 2 method similar to that
used by Record [2] to account for electrostatic effects
on structural transitions of charged biopolymers. The
ordered < fluid transition of lipid membranes is con-
sidered as a reversible twao-state process occurring at a
temperature T,. Therefore at 7',

A - - B
(ordered, or (fluid, or
condensed phase) expanded phase)

whereby 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 iwo forms, G4
and G'g, with respect to an arbitrary standard state, are
equal at T:

Go=Gg atT,, 2)

withGy, = Hp,—TS,4 and Gp = Hg—-T 38y H denotes
the enthalpy and S the entropy. This leads to

T, = (Hg—H\)/(Sg—S,) = AH|AS . @3)

The ordered > fluid transition is an endothermic process
(AH > 0);, AH increases with increasing hydrocarbon
chain length, and has a value around 9 kcal/mole for di-
palmitoyllecithin [11, 18]} .The fluid statz B has, of
course, a higher entropy value, on account of its greater
structural disorder. For dipalmitoyllecithin with
T, =41°C AS™ 15 27.6 cal/deg mole [11].

[t 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

Gp =Gh +Ga, %)

with G% = H% —TSX for the non-electrostatic contri-
butions in an uncharged system. Analogous expressions
apply for state B.

Using expression (4) we obtain from condition (2)
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AGe! =G9-GS = G5-G§,
or
AGS = —AH* + T AS* (5)

where AH* = HE- Hj and AS* =S§-S57%.
Rearranging eq- (5) leads to eq. (1):

T, = AH*[AS* + AG®YAS* = T + AT, ,

where T, equals AH*[AS*, the transition tempera-
ture of the uncharged system. AT, = AGSIfAS* de-
notes the shift in 7 due to electrostatic interactions.
This is set out diagrammatically 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 thermodynamically identical. We also make
the approximation that changes in AH*, AS* and AG*
due to their temperature dependence are negligible.

2.2. Galculation of the electrostatic free energy G¢
and its effect on the transition temperature

2.2.1. Relation between AG® and the change in surface
area

To calculate AGel, the change in electrostatic free
energy at the ordered -» fluid transition, we assume
that this change is exclusively a result of the expansion
of the membrane at constant charge per polar group.
This assumption is justified in appendix Al. Denoting
with f4 and fp the molecular areas occupied in the
plane of the membrane by the lipid molecules in statss
A and B respectively, we may write Af =fg—f, for the
increase in molecular area at the ordered -* fluid tran-
sition. In principle the value of Af can be obtained
from X-ay studies: it will be considered as an adjust-
able parameter in the following because X-ray studies
on the system used are not yet available.

Denoting with ¢ the surface density of electrostatic
free energy of the membrane we can write for each
state the molar surface electrostatic free energy as

where L is Avogadro’s number. ¢ is a function of the
charge density o, which in turn depends on the packing
density of the lipid molecules, or on the molecular area

fiie.d=¢(.

The difference in G¢! between states B and A is
therefore

AG® = Lifgog 404l - (7)

To arrive at an analytical expression for AG¢! we ex-
pand Gl in a Taylor series around state A regarding G©!
as a function of f. This gives

_ el , 4G9 142G 3

A=+ G| M| e ®
As will be seen below (cf. fig. 4b) G® is a slowly-vary-
ing function of f and therefore the first-order term is
expected to be a geod representation of AG® — al-
though the change in f at the transition is about
20-30%.

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

AG® = GE-GX = L(¢ + [ do/df) &F . (9)

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

2.2.2. The Gouy—Chapman model

To derive an explicit expression for G we will have
to calculate the surface electrostatic free energy ¢ of
the membrane arising from interactions within the sys-
tem of surface charges and mobile ions in solution. This
will be done on the basis of the Gouy—Chapman theo-
ry of the electrical double layer [19,20]. This theory
has been reviewed by Verwey and Overbeek {21].
Overbeek [22], Davies and Rideal [23], Haydon [24],
Adamson [25}, Sanfeld [26], and Aveyard and Haydon
[27]. The major assumptions made in this theory are
(1) the membrane surface is regarded as a plane surface
bearing a uniform charge density o, and (2) the ions
are treated as point charges ¥.

The ion distribution near the surface and the elec-
trical potential ¥ are then calculated by <olving the
Poisson—Boltzmann equation for this system. Fig. 1
shows schematically the distribution of counterions in
the diffuse layer near a negatively charged surface, and
the effect of 2 membrane expansion (or a decrease in

* The assumptions and simplifications made in the Gouy —
Chapman theory have been discussed extensively in the lit-
eratere and numerous corrections have been proposed [24,
26,28 -30].
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Fig. 1. The electrical double layer at a negativelycharged
lipid membrane in the condensed (A) and the expanded (B)
state. &4+ and c_ are the local concentrations of the cations
and anions of a 1:1 electrolyte. 1/k characterizes the thick-
ness of the diffuse layer; 1/« remains the same in cases £ and
B asits value depends only on ¢y ,j.- The ordinate represents
ion concentrations. (A): T < T,. condensed state; surface
charge density and potential high, cation build-up and anion
depletion at surface large. (B): T > T. membrane expanded;
surface charge density and potential low, cation build-up and
anion depletion small. In both cases the area between the two
concentration curves equals the density of the surface charges
on the membrane, indicated on the left by the head-groups oc-
cupying a *‘unit area’ in each of the two states.

charge density) on the diffuse layer as it occurs at the
ordered — fluid transition.

With increasing salt concentration the diffuse layer
is “compressed”’, or the counterions concentrate more
and more near the membrane surface. A parameter &
is used to characterize the ““thickness™ of the diffuse
layer. For 1:1 electrolytes k is given by
k2 = (8aje)e2/kT)n . (10a2)
Here € = dielectric constant, e = elemeatary charge,

k = Boltzmann’s constant and 7 = absolute tempera-
ture. n denotes the salt concentration in the bulk solu-
tion in molecules per cm3; for the 1:1 electrolytes
used in this study salt concentration and ionic strength
are equal.

300
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Fig. 2. Effect of salt concentration (1:1 electrolyte) on the
thickness 1/« of the diffuse layer near a charged membrane
surface (cf. fig. 1). Calculated from eq. (10F) for T=300K.

Iuserting e = 4.803 X 10~ 10(esu), £ = 1.38 X 10—16
erg/degree we obtain fore =80 and T=300 K

k{em=1] =3241 X107 (n )17 (10b)

with n_, now denoting the molar bulk salt concentra-

tion. 1 /x gives the distance from the membrane sur-
face at which the electrical potential ¥ has decreased
to about the i/e fraction of its value at the surface ¥g.
Fig. 2 shows the dependence of 1/k on the salt con-
centration. At 10—% M the diffuse layer has a thickness
of about 360 A; it decreases rapidly with increasing
salt concentration and reaches unreasonably small val-
ues whenn_, =01 M.

To calculate ¢ we need to know how surface poten-
tial ¥, surface charge density o (charge per cm?) and
ionic strength are related. For a 1:1 electrolyte the
Gouy—Chapman theory leads to the following expres-
sions ¥

g =(ef2m)(kT/e) k sinh(eWy/2kT), (i1)

* Here o, € and ¥ will arbitrarily be taken as positive. We
are here concerned with the energy of electrostatic interac-
tion, in which the signs of these quantities are without influ-
ence.
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or

Wq =2(kT/e)sinh 1 (g/c) . (12)
c is defined as

c=(e/2m(kT/e)« , (132)

which after insertion of values fore, kX and € = 80,

7= 300 K becomes

€=3.556 X 10%(n )12 (13b)
For small potentials sinh x o« x and therefore

W, =(4nfex)o. (14a2)
For high potentials sinh x = [ exp x, and

Vo =2(kT/e) In(2a/c) . (14b)

Fig. 3 shows the dependence of ¥4 on the salt concen-
tration and the charge density according to eq. (12).

2.2.3. The charging process

We can now calculate the electrostatic free energy @
of one cm? of a charged surface. ¢ may be obtained as
the work done in a hypothetical charging process (cf.
Harned and Owen [31]) whereby one cm? of the sur-
face is charged from zero to the final value following a
pathway of equilibrium states:

230

200
150
W, imv]
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0 ;N Q2 o3 Q4

a) Salt Concentration n,, [Mates 71]

¢= [ W4(s)do' . (15)
0

During this process the surface potential ¥, increases
according to eq. (12), and progressively more counter-
ions accumufate in the diffuse layer while anions are
pushed cut into the bulk solution (cf. fig. 1). Expres-
sing ¥ (0) according to eq. (12) we obtain from eq.
(15) by integration

¢ = 0o —(e/m) (kT/e)*« {cosh(e¥y/2kT)—1}. (16)

Since ¥, depends on the charge density ¢ and the salt
concentration n, , ¢ is also a function of ¢ and n,.
Furthermore, as we shall see in sections 4 and S, a vari-
ation in n can often cause a change in 0.

It is shown in appendix Al that ¢ represents the
additional work that must be done to ionize the polar
groups of lipid molecules assembled in a lipid layer
compared with the ionization of isolated polar groups.
Our expression for ¢ differs from the one derived by
Verwey and Overbeek [21] oy in the additional term
alqy,ie.d = a¥g + &yg. The value of ¢ is always pos-
itive whereas ¢y,g is always negative. The reason for
this difference is discussed in appendix Al. The use of
¢yo in our case would Iead to the wrong prediction
that an increase in surface charge density “stabilizes™
the membrane siructure or should lead to an increase

b) ¢ « Charge Density

Fig. 3. Suwrface potential ¥ at a2 charged lipid membrane as a function of (a) salt concentration and (b) charge density; calculated
fromeq.(12) fora 1:1 electrolyte at T = 300 K. a is the degree of dissociation of lipid molecules carrying one ionizable proton at
their polar groups and occupying a molecular 2re2 of 50 A%.« = | corresponds to a charge density of one elementary chasge per

polar group, or 0.02 elementary charges per A2.
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of the transition temperature. This is made clear in of g, ¢ is larger at low ionic strength, where the dif-

fig. 4a. fuse layer is more extended (cf. fig. 2). An analogy
Fig. 4b shows the variation of ¢ with the charge den- would be a condenser of thickness 1/« holding a con-

sity for different salt concentrations. For a given value stant charge: the energy stored in the condenser in-
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Fig. 4. (3) Temperature dependence of the free energy of ordered (A) and fluid (B) lipid membrarnes in the neutral and charged
states. G : ordered, neutral; Gj: fluid, neutral; G} + Gﬂ: ordered, charged; G§ + G%l: fluid, charged. 77 and T are the transition
temperatures of the neutral and charged forms. Below ihe transition the ordered phase is stabler (G A < Gg/, above the transition
the fluid phase (Gg < G ). The stabler phases are denoted by heavier curves. As is shown in the text the ordered phase has a larger
electrostatic free energy (G‘f{ > GeBI) and therefore the charged form has a lower transition tempesature (7). A negative sign for
Gl would make ;> T{ (b) and (c) Electrostatic free energy and electrostatic internal energy as a function of the surface charge
density for different salt concentrations n, {1:1 electiolyte). Quter axes: the surface energy (erg/fem?) is plotted against the charp
density (elementary charges/A?); this plot is valid for any plane surface. Iriner axes: valid for the case of 2 lipid membrane with an
area per head group of 50 A2 and a variable degree of dissodiation. Note that increasing salt concentration reduces both surface

energies and that uelis only about 10% of the free energy. Note the different scales of the ordinates in (b) and (c); the two dots
on the right-hand ordinates mark identical energies.
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creases with increasing distance between the plates.
Alternatively, one may regard the membrane as a neg-
ative particle in solution which is stabilized by the pref-
erential accumulation in its vicinity of positive ions
from the neutral salt, in the manner of a Debye—
Huckel electrolyte.

The curves in fig. 4b are approximately linear for a
change in charge density of 20—-30% which is about the
change occurring at the phase transition. This justifies
the use of the first-order approximation for AG®lin eq.
(9).

Applying the Gibbs—Helmholtz relations to eq. (16)
and assuming o to be independent of temperature one
arrives at

1! = (e/2w)(k T/e)? & {cosh(eW o [2kT)—1} (17)

for the surface density of the electrostatic internatl
energy (cf. appendix Al). Ul = Lf 1fl is the correspond-
ing quantity per mole. As was pointed out to us by

Dr. F. Jahnig of this Department (see the accompany-
ing paper by F. Jihnig {40]) the same expression for

2®! is obtained using the standard relationship

ul = (e/81) f E2(x)dx,
0

where £ is the electrical field in the diffuse layer given
by d¥r/dx (cf. Overbeek [22]).

Fig. 4c shows the dependence of U/¢! on o for n, =
10~3 M and 1 M. Interestingly, for given values of ¢
and n_, the value of U®! is only about 10% of that of
the free energy G°l, indicating that the major contribu-
tion to G®l stems from the entfopy term in G =

Usl-Ts°L,

2.2.4. Galcudation of AG* and AT,

From eq. (16) we can now calculate dé/df, which is
required to express G®! {cf. eq. (9)]. Since ¥, depends
on g, eq. (16) expresses ¢ as a function of ¢, which in
turn depends on the packing density of the lipid mole-
cules or on the molecular area f. Therefore

do/df = (dé/do) do/df . (18)

By inspection of eq. (I15) or by differentiation of eq.

(16)
dg/de =y . (19)

The charge density ¢ can be expressed in terms of the

molecular area of the lipid molecules and the charge

per polar group e«, where & denotes the degree of dis-
sociation (0 <« < 1), that is, the fraction of the lipids
carrying a negative charge, the others being neutral, thus

o =eclf. (20)
Therefore
dofdf = —ea/f2 = —o/f . (21)

Combining eqgs. (19), (21) with eq. (18) yields
do/df = —Tge/f. (22)

In writing eq (18) we made use of the assumption that

« is unchanged during the transition (cf. appendix A1).
Inserting the expressions for ¢ [eq. (16)] and

d¢/df [eq- (22)] into eq. (9) yields

AG® = - (e/m)(kT/e)2L « {cosh(eWy 24k T)—-1} Af .
(23)

showing that AG®! = G§!- G5! <0, or G > GE, ie.
the molar surface electrostatic free energy is lower in
the fluid state. Since AG¢! <0 and since the value of
¢ is positive we see from eq. (9) that fd¢/df is nega-
tive and that it is the decrease in the surface density
of the electrostatic energy that gives rise to an overall
decrease in the molar surface electrostatic free energy
of the system at the ordered -+ fluid transition.

To illustrate the predictions made by eq. (23) it is
useful to discuss the extreme cases of
(a) low potentials, for which coshx—~1 =x2/2, and
(b) high potentials, for which cosh x—1 =~ X expx-—1
(cf. fig. 17). For these two cases we obtain from eq.
(23):
(2) low potentials

AG®! = _(2nfe) L(02 x) Af, (24)
or

T —T¢ = AT, = - (25/e)(LIAS*) (02 k) Af : (23)
(b) fuigh potentialis

AGS = 2(kTle) Lo Af + (elm)(kTle) L Af . (26)
or

kT L kT\Z L

Ath"z—‘é—E—S-;GAf‘l‘%(—e—-) AS#KAf. (27)
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Figl. 5. Validity of low and high potential approximations for
G® [eqs. (24)—(27)] in terms of salt concentration and
charge density (o = degree of dissociation). The curves show
where the percentage error Gel equals 155, 5% and 20%
when using the approximate expressions.

We recall that k = (nm)ll'2 .

As discussed in appendix A2 these approximations
can be applied only for certain ranges of the charge
density o (= ea/f) and the salt concentration 7y, .
These ranges are shown in fig. 5. At the given curves
the percentage error in G¢tis 1, 5 and 20%. In our case
the high-potential approximation can be used for
« = 30% and n,, £0.5 and therefore eq. (27) will be
used extensively in the discussion of the experimental
results.

The first term in this equation predicts a linear de-
crease in T, with increasing charge density (in con-
trast, for low potentials AT, is proportional to —02);
the second term contains the salt dependence, and
predicts an increase in 7, proportional to (n,,)1/2
(whereas for low potentials 7, « —(n,)~1/2). As will
be shown there is yet another, much stronger effect

of the salt concentration on T 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 forn, <02 Mand «=>02.

It is noted that the first term of eq. (27) has al-
ready been applied in a previous paper to account for
results obtained on phosphatidic acid in the high-
potential region (Triuble and Eibl [6]). However a
rigorous derivation could not be given in that paper.

[t is the purpose of the following experiments to
check the predictions made by eq. (27); the strategy
will be (1) to change o at constant ionic strength,
which will be done by measuring the pH-dependencc
of T,,and (2} to aiter the ionic strength at coustant o,
which will be done at high pH where the lipids are ful-
ly ionized.

3. Materials and methods
3.1. Methylphosphatidic acid (MPA ) dispersions

The experiments were performed with aqueous dis-
persions of dimyristoyl—-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—% M. The polar groups are negatively charged
at pH 2 8 and neutral at pH < 2 for the salt concentra-
tions used in our experiments.

Dispersions were prepared by shaking the weighed-
out lipid with water and then incubating the mixture
for at least one hour at 60°C (7> T,). In addition,
sonication to optical clarity for about | min was ap-
plied in some cases. No signs of decompaosition of the
lipid were observed, even after several days of incuba-
tion at neutral pH. This was confirmed by thin-layer
chromatography. A gradual decomposition of MPA.
into the lyso-derivative and fatty acids accurs at pH
values below 2 and temperatures above 50°C.

Strict precautions were taken to avoid contamina-
tion of the lipid with heavy metal ions or organic mat-
ter. Water doubly distilled from quartz was used direct-
ly from the still, and all glassware was first washed with
distilled water, acetone and chloroform. Frequent
checks were made to ensure that experimental results
were unaffected by the addition of EDTA, showing
the absence of contamination by heavy-metal ions.



H. Tréuble et al. [Electrostatic interactions at charged lipid membranes. I 327

Fig. 6. Freeze fracture electron micoscope picture of an MPA dispersion: Pt—Ir shadowing. MPA, 10 mg/m! not sonicated; 0.5 M
NaCl; pH 8.1. Quenched from 45°C, or T > Ty. The upper part shows a cross-saction through a stack of about 50 extended lipid
lamcliae; a top view of extended planar bilayers is seen in the lower part. Similar pictures are obtained when the lipid is quenched
from a state T < T;. This picture was kindly provided by Dipl. Phys. K. Harlos.

All salts and reagents used were of Analytical grade. o Na”
For the study of ionic interactions it is important 0=:P~—OCH3
to know what fraction of the lipid polar groups is acces- ci Q
sible to externally added base, acid or cations. Freeze e GHaOH + Cl—P— OCHa GHa
2 |

. - ; 0 HaC
fracture experiments show that the lipid lamellae in . !

. . . . (o} o] (TI) L] o]

dispersions of MPA do not form closed vesicles as in ta &0 T L &o

the case of lecithins but rather are organized in stacks (S22 o a “;-_q:,u —— > (¥a)a (G2l ez
] [

of 1amellae (cf. fig. 6), suggesting that the major part Cua  cHa e CHy  CH,

2} Hydrolysis
of the polar grcups is accessible to externally added

electrolyte. This is supported by the facts (a) that dis- 5 (e
persions which were sonicated after the addition of -
electrolyte showed the same response to changes in with methylphosphoric acid dichloride (1[) in the pre
pH and salt as dispersions without additional sonica- sence of triethylamine (see scheme)-

tion, and (b) that binding of Ca?* to salt-free disper-

sions of fully ionized MPA shows saturation for a 3.2. Methylphosphoric acid dichloride {II}

lipid: CaZ* ratio of 2:1 (Trauble and Eibl [7]).
To a thoroughly stirred solution of 92 g (0.6 mole)

3.2. Synthesis of MPA of phosphorus oxychloride in 30 m! of tetrachioro-
methane in a three-necked flash equipped with a re-
I,2dimyristoyl—sn-glycerol—3-phosphoric acid flux condenser and a dropping funnel were added 9.6 g
methyl ester, sodium salt (MPA) was synthesized by (03 mole) of methanol dissolved in 50 ml of tetra-

phosphorylation of 1,2-dimyristoyl—sn-glycerol (I) chloromethane. A continous stream of nitrogen (20 ml/
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min) was directed through the reaction mixture to se-
‘move the HCl formed. After 12 hours at 25°C the sol-
vents and the excess phosphorus oxychloride were re-
moved by evaporation at 35°C. The residue was distilled
twice and the fraction with a boiling range of 44-46°C
was collected. The vield was 29 g (65%) of methylphos-
phoric dichioride. CH3; -0 ~PO—Cl,, a colourless liquid.

3.2.2. MPA (I}

A solution of 149 g (0.1 mole) of methylphos-
phoric acid dichloride in 200 ml of trichloroethylene
was colled in an ice bath and 15 g (0.15 mole) of tri-
ethylamine in 100 mi of trichloroethylene were ad-
ded with stirring followed by the dropwise addition of
15.4 g (0.03 mole) of 1,2-dimyristoyl-sn-glycerol in
100 ml of trichloroethylene [32]. As judged by the
disappearance of starting material (tkin-layer chroma-
tography) the reaction was completed after 1 hour.
The solvents were removed by evaporation, the residue
was dissolved in 300 ml of tetrahydrofurane and
cooled with an ice bath. 200 ml of 1 N sodium acetate
were added with stirring to hydrolyse the phospho-
chlorides. After 12 hours of hydrolysis, the pH was
adjusted to 8 by the addition of 1 N NaOH. 300 mli
of diisopropylether were added and mixed. After
phase separation the ether phase contained the lipid
and was collected. Evaporation to dryness resulted in
1 yellow oil, which was purified by silica gel chromato-
graphy. After evaporation of the solvents MPA was
dissolved in 30 ml of chloroform and precipicated by
the addition of 300 ml of acetone. The yield was
10.3 g of MPA (53%). The purity of the compound
was checked by thin layer chromatography and ele-
mental analysis (calculated for C3y Hga NaOgP-Hy O
(mol. wt. 646.8): C, 59.42%; H, 9.97%; P, 4.79%;
found: C, 59.01%; H, 9.81%; P,4.79%).

3.3, Phase transition megasurements

The ordered < fluid phase transition in dispersions
of MPA was monitored using the neutral fluorescent
indicator N-phenyi-naphthylamine (NPN) purchased
from Eastman. The transition from the ordered to the
fluid state is accompanied by a large (up to 5-fold) in-
crease in the fluorescence intensity measured at an
emission wavelength of 430 nm and an excitation wave-
length of 350 am. This increase is a result of the higher
partitioning of NPN into fluid membranes, and the

higher quantum yield of NPN incorporated into the
membrane compared with NPN in water [33]. For an
emnission wavelength 2> 430 nm aand a slit width of

0.1 mm the contribution of light scattering to the meas-
ured signal is negligibly small. Thermal transition meas-
urements were made using an Aminco Bowman fluori.
meter at heating or cooling rates of < 1°C/min. The
accuracy in 7y-values is about % 0.5°C. Typical concen-
trations were: lipid, 104 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 pH9.

4. Experiments

This section presents the experimental results with
a brief discussion. A quantitative comparison between
theory and experiment will be performed in section 5.

4.1. pH dependence of the transition temperature

Fig. 7 shows temperature scans of the fluorescence
intensity of NPN in dispersions of MPA at different pH.
Apparently, in the charged state (pH = 8) the mem-
branes have a lower transition temperature (T, = 28°C)

i s W S . S 4 ol

Relative Fluoreacence Intensily at 430 nm

20 10 P so

Temperature[=c]

Fig. 7. Thermal traunsition curves for MPA at different pH val-
ues, followed by NPN fluorescence (sze text). Conditions:
10-% u MPA, 109 M NPN, 10~4 MEDTA,S5 X 10-3 M
NaCl, unbuffered. The three curves were measured with the
same dispersion and with identical instrument settings.
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than in tkz neutral state (T, = 48°C at pH 3). Under
the given ¢xperimental conditions the ordered - fluid
transition produced a fluorescence increase by an fac-
tor of <t at pH < 8 and by 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 intensity is about four times greater in the
fluid state.

Interestingly, the fluorescence intensity at pH>=8
compared with that at pH 3 is also somewhat greater
for T < 25°C, where the mern.branes are always ordered
and for T>> 50°C, where the membranes are always
fluid. According to fig. 7 the difference is about 20%
for T<25°C and 40% for 7> 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 a2 small expansion of the membrane even
at T<25°C and a somewhat greater expansion at
T>50°C.

Fig. 8 shows the effect of pH variation on the tran-
sition temperature for different salt concentrations
(02,2X 1072,2X 1073 and 2 X 10—% M NaCl — the
latter case has an effective salt concentration of 2—

3 X 10—% M as the 10—* M counterions introduced
with the lipid become important.

The values of 7, measured at increasing temperature
(1) are typically 2°C higher than the T, -values obtained
at decreasing temperature (}); only at 2 X 10~4 M
NaCl was the hysteresis greater (= 5°C). In fig. 8 both
values of T, are shown for 11, =0.2 M but in the other
cases, to improve clarity, only 7', (1) is given_ As is seen
T, 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 pH when the
ionic strength is smaller. These curves resemble disso-
ciation curves, and indeed, from eq.(27) it is expected
that for constant ionic strength AT, should be propor-
tional to the charge density, which in turn is proposr-
tional to the degree of dissociation c.

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 dissociatior. of uncharged acids to yield anions,
and is analogous to the effect of saits in the pH-in-
duced helix—coil transition of poly-Lglutamic acid [1]
The qualitative explanation is that additional electro-
static work must be done in the dissociation of pro-
tons at a negatively charged surface; this work increases
with decreasing ionic strength.
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Fig. 8. Dependence of the transition temperature Ty of MPA
bilayers on the pH at different salt concentrations. The T}~
values were taken from temperature scans as shown in fig. 7
measured at increasing temperature. Only for 2 X 10! Mare
shown also the values measured at decreasing temperature (1).

Conditions: 102 M MPA, 1075 M NPN. unbuffered disper-
sions. The theoretical curve on the left was calculated with-
out the influence of electrostatic forces on the dissociation
using pKg = 1.75 (f. section 5.1).
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Fig. 9. Etfect of NaCl on the transition tempe.ature of MPA
at tow and high pH values. Symbols ¥ and ¢ denote the Tg-
values measured at increasing and decreasing temperature. At
pH 8.5 the lipid is always fully dissociated: addition of NaCl
causcs a gradual increase in Ty (“screening effect™) and a de-
crease in hysteresis. Solid curve: mean Ty-value. At pH 4 the
lipid was fully protonated at the beginning; addition of NaCl
produces a rapid decrease in Ty (**enhancement of dissocia-
tion™). Conditions: 10~ M MPA, 10~° M NPN, 2 x 10—% \
EDTA, unbuffered. The pH was held constant throughout the
experinients.

The curves in fig. 8 show that it should be possible

to induce the lipid phase transition at constant tempera-

ture by a change either in pH or in salt concentration.
Such transitions will be discussed in section 4.4.

4.2. Salr dependence of the trunsition temperature

The effect of increasing ionic strength on the tran-
sition was studied at pH 8.5, where the pho.phate
groups are tully 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 NaCl has quite different effects in
these two cases.

At pH 8.5 the addition of salt gradually increases
7, from about 28°C to about 32°C at I M NaCl; at
the same time the hysteresis (defined as the difference
in T, -values measured at increasing and decreasing tem-
perature) decreases from about 4°C to 1°C.

When the values of T, are plotted versus (rzm)”2
(n,, =salt concentration) one obtains a straight line
with slope ATt/A(nm)Uz =~ 5 [°C/MU/2]. The salt-
induced increase in T shows a certain ion specificity:
LiCl is more active than NaCl (ATt/A(nm)”z =
77 C/MI2]), KCl is less active (AT /A )2 =
3.5 [°C/M1/21) and CsCI has an even smaller effect.

Fig. 9 also shows that at pH 4 the addition of NaCl
produces an initially sharp decrease in 7T, from about
48°C to about 40°C, which levels off at higher salt
concentrations. Qualitatively, this decrease in 7T could
have been predicted from fig. 8: increasing salt concen-
tration shifted the T, —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
by the experiments at pH 4 and pH 8.5 will be acting
simultaneously, 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.
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Fig. 10. Effects of pH and added salt (NaCD on the transition
temperature of MPA. The surface shows mean Tg-values and
marks the boundary between the fluid state (above) and the
condensed state (below) of the membrane. The arrows show
various ways to induce the phase transition at constant tem-
perature by changes in pH and salt concentration. Note: only
at high pH are salt concentration and ionic strength equal.
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4.3. Synopsis of pH and salt dependences

Fig. 10 shows simultaneously the effects of tempera-
ture, pH and added NaCl (z;,) on the membrane struc-
ture. This figure was constructed from the 7y —pH curves
in fig. 8 and the T, —n,, curves in fig. 9 and separates
the regions of fluid and ordered membrane structure.
Apparently the highest T, -value is found at low pH
without added salt (T‘“‘“) the lowest T,-value (T‘“‘")
at high pH without added salt. These extreme values
differ by about 20°C. At intermediate pH, increasing
salt concentration lowers the transition temperature
because of the ““dissociation effect” whereas at high
pH T, increases as a result of the “screening effect™.

In addition from what we know already from fig. 9 this
representation suggests that at low pH the salt depen-
dence follows a sigmoid curve with a plateau at low

salt concentrations. (It should be noted that only at
high n_, values are salt concentration and ionic strength
equal, whereas at low n2;, and pH values the acid added
to establish the low pH makes 2 significant contribution
to the fonic strength.)

4.4, Induction of the transition at constant temperature

The arrows in fig. 10 indicate that in the tempera-

ture range between TV® and T (35 defined in

fig. 10) it should be possxble to mduce the lipid phase
transition at a constant temperature, and this can be
done in three different ways.

(1) For almost any salt concentration one can in-
duce the ordered — fluid transition by an increase in
pH, or the reverse transition by a decrease in pH. For
example (cf. fig. 8), at 34°Cand 2 X 10~2 M NaClan
increase in pH from 4 to 6 will trigger the ordered —
fluid transition. [ncreasing salt concentration could
have the following effects: (2) it should fluidise the
membranes (ordered — fluid transition) at tempera-
tures between 7= 35°C and 77 and pH values be-
low about pH 8; for example (¢f. fig. 9) at 40°C and
pH 4 the membrane is ordered forn, =0.01 M and
fluid for n_, = 0.2 M; (3) it should condense the mem-
branes (ﬂmd ~+ ordered transition) at temperatures be-
tween 75" and T~ 35°C and pH values above pH 6
(see a!so fig. 9).

The following experiments illustrate these three
possibilities. The transition was demoustrated, as in
the case of thermally induced transitions, by measuring

the change in NPN fluorescence intensity. The ordered
—> fluid transition is indicated by an increase, the re-
verse transition by a decrease in fluorescence intensity.

4 4.1, pH-induced transition

This experiment was performed at 7= 34°C and
1, =2 X 10773 M NaCl: the initial pH was 8.0. Accord-
ing to fig. 8 the system 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
by adding acid the fluorescence intensity decreases
sharply between pH 7 and 5 and approaches a lower
plateau with 20% of the initial fluorescence intensity,
as one would expect from fig. 7. Fig. 11 shows the de-
crease in fluorescence intensity with decreasing pH,
the total fluorescence change being normalized to one.
The midpoint of the sigmoid transition curve is at about
pH 6, in accord with the expectation from fig. 8. The
transition is, of course, a cansequence of charge neu-
tralization, and the curve in fig. 11 reflects the dissoci-
ation curve. When the pH is increased again the system
follows a similar curve back into the fluid state.

Similar titrations were performaed at several tempera-
tures between 20 and 60°C: for a decrease in pH from
pH 8 to pH 3 the normalized fluorescence changes are
similar to the curve in fig. 11. However, between 30
and 46°C the total change is about 80%, for T> 50°C

about 40% and below 20°C only 20% or less.
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Fig. 11. pH-induced phase transition at 34°C. The fluorescence
intensity of NPN at 430 nm was measared after successive ad-
ditions of acid or base. The ordinate is normalized so that the
difference between the fluorescence intensities at pH 8 and

pii 3 equals one. The fluorescence m:enmy atpH 3 was about
205 of that at pH 8. Con(imons 107 M MPA, 10~% M NPN,
10~% M EDTA, 2 X 10> M NaCl.
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4.4.2. Salt-induced membrane condensation

This experiment 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
intensity with increasing NaCl content. After an initial
plateau the fluorescence intensity shows the expected
decrease at i, => 0.1 M NaCl and reaches a lower plateau
with about 20% of the initial intensity forn,, =08 M
NaCl. Thus the membrane condensation occurs over a
broad ranse of the salt concentration.

4.4.3. Salt-induced membrane fluidisation

This experiment 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 intensity which accompanied the addition
of NaCl. As expected from fig. 9 more NaCl was re-
quired at lower temperatures to complete the fluidisa-
tion than at higher ones. 'the width of the transition
for a given temperature is directly related to the steep-
ness of the Ty, —n,, curve in fig. 9 at the same tempera-
ture: the transition is the narrower, the steeper the
T,—n,, curve. A steady fluorescence reading after each
NaC(l addition showed that the width of the curves is
not due to a kinetic effect in which equilibrium is only
slowly reached.
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Fig. 12. Sait-induced membrane condensation (fluid —

ordered transition) at 31°C and pH 8.5. The fluorescence in-

tensity of NPN was measured at 430 nm after successive addi-

tions of NaCl. All values are corrected for dilution. This ex-

periment represents a horizontal (= isothermal) lmc onfig. 9,

mterse.ctmﬂ the curve for pH 8.5. Conditions: 10~% M MPA,
105 M NPN, unbuffered dispersion.
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Fig. 13. Salt-induced fluidisation of MPA bilayers at pH 4
and varigus temperatures. Conditions: 10~° M MPA,

2% 107 M NPN the pH was kept at 3.9 £ 0.1 using acetate
buffer {1 0—2 M). The fluorescence intensity of NPN was
measured at 430 nm after succeassive additions of NzaCl (ex-
citation wavelength, 330 nm). This experiment represents a
series of isothermal lines on fig. 9, intersecting the curve for
pH 4.

5. Comparison between theory and experiment

35.1. pHdependence

According to figs. 8 and 10 an increase in pH, which
causes the dissociation of the phosphate groups, re-
duces the transition temperature by about 17°C. Be-
fore we discuss the exact shape and location of the

T,—pH curves we check briefly whether the total de-
crease in 7 is in accord with the theory.

5.1.1. Total decrease in T,: AT

To estimate the value of AT we use the high-
potential expression for AT, [eq. (27)] and neglect
the last term in this equation, which is small, especial-
ly at low salt concentrations, and will be discussed be-
Iow (see section 5.2.1). Thus for complete dissociation

ATPX = L T(LIAS*) AfIf . (28)

[nserting values for X,e and L, using AS* = 17.5 cal/
mol deg (Blume {34]) we obtain for T=310K

AT = _70.50 Aff . 29)

To account for the experimental value AT = 17°C
we would have to take Af/f =0.241. From X-ray
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[11,13] and spin 1abel [17] studies it is known that
fa ~48 A2 and fg ~ 60 A2 for dipalmitoyllecithin.
An X-ray study of MPA is in progress in this laboratory.

5.1.2. Shape and position of the T,—pH curves

From eq. (27) we expect that the 7, —pH curves in
fig. 8 should reflect directly the dissociation curve of
the phosphate groups (AT, =), Comparison of the
measured Ty —pll curves with the dissociation curve
for free phosphate groups (calculated with pKg=1.75)
reveals the following main differences (cf. fig.8): the
T,—pH curves are progressively shifted to higher pH
values with decreasing salt concentration, and they are
less steap.

We now caleulate the T, —pH curves using as param-
eters (1) the value of pKy 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; Afff will be taken to equal 0.241,
as derived from the total decrease in T;. We start from
the high-potential expression for T, eq. (27), which is
applicable for &= 0.2 and n,;, <0.5. Thus
T, =T¢ — 2(kTle)(L]AS*®)ex AfIS, (30)
in which we have neglected the last term in eq. (27),
which is independent of « and is small for salt concen-
trations below 0.1 M.

Next we consider the influence of the surface
charges upon the dissociation curve. In the presence of
surface charges additional electrostatic work must be
done in the dissociation against the charges already
present. The dissociation process considered is
L=L +H", (31)
where L and .7 denote the nontonized and ionized

lipid molecules respectively. The degree of dissociation
is defined as

e=[LTH([L] + LD, (32)

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

AG*=-RTh Ky, (33)

where AG* is the change in Gibbs free energy in the
dissociation process and K, is the equilibrium dissocia-

tion constant. Neglecting activity coefficients we ob-
tain from the law of mass action

& =KolKg + [H*]). (34)

At a nepatively charged surface with surface potential
¥y the dissociation of protons requires additional
electrostatic work LeW,. Thus

AG = AG* + Le,

and
AG=-RThK.
The degree of dissociation is now given by

Ko

o=

Kp + [H*] exp(e¥q/kT)
instead of by expression (34) (compare ref. [35]). This
equation is the direct equivalent of eq. (34) if the term
exp(eW,/kT) is regarded as a Boltzmann factor giving
the ratio of concentrations of free protons at the sur-
face to those in the bulk.

Expressing ¥ by eq. (14b), ¥4 = (2kT/e)In(2a/c),
leads to

(35)

« Ky + [H*] 26/c)?

(36)

Replacing o by exff [eq. (20)], we insert values to ob.
tain

Ky
Kg +29.15 [Hf]al/n_

with £ = 50 A2, a mean value for states A and B. Rear-
ranging gives

[H*] = {(1 —)/a3}&Kgn, /2915

£&

(37)

(38)

By considering now a series of « values we can calculate
with this equation the corresponding values of [H"] or
pH,ie. the dissociation curve for a given salt concen-
tration. The values of & can now be inserted into ¢q.
(30) as a function of pH to calculate the transition tem-
perature.

Such calculations were performed for different salt
concentrations (1) using pKy = 1.75, Af/f =0.241
and AS* = 17.5 calfdeg moles (Blume [34]). The value
of 1.75 for pKj was not arbitrarily assumed; it is im-
plicit in the data. It can be directly obtained as shown
in the next section.
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A theoretical curve calculated forn =2 X 102 M
is shown in fig. 8; here 30°C was taken as the lower
limiting value of 7. This curve reproduces accurately
the shape and the position of the measured curve. It
deviates from the measured curve by a horizontal shift
of only 0.25 pH units. The agreement is equally good
for the other salt concentrations. Even for very small
degrees of dissociation the theoretical curves calculated
for high potentials do not deviate significantly from the
experimental results.

5.1.3. Salt-induced shift of the T,-pH curves

[t is now easy to derive an explicit expression for
the shift in the apparent pK with decreasing salt con-
centration. The apparent pK is the pHat whicha =0.5
and is taken from the midpoint of the T, —pH curves in
fig. 8. Applying the condition @ =0.5 ta eq. (37) leads
to

29.15 TH*]/4n_, =K, - (39)
Therefore (K = 10~ 7Koe)
pK—pKg =10g(29.15/4n ) =086 —-log i, . (40)

As is shown in fig. 14, best agreement with the experi-
mental results is obtained with a value of pKg =1.75,
which stands in good agreement with the values in the
literature, giving
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Fig. 14. Apparent pK of lipid phosphate groups at negatively
charged %!PA bilayers as a function of NaCl concentration.
The experimental points are taken from the Ty—~pH curves in
fiz. 8. Theory: see section 5.1. gKg = 1.75 characterizes the
dissociation in the absence of surface electrastatic effects.
ApK equals the difference between buik and surface pH. The
curve labelled 20% shows the pK for a membrane with 20%
of its lipid molecules charged.

pK =2.61-logn,, . (41)

For higher (lower) values of pK, the theoretical curve
would be shifted vertically to higher (lower) pH val-
ues. {One might expect the apparent pK to tend to
the value of pK, at very high salt concentration. This
is not so for the theoretical curve in fig. 14, because
for high salt concentrations the high-potential approx-
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,
especially at low ionic strength. Another way to read
fig. 14 is that rather low proton concentrations in the
bulk solutioa suffice to establish a much higher proton
concentration, of 10175 M in our case, at the mem-
brane surface (cf. refe. {36,37]). The difference, ApK,
between the theoretical curve and the horizontal line
for pKy = 1.75 may be taken as the difference between
bulk and surface pH.

For a biological membrane we may assume that
about 20% of the lipids carry 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 may
cause either a decrease or an increas¢ in the transition
temperature, depending on the pH at which the experi-
ment is performed. These two tendencies will now be
discussed separately.

3.2.1. Increasein T,

An increase in 7 is observed under conditions where
the phosphate groups are fully dissociated so that the
charge per polar group remains constant during the ex-
periment (see fig. 9 lower curve). Under these condi-
tions we may use the high-potential approximation for
7: eq. (27). For constant ¢ this equation predicts

T, = TMR & (/) (kTle)2 (LIAS*) & A, (42)

where TM" j5 defined in fig. 10.
Now

k=324%X107(n )2,

1e.
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T, < (n, )12 .

When the measurements at pH 8.5 are plotted as T,
VErsus (n.'m)”2 one obtains, in fact, a straight line with
slope 5 IOC/MUQ] . Inserting values for L.k, € and e in-
to eq.{42) and taking AS* = 17.5 cal/deg mole [34]
we find at T=300 K

T, = TM" +0.50 AF [R2] (n, )12 . (43)

For Af = 10 A? we obtain a slope of 5 [°C]MU2]
in satisfactory agreement with the experimental values
5 1°C/M112] for NaCl and 7 [°C/M1/2] for LiCL.

5.2.2. Decrease in T,

The sharp decrease in 7, observed at pH 4 with in-
creasing salt concentration is not explicitly contained
in eq. (27). However, as may be inferred from fig. 8,
this effect must be related to the salt-induced shift of
the 7T, —pH curves. It will be shown that the decrease
in 7, can, in fact, be explained as a result of an increase
in the degree of dissociation (or charge density) with
increasing ionic strength. In the experiment performed
at pH 4 we may presume that the phosphate groups
were fully protonated at the beginning (low salt con-
centration), i.e. the membranes were uncharged. In the
previous section we have already derived a formula that
expresses the effect of increasing salt concentration on
the degree of dissociation [eq. (37)]. Rearranging this
we obtain

n, =31, (44)

where § = 29.15 [H"1/K; =0.164 for pH 4 and pK,
=1.73.

This expression allows us to calculate & as a function
of salt concentration at fixed pH. Fig. 15 is a graphical
represantation of the function ¢ /(1) (= n,,/0.164).
We read from this cusve for a series of n_,-values the
corresponding values of «. Taking AT{>* = —-17°C
(which coreesponds to Afff =0.241 and T} = 48°C
we may now construct a theoretical curve for the de
crease in T with increasing salt concentration. The
curve obtained [(2) in fig. 9] predicts a somewhat larger
decrease in 7T than actually observed — although it re-
produces well the typical shape of the experimental
salt-dependence.

However, our analysis is still incomplete, because
superimposed on the dissociation-induced decrease in
T is the salt-induced increase in T, discussed in the

r o3 _ Am
@~
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Fig. 15. Graphical solution of €q. (44). The function a3/(1 —«)
is shown on threa different scales as indicated.

previous section. If we add to curve (a) the rising term
0.50 Af(n )12 {cf. eq. (43)] we obtain a very good
representation of the experimental dependence as
shown by curve (b). The shape of the theoretical curve.
especially in the low-salt region, is quite sensitive to
the choice of pKj. It is therefore satisfying that the
value of pK found in the previous section allows us to
reproduce these other experimental findings.

6. Discussion
6.1. General conclusions

The electrostatic free energy G®! associ~ted with sur-
face charges makes a significant contribution to the to-
tal free energy of lipid bilayers. The value of Gl calcu-
lated from the charging process {eq.(15)] in conjunc-
tion with the Gouy--Chapman theory is always positive,;
it increases with increasing charge density and with de-
creasing salt concentration. Thus G°! depends on two
parameters which are important in biological systems.
For a lipid membrane with a molecular area of 50 AZ
and one charge per molecule the calculated value of G¢!
amounts to about 7 kcal/mole (or 98 erg/cm?) at
103 M salt and 3 keal/mole (or 42 erg/cm?) at 0.1 M
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salt. For comparison, the average energy of kinetic mo-
tion at 25°C is 0.6 k~al/mole and the energy of the
hydrogen bond ranges between 3 and 7 kcal mole; the
surface energy of the air—water interface is about

70 ergfcm?.

Interestingly, the major contritution to the value
of Gel (= UFl_TS®)) stems from the entrapy term; the
internal energy U®! given by eq. (17) amounts to only
10% of the free energy. Similarly any change in G,
induced for example by a change in salt concentration
ar the degree of dissociation, is to 90% the result of a
change in the entropy term —7T5%!. Therefore, although
of purely electrostatic origin, the free energy G of
the double layer arises mainly from the additional or-
der established within the diffuse Iayer. At low salt
concentration the diffuse layer extends far into the so-
lution and G*¢! is large; at high salt concentration the
diffuse layer is thinner and G®! is small. The usual de-
scription of the effect of added salt as a “‘screening ef-
fect” does not adequately express the fact that the es-
sential physical process accompanying the addition of
salt is a reduction of order within the diffuse layer near
the surface. As mentioned already G®! decreases with
decreasing charge density; therefore the electrostatic
interactions tend to expand the membrane or to “fluid-
ise” the membrane structure compared with the state
for G¢l = 0. Qualitatively, this tendency was demon-
strated by the increase of NPN fluorescence intensity
that accompanied the charging-up of the lipid mem-
branes when the pH was increased from 3 to 9 (cf.
fig. 7). Quantitatively, the effect of G&l on the mem-
brane structure was studied by considering its influ-
ence on the ordered « fluid phase transition of lipid
membranes. The theory shows that the fluid. or ex-
panded membrane has a lower electrostatic free
energy than the ordered, or condensed state, so that
the expected effect of G¢l would be to lower the tran-
sition temperature of the system. Indeed, for MPA
the appearance of one elementary charge per polar
eroup causes & net decrease in T, by about 20°C,ie.
about 7% of the T;-value in Kelvin. This agrees with
the theoretical prediction. (If we had used the neg-
ative value for Gel as derived by Verwey and Overbeek
[21] then T, would have increased with increasing
charge density, compare fig. 4a.)

Because of the dependence of G°! 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 ways of doing this in the case of MPA by
changes in the pH or in the salt concentration.

Practically ali our experimental results can be ex-
plained by considering the work done in bringing an
element of charge up to the membrane surface poten-
tial 5. To obtain the electrostatic free energy of a
charged surface this work was integrated over the en-
tire charge range. The same coacept was used in
section 5.1 to account for the effect of surface poten-
tial ¥4 on the ionization at a charged surface. Expres-
sion (12) for ¥ is the only result of the Gouy—
Chapman theory that enters explicitly into our calcu-
lations. In addition a simple model for the change in
membrane structure at the transition was used. These
two premisses wiil now be discussed.

6.2. Applicability of the Gouy—Chapman theory

Use of expression (12} for ¥ has enabled us to ex-
plain the observed shift of the apparent pK with ionic
strength, or the difference between bulk and surface
pH (section 5.1). Expression (23) for AG®! sufficed to
explain the observed pH- and salt-dependence of the
transition temperature. The surface in fig. 10 which
summarizes the experimental results is thus correctly
described by our theoretical model.

We have to conclude that for our system the
Gouy—Chapman theory — despite all its simplifications
(cf. Haydon [24]) — gives a reliable value for the sur-
face potential ¥,. The same conclusion was drawn by
McLaughlin et al. [35]) frem conductance measure-
ments on negatively charged black films. Secondly, the
discrete nature of the surface charges can be neglected
even when only about 10% of the lipid molecules are
charged. Thirdly, our expression for G°! [eq. (16)]
derived from the charging process [eqg. (15)] has the
correct positive sign and predicts correctly the observed
dependence of T, on the pH and the ionic strength. Of
course, the Gouy -Chapman theory, which treats the
ions as point charges, cannot account for the observed
specificity of the alkali ions (Li¥ > Na* > K*, Rb*,
Cs*) in the salt-induced increase of T, at high pH. The
compensating approximations in the theory thus ap-
pear to break down when a certain size of cation is ex-
ceeded.

The conclusions drawn so far are valid only when
the charged groups are sufficiently small, as in the case
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of MPA. For lecithins and cephalins with more extended
polar groups the sitvation may be different [5,6].

6.3. Criticism of our model for membrane structure and
transition

Throughout this paper the lipid bilayer was considered

as a system of two independent monolayers. Electro-
static interactions across the membrane were omitted.
We conclude that their effect on the transition is negli-
gible in the case of MPA bilayers.

The lipid bilayers were considered to be large, inde-
pendent, planar lamellae — a view that is supported by
freeze-fracture studies on MPA dispersions. Should in
general a system contain small closed vesicles the follow-
ing aspects would have to be taken into account: (1)
possible inaccessibility of the inside polar groups to
added electrolyte, (2) interactions between the diffuse
layers 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 expansion
or contraction of the membrane. The system of the
hydrocarbon chdins was assumed to be unaffected by
the charge on the membrane; this is implicit in the use
of the values T# and AS* of the uncharged mem-
brane. Any dependence of the molecular packing on
the pH must be too small to influence appreciably
the T, —pH dependence.

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

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

Nevertheless the changasin « at the transition are
of importance because they show that in addition to
the influence of ionic environment upon membrane
structure there exists the possibility that changes in
membrane structure may alter the ionic environment.
These dependences may provide 2 general mechanism

for the coupling between membrane processes and the
cell interior.

6.4. Possible biological significance

Most biological membranes are negatively charged
owing to tlte presence of acidic lipids such as cardio-
lipin, phosphatidylserine, phosphatidylglycerol, etc.
Therefore the electrostatic effects summarized in sec-
tion 6.1 will also be operating in these systems and will
be necessary for their complete physical representa-
tion — although normally they do not lead to phase
transition.

The well-known effect of divalent cations as mem-
brane “‘stabilizers™ [38] can at least in part be under-
stood as a decrease in G°! foilowing charge neutraliza-
tion by binding of these cations to negatively charged
membranes. Reduction in G¢l by 1:1 electrolyte could
also be responsible for the enhanced binding of lantha-
nide ions to lecithins in the presence of NaCl {39].

It may be important for many membrane processes
that a large difference can exist between surface and
bulk pH. For our system the surface pH was up to
4 units lower than the bulk pH — depending on the
ionic strength —in accord with the theory and with the
results of Fromherz and Masters [36] on mixed mono-
layers. Typical values in the biological ce!l might be:
ionic strength, 0.1 M; fraction of charged lipids,
20--40%. The expected difference between surface and
bulk pH (cf. fig. 14) is then about 1.5 pH units. There-
fore the activity of membrane-bound enzymes mav
differ considerably from what one would expect from
the bulk pH.

Lateral phase separation. Biological membranes
usually contain more than one species of lipid mole-
cule. These molecules can form a statistical mixture or
separate phases. Surface charges may play an important
role in the lateral organization of such systems, and this
réle is quantifiable in terms of the electrostatic free
energy. Consider a lipid bilayer consisting of charged
and neutral lipid molecules. Using eq. (16) we can cal-
culate the difference in electrostatic free energy for the
two cases of complete mixing and complete phase sep-
aration (cf. appendix A3). As one would expect, the
electrostatic free energy is always smaller for the mixed
state, and therefore the difference in electrostatic free
energy between the two states (separated phases minus
mixed state) represents a kind of “mixing affinity™
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Fig. 16. Effect of the electrostatic free energy on the lateral
organization of neutral and charged lipid molecules (““phase
separation”). Shown is the “mixing affinity>> AGM as a func-
tion of the ionic strength and the fraction of charged lipids p
for different degrees of dissociationa =05 and o = 1. The
electrostatic free energy always favours the mixed state.

AGM _ (Again a negative sign for the electrostatic energy
would predict, erroneously, that the electrostatic energy
favours phase separation.) Fig. 16 shows the dependence
of AG™ on the ionic strength and the mixing ratio u
(zatio of neutral to ionizable lipid molecules) for

& =0.5 and « = 1 where a equals the degree of disso-
ciation. AGM increases with decreasing ionic strength
and has 2 maximum when ionizable and aecutral lipid
molecules are present in a molarratio !:1.Fora =1,
0.1 Msalt and a molar ratio 1:1 the electrostatic free
energy of the mixed state is 0.35 kcal/mole lower

than for the separated phases. For comparison, the free
energy of mixing (TAS) for an 1:1 ideal mixture

(AH =0Q) i5 0.416 kcal/mole.

Now let us consider the effect of the clectrostatic
term GM on the lateral organization of two types of
lipid molecules a and b which differ sufficiently in
either chain length, degree of unsaturation or polar
group structure to form separate phases in the un-
charged state (¢ = 0). If we now “‘switch on” the
charges on species a, for example by an increase in pH,
the resulting increased electrostatic mixing affinity AGM
may then suffice to produce mixing; a2 subsequent in-
crease in ionic strength, which reduces AGM, may
cause the reverse process, leading to separate phases.
Experiments with a 1:1 mixture of distearoyllecithin
and MPA confirm this prediction.

To sumumarize: For charged membranes the electro-

static free energy tends to expand the charged surface,
and thus (1) to fluidise the membrane structure, and
(2) to produce lipid mixing. Therefore, by increasing
(or decreasing) G°! of 2 membrane one may produce
fluidisation (or condensation) of the membrane struc-
ture. For a system that is initially mixed (separated in-
t0 phases) a decrease (or increase) in G¢! can produce
phase separation {or mixing).

In membranes with separated phases of neutral and
charged lipid molecules large differences in surface pH
will exist along the plane of the membrane; therefore
enymes incorporated into one or the other phase will
operate in quite different regions of their pH-activity
profile. In conjunction with the possibility of inducing
phase separation by a variation in G® and the preferen-
tial partitioning of enzymes into one or the other phase
this opens up 2 multitude of possibilities for regulating
the activity of membrane-bound enzymes.
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Appendices
Al. The electrostatic free energy

We wish here to clarify the term “‘electrostatic free
energy”’ G¢ as applied to charged membranes and to
derive the change in G®! resulting from a change in
membrane area as it occurs at the lipid phase transition.

In practice there are several ways of building up 2
charged surface in an aqueous solution, including: (1)
compression of isolated, charged lipid molecules ona
Langmuir trough to yield a highly charged surface at
the lipid —water interface; (2) application of an external
electrical potential difference between a mercury sur-
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face and the solution: (3) chemical adsorption of ions
to an (initially) uncharged surface as in the case of Agl
particles, which acguire a negative charge by the adsorp-
tion of I~ ions from a HI solution; (4) stoichiometric
dissociation of protons from the polar heads at a lipid
bilayer surface.

In cases (1) and (2) external work must be supplied,
and in case (2) this work is purely electrostatic and is
given by the charging integral

a

[ wo(aydo'. (A1.1)
0
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 by the dissociation of protous,
starting from a fully protonated membrane in an un-

buffered solutior at pHpy. The whole process can be
subdivided into a sequence of hypothetical inter-

mediates as follows, considering one mole of lipid.

(1) Separation of the membrane into individual (proton-
ated) lipid molecules. The work required is AGS
(s for separation).

(2) Dissociation of the individual molecules to a degree
«; this process is characterized by a dissociation
constant K and is accompanied by a change in
pH from pHj to pH,. From standard thermody-
namics one obtains for the accompanying change
in free energy

AGdiss = RT ﬂf In [[Hﬂ « )] dot .

KO (l —

(3) Hypothetical ‘“switch-off™ of the charges; the re-
quired work is AGOfT.

(4) Reassembly of the molecules into a lipid membrane
packed exactly as the charged membrane at the end
of the whole process. The work done is AG? (a for
assembly).

(5) “Switch-on” of the charges (AG°") 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 by the charging integral (Al.1), or by

AGHl = Lf j(a)
0

‘I’O (U') do’ s

where W, is the surface potential at any stage of

the charging process and o(«) is the final charge den-
sity corresponding to the value of ¢ 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 + AG?) + (AGOTT + AGOM) + AGHS + AGE!

Obviously AG®® = —AG®f | 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 (implying df/da = 0) then
AG? = ~AG® and we are left with

AG = AGHS + AG,

ar

f (] _o ] ' Lffa‘lf(')d'
AG=RT In w |da o(o')do .
g L& (1—=) 5 (A1.2)
At equilibrium

dAG/3x =0, (A1.3)

which yields

[H] « do
RTIn [Ko e RANOE

af f o
+d—£6f‘1?0(a)da =0.

Applying our assumption df/de = 0, which means that
the packing of the molecules is determined by the hy-
drocarbon chains and factors other than the charge, we
obtain eq. (35) for the dissociation curve of ionizable
groups at a charged surface. (The condition df/da: =0
here applies to either state A or B of the lipid mem-
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 counsider the change in AG that results from a
change in a parameter A (which may be the molecular
area f) when « is also considered as a variable. For
small variations we obtain
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_2 2
dAG = ™ ('AG)’JL do + 3% (AG)L dX\.

If the initial state is at equilibrium then 3(AG)/3x=0,
and if we assume that Kg is independent of X then

= 55-’}: [Lf j ¥, (a')da'] )

d(AG) _ @

This shows that in the case of the lipid phase transi-
tion, where A becomes the molecular area f, the change
in AG is given by the change in the charging integral,
as assumed in the text, and that changes in & make no
contripution. The same is true for variation of any
parameter in which Kg is unaffected.

In the text we evaluated the charging integral using
for ¥4 the Gouy—Chapman expression eg- (12), Since
this expression is independent of pressure and volume,
Gibbs and Helmholtz free energies are in our treatment
identical. We would further mention that the final ex-
pression eq. (16) includes the repulsion between the
charges on the surface. This is illustrated by regarding
the charging process as formally analogous to the
charging of a capacitor whose capacity is given by
d¥g/do. Here the repulsions are obviously included,
and the work done in the charging process is still given
by formula (15).

Let us now compare our equation (16) with the ex-
pression for the “free energy of the double layer” de-
rived by Verwey and Overbeek [21] ¢y, - These au-
thors considered the situation in which an initially
neutral particle acquires a negative surface charge by
chemical adsorption of counterions, for example Agl
particles that adsorb I ions from an HI solution.
Their expression @y rests on the argument that in
the final state of the adsorption process the chemical
free energy difference driving the adsorption out-
weighs the electrical potential difference and therefore
equals —o¥y per cm?. To this chemical term they add
the purely electrical work given by the charging inte-
gral and obtain

[+ 3
Pyg = ~0¥g + f Yo (c)do' per cm? .
0

dyo is always negative and is to be understood as the
total decrease in free energy during the spontaneous
adsorption process. To compare this result with our
expression for AG eq.(Al1.2) we have to integrate eq.

(A1.2). We do this assuming [H*] = constant, which is
justified for sufficiently small concentrations of lipid.
This yields

AGHS = RT{e In(JH'}/Kg) talna+ (1-) In(1—a)}.

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

[HY1/Kp = {(1 -} exp(—e¥y /ET).
This yields

AG=Lf{~mFG +f !P‘g(cr)da] + RTIn(I—a},
0 (Al.4)

where we have used ¢ = eaff.

Written in this way it is no longer clear that fora
variation in any external parameter A the resulting
change in AG is determined exclusively by the change
in the charging integral. Formally eq. (Al.4) becomes
identical with Lf 9y if we let «— 0 but keep 6 fixed,
this correspoads to letting f 0, i.e., to an infinite
number of binding sites per cm?2. Therefore ¢ o may
be taken as the decrease in free eneigy when a particle
with an infinite number of binding sites acquires its sur-
face charge by chemical adsorption. This approxima-
don of the number of binding sites to infinity was
implicitly made by Verwey and Overbeek [21].

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 energy must be given by Lf$ [ according to eq,
(15)] and not by G = Lfpyq-

A further limitation of the Verwey—Overbeek
formula is the assumption of equilibrium with respect
to the dissociation or association of charged species
on the membrane surface. Our expression, in contrast,
covers also cases where dissaciationfassaciation equili-
brium has not yet been attained, and only breaks
down where the time-scale is so small that the relaxa-
tion time of the diffuse layer becomes significans.

AZ2. High and low porential approximations
In section 2.2.4 we used two approximations for

cosh x in eq. (23). For low potentials (case a) we ap-
proximated
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Fig. 17. Function cosh x together with approximations for
low and high x-values.

coshx=~1+x2/2 (A2.1)
and for high potentials (case b)
coshx ~ Lexpx, (A2.2)

where x =eWq/2kT. These two approximations are
compared with cosh x in fig. 17, showirng that expres-
sion (A2.1) is applicable for x << 1 and expression
(A2.2) for x 2 2. We wish to know for which range
of the charge density o and the salt concentration 7.,
these approximations yield reliable values of AG®! and
AT,. For this purpose we calculate the contoursin an
n,, —o diagram at which the approximated values of
AGS! deviate from the exact values by p %.

In case a these contours are determinated by the
condition

(cosh x—1)—x2/2 = p(cosh x—1),

OF

coshx =x22(1-p) +1; (A2 3)
and in case b

(coshx—1) — 3 expx—-1)=p (coshx-1),

or

coshx =(expx-2)2(1-p) +1. (A2.4)

We now assume g = 19, 5% and 20% and calculate the
corresponding x,-values by graphical solution of egs.
(A2.3) and (A2.4). To derive the corresponding n,,, —«
contours we use eq. (11) which for a given value of

X, (= e¥g/KkT) gives a relation between g and « or &
and n_,. The resulting curves, valid for 7= 300 K and
a molecular area £ = 50 AZ of the lipid molecules, are
presented in fig. 3.

A3. Role of GElin phase separations

To quantify the effect of the electrostatic energy
on the lateral organization of a3 mixed membrane con-
taining neutral and charged lipids we calculate the dif-
ference in the molar electrostatic free energies for the
extreme cases of {1) complete phase separation and
(2) homogeneous mixing.

Let N. =number of charged lipids, N, = number of
neutral lipids (Vg =V, + V). We define the fraction
of charged lipids as u = N_/N. If the two species have
equal molecular areas f, then the average areas occu-
pied by the charged lipids in the two states are
F,=fN_.in case 1 (s for separated phases), and
F, =f Ny in case 2 (m for mixed). The charge densities
in the two cases are 05 = ex/fincase 1 and o, =
¢ eaff in case 2. Denoting with ¢, and ¢, the specific
electrostatic free energies in cases 1 and 2 we can write
the difference in molar electrostatic free energy be-
tween the two states as (capital M for “‘mixing’’)

AGM = GJ-G}
= (L/JVT) (¢5Fs—¢an1} ’
where ¢ has to be substituted according to eq. {(16)

and ¥ is given by eq. (12). L is Avogadro’s number.
The calculation yields

AGM[L = 2kTe p {sinh~! (o /c)—sinh—1 (o, /©) }
—(fe/m)(kTle)2x (1-1)
—(felx)(kTle)2x {u cosh (sinh~—1la /c)
—cosh(sinh Yo, /)},

where & and c are given by eqs. (10b) and (13b). AGM
depends on the fraction ¢ of the charged lipids, the
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salt concentration 7, and the degree of dissociation a,
which was taken to be equal for states I and 2. Asone
would expect. AGM —~ 0 for u=1 and ¢t = 0. AGM has
been evaluated numerically for T7=300 K, e =80 and
/=50 A?. The results are presented in fig. 16, which
shows AGM as a function of #_, and p fora=0.5 and

a=1.
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