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Phospholipid Monolayers

DINESH O. SHAH' and JACK H. SCHULMAN'

The interaction. of metal ions and cholesterol with various
phospholipid monolayers was studied by measuring the sur-
face pressure, potential. and rheology of mixed monolaycrs.
The concept of intermolecular cavitics has been proposed to
explain the apparent condensation of mixcd monolayers and
the structure of liquid-expanded monolayers. The unsatura-
tion of fatty acyl chains strikingly influences the ionic struc-
ture, binding with metal ions, association with cholesterol,
and enzymic hydrolysis of lecithin monolayers. It is possible
to distinguish carious types of interactions—ion-ion, ion-
dipole, hydrocarbon-hydrocarbon—or their combinations by
measurement of surface pressure, potential, and ciscosity of
mixed films. The surfacc rheology of cholesterol-phospho-
lipid monolaycrs suggests that cholesterol may act as «
biological plasticizer, increasing the distensibility of the
membrane.

ospholipids, cholesterol. and metal jons are important components
of the cell membrane, which is generally believed to be composed
of a bimolecular lipid leaflet or, alternatively, of lipoprotein subunits
(4). Phospholipid monolayers afford a physical system suitable tor study-
ing lipid-lipid. lipid-protein, and lipid-metal ion interactions that may
be analogous to those occurring at the cell surface. Using this approach.
previous workers {I, 2, 3,7,9.10, 12, 13, 14, 15, 16, 20, 23, 26, 27, 28, 34,
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P9 MOLECULAR ASSOCIATION IN BIOLOGICAL AND RELATEL SYSTEMS

33, 36, 39, 40, 41, 42, 43, 11, 45, 48, 50, 54, 35) have obtained valuable
irfurmation about physicochemical aspects of reactions occurring at a

lipid—water intertace. Similar studices iu our laboratory showed that the

unsataration of fatty acvl chains strikingly influences the ionic structure
(43}, binding of metal fons (41), association with cholesterol (42). and
enzymic hydrolysis of pure lecithin monolavers (40). This paper presents
ot studies on various phospholipid monolayers employving surtace pres-
sure and surface potential techniques.

Methods

The method of measuring surface pressure by a modified Wilhelmy
plate and surface potential by an ionizing air electrode has been described
(41). For surface potential measurements. the electrometer was cali-
brated with stearic acid monolayers on 0.01N HCL. for which a value of
393 to 400 mv. at 21 sq. AL per molecule is assumed to be standard ).

Results and Discussion

.

Induced Dipoles in Phosphatidal Choline and Sphingomyelin. Hughes
and Rideal (25) showed from surface potential mcasurements that a
dipole is induced in a double bond if it is situated in the a-position but
not it it is further away. In phosphatidal choline { plasmalogen). an
induced dipole in the vinyl ether linkage strikingly reduces the surface
dipale of the molecule and hence the surface potential (41). In contrast,
the presence of a double bond in the 4-5 carbon position of sphingomvelin
increises the surface dipole and hence the surface potential of the mono-
laver (#4). The known difference between the surface dipole of lecithin
and plusmalogen in relation to the observation that beef-heart lecithin
(containing about 40% plasmalogen) is unable to form stable bilavers
{Z4) suggests that the induced dipole may influence the stability and
organization of lipid bilavers.

Phospbolipid Monolayers

Lecithin Monolayers. \We have shown from surface pressure—arei
and surlace potentind-area curves of various lecithins that the molecular
arca increases and the interaction with metal ions decreases with increas-
ing nsaturation of the fatty acvl chains (41, 43).

Ou the basis of the interaction of metal ions and AV-pH and AV-log
C plots (41, 43). we propose ionic structures for dioleoyl, egg, and di-
palmitoyl lecithin monolayers represented in Figure 1. Schematically
shown in Figure 1A is the internal salt linkage between the phosphate
and trimethvlammonium groups in dioleoyl lecithin, preventing the inter-
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action of metal ions with the phosphate group. Increasing saturation of
the fatty acyl chains progressively decreases the intermolecular spacing
which weakens the internal salt linkage (because of increase in ionic
repulsion between similar charges), and thereby increases the binding
of calcium. .
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Figure 1. Schematic of interaction of calcium ion with dioleoyl, cgg, and di-
palmitoyl lecithins, and of egg lecithin-cholesterol monolayers

A: Dioleoyl lecithin shows internal salt linkage between phosphate and trimethyl-
ammonium groups. Broken lincs in egg lecithin diagram represents weak intcr-
actions of phospfatc with Ca*" and trimethylammonium group. Solid line between
Ca'* and phosphate group in dipalmitoyl lecithin diagram represents strong inter-
action '

B: Egg lecithin-cholesterol monolayers. Increascd spacing hetween phosphate groups
results in strong internal salt linkage preventing binding of Ca**

We have shown (42) that monolayers of egg lecithin interact with
Ca*, whereas those of egg lecithin—cholesterol do not. A comparison of
Figure 1B with the middle diagram of Figure 1A illustrates the explana-
tion of this effect. In egg lecithin, the phosphate group interacts with
a calcium ion and also with the adjacent trimethylammonium group
(Figure 1A). However, the presence of cholesterol causes ( statistically)
a small net increase in the spacing between phosphate groups, which
reduces the ionic repulsion between the polar groups, thereby strengthen-
ing the internal salt linkage (Figure 1B). Consequently, mixed mono-
layers of egg lecithin—cholesterol do not bind Ca®'. Figure 1 (A, B) is a
static representation of average kinetic states of molecules at the interface
and is meant to illustrate the increase in effective molecular area with
increase in unsaturation of fatty acvl chains.
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Phosphatidic Acid Monolayers. Phosphatidic acid, prepared from
cgg lecithin by the action of phospholipase D, forms considerably more
expanded monolavers than eg lecithin, presumably because of ionic
repulsion between the phosphate groups in the phosphatidic acid mono-
layers (42). Phosphatidic acid monolayers showed about four times more
increase insurface potential when CaCly is substituted for NaCl in the
subsolution than did cgg lecithin monolayvers (£3). This again supports
the conclusion that the trimethylammonium group competes with Ca® for
the anionic phosphate group in egg lecithin monolavers (Ficure 14).

Cardiolipin Monolayers. Among various phospholipids studied by
monolayer techniques, only cardiolipin (41 and phosphatidvlserine {36)
monolayers show sicnificant condensation of their surface pressure-area
curves in the presence of divalent as compared with monovalent cations
in the subsolution. The condensation of cardiolipin is explained by the
decrease in molecular area cansed by the attraction between a divalent
cation and the two phosphate groups in the molecule. This condensation
is eliminated when the ratio of monovalent to divalent cations is greater
than 5 to 1. At high surface prossures, the difference in the compressi-
hility of cardiolipin monolavers correlates with the ionic radii of the
metal ions (Mg? < Ca¥ < Sr < Ba®),

Sphingomyelin Monolayers. The surface pressuresavi curve of
sphingomyelin is similar to that of dipalmitovl lecithin in that both have
approximately the same limiting areas (42 to 44 sq. A. per molecule).
However, the interaction of metal ions with sphingomyelin monolayers
is considerably smaller. as shown by the increase in the surface potential
(). The AV-log € plot of sphingomyelin suggests that the monolaver
has a net positive surface charge (39). Thus, the weak interaction with
metal ions and the positive surface charge of sphingomvelin can be ex-
plained satisfactorily by an ion-dipole association between the hyvdroxyl
group and ionic oxygen of the phosphate group of sphingomyelin ( Figure
2). This association in sphingomyelin molecules reduces the unit negative
charge of the oxygen of phosphate group to a partial ionic charge, §—,
which consequently decreases the interaction of the phosphate group
with metal ions and the trimethylammonium group, leaving a net positive
surface charge.

Position of Metal Ions in Monolayer Lattice. The surface potential
is an important parameter for studying the ionic structure of monolavers,
including the position of metal ions in the monolayer lattice. The inter-
action of cations with anionic groups in a monolaver results in a forma-
tion of ionic dipoles which influence the surface potential. If the polarity
of the ionic dipole is in the same direction as that of the rest of the
molecule, the surface potential of the monolayer increases; if the polarities
are opposite, the surface potential decreases. It is known (21, 41, 46)
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that the surface potential of fatty acid monolayers decreases, whereas that
of alkyl phosphates and sulfates increases because of interaction with
metal ions—e.g., Ca*", Mg®. Using the above reasoning, the position
of Ca?" in various monolayers is proposed as shown in Figure 3.
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Figure 2. lon-dipolc
association hetween hy-
droxyl group and ionic
oxygen  of phosphate
group of sphingomyclin

&8—: Partial ionic charge
on oxygen atoms

Influence of Intermolecular Spacing on Enzymic Hydrolysis of
Lecithin Monolayers. \When snake venom phospholipase A is injected
under a lecithin monolayer, it splits lecithin into lysolecithin and free
fatty acid. The change in polar groups of the monolayer results in a
change of surface potential. However, if prior to injection of enzyme
into the subsolution, a lecithin monolayer is compressed to such a surface
pressure that the active site of the enzyme is unable to penetrate the
monolayer, hvdrolysis does not proceed. For monolayers of dipalmitoyl,
egg, soybean, and dioleoy! lecithins the threshold surface pressure values
at which hydrolysis does not proceed are 20, 30, 37, and 45 dynes per
cm., respectively (40). This is also the same order for area per molecule
in their surface pressure—area curves, indicating that enzymic hydrolysis
of lecithin monolayers is influenced by the unsaturation of the fatty acyl
chains and hence the intermolecular spacing in monolayers (40).



194 MOLECULAR ASNOCIATION IN BIOLOGICAL AND RI'LLATED) SYSTEMS

R R R R
"\c & *c c/” R R
N,/ | |
8- or ¥ ot ct ct
/

\3‘ s \3‘/ a-o/ 1""_": -O/ \O;-
7 e RPN
B-O/ \i_(_):_,: -O/ \Ol- Lead

DICETYL PHOSPHATE

FATTY ACID

{a) (b)

R R R R

8 ’ Be :

'(I:Hz ?Hz }'CHa ?Hz

>0 0 *-0 o
i ] P
AN /TN NG T /1N
Oagui9r© on © 0 g O O o) °

OCTADECYL PHOSPHATE
(c)

OCTADECYL SULFATE
{d)

Figure 30 Position of calcium in relation to anionic ovi gen in monaotayers

= Electric dipoles dericed from covalent linkages
- - - lonic dipole caused by dicalent cation
8+, 8—. Purtial ionic charges on atoms

Mixed Monolayers

Concept of Intermolecular Cavities in Mixed Monolayers. In mixed
monolayers a deviation in average area per molecule occurs if one com-
ponent forms expanded and the other condensed monolayers. This reduc-
tion in average area per molecule has been attributed by previous werkers
to an interaction between components in the mixed monolaver. However,
this need not be true in all cases where condensation occurs. In several
instances the condensation can be explained on the basis of steric con-
siderations in the mixed monolavers. Although the following discussion
is based on lecithin-cholesterol monolavers, it is equally applicable to
other mixed monolayers.

To understand the concept of intermolecular cavities we  should
consider the structure of an expanded monolayer. Since the hvdrocarbon
chains in an expanded monolayer are in the liquid state, they have greater

A o

R VR VT

PRY

e

Wl P yn sy

{
\



3z

TN s P cve WL

o) P, LS e B AN e

o e

R s RRTIPT

y-
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freedom to oscillate, rotate, and vibrate than in a condensed morolayer
(sce Figure 4a, representing a liquid-cxpanded monolayer ol dipalicitovl
lecithin). The fatty acyl chains, because of their thermal motion, cocupy
an eflcetive volume represented by a cone with its apex at the interface
and base at the terminal end of the fatty acyl chains {Figure 4b). This
would result in a “cavity” or vacancy between molecules. If molecules
having dimensions smaller than or equal to those of the cavity are added
to the lecithin monolayer, they may partially occupy these cavities to
form a two-dimensional solution without causing a proportional increase
in area of the monolaver (see Figure 4c, representing a mixed monolayer
in which cholesterol partially occupies the cavity and reduces the average
area per molecule). Furthermore, the liquid expanded monolayers of
myristic acid, palmitic acid, and ethyl palmitate also show a reduction
in the average area per molecule in the presence of cholesterol (1. 16, 30),
which can be explained on the basis of intermolecular cavities. When
the fatty acyl chains of lecithin are shorter—e.g., Cyo—the height of the
intermolecular cavity is less than that of cholesterol (Figure 4d). There-
fore, the presence of cholesterol causes a proportional increase in area;
hence, such a mixed monolayer follows the additivity rule. The failure
of cholesterol to condense highly expanded monolayers of lecithins cou-
taining polyunsaturated fatty acyl chains can also be explained on the
basis of intermolecular cavitics. For example, the monolavers of cgg
phosphatidic acid (42) or lecithins containing polyunsaturated fatty acyl
chains (48) are more expanded than those of dipalmitoy] or cgg lecithins.
The greater area per molecule in these monolayers causes a larger inter-
molecular spacing, which results in a cavity of smaller height which does
not accommodate a cholesterol molecule (Figure 4¢). Therefore. such
mixed monolayers follow the additivity rule of molecular areas.

Surface Pressure, Potential, and Fluidity Characteristics for Various
Interactions in Mixed Monolayers. It is possible to distinguish various
types of interactions which occur in mixed monolayers by measuring the
surface pressure, surface potential, and surface fluidity of the monolayers.
Deviation from the additivity rule of molecular areas indicates ecither an
interaction between components or the “intermolecular cavity effect” in
mixed monolayers.

Surface potential, AV, can be expressed (37) as AV = Knyu where K
is a constant, n is the number of molecules per square centimeter of film,
and u is the surface dipole of the molecule. Thus AV/'n == Ku. where the
term on the left side of the equation, representing the surface potential
per molecule (mv. per molecule), is proportional to the surface dipole, 4,
of the molecule. When AV 'n is plotted against mole fraction of the com-
ponents, deviation from the additivity line indicates ion-ion or ion-dipole
interaction between components (42).
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Figure 4. Schematic representation of structure of mono-
layers

a: Liquid-expanded monolayers. Broken lines indicate kinetic
states of chains

b: Acerage space occupied by molecules at interface

¢ Mived monolayer—e.g., dipalmitoyl lecithin-cholesterol—in
which true molecular arce (cross-lined region) is shown be-
low cholesterol and apyparent increase in area above molecule

d: Mived monolayer of short-chain lecithin, showing intermo-
lecular cavity of smaller height. Cross-lined regions below
and ahoce cholesterol indicate true molecular area and in-
crease caused in film area

e Mived monolayer of cholesterol with phosphatidic acid or
lecithin having polyunsaturated fatty aeyl chains whose in-
termolecular cavity is smaller in height. Cross-lined regions
belote and above cholestered indicate true molecular area and
increave in flm wrea

Bovd and Vaslov (6) showed that the curve of log ¢. ts. mole frac-
tion (where ¢, is the surface fluidity) for mixed monolavers exhibits
additivity for mixed flms of miscible components, positive deviation for
immiscible components, and negative deviation for components having
moleculur interactions. Fizure 5 shows various interactions which occur
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SURFACE PRESSURE SURFACE POTENTIAL  SURFACE FLUIDITY

IMMISC.

d) A COMBINATION OF (ON -ION (OR ION-DIPOLE) AND
HYDROCARBON - HYDROCARBON INTERACTIONS

Figure 5. Interactions in mixed monolayers and their surface pressure,
potential, and fluidity characteristics

- - - ldedl additicity. A and B indicate pure components. Abscissa indicates
mole fraction

in mixed monolayers and their characteristic changes in surface pressure,
potential, and fluidity.

INTERMOLECULAR CaviTy EFFECT. Figure 5a shows the general char-
acteristics of mixed monolavers in which the “intermolecular cavity effect”



198 MOLECULAR ASSOCIATION [N BIOLOGICAL AND RELATED SYSTEMS

occurs—c.g.. lecithin-cholesterol monolavers, The average area per mole-
cule shows deviation, whereas surface potential per molecule (aV/n)
follows the additivity rule. Log 4. can either follow the additivity rule
(miscible components) or show positive deviation (immiscible compo-
nents) (6). The cross-lined region in these diagrams represents obliga-
tory deviation, whercas the stippled region represents optional deviation.

Iox-Iox or IoN-DipoLE INTERACTION. Figure 5b, shows the general
characteristics of mixed monolayers in which ion-ion or ion-dipole inter-
action takes place—e.g, alkyl phosphate—alkyl trimethylammonium, or
steric acid-octadecanol monolavers. The averiage area per molecule may
or may not show a deviation from the “additivity rule” line, depending
upon whether the two components form expanded or condensed mono-
layers. However, surface potential per molecule must show a deviation
from the additivity line since ion-ion or ion-dipole interactions reduce
the average surface dipole of the molecules in mixed monolavers (31, 42).
These interactions result in a negative deviation in the plot of log ¢, vs.
mole fraction (6).

Hyprocarron-HyprocaRBON INTERACTION. Figure Sc shows the gen-
eral characteristies of mixed monolayers in which hydrocarbon-hydro-
carbon interaction occurs—e.g., trimyristin~myristic acid monolayers
(16). The average area per molecule shows a deviation. whereas the
surface potential per molecule follows the additivity rule. Hydrocarbon-
hydrocarbon interaction also increases the cohesive force in the lipid
layer and therefore reduces the fluidity of the mixed monolayer. [t is
evident from Figures 3a and 3c that surface fluidity is the only parameter-
which distinguishes an intermolecular cavity effect from hydrocarbon-
hydrocarbon interaction.
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Ion-JoN (or Ion-DipoLE) anp HyprocarBoN-HYDROCARBON INTER-
ACTION. Figure 5d shows the general characteristics of mixed monolayers
in which ion-ion (or ion-dipole) and hydrocarbon-hydrocarbon interac-
tions occur. The average area per molecule, the surface potential per
molecule, and log ¢, all show deviations from the additivity rule.

Dicetyl Phosphate—Cholesterol Monolayers. Dicetyl phosphate, cho-
lesterol. and their mixed monolayers are highly condensed—i.e., steep
surface pressure-area curves. However, their surface fluidity is strikingly
different. Mobility of talc particles sprinkled on the monolayer indicates
that dicetyvl phosphate monolavers are solid, whereas cholesterol and all
their mixed monolayers are liquid (42). The presence of 10 to 15 mole %
of cholesterol is enough to liquefy the monolayers of dicety! phosphate,
indicating that cholesterol is a strong liquefving agent in these mixed
monolayers. Work is in progress to determine whether these liquid films
are Newtonian or non-Newtonian.
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Monolayers of dicetyl phosphate—cholesterol follow the additivity
rule for average area per molecule at all surface pressures, whereas sur-
face potential per molecule shows deviation (Figures 6 and 7 ) (42).
Thus, the surface potential measurements indicate that there is ion-dipole
interaction between the ionic oxygen of phosphate and the hydroxyl
group of cholesterol in the mixed monolayers (Figure 10a). The pres-
ence of Ca** in the subsolution neutralizes some of the phosphate groups
and hence reduces the ion-dipole interaction in the mixed monolaver.,
Therefore, smaller deviations occur on subsolutions containing CaCl..
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Figure 6. Accrage arca per molecule of di-
cetyl phosphate-cholesterol monolayers at vari-
ous surface pressures

Subsolution .02\ NaCl or 0.01M CaCl.. pIl 5.6,
at 25°C.
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Dipalmitoyl Lecithin—Cholesterol Monolavers. The average area per
molecule in dipadmtos ! lecithinecholostorol monolavers shows deiation
at low surtace pressures. whercas «t 30 dvnes per em. it follows the addi-
tivity rule ( Figures S and 9 (421 The surface pressure-area curve of
dipalmitoy] lecithin monolavers is higuid-capanded up to 30 dyues per
cm. whercas above this surface pressure it is relatively incompressible
(420, Pigures 10h and ¢ represent the structures of the dipalmitoyl
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Jecithin monolaver at low and high (> 30 dyvnes per em.) surface pres-
sures. At low surface pressures, a dipalmitoy! lecithin monolaver has in-
termolecular cavities which can be partially occupied by cholesterol male-
cules (Figure 10¢). At hich surface pressures 7 30 dynes per eme) the
fatty acyl chains are verticadly oriented in the dipalmitoy] lecithin mono-
laver (Figure 10c¢): theretore, addition of chelesterol causes a propor-
tional increase in arca ( Vigure 10H). ’
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- - - Additicity rule line

Van Deenen has reported (48) that the mixed monolayers of dide-
canovl lecithin—cholesterol follow the additivity rule of molecular areas
even though this lecithin forms expanded monolayers. This can be ex-
plined similarly by an intermolecular cavity of smaller height, which
cannot accommodate cholesterol (Figures 10d and 4d).

The concept of ion-dipole interaction between lecithin and cholesterol
has been suggested by many workers tor the packing of these lipids in
myelin or in the cell membrane (I8, 19, 51). This concept is not sup-
ported by the surtace potontial measurements of mixed monolavers of
lecithin and cholesterol. Tn contrast to dicetyl phosphate—cholesterol
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monolayers, the lecithin—cholesterol monolavers follow the additivity
rule of average potential per molecule even at high surface pressures (42).

Egg Lecithin—Cholesterol Monolayers. The average area per mole-
cule in egg lecithin—cholesterol monolavers shows deviation from the
additivity rule at all surface pressures (42). The deviation in this case
could be explained by the presence of molecular cavities caused by the
kink in the oleoyl chain of egy lecithin, which would reduce the average
area per molecule at low as well as high surface pressures (Figure 10g).
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Similar reasoning accounts for the condensation of monolayers of dioleoyl
lecithin by cholesterol reported by Van Deenen (48) ( Figure 10h).

Even though 1,2-dilinoleovl and 1-palmitoyl-2-linolenoyl lecithins
form more expanded monolayers than egg lecithin, their mixed mono-
layers with cholesterol follow the additivity rule (48). This can be ex-
plained as follows. At low surface pressures, these lecithins have greater
intermolecular spacing and hence form intermolecular cavities of smaller
height which cannot accommodate cholesterol molecules (Figure 4e).
At high surface pressure, the linoleoyl and linolenoyl chains, as opposed
to oleoyl chains, do not form cavities in the monolaver (Figure 10i).

The optimum condensation at molecular ratios of 3 to 1 and 1 to 3
in egg lecithin—cholesterol monolayers and 1 to 1 in dipalmitoyl lecithin-
cholesterol monolayers (42) do not imply complex formation between
lecithin and cholesterol but rather suggest average geometrical arrange-
ments of these molecules.

Recently Bourges, Small, and Dervichian (3) reported that a para-
crystalline lamellar structure of egg lecithin can solubilize cholesterol up
to a maximum of one molecule of cholesterol per molecule of lecithin.
However, they conclude that this should not be considered as a molecular
association but rather the consequence of the relative arrangement of
the molecules in the lamellar structure which is a mutual (solid) solution
of lecithin and cholesterol. They also reported that the state of com-
pression in the lamellar structure corresponds to that of a highly com-
pressed mixed monolayer of lecithin—cholesterol. The NMR results of
Chapman and Penkett (8) also appear to indicate that solubilization of
cholesterol in egg lecithin dispersions results in a highly packed structure
in which fatty acyl chains possess little molecular motion. Our results
from lecithin—cholesterol monolayers also suggest that these mixed mono-
layers are two-dimensional solutions with no specific interaction and that
the apparent condensation in some instances is caused by the steric factors
of the fatty acyl chains and not by the interaction or association between
lecithin and cholesterol.

Phosphatidic Acid—Cholesterol Monolayers. In contrast to egg leci-
thin—cholesterol monolayers, the average area per molecule in phospha-
tidic acid—cholesterol monolayers shows a smaller deviation from the
additivity rule at low surface pressures and a larger deviation at high
surface pressures (42). The explanation for this is that at low surface
pressure the large area per molecule in phosphatidic acid monolayers
results in a cavity, but of a decreased height which cannot accommodate
a cholesterol molecule (Figure 4e). At high surface pressures—i.c.,
smaller area per molecule—the molecular cavity formed by the oleovl
chains of phosphatidic acid would have sufficient height to allow cho-
lesterol to occupy partially these molecular cavities. Further in contrast
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to Jecithin—cholesterol monolavers, the average potential per molecule
in phosphatidic acid-cholesterol monolavers shows a deviation from the
additivity rule (42). This indicates ion-dipole interaction between the
hydroxy! uroup of cholesterol and the ionic phosphate of phosphatidic
acid.

Thermodynamics of Mixed Monolayers. Goodrich (22) considered
mixcd monolayers as “two-dimensional solutions™ and derived an expres-
sion for excess free cnergy of mixing. G, which is given as

G =j tor: = Nyoy =~ Nuew)dr (1

where Ny and N are mole fractions of components 1 and 2 with Ny +
N2 == 1; oy and w2 are the arcas of the respective monolayers: and o2
is the area of the mixed monolayer. It is evident from Equation 1 that if
oz =Ny 0 Naoa, then Gl is zero. In other words, if a mixed mone-
layer foilows the additivity rule of molecular areas at all surface pressures.
it represents ideal mixing of components with no specific interaction be-
tween them. However, Goodriel's treatment is unsatisfactory and con-
tradictory when applied to mixed monolavers of dicetyl phosphate-
cholesterol. These mixed monolavers follow the additivity rule of
molccular areas at all surface pressures (Figure 6), which indicates that
G., is zero and that there is no specific interaction between dicetyl phos-
phate and cholesterol. However, surface potential measurements (Figure
7) clearly indicate ion-dipole interaction between dicetyl phosphate and
cholesterol (42). Similarly, negative values of G,, have been reported
for lecithin—cholesterol monolavers (15, 55) where no specific interaction
is found on the basis of surface potential (42) and viscosity measure-
ments (11. 12, 13). This contradiction of experimental results to Good-
rich’s theoretical treatment points out the need for further experimental
data and refinement of theoretical treatment in this area.

Ficure 10, Molecular arrangement in various monolayers by space filling
Fischer-Hirschfelder-Taylor melecular models

a: Dicetyl phosphate and cholesterl
- - - lon-dipcle interaction between hydroxyl groun of cholesterol and ionized oxy-
gen of phosphate group
: Dipalmitoy! lecithin at low surface pressures ( < 30 dynes per cm.)
: Dipali:itoyi lecithin at high surface pressures (> 30 dynes per cm.)
: Didrcanoyl iccithin and cholesterol
: Dipialmitiyl lecithin and cholesterol at low surface pressures {< 30 dynes per cm.)
Dipulm:itoyl lecithin and cholesierol at high surfcce pressures (> 30 dynes per cm.)
: Egg lecithin and cholesterol monolayers
: Diolecyl lecithin and cholestero! rienolayers
1-Palmitoyl-2-linolenoyl lecithin and cholesterol
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Correlation of Surface Properties of Cholesterol with Biomembranes.
From the carly work on condensation of lecithin monolayers in the pres-
ence of cholesterol (13, 48). it has been assumed generally that cho-
lesterol increases the cohesive force in the lipid layer and thereby sta-
bilizes the membrane. In contrast. we find that the two striking surface
properties of cholesterol are its ability to liquefy lipid layers, even when
present as a small fraction (10 to 15 mole % ), and to occupy the molec-
ular cavities between the fatty acyl chains. This agrees with the findings
of Langmuir and Schaefer (29), who showed that the presence of cho-
lesterol in C. acid monolavers markedly increases the rate of evaporation
through the monolavers, possibly because of an increase in the fluidity
of the monolayer. In brain tissue. the high percentage of phospholipids
with monownsaturated chains, and of cholesterol (33, 53) may lead to
effects similar to those reported in the present work. Schulman, Water-
house. and Spink (38) showed that addition of cholesterol to a lubricant
reduces the frictional force between two metal surfaces by 80%, which
can be attributed to increasing Buidity of the lipid layer. Hence the high
cholesterol content of the erythrocyte membrane (49) suggests that cho-
lesterol may play a role as a biological plasticizer, increasing the distensi-
bility of the membrane.

Fluiditv of the hvdrccarbon chains is essential for the existence of
lecithin bilavers (24, 32, 47). Bilavers of egg lecithin—cholesterol (molar
ratio 1 to 1) are as stable as those of egg lecithin alone {stability being
the time between formation and collapse of a bilayer), suggesting the
liquid state for the fatty acyl chains (47, 52). If cholesterol had increased
the cohesive force and hence the solidity of the bilayer, its stability would
have been reduced considerably. Fluidity rather than rigidity is impor-
tant for stability of thin films. A fluid film can adjust itself against thermal
and mechanical fuctuations in the environment and thereby exhibit
greater stability than rigid films. Cholesterol is unusual, in that its mono-
layers are highly incompressible but have low surface viscosity (11, 12,
42). Therefore, the liquefying property of cholesterol is presumably
caused by its rigid, planar, asymmetrical molecular shape, which can act
as a disordering agent, reducing the cohesive force between fatty acyl
chains and thereby increasing the fluidity of the lipid layer.

Summary

The interaction of metal jons with lecithin monolayers, as measured
by the increase in surface potential, decreases with increasing unsatura-
tion of fatty acyl chains. The phosphate and trimethylammoniwin groups
of a lecithin molecule form an internal salt linkage which dissociates upon
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increasing saturation of fatty acvl chains, or upon increasing clectrohvte
concentration in the subsolution.

The double bond adjacent to the polar group strongly influcnces
surface potentials of plasmalogen and sphingomyelin. Iu sphingomyelin.
an ion-dipole association between the hydroxyl and ionic phosphatc
groups of the molecule results in a net positive surface charge.

The position of metal ions in a monolayer lattice has been propused
from surface potential measurements.

Enzymic hydrolysis of lecithin monolayers is strikingly influenced
by the degree of unsaturation of fatty acvl chains and hence by the
intermolecular spacing in monolavers.

Monolavers of dicetyl phasphate—cholesterol follow the additivity
rule for average area per molecule, whereas lecithin—cholesterol mono-
layers deviate from it. The reverse is true for the additivity rul of aver
age potential per molecule. Thus, the surface potential indicates that
there is no interaction (or complex formation) between lecithin and
cholesterol, but there is ion-dipole interaction between dicctyl phosphate
and cholesterol as well as between phosphatidic acid and cholesterol.

The apparent condensation of mixed monolayers of lecithin in the
presence of cholesterol is explained by a consideration of molecular cavi-
ties or vacancies caused by thermal motion of fatty acyl chains, the heiglt
of these cavities being influenced by the length, inclination, and degree
of unsaturation (especially the proportion of monounsaturation) of the
fatty acyl chains and the extent of compression of the monolayer. Mono-
layers are liquefied by the presence of unsaturated fatty acyl chains or
by the addition of cholesterol.

Various types of molecular interactions which occur in mixed mono-
lavers can be distinguished by simultaneous measurements of the surface
pressure, potential, and fluidity of monolayers. Limitations of Goodrich's
thermodynamic treatment of mixed monolayers are mentioned. Surface
properties of cholesterol have been correlated with its function in bio-
membranes.
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