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Abstract

We previously established that compression of monolayers containing the lipids in pulmonary surfactant, with or
without the surfactant proteins, initially leads to phase separation. On further compression, however, phase coexistence
terminates at a critical point that requires the presence of cholesterol. The studies reported here address the change:
in the phospholipid phase diagram produced by cholesterol. We used the two systems of the lipids from calf surfactant
with and without the surfactant proteins. For both systems, we began with the postulate that cholesterol had no effect
on the composition of other constituents in the two phases, and then used the known behavior of interfacial tension
at a critical point to test the two extreme cases in which the cholesterol partitions exclusively into condensed domains
or into the surrounding film. Measurements of surface potential along with the fraction of the nonfluorescent area
and the radius of the domains, both obtained by fluorescence microscopy, for films with and without cholesterol
allowed calculation of the interfacial tension between the two phases. Only the model that assumes the presence of
cholesterol within the domains accurately predicts a decreasing line tension during film compression toward the
critical point. That model, however, also predicts an unlikely decrease during compression of the dipole moment
density for the condensed phase. Our results are best explained in terms of cholesterol partitioning predominantly
into the condensed domains, with a resulting partial redistribution of the phospholipids between the two phases.
© 2002 Elsevier Science B.V. All rights reserved.
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monary surfactant. These films are essential for We have shown previously that compression of
stabilizing the alveolar air spaces of the lungs. A monolayers containing the complete set of constit-
thin layer of liquid, either continuous or discontin- uents in extracted calf surfactafdalf lung surfac-
uous[2], lines the alveoli, and the surface tension tant extract, CLSE initially induces phase

of the air/water interface produces an inward separation [9]. Fluorescence microscopy and
recoil that tends to collapse the lungs. To counter- Brewster angle microscopy both detect the forma-
act that effect, the type Il pneumocytes synthesize tion of discrete domains. In experiments with the
and secrete a mixture composed mostly of phos- subfraction of calf surfactant that contains only the
pholipids with some cholesterol and specific pro- complete set of purified phospholipid®PL), but
teins that together acts as a surfactant. After not the proteins or cholesterol, measurements on
adsorbing to the ajwater interface, the films of the area of each phase and their response to DPPC
pulmonary surfactant tend to spread laterally, gen- @dded to the film allowed construction of a phase
erating a two-dimensional surface pressure that diagram. This analysis indicates that the domains

lowers surface tension. During exhalation, the

contain essentially pure DPP{10Q]. If the fluid

shrinking alveolar surface area compresses thelLE phase in these mixed films would collapse

interfacial films to surface pressures that are
remarkably high and that persist in static lungs for
remarkably prolonged duration8,4]. The mag-

from the interface much faster than the solid TC
domains, then the phase separation would provide
the basis for enriching the film’s content of DPPC.

nitude and persistence of these pressures requires_Although these initial results with CLSE and

the presence of a solid film. For fluid monolayers,
a compressive transition in which constituents
collapse from the two-dimensional surface to form
a three-dimensional bulk phase limits surface pres-
sure to a maximum equilibrium valuer,). Pro-
longed elevation of surface pressures abewg
such as observed in the lungs, indicates resistanc
to flow into the collapsed phase and hence a solid
film.

The classical model of pulmonary surfactant

assumes equilibrium phase behavior, and therefore

concludes that the functional film must occur as
the solid tilted-condensed@ C) phasel5]. Because
only one of the multiple constituents in pulmonary
surfactant, dipalmitoyl phosphatidylcholine
(DPPQ), forms the TC phase in single component
films at physiological temperaturd§], the model
also contends that the solid film is highly enriched
in DPPC. The change in composition from the
freshly synthesized mixture required by the model
might occur by selective collapse of constituents
other than DPPC when the compressed film first
exceedsw, [5,7,4. Lateral phase separation, in
which DPPC forms metastable TC domains while
all other constituents are confined to a rapidly
collapsing liquid-expandedLE) phase, provides
one mechanism by which selective exclusion of
components other than DPPC could oc{bir.

PPL fit with the selective exclusion model based
on phase separation, subsequent findings do not.
With further compression of surfactant-related
films that include cholesterol, phase separation
terminates[9,11]. Immediately following a shape
transition in which the circular condensed domains
suddenly adopt highly irregular contours, the inter-

Sace between the two phases vanishes, reestablish-

ing a homogeneous film. This behavior is
characteristic of a critical point in the phase dia-
gram. Interfacial tension, termed ‘line tension’ in
the two-dimensional monolayer, approaches zero
when the two phases become increasingly similar
near a critical point, allowing extension of the
boundary between the two phases just prior to
remixing. The termination of phase separation at
surface pressures belowy, eliminates the basis for
selective exclusion of compounds other than
DPPC, and provides one further element in a
mounting body of evidence which argues that
surfactant function is not as firmly based on phase
behavior as previously thought2,13.

The critical behavior in surfactant films requires
the presence of cholesterdll]. Phase coexistence
persists tom, if cholesterol is removed from the
surfactant phospholipids, and adding it back
restores remixing. Pulmonary surfactant then rep-
resents one of several systems containing choles-
terol and phospholipids that have recently been
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shown to exhibit critical behaviof14—14. The Reverse-osmosis grade water for these studies

studies reported here address the question of howwas obtained from purification systems purchased

cholesterol changes the two phases in cholesterol—either from Millipore (Bedford, MA) or Barnstead

phospholipid mixtures, using pulmonary surfactant (Dubuque, IA and had resistivity of approximate-

as one example of such a system that is directly ly 18 M cm. All glassware was acid-cleaned.

relevant to monolayers in the lungs. All solvents were at least reagent-grade and con-
tained no surface active stabilizing agents.

2. Materials, methods and theory
2.2. Methods

2.1. Materials
2.2.1. Biochemical assays

Phospholipid concentrations were determined by
measuring the phosphate cont¢2®] of measured
aliquots. Protein was assayed by amido black
staining of trichloroacetic acid-precipitable mate-
rial [23], with bovine serum albumin as a standard.
Cholesterol(free and esterifiedwas measured by
reduction with ferrous sulfatg24].

Extracted calf surfactant(CLSE), prepared
according to established proceduf&g], was frac-
tionated to exclude specific components using
column chromatography by a slight modification
of a previously published protocdlL8]. Gel per-
meation chromatography separates the proteins,
phospholipids, and neutral lipids into separate
peaks [19]. Pooling selected fractions provides
preparations that contain the PPL, the neutral and 2-2-2- Isotherms
phospholipids(N&PL), and the surfactant proteins The_varlgtlon of surface pressure and surface
and phospholipidSP&PL) [18]. Each of these pptentlal wlth area were measured on a commer-
preparations then contains the complete set of Cially available Langmuir troughKSV-3000, KSV
surfactant phospholipids with or without the sur- Instruments, Helsinki, Finland Monolayers were
factant proteins and neutral lipids. Although the SPréad by depositing aliquots of chloroform solu-
protein and phospholipid peaks overlapped in the tONS on a subphase of 10 mM Hepes pH 7.0, 150
original protocol [18], a longer column achieved MM NaCl, and 1.5 mM CaGl(HSCO), followed
complete separation on a single pass for the mate-PY @ 10-min interval to allow for evaporation of
rials studied here. Preparations were eluted from the chloroform. Surface pressure and surface
LH-20 matrix (LKB-Pharmacia, NJwith a solvent potential were recordgd S|multan¢o_usly during
of acidified chloroform—methanol (0.1 N compression at 2.8 #(phospholipid mole-
HCI:CHCl;:CH,OH; 2:19:19 v:v:y [19,2d, fol-  culemin) and 20°C. Surface pressurém) was
lowed by extraction of the constituents into chlo- Measured using a Wilhelmy plate. Molecular areas
roform [21]. Samples of SP&PL suffered variable (A) were expressed in terms only of phospholipid
losses of proteins and were supplemented with for reasons of simplicity and accuracy, with no
protein purified separately to obtain the protein attempt to correct for the presence of neutral lipid

phospholipid ratio found for CLSIEL8]. The ratio and protein moleculesr—A  curves were repro-

of cholesterol to phospholipidqumol:;.mol) var- ducible between experiments to within 22/A
ied from 0.053 to 0.074 for CLSE and from 0.045 (phospholipid moleculeand 0.4 mN'm. Surface
to 0.071 for N&PL. potential was measured with an ionizing electrode.

DPPC was obtained from Avanti Polar Lipids, The electrode, which contairf$® Am as a source
Inc. (Alabaster, AD and used without further of « particles to provide a conducting circuit, was
analysis or purification. N-(Lissamine rho-  placed 1-2 mm above the subphase. If the poten-
damine B sulfonyl-1,2-dihexadecanoyl-sn-gly- tial difference, measured by a pH meter with a
cero-3-phosphoethanolamingrhodamine-DPPE high impedance amplifier, between this electrode
was purchased from Molecular Probé&8ugene, and a reference electrode in the subphase is offset
OR). to zero for a clean ajwater interface, then the
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measured voltage\V, with a surface film provides  2.3.1. Dipole moment densities

the difference in surface potential for the interface  When a film separates into condensed and

with and without the film[25]. expanded phases, the component of the dipole
moments normal to the interface for molecules in

2.2.3. Fluorescence microscopy the two phasesy. andm,, and the average normal

Epifluorescence microscopy used a Zeiss-ACM component of dipole moments for the total film,
microscope[26] with a 50X objective to visualize ' are related by:
lipid monolayers [27—-29 on the surface of a m=fun.+fane (1
custom-built Langmuir trough. The Teflon trough
had a surface area of 108 €ém and subphase
volume of 100 mlI[30Q], the temperature of which
was regulated to+1 °C with water pumped
through jackets surrounding the trough. Samples
of surfactant preparations containing 16étol/ _my 2)
mol phospholipid of rhodamine-DPPE were By
spread in approximately 8@l of chloroform on a — .
subphase containing HSC to give an initial molec- Where A is molecular area and refers to the
ular area of 150 °A/(phospholipid molecule particular phas_e or to the average film. Thefra_cnon
Films were then compressed at 2°.8/,éphospho- of mo_lecules in each phasf,, |s.related to its
lipid molecule min to specific surface pressures €xPerimentally accessible fractional ared,,
at which images were recorded on the static film. @ccording to
A Hamamatsu C2400 SIT camera recorded fluo- 4 —a4 4

: ) . A=A (3)

rescence images either to VHS video tape for later
analysis or directly to computetQuadra 650, Because
Apple, Inc., Cupertino, CA with LG-3 frame grab- ¢+ db.=1 (4

ber, Scion Corp, Frederick, MD A C-shaped substitution of Eqs(2)—(4) into Eq. (1) yields an

TeIIond_ma;I]( plaﬁet?] d_mict:cy In the_ t_rougjh and expression for the average dipole moment density,
extending throug € Interface minimizéd move- ., in terms of the valuep.. andp. for each phase,

'me'r(;t of tge TQBOliﬁef%’sE' Itmfages ot)t.aitned | and the fraction of the interfacial areé., occu-
inside and outside the mask at frequent intervals pied by the condensed phase:

ensured that the mask created no artifacts. The
high contrast between the fluorescent and nonflu- & =Rcpctpdl—dJ (5)

orescent regions of the film allowed counting of The average dipole moment density for the film,

pixels above and below a threshold grayscale to ., is related to the surface potentiay, by the
provide the area of each phase. Helmholtz equation,

= SoAV (6)

where g, is the permittivity of vacuum(e,=
, i _ 8.854x 10712 C?/N/m?).

Our analysis ultimately requires values of the  Gjyen the fraction of the interface occupied by
line tension,\, between the two phases within the he condensed phase and the dipole moment den-
monola_lyer. Eor a monolayer at strict equilib_rium, sity of one phase, Eq¢5) and(6) can be used to
the discontinuous phase occurs as circular cgicylate the dipole moment density of the other

domains, the radius of whiclR, is determined by  phase from measurements of the surface potential
N and Ap, the difference in dipole densities Ay-

between the two phasd82]. We therefore have
derived expressions faxp in terms of measurable |, — £oAV — bp. (7)
guantities, and fok in terms ofR and Ap.. 1-¢.

wheref. andf, are the fractions of total molecules
within the film that are located in each phase. The
dipole moment densityy,, for these normal com-
ponents is then given by

X

2.3. Theory
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_ AV —pdl—dy
b

Me )

2.3.2. Line tension

The balance between the line tension, and
the difference in dipole moment densitdu,
determines the equilibrium radiusk, of the
domains[32]. Consequently, line tension can be
determined fronkR andAp. Relationships between
N\, Ap and R have been derived previously, but
only in terms of ‘ansatz’ equation$33]. The
experiments here require an exact expression. The
general approach is to express the energy for a
condensed phase with fixed total area distributed
among domains with uniform but variable radii.
Minimization of the system energy then provides
an expression relating, Ap. andR at equilibrium.
The free energy of the system consists of the
electrostatic energy,,, which results from dipolar
repulsions, and the line tension enerfy, Under
the assumption that the dipoles do not rotate with
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1
A &g

Ee|(domair?=% (Aw)? J’ f lr—r'|3dAdA’,

(1D

The factor of% comes from a double counting
of pairs of elements in the integrand. The energy
of each circular domain contributed by line tension
is E, =2wR\, whereR and \ are the equilibrium
radius of the domain and the line tension, respec-
tively. The derivation of the line tension from
minimization of the total energf=E,+E, then
proceeds as published previougB2]. When the
energy of the system is at a minimum,

e

Req= &0 etmeon/aud (12

and therefore

\— Wm[‘mﬂ (13)
drey \ €3

respect to each other, the electrostatic energy for Wheree is the base of the Naperian logarithm, and

two normal components of dipole moments inside
the domain, andm/, is

!
mdn ¢

Eo(mm’)=-—""c
almm’) A golr—r')?

9

where [r—7'| is the distance between the dipoles

d is an effective distance between neighboring
dipoles at the interface, taken as roughly 10 A
[35]. Estimates oR., by fluorescence microscopy
and of A from measurements of surface potential
then provide the basis for calculating

[34]. Since the distribution of the condensed phase 3. Results

into multiple domains does not affect the energy

of the expanded phase, the dipole moment density v ¢onsidered the behavior of two films derived

e does not contribute to the free-energy change.
Therefore we can consider, to be ‘background’
dipole moment density and subtract it from the
dipole moment densities of both phagag]. Then
re=0, and the difference in dipole moment den-
sities between the two phasesu=p.—pe=po
requires determination only of the value for the
condensed domains.

From Eq.(2) then

(Ap)?
[ Y
Ee|(m,m)—4 oolr—r'F

AA'. (10

To obtain the electrostatic energy of a complete
domain, E.,(domain, we must integrate over all
pairs of area elements within the domains:

from pulmonary surfactant, both of which contain
cholesterol. Extracted calf surfactai@LSE) con-
tains the complete set of hydrophobic constituents,
which are the components responsible for surface
activity. Removal of the surfactant proteins yields
a preparation containing only the N&F18]. For
both CLSE and N&PL, the corresponding prepa-
ration that lacks cholesterol is also available for
comparison. Removal of cholesterol from CLSE
yields the SP&PL, and the same process for N&PL
produces the PPI[18]. Fluorescence microscopy
detected initial phase separation in films containing
each of these preparatiofBig. 1), but the shape
transition and remixing that indicates critical
behavior occurred only for CLSE and N&HI1].
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Fig. 1. Coexisting phases in surfactant-related monolayers dur-
ing lateral compression. Films containing the different prepa-
rations derived from calf surfactant were mixed with 1%
(mol:mol phospholipidl rhodamine-DPPE and spread on the
surface of a Langmuir trough. Films were compressed at 2.8
A2/(phospholipid molecukin) and 20°C to 10 mN'm, and
then to higher surface pressures at 5 /mNincrements after
obtaining microscopic images on the static film. Images here
were obtained at 20 miin. Diameter of the visual field is 300
wm. Previously published micrographs at these and other sur-

B.M. Discher et al. / Biophysical Chemistry 101102 (2002) 333-345

the radius of whichR, can be expressed in terms
of \, the line tension, and., the difference in
dipole moment density between the two phases
(Eqg. (13)) [32]. We used this relationship to
calculateN from measured values @t and Ap.
Fluorescence micrographs provided valuesRof
Surface potential provided.,, for the phase con-
taining no cholesterol according to the model. The
relative areas of each phase, determined micro-
scopically, the averagg for the film, andp, for
one phase were then used to calculatefor the
other phase according to each modé&lgs. (7)
and (8)) and thenAp. The variation of\ during
compression could therefore be established for two
films—the surfactant lipids with and without the
proteins—and used to test the different models of
cholesterol’s location.

Our analysis required values f@, the radius
of the circular nonfluorescent domains at equilib-
rium. Fluorescence micrographs showed that the
domains in films containing protein or cholesterol
were roughly circular throughout compression
except immediately prior to remixing. We assumed
that these represented roughly equilibrium forms.

face pressures show that the shapes of the nonfluorescentFor PPL, the initial shape of the condensed

domains changes little for any given film with time, but that
the irregular forms for PPL relax to circular shapes over a
period of hourq9,11].

Our studies were designed to determine how the
phase diagram of the surfactant phospholipids
could change with the additional presence of cho-
lesterol to generate a critical point. To establish
the location of cholesterol, we assumed as a first
approximation that the nonfluorescent domains in
films with and without cholesterol differed only in
their content of that compound, and similarly for
the fluorescent regions. The composition of phos-
pholipids in each phase would be unaffected by
the added cholesterol. We then postulated two

extreme cases in which cholesterol resided either

completely within the condensed domains or
entirely in the surrounding film. The known behav-
ior of line tension at a critical point, where inter-

facial tension must cease to exist, provided a test

of each model.
For a monolayer at strict equilibrium, the dis-
continuous phase would occur as circular domains,

domains deviated far from circle{Fig. 1)
[10,11,13. We have shown previously, however,
that these irregular shapes represent nonequili-
brium forms that relax to circles over periods of
hours [11]. The area of the condensed phase
changed less than 5% during relaxation. The initial
area therefore approximated the equilibrium area,
and could be used to calculate the necessary
equilibrium value ofR. For SP&PL, N&PL and
CLSE, the circular domains varied somewhat in
size within any micrograph. We have previously
determined the fraction of the area covered by the
nonfluorescent phasé,, as well as the density of
the domainsp, in terms of number per ardg,11].
These data allowed us to calculate the average
radiusR of the circular domains:

Pe
p
Because of the small change in area between

R= (14)

the initial and circular domains for PPL, the same

expression was used to calculate an approximate
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Average Radius, pm

Surface Pressure, mN/m

Fig. 2. Size of condensed domains at different surface pres-
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neutral lipids on the average dipole moment den-
sity was small(Fig. 3).

Surface potential directly yields only the average
dipole moment density. The values &ji., required
to calculate line tension, can be obtained from the
average dipole density if the fraction of surface
area occupied by each phase and the dipole
moment for one phase are knowE&gs. (7) and
(8)). The fluorescence micrographs provided the
fractional areas. The dipole moment density for
one of the two phases followed from previously
published findings concerning the composition of
the domains and from the two models of the
cholesterol distribution.

We have previously shown that the domains in
PPL contain essentially pure DPP{10]. The
dipole moment density should therefore be the
same as for TC DPPC, which can be calculated
from the measured surface potential for DPPC
monolayers at all surface pressures above the

sures. Fluorescent micrographs such as those in Fig. 1 provided COeXxistence region:
the average radius, obtained from the total nonfluorescent area

and the number of domains. Data for CLSE and N&PL do not
extend above 35 and 25 njiM, respectively, because phase
separation terminates above those surface pressures.

equilibrium radius for those films as well. These
average radii(Fig. 2) were then used in the
calculations of line tension.

Measurements of surface potential provided val-
ues ofAw. At all surface pressures, surface poten-
tial varied smoothly without large fluctuations.
This behavior indicated that the tip of the electrode
was sufficiently larger than the individual domains
that the measurements provide the average poten
tial for the film representing the weighted contri-
butions of the two phases. The average dipole
moment density was then calculated according to
the Helmholtz equatiofEq. (6)). Surface poten-
tial for CLSE deviated substantially from values
for DPPC, particularly at molecular areas less than
roughly 70 2/molecule, approximately half-way

Me=pppc= & AV pppc (15
1 1 1 1 " 1
600 - el |
A N&PL ™ 60
1 = !
1. S wn
2 50012 N - 50 ¢
= |1 R
T 400 =4 o
= bR . - 40 o
[ L T U =T o
b~ VTG r b
S (A .
o 3004 | TR 30
8 1| il
-8 ‘- i
5 2004 i+ 20
o i3
(1
100 - - 10
] Y
e, 1
0 —T T ey 0
40 60 80 100 120

Molecular Area, A/PL molecule

across the coexistence plateau in the surface pres-

sure—area isotherm for DPPC, where the slope of
the surface potential isotherm for DPPC increased
abruptly (Fig. 3). PPL, N&PL and SP&PL all had
surface potentials quite similar to values for CLSE,
and the effect of removing the proteins dod

Fig. 3. Isotherms for monolayers containing surfactant-related
preparations. Surface potenti@lack curves, left axisand sur-
face pressurégray curves, right axiswere measured during
compression of the surface area at 23 (@hospholipid mol-
eculemin) and 20°C for each of the different preparations
derived from calf surfactant.



340 B.M. Discher et al. / Biophysical Chemistry 101102 (2002) 333-345

~
o
~

1_55I.l.l.l.l.l.|

T DPPC = A |
1.50 A =

1.45 - / -

ad i
1.40—/ -

1 CLSE -
1.35-.\./.\.N—-\- i
A

v

Dipole moment density, D/100 A2 £

Dipole Moment Density, D/100 A2

1304 ", i

| N&PL |

1.25- A -

090 - +——T——T 1T T L INNL D L N BN RN R

10 15 20 25 30 35 40 10 15 20 25 30 35 40
Surface Pressure, mN/m Surface Pressure, mN/m

Fig. 4. Dipole moment density for cholesterol located exclusively inside or outside of the condensed domains. Filled symbols give
values for condensed domains, and open symbols represent the surrounding@fidalues if domains contain no cholesterol.

Filled symbols give values for condensed domains, obtained from surface potentials measured on DPPC at surface pressures abov
the coexistence region where the film is homogeneously TC. Domains in all of the mixed films would also contain only DPPC,
and therefore would have the same values. Open symbols give values calculated for the expanded phase based on the surfac
potentials measured for the films, fractional areas of the phases obtained by fluorescence microscopy, and the assumed dipole
moment density of DPPC for the condensed domaih}.Values if domains contain all of the cholesterol. The surrounding LE
phase for N&PL and CLSE would then have the same composition as PPL and SP&PL, respectively, and the dipole moment density
would be given by the appropriate open symbol€ah The filled symbols here give calculated values for the condensed domains

based on the surface potentials measured for the films, the fractional area obtained by fluorescence microscopy, and the assume
dipole moment density fronta).

In SP&PL, which differs from PPL only by the of cholesterol distribution, the dipole moment den-
additional presence of the surfactant proteins, the sity in the phase containing no cholesterol was
domains probably have the same composition. In therefore obtained from values for SP&PL or PPL.
studies with a simple mixture chosen to replicate Values for the other phase could then be calculated
pulmonary surfactant, both proteins remained out- from the measured surface potentials and fractional
side the domain$36]. We therefore assumed that areas. For the model in which the domains con-
for both PPL and SP&PL, the dipole moment tained no cholesterol, the dipole moment densities
density of the domains could be obtained from were similar for both the condensed and expanded
measurements on DPPC. Values for the expandedphases in the four different filméFig. 48. The
phase could then be calculated from fractional domains in all cases, whether according to prior
areas for the two phases and the surface potentialsreports or by constraint of the model, contained
for the films. only DPPC, and so share that common dipole

The compositions of CLSE and N&PL differ density. Values calculated for the surrounding
from those of SP&PL and PPL, respectively, only expanded phase were also similar among the dif-
by the additional presence of cholesterol. Our ferent preparation§Fig. 49).
analysis assumes that the compositions of the two For the alternative model in which the domains
phases were unaffected by cholesterol except forinstead contain all of the cholesterol, then the
the content of that compound. For the two models expanded phase would have the sameas in
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films of PPL and SP&PL(Fig. 4b). These values

1 N 1 " 1 " 1 L 1 " 1 " 1
differed little from the dipole moment densities 0.25 Scenaric A B
obtained according to the first model for the - ::;L -e -
. ; e A
expanded phase in CLSE and N&RFig. 4b). 0.20 sPapL -w- |

CLSE

The .. calculated for the domains in CLSE and - 0 o---0
N&PL, however, decreased during compression
and were distinctly lower than the values common
to PPL, SP&PL and DPPQFig. 4b). Therefore

the additional presence of cholesterol in surfactant-

related monolayers produced opposite changes in

Line Tension, 10 2N

e

=

[

P f

A
-
PN
|
( 1

e and Ap. depending on which phase contained .

the cholesterol. Location of cholesterol in the : 1 ™~ D\D\g [

condensed domains required valuesuwpfand Ap 0.05 A\.x -

that decreased during compression. For cholesterol | A i

confined to the surrounding film, botlh, and A A

increased. 0.00 Yt——F/—"—F—"F—T—+—T7—+T—
Line tension could then be calculated from the 10 15 20 25 30 35 40

different values ofAp. and R according to Eq. Surface Pressure, mN/m

(13). Compression produced an increase in line
tension for all films in which the domains con- Fig. 5. Variation of line tension for each model of cholesterol

tained no cholester(ﬂFig. 5). Line tension grew distribution. I__|ne tensions were calculated from the_a measurt_ad
average radius for the domains and from the difference in

for PPL and for SP&PL, the preparations that gipole moment density calculated for each model. Calculations
contain no cholesterol, and for N&PL and CLSE for filled symbols(Scenario A assumed that the domains con-
considered according to the first model in which tained no cholesterol, and for the open symb@senario B
cholesterol resides only in the expanded phase.that the domains contained all of the cholesterol.
For the second model, however, in which the
cholesterol partitions into the domains, line tension
fell at higher surface pressures. Line tension models in which cholesterol partitions exclusively
decreased from 0.09 to 0.02 pN between 10 andinto one phase or the other. Only the model in
25 mN/m for N&PL, and from 0.13 to 0.06 pN  which cholesterol localizes to the condensed
between 10 and 35 min for CLSE (Fig. 5). domains successfully predicts a line tension that
Line tensions that fall to low values, which are decreases during compression toward the critical
expected approaching a critical point, were pre- point. To the extent that the assumptions underly-
dicted only by the model in which the cholesterol ing the analysis are valid, these results suggest
resided exclusively within the domains. that the domains contain at least the preponderance
of the film’s cholesterol.

Our calculations have achieved a number of
successes. The line tensions are consistent with
values calculated or determined previously. Line

Our studies consider the manner in which chol- tensions determined in other systems vary from
esterol alters the behavior of the surfactant phos- 0.1 to 2 pN for films with a TC—-LE interface
pholipids in generating a critical point in the phase [37,39, with a higher value of 5 pN found for
diagram. Our analysis assumes that the dark andsolid—LE phase coexistenci89]. These values
bright phases in the films without cholesterol are were obtained in systems that do not reach a
each directly related to the corresponding phase critical point. The calculated line tensions in the
when that compound is present. We then consider surfactant preparations are at the lower end of the
our experimental data in terms of the two extreme values reported by others as expected for films

4, Discussion
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that approach a critical point. Line tension has complicated by an unusual experimental design,
been determined previously for one other system suggest similar behavior43]. The predicted
with critical behavior. For the binary mixture of decrease in dipole moment density for the con-
30% cholestergl70% dimyristoyl phosphatidyl- densed phase during compression therefore sug-
choline, line tension decreases from 1.75 pN to gests that the model in which cholesterol partitions
zero during compression from 0 to 10 nid [35]. exclusively into the domains, and otherwise leaves
The actual values cannot be compared directly the compositions of the two phases unaltered, is
because our data are at surface pressures above 100t strictly correct. _

mN/m, but the previously reported line tensions ~ OUr analysis makes two assumptions of unprov-

agree in general with the values calculated here. €N validity. The first is that the measurements are
our line tensions are also consistent with our made under conditions of strict equilibrium. The

own previously observed results. The calculations \(/:v?:glrjcleazlr?; e?]fer“neo;etﬂzosn s?esriuir:east aecrlrt]jill:?nrwlﬂm
for both PPL and SP&PL, which lack cholesterol 9y y '

and therefore involve the least degree of uncertain- Two components of the film's total energy, line
. . ) 9 . tension and electrostatic energy, originate from
ty, indicate that line tension grows during com-

: h | | ) h phase separatio[82]. The balance between these
pression. These results accurately predict the i, tactors determines the size of the individual

persistt_a_nce of.phase coexistence and the absencﬁomains. The energy of line tension, which is
of a critical point Qbserved for those preparatlons proportional to the length of the total interface,
effect of the surfactant proteins in the films that contrast, electrostatic energy is least when the
do contain chplesterol. The fall in line tension is domains are smallEq. (11)). The separation of
deferred to higher surface pressures for CLSE, the condensed phase into more numerous domains
which contains the proteins, relative to N&PL with increases the distance between their dipole
only the lipids, in agreement with the observed moments when averaged across the entire film,
result that remixing occurs at a higher surface resulting in lower electrostatic repulsid@2]. The
pressure for CLSE than for N&P[11]. Our results  calculations require that the estimatesRodind A
are internally consistent to this extent as well as accurately reflect equilibrium values. Although the
in general agreement with previously published assumption is probably not strictly true, the trends
results. that occur with composition and with surface
The calculations, however, also predict behavior Pressure seem likely to be qualitatively correct.
that seems unlikely. Segregation of cholesterol into This potential source of error therefore seems
the condensed domains, which produces the correctUnlikely to produce erroneous conclusions of the
behavior of line tension, requires that the dipole dualitative sort emphasized here. _
moment density in the domains decreases duringd Tl?e r?econd ashsudmf?tlort; ItS that ]:[.Te bngt?]t anéj
compressioriFig. 4B). This result would be some- ark phases each difier between Tims with an
L . .. without cholesterol only in their content of that
what surprising. Compression of phospholipid "
monolaver nerally prod little chanae in th compound, and specifically that the presence of
onolayers generally produces fitie change in M€ ., 051610l has no effect on the composition of
surface dipole moment, and therefore the dipole
moment density should increase because of the 3The cited measurements used a commercially produced
smaller molecular aref40]. This general relation- vibrating plate ‘Kelvin S’ probe that yielded surface potentials
L. . ) with simple phospholipid monolayers roughly equivalent in
ship is best eStab_"Shed for the L_E phé[é&], but absolute value to prior reports, but opposite in sigdl. The
measurements with DPPC confirm that compres- difference from results with conventional methods has been
sion also increases the dipole moment density for explained in terms of the reference point, or ground, moving

P : to the opposite side of the monolayer, from the air to the
the TC phase{42]. The limited data of which we subphas€d45,4d. We presume, therefore, that the results for

are aware Conceming_ the surface potential of e cholesterol—phospholipid monolayers are correct in mag-
cholesterol-phospholipid monolayers, although nitude but opposite in sign.
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phospholipids in each phase. This seems moresion between the separated phases for simple
questionable, particularly in light of the decreasing postulated distributions of components to test
dipole moment density predicted during compres- which model best fits with behavior required at
sion for the condensed phase. A repartitioning of the critical point produced by the addition of
the phospholipids in response to cholesterol would cholesterol. Calculations accurately predict that
fit better with our data. If the condensed domains subfractions of pulmonary surfactant which lack
contained unsaturated phospholipids as well asthe neutral lipids should maintain non-zero line
DPPC, the molecular area would be larger and the tension and retain immiscible phases. For the
dipole moment density smaller than the values subfractions containing cholesterol, the model in
used here fop.., which were obtained from meas- which the domains contain all of the cholesterol
urements on pure DPPC. The valuesuQf calcu- accurately predicts decreasing line tension during
lated from the measured average dipole moment compression towards the critical point established
density, would then be largew, which must previously by fluorescence microscopy. That same
decrease during compression towards a critical model, however, also indicates an unlikely
point, could fall because of the decreasing gap decrease in the dipole moment density of the
betweenp. and p.,, each of which individually = condensed domains. More complicated behavior,
continued to grow. A repartitioning of the phos- in which cholesterol, predominantly located in the
pholipids also agrees with behavior required by condensed domains, allows accommodation of
the critical point. In the phase diagram, the com- some fraction of the phospholipids other than
position of the phase outside the coexistence regionDPPC, therefore seems more likely.

must change continuously, and so the compositions
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