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ABSTRACT

Pulmonary surfactant (PS) a lipid-protein complex secreted by type-II
pneumocytes is responsible for alveolar stability and prevents lung collapse at low

volumes. PS lines the air-alveolar fluid interface with a putative ultra-thin mc lecul.

film, which by reducing the surface tension of that interface counteracts the contractile

forces of lung collapse at low vol Monomolecular films (monolayers) are

appropriate models for studying biological membranes, in which the lipids and proteins

are organized in bilayers, and for pul v surfactant films.

PP of PS, dipalmitoylphospk

F E P T F

Interactions of the main
atidylcholine (DPPC) were studied with the other component lipids and proteins of PS
at the air-water interface in monolayers. Over the last decade, epifluorescence
microscopy has become a novel and powerful tool to study the organization of molecules

in films. Epifluorescence microscopy of films formed in a surface balance of DPPC in

combination  with d phosphatidylcholi dioleyl-PC  or DOPC);

dipalmitoylphosphatidylgl I(DPPG); chol ol; and fluorescently labelled surfactant

P YIELY

proteins SP-A, SP-B and SP-C were performed. WVisual observation of such lipid-lipid

and lipid-protein films using epifluorescence microscopy all for the semi-quantitative
understanding of the surface chemistry, phase transition, association and interactions of
such components of PS with each other, at the air-water interface.

The h i line, DOPC, fluidized films of DPPC and were

squeezed out of such films upon dynamic cycling (Chapter 3). Phosphatidylglycerol

——



(DPPG) condensed films of DPPC under the influence of calcium (Chapter 4).

Cholesterol drastically altered the DPPC condensed phase and fluidized such

films (Chapter 5). Hydrophobic surfactant protein - C (SP-C) perturbed the packing of
DPPC and DPPC:DPPG films, occupied the fluid phase and was present in the films up
to high packing states (Chapter 6). Films adsorbed from liposomes and solvent-spread
ones of some PS components were found to display similar micro-architecture and phase
properties in equivalent packing states, and SP-C enhanced the adsorption of DPPC
vesicles (Chapter 7). Hydrophobic surfactant protein - B (SP-B) also perturbed the
packing and associated with the fluid phase of DPPC, albeit differently than did SP-C

(Chapter & and 9). Hydrophilic surfactant protein - A (SP-A) adsorbed to DPPC films,

and was iated with the d d-fluid phase b ies of the lipid, and perturbed

the packing of such films (Chapter 10). Porcine lipid surfactant extract (LSE) films

h d fluid to d phase ition upon is i and probably other

complex transitions which was indicated by a decrease in the amount of condensed
domains with increasing packing states (Chapter 11). The condensed phase of LSE films
were increased under the influence of millimolar calcium dissolved in the subphase
compared to the ones without the cation. Dissolved SP-A in the subphase, adsorbed on
to solvent-spread LSE films and altered the distribution of condensed domains (Chapter
11). Some of the properties of LSE films (Chapter 11) were correlated to those exhibited
by its component combinations in films (Chapters 3-10).

These studies, using a novel technique, elucidate some of the possible modes of

and i ions b the major pul y surfactant P at the

i}
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air-water interface. This study may also indicate feasible lipid-lipid and lipid-protein

and mi isation in model of biclogical membranes.
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INTRODUCTION

“Surfactants allow us to protect a water surface and to generate beautiful
soap bubbles, which delight our children.”
Pierre-Gilles DeGennes,
Soft Matter (Nobel Lectures, 1992)

Pulmonary surfactant (PS), a frothy material found in the lungs of most air-
breathing species, is responsible for alveolar stability. The material is secreted by type -
II alveolar cells and is composed mainly of lipids and small amounts of proteins. The
lung tissues, which have elastic recoil like stretched rubber, during low lung volume tend
o collapse the alveoli due to contractile tissue forces. The lipid-protein complex of
pulmonary surfactant lines the alveolar air-fluid interface with a thin film, and reduces
the air-fluid interfacial tension counteracting the contractile forces of lung collapse. A

1 Respiratory Distress Syndrome (RDS) and

number of disease itions such as

Adult-RDS (ARDS) arise due to altered levels, composition, and in vive inhibition of
pulmonary surfactant. Some of these situations are treatable by instilling surfactant
(nawral and synthetic) or a combination of some of the pulmonary surfactamts lipid-

protein comp into the di: lung. The search for better and improved anificial

surfactants for therapy has been the focus of intensive research efforts over the last few
decades, although the surface activity, namre and composition of the PS films in the

alveoli and the biophysical fi¢ ions that PS goes from its secretory




stage to film formation are not yet completely clear. At present, despite some intense
basic and clinical research efforts integrating the fields of biology, physical chemistry and

physiology to study PS, functional comprehension at the mol level of the complex

in the air-alveolar fluid interface is limited. Nevertheless research in this area has
indicated some important facts which have lead to improved clinical trearments of PS
related disorders.

Pulmonary surfactant is rich in some unusual phospholipids such as

hatidylcholine (DPPC) and phosphatidylglycerol which are not found in

F b F

any eukaryotic lipid-containing cellular organelles such as biological membranes.

Pulmonary surfactant (PS) also contains significant amounts of unsaturated lipids and
cholesterol which are normally found in most mammalian biological membranes. The
proteins of PS although present in small amounts (~5-10 wt® of the lipids), play
significant roles in its surface activity. The combination of lipid-protein complexes of
PS allows for the material to be uniquely surface-active. [n virro the material can rapidly
adsorb and spread at an air-water interface to form films, and these films upon
compression can reduce the surface tension of the interface to near 0 mN/m, and such
films quickly re-spread from highly compressed states. Some of these biophysical
processes are currently not well understood. The purpose of this thesis is to examine the

structures and surface properties of the pulmonary surfactant and its component films

using a novel custom desi; surface bal with mi pi This

instrument not only allows one to measure surface activity of materials at an air-water

but also observe the iation and i-quantitatively assay

F——



the interactions of lipids and proteins in films. We have examined the surface properties,

and iati of the main lipid component of pulmonary surfactant,
DPPC, in ination with other p such as unsaturated lipid, acidic lipid,
cholesterol, surfactant proteins A, Band C, and of porcine pul v surfactant.

Because of the nature of the films and their constituents, these swmdies are not only
relevant to PS but may also be considered as models for lipid-lipid and lipid-protein

jons in g Also since monomolecular films are unusual

structures in biological systems (only pulmonary surfactant and apolipoprotein particles
have monolayers), these studies may indicate some general characteristics of lipid-protein
associations in these structures, as well as in single leaflets (monolayers) of bilayer
membranes.

The style and content of this thesis (except the first 2 chapters) is written in
publication fromat, since most of the data presented has been previously published or in
submission for publication. The comtent of the organization of the thesis is that the first
two chapters are introduction to surfactant and biological membranes, and the rest

description of data

i on in vitro i ions of the various surfactant components

in films.
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Chapter 1.

PULMONARY
SURFACTANT
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1.1] Historical Development.

It was reported in 1671 by Frederic Marten, that “When the whales blow up the
water, they fling out with it some fattish substance that floats upon the sea like sperm,
and this fat the Mallemucks (bird) devour greedily” (cited from Goerke, 1974). This was

probably the first detection of pulmonary surfactant in the giant mammal. Alexander

Graham Bell in 1889, in trying to artificial il for babies, stated that
some babies die from inability to expand their lungs sufficiently when they take their first
breath (citation from, Stern et al. 1970). As early as 1929, Von Neegard recognized that
surface tension was presumably responsible for closure or lung recoil during breathing
(Obladen, 1992). Later Macklin (1954) described the possibility of an alveolar mucoid

like film on the pulmonary cell walls which were able to maintain a
surface tension. Around the same period Partle (1955) reported that the foamy substance
of the lungs, originated from the alveolar cellular lining. John Clements, measured the
surface activity of the foamy material at an air-water interface, and concluded that the
material is highly surface active (Clements, 1956; 1957). Avery and Mead (1959),
discovered that Respiratory Distress Syndrome (RDS), previously called the Hyaline
Membrane Disease in human neonates, was caused by surfactant deficiency, leading to
a spurt of clinical research in the area.

King and Clements extracted the surface active material from dog lungs and
reported a method of its isolation in a relatively “pure” form (King and Clements,

1972a). They also smdied its composition (King and Clements, 1972b) and physical



properties (King and Clements, 1972c). Schirch et al., (1976) first determined the
surface tension of the lung air-alveolar fluid interface in siru, by a novel alveolar micro-
puncture technique. This study indicated that at low lung volumes the interfacial surface

tension was below 9 mN/m, and varied berween below 9 to 20 mN/m during deflation

to inflation of the lungs. They also the dy ic d d of this surface

tension on lung pporting the proposals made earlier, that surface activity of

pulmonary surfactant allows for the surface tension of the air-alveolar fluid interface to
be reduced (Schiirch et al., 1976, 1978). Recently the fluid lining layer of the lungs has
been shown to be continuous (Bastacky et al., 1995), and multilayers of lipidic film

lining the air-alveolar fluid interface have been d (: and Bachofi

1995). Research in pulmonary surfactant over the last 60 years has lead to clinicians and
surfactologists meeting in floating (surface active !) conferences on the rivers Danube and
Rhine (Lachman, 1995). Some of the earlier historical developments of pulmonary
surfactant research have been well documented and reviewed (Comroe, 1977; Goerke,

1974; Obladen, 1992; Smith, 1995).

1.2] Surface Tension in the Lungs.

The concept of how surfactant effects or changes surface tension of the lungs

during the normal respiratory process, came from some inal studies on
of lung volume and morphometry under different conditions of surface tension and
pressures, created by filling the lungs with different fluids. Such studies showed that

during lung deflation and inflation, the pressure - volume characteristics of the lungs



could be drastically altered and almost abolished once the lungs were washed with
detergents (Clements, 1956; Mead et al., 1957). Later studies have shown, that by

t the

bons or fluc

filling lungs with different fluids such as saline, hyd
alveolar microstructure, lung area and morphometry can be altered, from those of air-
filled lungs (Schiirch and Bachofen, 1995; Wilson and Bachofen, 1982). Figure 1.1
shows the morphological structure of the lungs filled with saline (A), air (B) and air after
the lungs have been washed with detergent (C), where in each case the lung volume was
70 % of the total lung capacity (TLC) (Wilson and Bachofen, 1982). The air-alveolar
fluid iém-faoe had different interfacial or surface tension in contact with saline (A) than
with air (B), since in the former case the air-alveolar fluid interface was abolished, and
in the detergent washed lung filled with air (C) since the surface tension controlling

lining (or surfactant) was d by hing. These studies indicate

indirectly that the lung air-fluid interface has some material which controls the surface

tension of that interface and thus al pt y, and any ion of this surface

tension (by using saline to abolish the air-alveolar fluid interface) or removal of this
material (by detergent washing) leads o altered alveolar stability and structure, compared
to normal air-filled lung. These and other studies have implied that the surface tension
of the lung is a crucial factor in determining alveolar stability, morphometry and gas

exchanges in normal air-t hing species (Bachofen et al., 1987; Schirch and Bachofen,

1995; Wilson and Bachofen, 1982). Smudies have shown that the surface tension of the
lungs in vivo can be measured by alveolar micropuncture and the values at low lung

volume are very low (~ 1 mN/m) (Schirch et al., 1976). Recent studies indicate that



Figure 1.1 Internal morphology of lungs filled with saline (A), air (B) and air after
detergent washing of the alveolus (C), fixed at 70 % of total lung capacity. Scale bar is
400 pm.

The surface tension in the lungs filled with air (A) was higher than the one with
saline (B) since the saline abolished the interface between air and the alveolar fluid. In
case of (C), the material (surfactant) which controls alveolar surface tension was removed
by detergent washing, thereby altering the surface-tension from that of the air-filled lungs

(A) with the material. The surface morphometry and total areas are also different in A,

B and C indicating that alveolar ultra and surface area depend on the surface
rension of the air-alveolar fluid interface. The highly corrugated surface of the alveoli in
(A) allows for larger area of gas exchange, in contrast to the smoother (smaller surface
area) surfaces seen in (B). [From Wilson and Bachofen (1982), ®American Physiological

Society; reprinted with the permission of the authors and publisher].
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for lungs deflated to functional residual capacity at (FRC - maximal deflational lung
volume during normal breathing) at 37°C, the surface tension of the air-alveolar fluid

interface is near | mN/m and the values are very stable, when the lungs are held at low

1 (Schiirch and Bachofen, 1995). To achieve such low surface tension the lungs

do not have to be deflated quasi-statically and a mini deflational rate is not required
to achieve low surface tension in the lungs (Schiirch and Bachofen, 1995). This

reduction of surface tension (y) at low lung volumes counters various forces (such as

contractile collapsing force of lung p hyma or tissue sur ing the alveoli) trying
to collapse the lung.

Clements proposed a model from several in vitro studies of pulmonary surfactant.
His model suggests that pulmonary surfactant lines the air-alveolar fluid interface with

a thin mono-moelecular (monolayer) film. The lining film layer (Figure 1.2, bottom, 6)

of pulmonary surfactant red the air-alveolar fluid interfacial tension possibly by the

1 ing a film or solid surface at low alveolar volumes. Trauble et

L

al., (1974) suggested that the function of pulmonary surfactant other than reducing
surface tension, is to induce critical spontaneous opening and closing of the alveoli.
Others have suggested that the pulmonary surfactant can act as an anti-glue in some

hibian and non: lian species (Daniels et al., 1995). The concept that surface-

tension in the lungs is near 0 mN/m has been chall d, since that an

interfacial layer of molecules (in a compact solid state) above the surface of the alveolar
fluid may abolish that interface, and thereby create an interface between air-solid surface

above the alveolar fluid has been put forward (Bangham, 1987). The term surface



Figure 1.2 Diagram of a terminal air-space or alveoli with the surfactant lining film
(top) and the possible lipid layered structures (multi-, bi- or mono- layers) found during
the formation of the film (bottom) [The top figure was reproduced from Hawgood and
Clements, 1990, ®The Rockefeller University Press, NY with permission of the authors

and publisher.]

The type-II cells are involved in synthesis and ion of pul ¥ surfactant
(top). The material is packaged in multi-bilayer lamellar bodies (LB, 4). After secretion

into the alveolar fluid, the | llar bodies form into peculiar tube-like structures

called wbular myelin (TM, 5). Tubular myelin is 1 to be the p of the
surface active film (6) at the air-alveolar fluid interface. Some other vesicular structures
such as small and large bilayer aggregates (7) may also be found in association with
pulmonary surfactant extracted from alveolar fluid, and upon dynamic cycling of

pulmonary surfactant at an air-water interface in vitro.
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r—



10a

F—



tension has been modified to surface pressure or = by surfactant researchers, or y when
discussing pulmonary surfactant films (Keough, 1992), although the term surface tension

is frequently used by many (see Keough, 1992 for the ). Surface p (x)

can be defined as the difference of surface tension () of an interface with a film (v, and

without (¥,) or = = (v, - v.) [see chapter 2 for further di ion on surface [

Also the Clements model describing the film lining the alveoli being open and exposed
to air, or the two ends of the film ending at each alveoli (as shown in the Figure 1.2 A)
has been debated, and suggestions have been made that the film may be closed or lines

a spherical bubble in each alveolar unit (Scarpelli and Mautone, 1994).

1.3] Extracellular Transformations

Pulmonary surfactant is normally extracted from mammalian and other lungs by
means of gently lavaging or washing out the lungs with a physiological saline. The
extracted material is then centrifuged to separate surfactant from extracelluar debris and
other materials associated with the lung fluid. Although the location of the synthesis and
secretion of pulmonary surfactant has been well established to be the type - II
pneumocyte (Figure 1.2 (A)), the lavaged marterial consists of various structures such as
lamellar bodies, wbular myelin and vesicular aggregates, whose exact functions at the
air-alveolar fluid interface are not completely clear. These structures are presumed to
be pulmonary surfactant at the various levels of transformations in the alveoli to achieve
surface active films at the air-alveolar fluid interface. Most of these "enigmatic”,

structural forms stain well with electron microscopic lipid stains, and are considered as



different forms or ranks of phospholipid molecules “arrayed shoulder to shoulder as in

unit biological membranes” (Gross, 1995b). A general ics of ion of

pulmonary surfactant from its secretory states, to its film formation, and then re-uptake
at the air-alveolar fluid interface is shown in Figure 1.2 (bottom), and the direction of
these processes shown by the arrows (top). The types of lipid layered structure, each of
these forms are presumed to be in are shown in box of Figure 1.2 (bottom).

The 1l mation (termed " bolism™) that these structures

undergo has been proposed from localization of various surfactant lipids and proteins in
the different lung cellular compartments and extracelluar regions. Lamellar bodies (LB),
tbular myelin (TM) and some vesicular aggregates have been identified, with natural
extracted pulmonary surfactant. Small and large aggregates (SA and LA) are mainly

formed by in vitro p i pansion cycling of pul y surfactant susp

at an air-water interface, and are presumed to be structures formed during exchange of
material between the interfacial films and the bulk phase. Typical electron micrographs
of some of these structures, stained using electron-dense lipidic stains which identify
individual unit bilayer membranes are shown in Figure 1.3 (Williams, 1992). The

T ics of such ions indi that the main form secreted by type-II cells

is lamellar bodies (LB). Lamellar bodies consist of multi-lamellated or concentric
layered structures (Figure 1.3, A). The LB transforms at the air- alveolar interface into

tube-like called wbular myelin (TM, Figure 1.3 (B)). The TM is

presumed to be the precursor of the surface active film which lines the alveoli (film

discussed in next section). During dynamic cycling of the film at the air-alveolar fluid

12
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Figure 1.3. Electron micrographs of lamellar bodies (A), ubular myelin (B), large

aggregates (C) and small aggregates (D). Scale bar is 1 pm.

A) Lamellar bodies (LB) are multi-bilayer structures. Each of the single bilayers (dark
lining) is arranged in concentric layers with probably a thin water layer between them.
Some attached tubular myelin (TM) structures (square lattice. box) can also be seen in
the top of the micrograph, and thus it is presumed that TM are formed by unfolding of

the lamellas of LB.

B) Tubular myelin (TM) is formed by thin bilayer tubes (see Figure 1.2, B) crisscrossing
each other in a square lartice. Each of the TM network is arranged on top of another, and
can be seen by slight displacement of one network layer from the next in the micrograph.
[Micrographs LB and TM were a generous gift from Dr. Mary C. Williams, of the

Boston University School of Medicine].

C) Large aggregates (LA) and D) small aggregates (SA) are bilayer vesicular or
liposomal structures. Small aggregates are formed (probably from LA) by dynamic
cycling of pulmonary surfactant at an air-water interface in virro. [The micrographs of
LA and SA were reprinted from Veldhuizen et al., (1993), ®Biochemical Journal,

Portland Press, UK, with kind permission of the authors and publisher]
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interface, or at an air-water interface in vitro, materials are probably squeezed out and
adsorbed specifically into this film, to enrich the film with certain surfactant components.

By dynamic cycling of pul y surfactant suspensi which in mainly LB, TM

and large aggregates (Figure 1.3, C) an increase in number of small aggregates (Figure
1.3,D) in the cycled suspensions can be observed (Gross, 1995a). It is presumed that

such ions are an indication of the material exchange between TM, film and bulk

subphase (by squeeze out of materials from films), ultimately enriching the pulmonary
surface active films with one component of PS over all the others (details of some of the
process, discussed in the next section). The conversion of these various forms from LB

to T™ to film to LA/SA are dependent on particular components of the surfactant (not

yet clearly identified), and the process is called ™ 11 bolism of pul ¥
surfactant” (Gross, 1995a). Recent studies although have indicated that the type and
amounts of surfactant proteins present in some of these structural forms vary
considerably.

Gross (1995a) has recently indicated that there may be an extracellular, yet
unidentified, enzyme (they call serine protease) involved in conversion of these various

structural forms (Gross and Schultz, 1992). These indi that p v

surfactant seems to be an unusual biological material, which transforms “extracellularly”
into multiple heterogenous and some atypical, structures (Gross and Naraine, 1989;

Gross and Schultz, 1992). Most biological systems undergo transformations intra-

cellularly and various bolic biochemical pathways are involved. In the case of

pulmonary surfactant, the extracellular material undergoes these transformations by



iophy and bi ical hani Thus, ion of the processes

involved in pulmonary surfactant transformations may be aided by biophysical studies of

the material én virro at an air-fluid interface by surface pk

Although much is known about the bis istry and ino llular boli of the
pulmonary surfactant components, their main functional roles in "lining the alveoli with
surface active films™ are not yet fully clear. Also the composition and structure of the
surfactant film in the alveoli is not yet known. The composition of the surface film in
situ can also be understood from simple componential film studies in vitro. The main

purpose of this thesis is to study surfactant in virro at an air-water interface, using a

recently ped biophysi hnique of epifl i py, which allows
combining surface chemistry and micro- al is of films surfactant and its
component.

1.4] Nature of the Air-Alveolar Lining Film.

From the time of its discovery, until recently, the question which plagued PS
researchers was, "[s there a thin film lining the air - alveolar fluid interface 7", since no
direct demonstration of such a film could be made in the lungs. It was also not clear that
the alveolar fluid lining the lung air-water imterface is continuous or if the fluid exists in

distinct pools at the corners of single alveoli. Early reports of the alveolar lining by

ditional el i howed h “thin osmiophilic lining on a grey

bphase” when {| Idehyde fixation and osmium tetroxide (lipid-stain)

staining of the alveoli were performed (Gil, 1985; Weibel and Gill, 1968). This

15



osmiophilic lining also had various phospholipid structures, broken bilayer vesicles and
other lipidic or osmium staining structures floating on top of them (Gil, 1985). Auempts
to isolate and stain pulmonary surfactant films in sire, were plagued by the fact that the
alveolar-fluid lining the epithelial cells is extremely thin and possibly discontinuous, and
if a film existed on such a fluid interface, it was too close to the epithelial cells o be

discriminated from the normal bilayer b of epithelial cells by c

electron mi py- h and B (1995) used a unique technique of perfusion

of the lungs with fluid (edema) so that any interfacial layer existing between the lung
epithelial cells and air would be lifted off the epithelial cellular lining by the extraneous

fluids applied by perfusion. Using this ique they d d the namre and

structure of the pulmonary surfactant lining layer which is shown in Figure 1.4 (Schirch
and Bachofen, 1995).

The layers (S) shown in Figure 1.4 (A) seemed on further examination (higher
magnification, Figure 1.4, C) to be thicker than a single bilayer or a monolayer. They
described the layer as "rather polymorphous or the lining layer covering the increased

volume of the hypophase appeared to be made of amorphous materials, and at other sites,

triple layers or even multil can be ized " (Schiirch and Bachofen, 1995).

‘They explained the tri-layered structures as a monolayer on top of an underlying bilayer
of lipids (see Figure 1.2, B), the bilayer probably acting as a pool or reservoir for the
monolayer or film of surfactant. It is presumed that this bilayer pool replenishes the

surface film of pulmonary surfactant with essential phospholipid components, which

makes such films highly surface active. Also the questi or not

16
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Figure 1.4 Electron micrographs of the alveolar surfactant lining layer, and underlying
alveolar cells and fluid are shown. The layers (S) were observed by lifting the material
from the alveolar epithelial ceils (Ef in A) towards the air by vascular perfusion of fluid
(AH in B) in the alveolus. The lining layer was found to be thin and continuous, and
had an average thickness of a trilayer (C), a monolayer on top of a bilayer. Scale bar is
1 pum. [From Schiirch and Bachofen, 1995; reprinted with the permission of the author

and publisher, ®Mercel Dekker Inc., NY]
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normal alveoli are lined with a thin layer of alveolar fluid, on which such films or layers

can form has been put to rest. Bastacky et al., (1995) using low temperaure electron

microscopy, (which preserves at liquid nitrog P ) d i that
the alveolar fluid layer appears continuous, submerging epithelial cells lining the alveoli.

They determined that the thickness of the fluid layer was about 0.2 pm thick on average,

and varied from a few nanometres to several mi from one to another
(Bastacky et al., 1995).

Although the lining film of surfactant has been demonstrated, there are only few
indica;ions to date on the composition, nature and structure of the pulmonary surfactant
film in vivo. It is also not clear whether the surface active film in the lungs crmu;ins all

or some of the pul v mp or such p can be

present in the surface film at low surface tension. We have examined the structure of

such surfactant films (last chapter) and the iati i i and p of

various comp of ¥ in vitro in films (Chapters 3-11).

1.5] Composition of Pulmonary Surfactant.
Pulmonary surfactant of various lian and species ists mainly

of lipids and small amounts of protein. The lipid and protein composition of surfactant

of humans is shown in table I (A). The lipids of most mammalian species consist of

mainly phospholipid, such as phosphatidylcholine (PC), phosphatidylglycerol (PG),

phosphatidyleth ine (PE), phosp ine and significant amounts of cholesterol

among other neutral lipids (table 1, B). The proteins, although detected in pulmonary
18
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surfactant two decades ago, have only recently been completely analyzed for their gene
and structures, and have been termed as surfactant protein - A (SP-A), -B (SP-B), -C

(SP-C) and -D (SP-D) in their ch logical order of di Y (P yer, 1988).

Although the surfactant associated proteins are only present in small amounts (5-10
weight % of surfactant lipids), they play important roles in assembly, secretion,
transformation and surface activity of pulmonary surfactant, and some of the functional

role these proteins play in the alveoli have recently begun to emerge.

Surfactant Lipids : In pulmonary surfactant of most species, about 75 % of the lipids
are phospholipids, of which ~65% is phosphatidylcholine (Table 1., A) (Hawgood,
1991). The phosphatidylcholine (PC) species is about 45 % dipalmitoylated or has

d 16 carbon palmitoyl chains in the sn-1 and sn-2 positions (16:0/16:0-PC) called

dipalmitoylphosphatidy line or DPPC (Akino, 1992; Hawgood, 1991). Recently the
amounts of DPPC in PS of calf has been re-estimated to be lower than the ones reported
previously, that is DPPC constitutes about only 40 % of the toal diacyl
phosphatidylcholine species of surfactant, and therefor less than half of surfactant lipids
(Kahn et al., 1995a; 1995b). The typical chain distribution of the other PC species in
pulmonary surfactant is shown in table 1 (C) (Akino, 1992). Although DPPC is an

unusual molecular species in most mammalian tissues, (since most tissue PC are 1-

1, 2 d-PC, as in biologi ), some DPPC is also present in
small amounts in other tissues such as the brain. It is thus not specific for surfactant,

as reported in some earlier publicati but its in such high amounts




(s) COMPOSITION.
*Composition of Pulmonary Sarfactant % by weight
LIPIDS 90-95
Phospholipid 75
Pphosphatidy (DFPC) 45
t 20
Fhosphatidylglycerol (PG) 8
Others (Phosphatidylethanolamine,
phosphatidylinositol, phosphatidylserine) 5
Neutral lipids (Cholesterol, di-itri-glycerides) 10
Other lipids (Fatty acids) 2
PROTEINS 510
Loosely assoclated (mainly serum) 2
Surfactant apoproteins (SP-A.SP-B.SP-C & SP-D) 5

* Modifled from Hawgood, 1891
¢) CHAIN DISTRIBUTION

femimz PC P
b) PHOSPHOLIPID COMPOSITION

16:0/16:0 50.3 347
16:0/18:0 25 40

# Species % (by weight) 16:0/16:1 88 35
16:0/18:1 153 320

PC 82.3 16:0/18:2 129 105

PG 75

PE 6.1

Pl 18

Ps 01

Lyso-PC 0.3

Others 12

# From, Akino (1992)
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"ubiquitously” in surfactant is unique (Hawgood, 1991). Among other PC (table 1, C),
monoenoic species such as palmitoyl-oleyl (16:0/18:1) and palmitoyl-pamitoleoyl
(16:0/16:1), dienoic species like palmitoyl-linoleoyl (16:0/18:2), are also present in lung
surfactant (Akino, 1992, Kahn et al., 1995b).

Phosphatidylglycerol (PG) is the major acidic lipid in the pulmonary surfactant
of most adult mammalian species, but it is, however, absent in the PS of some animals
such as Rhesus monkey. PG seems to be a specific constituent of pulmonary surfactant,
especially in such high amounts, about 7 % by weight (table 1, B), as it is not found in
any other mammalian tissue. This acidic phospholipid is only found in significant
amounts in some bacterial membranes. The PG species in surfactant is present only in
small amounts before birth as detected in the mothers amniotic fluid, and increases with
the gestational age of ferus. Thus PG has become a clinical marker for analyzing fetal
lung maturity and development, from analysis of amniotic fluid of surfactant
phospholipids, since this fluid bathes the fetal lungs. Fetal pulmonary surfactant although
low in PG, contains significant amounts of another acidic phospholipid, phosp-
hatidylinositol (PI), which is almost completely replaced by PG after birth. With lung
maturity after birth, PI levels in matured surfactant drops below 2 % (table 1, B)

whereas PG increases to about 8-10 weight % in the surfactant phospholipid pool. Other

such as phosphadtidylserine and free fary acids (palmitic acid) are also

found in minor in adult pul ary surfactant. The PG species in the

ex

11 of pul v of adult rabbits contain mainly

16:0/16:0, followed by 16:0/18:1 and 16:1/18:2 species (Hayashi et al., 1990). Analysis
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of human bronchio-alveolar lavage indi that PG ists of about 11.8 %

of phospholipid by weight in normal individuals, whereas in parients with adult
respiratory failure the level dropped to 0.3 % and in alveolar proteinosis to about 4 %
(Hallman et al., 1982).

Cholesterol accounts for the largest amount of neutral lipids present in pulmonary
surfactant (Yu et al., 1983). The amount of cholesterol expressed as percentage of total
phospholipid varies among animal species, reaching as high as 30 % in Australian lung
fish to as low as 7 % in humans (Daniels et al, 1995). The variation of some of the

lipids in surfactant of various animals and their ion in =,

that pulmonary surfactant lipid components have some definitive functional roles in

normal lung functioning.

Other lipids such as phosphatidy lamine (PE), lyso-phosphati li
(lyso-PC ), tri- and di- acylglycerols are also found in pulmonary surfactant in minor
amounts in various species, although their individual functional roles in surfactant are not
well defined (Keough, 1992). Recently, pulmonary type-II cells responsible for secretion
of all the surfactant components, were shown also to secrete vitamin-E (tocopherol) and
some plamologens (ether-lipids) with the surfactant lipids, and these are regarded as
constituents of pulmonary surfactant (Rilstow et al., 1993, 1994). The composition of
pulmonary surfactant from different species and some of their roles in surfactant
functions have been reviewed (Akino 1992; Daniels et al., 1995; Hawgood 1991).
Discussion on the roles some of these lipids play in pulmonary surfactant are given in

the chapters on unsaturated lipid (Chapter 3), phosphatidylglycerol (Chapter 4) and

2



cholesterol (Chapter 5).

Surfactant Proteins: Pulmonary surfactant contains small amounts of hydrophilic and

hydrophobic proteins. Surfactant protein -A (SP-A) and -D (SP-D) are multimeric,

glycoproteins, of weights around 30-45 kilo Dalton, and belong o
the family of proteins which binds carbohydrates called collectins. Surfactant protein -B

(SP-B) and -C (SP-C) are highly hydrophobic, smaller, 4-17 kDa proteins which can be

with i 1 from lung lavage along with surfactant lipids. The

. tertiary structures and the relative sizes of SP-A, SP-B and SP-C are shown in Figure

L.5.

Mative SP-A is a glycoprotein, found as an octadecamer (18 monomers) in
surfactant (Figure 1.5, A), having an approximate molecular weight of 650 kDa. The
protein has a long collagenous N-terminal region, a short neck, and a globular region

(pink regions in Figure 1.5, A) ining some glycosy i near its C

terminal. The protein binds lipids such as DPPC, calcium and carbohydrate. Some of

these interactions allow for ransformation of surfactant at the alveolar space o form

; surface active films. The protein has also been shown to have certain immune functions.

Detailed functi i i is and functional roles of SP-A

in pulmonary surfactant are discussed in Chapter 10. Recently discovered SP-D is a

| glycoprotein, found in lung lavage, although its iation with p y surfactant

- lipids and its functional roles in surfactant is not clear.

Native SP-B is a hy ic 8.7 kDa (; ), non glycosylated,



Figure 1.5 The secondary structures of surfactant proteins SP-A (A), SP-B (B) and SP-C
{C) are shown. The relative size of each protein is shown in the left panel w-ith the scale
bar. [The Figure was a generous gift from Dr. J. Perez-Gil, University of Madrid,
Spain].

The pink-red regions of SP-A (A) indicate the globular domains which are the
glycosylated regions of the protein, and the inter-twined filamentous stwetch is the
collagenous domain.

The charged amphipathic helical regions in SP-B are shown by the positive
charges (+++), and are presumed to give this hydrophobic protein sLightly polar
character compared to SP-C. The alpha helix of the SP-C is probably oriemted with its
axis parallel to the acyl chains in bilayer lipid membranes, and the 3 charged residues

(+ signs) are thought to interact with polar solvents or lipid headgroups.
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linked dimer, having amphipathic helices distributed through out its sequence. The

amphipathic helices are made of charged residues with an excess of positive charges

(Figure 1.5 B, ++ signs) disp it the seq of hydrog
Native SP-C is an acylated (dipalmitoylated), 1y hydrophobi helical peptide
of MW of 4.2 kDa, the acylation being at the i id near its N inal

(Figure 1.5, C). The structure-function properties of SP-B and SP-C are discussed in
details in chapter 6-9; although it should be mentioned here that the function of
hydrophobic proteins is to enhance the surface activity of surfactant lipids.

The sequence describing some of the functional roles of the surfactant proteins,
and the cellular compartments in the alveoli with which they are associated, are shown

in Figure 1.6. The proteins are synthesized by the type-II pneumocytes, packaged with

the lipids into bodies and to the ail fluid interf: From in
vitro experiments it can be demonstrated that SP-A and SP-B in combinarion with
calcium ions transform bilayer lipids into tubular myelin (TM) (Williams, 1992), and TM
is believed to form the surface active film by rapid adsorption of the surfactant lipids in
combination with SP-C. SP-A also helps in the recycling of the materials from the
surface film back into the type-II cells for reutilization and also in stimulating

macrophages in the alveolar fluid to engulf viral and bacterial particles.

1.6] Fluidity and Dysfunctions.
DPPC is the only component of pulmonary surfactant, films of which at 37°C

(body temperature of most mammalian species) can be packed or compressed to reduce
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Figure 1.6 Schematics of hesi ion and functi roles of p Y
surfactant proteins, SP-A (A), SP-B (B) and SP-C (C). Abbreviations used are: LB-

lamellar bodies; RER-rough endoplasmic reticulum; TM-mbular myelin; ERY-

eryth ; AM-alveol phage; MES hymal cells; Cap-capillary].

The type-II cells synthesize and secrete the proteins, which help in various
transformations of pulmonary surfactant to ultimately achieve a surface active film lining
the air-alveolar fluid interface. The + and - signs indicate whether each of the proteins
are effective in performing certain processes in vitre, such as formation of mbular myelin
(TM), macrophage stimulation to engulf viruses or bacteria. The arrows indicate
pathways of secretion and recycling of the proteins associated with pulmonary surfactant
lipidic strucrures. Note that none of the proteins are shown in association or interacting
with the surface active film, since whether this occurs in situ is not clear to date. [From
Van Golde et al., (1994) reprinted with the kind permission of the author and publisher,

© American Physiological Society, MD]
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the surface tension of a.n- air-water interface to near 0 mN/m. None of the other
component lipids or proteins of surfactant in films can achieve such low surface tension.
Films of these components readily collapse at lower surface pressures or higher surface
tensions upon compression. [t is presumed that, by a process of selective exclusion of
other components such as unsaturated lipids or selective insertion of DPPC in to the
alveolar surface films, or both, pulmonary surfactant films are enriched with DPPC or
the lipid having rigid acyl chains. DPPC has poor adsorptivity and spreadability,
properties which are detrimental to the surface activity of PS. Spreadability and

adsorptivity of DPPC at an air-water interface are d by addition of small

of other surfactant lipids or protei The lipids, and the
hydrophobic SP-B and SP-C can enhance the surface activity of DPPC, by enhancing the

fluidizing of the phospholipid in

P P Y

. Thus it is presumed that there is a delicate

balance between rigid and fluid lipids in pulmonary surfactant for optimal surface activity

of the material.

Lau and Keough (1981) gnized that cold acclimatized wurtles had higher
unsaturated lipids in their PS than control animals kept at higher temperatures. Later
Daniels et al., (1990) observed that the amount of surfactant cholesterol increased with

decreasing body temperatures in lizards acclimatized to different [ es. Also PS

from lung fish and amphibians which maintain low body temperatures, have higher
cholesterol to disaturated PC ratios (cholesterol being about 20-30 % of the lipids)
compared to mammals and reptiles living at higher body temperatures (Daniels et al.,

1995). From these studies there is some indication that PS composition in various



species is probably delicatel lled depending on the sur ding or envi
temperature of the species. Thus it was suggested, that PS control its rigid and fluid
lipids, according to the thermal environment in which it is required to function (Daniels
etal., 1995; Lau and Keough, 1981). By increasing cholesterol and fluid lipid content,
animals living at low temperature would fluidize the rigid lipid to increase maximal
absorption and spreadability whereas they also might require less DPPC for to reduce the
surface tension of the air-alveolar fluid interface (Daniels et al., 1995; Lau and Keough,
1981). Animals living at higher temperature, would not require as much fluidizing lipids
since the amounts present in PS makes it exist in an almost fluid state because the rigid
chain phospholipid DPPC, is very close to its chain melting temperature (see chapter 3
for a discussion on rigid and fluid chains). This control of the composition of biological
systems for optimal performance is termed "homioviscous adaptation”, or adaptation of
fluidity of membranes or other systems by producing or reducing one type of fluid or
rigid molecules (Hadley, 1985).

Also the

ition of PS and p bly its fluidity is altered in surfactant

P

related di such as respi y di synd (RDS), and adult respiratory
distress syndrome (ARDS). The total saturated PC content of patients with idiopathic
lung diseases, is about 80 % less than that in normal human lungs (Ginther et al., 1995).
Avery and Mead, (1959) detected that PS from lungs of neonates with RDS showed
altered surface activity, and others have shown that the pulmonary surfactant of such
patients had lower PG content compared to the ones from normal individuals (Hallman

and Gluck, 1982). There are consistent reports in the literature from several groups
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indicating that PS of neonates with RDS had higher unsaturated PC/saturated-PC (DPPC)

ratios compared to normal neonatal PS (reviewed by Keough, 1985), although the exact

roles of the lipids in such disorders are unclear. Pul y surfactant p ins also play
an important role in normal PS, since targeted disruption of surfactant protein genes, can
induce respiratory distress. The lipid and protein components of PS, and the amounts
in which they are produced, may have some significant roles for optimal surface activity

of the material at the air-alveolar fluid interface. Fluidity of the material scems to be an

important criterion for PS function or dysfunction, and und, ding the fluidity of the

films of DPPC in combination with other PS components are one of the major focus of

this thesis. Further di ion of the possible fluidizing roles of d lipids,

cholesterol and the proteins play in PS are discussed in chapters 3-10, and that of porcine

pulmonary surfactant extracts in chapter 11.
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2.1] The Bilayer Membrane

The story of the di y that biologi b are

bilayers dates back to the early part of this century, and is interesting in its connections

(0] I films (Cadenhead, 1985). As early as 1925, Gorter and Grendel,

performed seminal experiments which led to our und ding of the biological

membrane as being a lipid bilayer, or two I with the in the layers

having their hydrophobic parts facing each other. These workers extracted lipids from

red blood cells and studied these lipids by spreading the molecules in

films at a fixed area air-water interface (Gorter and Grendel, 1925). From measurement
of the areas occupied by the lipid molecules, they computed the area of the erythrocyte
as half of that of the closely packed lipid films, and indicated for the first time that the
lipids were packed into two layers in the plasma membrane of the bloed cells (Gorter and

Grendal, 1925). Their calculations of the lipid bilayer areas were slightly flawed, since

they could not take into account the p of proteins in biological With
the advent of electron microscopy, the models of the biomembrane were modified as a

lipid bilayer ini i bedded in the lipid matrix, and the proteins could be

observed as dotted, globular structures on the surface of one or the other monolayer or
leaflet of the membranes. Spectroscopic studies of biomembranes showed that some of
the proteins embedded in the interior of the bilayer were a-helical and non-polar
(Leonard and Singer, 1966). From such accumulating evidence, Singer and Nicholson
(1972) proposed the “fluid mosaic model” of the biclogical membrane. This model,

suggests that biomembranes are dynamic structure where lipids and proteins diffuse
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Figure 2.1 Shows the typical molecular arrangements in biological membranes based on
the fluid mosaic model (A), the molecular structure of a phospholipid bilayer (B) and a
molecule (C). [(A) was reprinted from Bretscher, (1985) with permission from the author
and publisher ©Scientific American, NY]

The phospholipid melecules (C) in a bilayer (B) have the polar headgroups located
in water and the hydrophobic chains facing each other. The bilayer membrane (B) not
only consists of phospholipids, but other lipids such as cholesterol and glycolipids (A).

The proteins are of different varieties, including the b c-helical,

glycosylated, globular and peripheral proteins (A). [Note: similarities of some of the
structures of membrane proteins with those found in pulmonary surfactant. such as the

alpha-helix one with SP-C in figure 1.5]. Some of the proteins embedded in the interior

of the bilayer matrix have a-helical trans. g of pol i with
the polar residues located near or outside the bilayer. Most of the proteins and lipids
shown can diffuse laterally in the plane of the bilayer, but cannot traverse from one

monolayer to the other.
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around each other, in a fluid like environment (Singer and Nicholson, 1972).

2.2] Structure and Dynamics of the Biomembrane.

With the advent of some powerful biophysical and physico-chemical techniq

the structure and dynamic properties of the bi L have emerged.
Various studies of model membrane such as liposomes, black lipid membranes, planar
bilayer, and monolayers at the air-water interface have led to our current understanding

of the molecular structures and organization of the biological L

Nuclear magnetic resonance (NMR) spectroscopic studies on mouse fibroblasts

have shown that, the phosphatidylcholine (PC) and phosphatid ine (PE)

phospholipid headgroups are oriented parallel o the membrane surface (Scherer and

Seelig, 1987). The head p of pi idylgly (PG), an important constituent of

E. coli membrane, was shown to orient about 30° from the membrane plane in such a

way that the charged headgroups are ible to dival or 1 cations

(Mischel et al., 1987). Electron spin resonance (ESR) sudies using probes indicated that
water is able to partially penetrate the hydrocarbon core of the lipid bilayer in the liquid
crystalline phase or when the lipids are loosely packed (Griffith et al,. 1974). Neutron
diffraction methods indicated, that water penetration does not extend very far beyond the
glycerol backbone of the polar groups, when the lipids are in the gel or closely packed
phase (Worcester and Franks, 1976).

The E. coli membrane lipids, PG and PE were shown by NMR to contain a

primary hydration shell of 11-16 water molecules (Boyle and Seelig, 1983). Due to this
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hydration shell the lipids are fixed at their polar ends in warter, and thus the bilayer
structure can be maintained (Figure 2.1, B). The hydrocarbon chains of such a bilayer

membrane are located facing each other, giving the membrane interior a hydrophobic

envi In most biological memt the hyd chains of the phospholipids

have one or more double bonds. Such double bonds introduce a permanent kink (see
section [2.3) in the chains. When such molecules with chain kinks are packed in a
bilayer, the inter-molecular mobility about the C-C bonds is high and the acyl chains can

also undergo swinging motions near the kink region (Houslay and Stanley, 1983). The

of the ipid chains in bil; . with their head firmly

in the polar media, lead to distinct thermodynamic states or phases. Restrictions in acyl
chain packing due to molecular motion and kinks, in the case of biological membranes

leads to the distinct physical state of loosely packed phase called the L, or liquid

crystalline phase. When the temp e of such is ] the
motion of the chains, a more tightly packed or condensed phase called the gel or Ly

phase occurs. The ar of phospholipid in the gel and liquid crystalline phases

are shown in Figure 2.2 (bottom). In the gel phase the lipid chains are not fully
extended, but tilted at an angle to the plane of the bilayer (Houslay and Stanley, 1983).
The L, phase is what is usually thought of as representing the bulk of the lipids in
biological membranes. The fast motions of the chains in the L, phase about their C-C
bonds lasting 10 seconds, also yield smaller kinks in the chains. Other motions of the
chains such as flexing in directions shown by arrows Figure 2.2 (top box), lateral

diffusion of the molecules in the plane of the bilayer, and change of orientation of the
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headgroups or of the whole lecule are also possible in two di (Figure 2.2,
box, arrows).
2.3] Phase Transitions in Bilayers

Phospholipid les in bil when fully hydrated, can undergo phase
transitions due to alterations of p | ionic 1igth and pH of the
environment of the layers. These phase transitions can be indirectly d by heating

or cooling a lipid bilayer from «one phase to the other, and measuring the heat absorbed

during-dm change of phase. Figure 2.2 shows the typical phase transition and molecular

arrangement occurring in a bilayer of phospholipids, and a calori ical d
thermal absorbtion curve which is obtained during such a change of phase. The
transition from the arrangement of the lipids in the left panel to that represented on right
(Figure 2.2, bottom), is called the gel to liquid crystalline (L) phase transition. The

point where the maximum heat is absorbed during such a change of phase is called the

chain melting or transition temp by the sign Tc.

The L, phase has been shown to have two-dimensional order in the headgroup
regions but considerable disorder in the acyl chains, caused by the fast molecular motions
excited in the higher thermal states of the phospholipid molecules in the bilayer. In the

gel or L, phase, the molecules are packed tightly together (due to reduction of th 1

motion of the chains) and are highly ordered, corresponding to an all trans (Figure 2.2,
top) configuration in the acyl chains, similar to the ones found for the lipid molecules in

dry or dehydrated pure crystals. The all trans configuration allows the chains to be
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Figure 2.2. IlI the possi lecul ions of phospholipid molecules (top)
and the typical arrangement of the molecules in a bilayer in the gel or Ly (left) and liquid
crystalline L, or fluid phases (right). The molecular motions (arrow marks) can be

by various techni such as NMR, neutron-diffraction and ESR. [The bilayer

molecular structures were reprinted from Robertson, (1983), with the kind permission
of the author and publisher, ®Cambridge University Press, NY.]

The temperature - heat flow plot (bottom) represents the differential scanning
calorimetrically (DSC) detectable enthalpy change during the gel to liquid crystalline
phase transition, and the temperature where the phase change occurs (represented by the
symbol Te). The top panel indicates the gauche, cis and rrans isomers of the chains of
the phospholipid, and some of the isomerization may occur berween the chains carbon-
carbon bonds during the thermally induced (at Tc) phase transition.
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maximally extended to the plane of the bilayer, whereas a gauche bond alters the
direction or flexibility of the chains. Lipids in the liquid crystalline phase, possibly have
a sequence of frans-gauche-trans arrangements for a C-C-C (3 carbon) bond length of
the chain, resulting in kinks in the chain which effectively displace the portions of the

chains above and below the gauche bonds (Figure 2.2, top) (Houslay and Stanley, 1983).

Almost all double bonds found in phospholipids of biological are cis, and
introduce the same kind of change of direction in the chain as the trans-gauche-rrans
configuration (Gennis, 1989).

NMR swdies on fully hydrated DPPC bilayers indicate that the thickness of the
hydrocarbon or chain region is about 35 Angstroms (an angstrom unit or A =10"°
meters) in the liquid crystalline phase (Seelig and Seelig, 1980). If such DPPC chains

were in the all-trans configurati simple lecular di i or length of the

molecule would give the bilayer a thickness of 45 A, thus indicating that the chains of
DPPC in the liquid crysttaline phase have different oreintation with regard to the bilayer
plane, providing for the smaller thickness. The minimal cross sectional area per
molecule of a diacyl phospholipid like DPPC is about 38 A? and the chains tilted by an
angle of about 307 in the gel phase would effectively increase the cross-sectional area to
be compatible with that of the headgroup (Hauser et al., 1981). In the liquid crystalline
phase the introduction of the gawche configuration increases the effective chain
conformational or cross-sectional area to 50 A* (the molecules occupy more area as
shown in Figure 2.2, bottom). The effective liquid crystalline molecular areas for most

diacylated phospholipids are typically in the range of 60 to 70 A? (Gennis, 1985; Hauser

n



et. al., 1981). Some of cross-sectional areas of the phospholipid molecules in bilayers

also can be d by appraising the packing ct of the molecules after simply
spreading them at an air-water interface in films, indicaring the beauty of monolayers as

models for studying biological t (Cadenhead, 1985).

2.4] Domains in Biomembranes
Due to the heterogenous composition of biological membranes, the lipids or

may be regionali or organized, into domains. The separation of the

membrane lipids into compositional domains or lateral phase separation, can be due to
demixing of one type of lipid with the other within a single phase or interaction of lipids
with integral or peripheral proteins (Welti and Glaser, 1995). There is a large body of
evidence to suggest that there are transverse and lateral regionalization of lipids or
proteins or both, either in one or both leaflets (monolayers) of the bilayer, which are
termed as micro- or macro- domains of membranes (Tocanne et al., 1994).

Over the last two decades structural models of the gel to liquid crystalline phase

have predicted the co-exi of d ins in bilayer membranes (Houslay and
Stanley, 1983; Lee 1977). The structural model of phase transitions in gel state bilayers
from various studies tend to suggest that, as the temperature approaches that of the gel
to liquid crystalline phase transition (Tc), small pools of fluid lipid may form at cerain
regions of the gel phase (nucleation sites or areas where the lipids are slightly
disorganized). These pools of fluid lipid can be essentially contained by the overall

ordered lattice of the gel phase, and hence both fluid and gel phase lipid can co-exist in



the same bilayer (Houslay and Stanley, 1983). The size of these fluid pools increases
as the temperature rises, leading to their coalescence or fusion, which would transform
the lipids from some gel to all fluid phase in the bilayer. This event or phase transition
would likely be co-operative, or of the first order, meaning one phase would grow at the
expense of the other. The reverse can also occur when the fluid phase is cooled down
from above its Tc. This would occur as the temperature of the fluid phase approaches
the Tc of the lipids, when formation of clusters or islands of gel phase lipids would
occur. The packing of the gel phase clusters may be irregular or the phase may have

packing defects. Such defects may act as nucleation sites for the fluid phase, when the

phase ition occurs in d direction (Housley and Stanley, 1983; Lee 1977).
These domains in one component lipid bilayers have never been directly observed

by microscopy (during phase transitions), probably due to the small size of the domains,

and the relative speed of the transition being very rapid or the co-existence of the phases

occurring over very short time scale (Sankaram et al., 1992). Domain like structures in

two-phase, two-component lipid bilayers have been by
almost two decades ago (Luna and McConnell, 1978). These workers indicated that in
mixmres of DMPC/DPPC (4:1, mol/mol) band-like structure (domains) could be

observed ina th d, when the temp e of the system approached 35°C.

These domains (of one or the other lipid) or phase separation was observed since the
molecules of one type of lipids in the DPPC/DMPC bilayers segregated out into these
band like domains from the other lipids as the Tc of one of the lipids were approached

(Luna and McConnell, 1978). By indirect measurements and studies of two compeonent

pr——



or two phase lipid bilayers, others have also indicated the existence of domains or

gregated in such (Hui, 1981; Sankaram et al., 1992; reviewed by

‘Welti and Glaser, 1994).

In two p lipid bilay of fl recovery after

photobleaching (FRAP) have indicated that gel and fluid phase domains may co-exist,
one phase can form isolated domains in a "sea” or matrix of the connected or continuous
other phase (Vaz, et. al., 1989). Such domains may arise caused by many factors, such
as strong lateral or in plane interactions between membrane components, interaction

b the b and and on addition and

of certain by vesicul port, or by

of all or some

of these factors (Thompson et. al., 1992). The average size of such lipid domains may
range from a few to several thousand nanometres (Rodger and Glaser, 1991; Sankaram
et. al., 1992). ESR swmdies on model dimyristoyl/distearoyl -phophatidylcholine

(DMPC/DSPC) bilayers have indi 1 that d ins in one phase are disconnected, and

the number of lipids per domain increases linearly from a fixed number of nucleation

sites as the fraction of one phase chang peratively or at the exf of the other

(Sankaram et. al., 1992). Domains in bilayers composed of two types of lipids can be
detected with relative ease, since in such systems the demixing of one lipid with the other
(due to chain length and headgroup differences), leads to the process of phase

segregation. At a fixed temp one lipid p may be in gel and the other in

the fluid phase, leading to each component segregating or clustering into separate phases
(Sankaram et. al., 1992). Such phase segregation can also occur in bilayers of neutral

]



lipids mixed with acidic ones, under the influence of divalent cations, since the caticn
can interact with the acidic lipids headgroup and aggregate such lipids from the neutral

ones or demixing the lipids from one another into domains (Kinnunen et. al., 1994).

Such phase ion in bi ini lipids can occur also under thee
influence of oppositely charged p ins (Ki et. al., 1994 for review).

Proteins can lead to mi pic lateral b ity or domain formation in
bilayer lipid membranes. Integral or ce-helical ins (which trawrs-e-

the bilayer, Figure 2.2, A) can form domains, since there may be a hydrophobiic
mismatch of the protein’s hydrophobic (helix) length with that of the lipid bilayer or a
perfect match with the lipids in the bilayer in a particular phase (Marsh, 1995). Spian

label ESR of the i diffusion of integral membrane proteins hawe

indicated that the proteins are dissolved in the fluid phase and the lipids surrounding such
proteins are motionally restricted (Marsh, 1995; Ryba and Marsh, 1992). Others have
shown that binding of peripheral proteins to bilayer lipid headgroups led to re-
organization of lipids in one leaflet of the bilayer or the other, depending from which
direction the protein approaches the bilayer (Kinnunen et al., 1994; Tocanne et al-,

1994). Using i py of giant lip i or bilayers, Glaser amd

co-workers have visually observed such lipid-protein domains, and have indicated that
the domains can be as large as several micrometers (Haverstick and Glaser, 1987). They
also indicated that domains can be formed either by divalent cations interacting with
acidic lipid bilayers or by peripheral proteins such as cytochrome C with neutral lipid

systems (Haverstick and Glaser, 1987, 1988; reviewed by Welti and Glaser, 1994). Such
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domains were observed by inserting differently phospholipids in one

leaflet of the bilayer or the other, and the of one fl lipid from the

other, under the influence of proteins and cations (Haverstick and Glaser 1987; 1988;
Welti and Glaser; 1994). The functional significance of such domains (induced in model

lipid bil. or if such d ins occur in biological is mot clear at present,

although some speculations hg_\_re been made (Davis et al., 1980, Marsh, 1995; Thompson

et. al., 1992).

2.5] Monomolecular Films as Model Membranes.

"I propose to tell you of a real two - dimensional world in which pheromena occur

that are log to those described in ’Flatland™
Irving Langmuir, Nobel Prize in Chemistry (1932), [L ir (1936)].
Surfactants, most lipids, and some proteins are phipathi lecul

Amphipathic molecules have charged or polar "water loving" groups, and hydrophobic,
un-charged regions in the same molecule. When in contact with a hydrophilic-
hydrophobic environment such as an air-water interface, amphipathic molecules orient
themselves with the “water loving” group anchored in the polar medium (water) and the
hydrophobic parts exposed to the non-polar medium (air). Such simple arrangements of

hipathi lecules were d d as early as fourth cenmury BC by Aristotle who

spoke on the subject of "spreading oil on troubled water” (quoted from Ullman, 1992).

Later from the pioneering work of Lord Rayleigh, Agnes Pockels and Irving Langmuir
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our understanding of the nature, physical

prog and ly of such molecules in

films became more comprehensive (Reviewed by Gaines, 1966; 1995; Ullman, 1991).

The amphipathic molecules, by such an arrangement at the air-water interface, formed

ultra-thin, lecular (one-molecule thick), surface active films termed today
simply as thin films or monolayers. From several seminal works of [rving Langmuir
(awarded the Nobel Prize in Chemistry, 1932), the properties of thin films of several

organic lecules were discovered. Later when such films could be

wransferred into solid substrates such as glass and mica, some powerful physical
techniques were used to study them (Ullman, 1992). The technique of transferring thin
films on to solid substrate was developed from the work of Kathryn B. Blodgett, and
such transferred films are called Langmuir-Blodgett films (Blodgett and Langmuir, 1937).

Since lipids are amphipathic molecules, they easily form single molecular films

at the air-water interface, and these layers are similar to the monolayer leaflets of

biological membranes (mono- of the bi-lay I Ani volume of work
exists to date on studies of lipid films as models of biomembranes (reviewed by Birdi,
1989; Cadenhead, 1985; Ullman, 1992; 1995). Due to the simplicity with which such
films can be formed and transferred, thin films have been used to smudy systems as

diverse as synthetic optical-electronic devices, to perform molecular fabrication at

scale hnology), and as models for colloids, emulsions, liquid crystals,

urf non-ionic deterg: polymers and pulmonary surfactants (Kuhn, 1989;

Swalen et. al., 1987). The sheer volume of scientific work on and utilising thin films

over the decades has led to specialized j such as Thin Solid

of organic



Films, Langmuir, Journal of Colloid and Interface Science, Colloids and Surfaces. and
several textbooks on this area (i.e. Birdi 1989; Tredgold, 1994; Ullman, 1992; 1995).
The study of structures of thin films of surfactant and liquid crystals at an interface, and

our ical basis of understanding of the of

of liquid crystals
has led to another recent Nobel prize in physics awarded to Pierre-Gilles DeGennes
(DeGennes, 1991).

One of the earliest and a simplest way to measure properties of thin films was by
measuring the surface tension () of the air-water interface containing the film (surface
activil-y of the material). The surface tension of an air-water interface can be detected

by dipping a hened i plate or paper, in the water, and measuring the force

acting on the plate using a weighing bal (Ad 1990). Surface tension (y) is
defined as the force acting on molecules at the interface between two different materials
i.e. air and water, and normally measured in units of dynes per centimetre (dyn/cm) or
milliNewton per meter (mN/m). The interfacial surface tension of an air-water interface
is about 72 mN/m at 22°C. When a film of material which resides at the interface is
spread on such an interface, the surface tension of that interface decreases, or the force
acting per unit length on a detector plate is reduced (for example the surface tension of
water molecules at an air-water interface is reduced by a film since the amphipathic
molecules of the films anchor at that interface). These interfacial surface forces in the
presence of a film can also be represented in terms of surface pressure or x. For an air-
water interface the surface tension of water (v,) subtracted from the surface tension of

that interface with a film (v,) is equal to the surface pressure () of the film [= (mN/m)
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= ¥¢~ ¥ (mN/m)]. Further discussions on this matter can be found in a general textbook
of physical chemistry (e.g. Adamson, 1990). The surface pressure can be measured
directly as the force per unit of length along a barrier segment to hold the film in any

given state of comp i With i ing density of the molecules or decrease in the

film area, the surface pressure increases as an inverse function of molecular area of the
amphipathic molecules, and at a fixed temperature, can be presented as surface pressure-
area (w-A) isotherms. Figure 2.3 shows a typical surface pressure - area measuring
device or surface balance (bottom), and the surface forces acting at an air-water interface
with a film (top), indicating simple conceprualized models of  and . Surface pressure
= is considered analogous to the three dimensional pressure (P) and the area of the film
to volume (V) of molecules of an ideal gas. During compression of a gaseous system

such as water vapour, the molecules can be p d or d d into a number of

phases from gas to liquid to solid by d ing the or the energy of

the system (i.e. water vapour to liguid water to ice). Analogously in thin films, by

the in tv i ions at a fixed temp or i ing their

ur or packing, phase ition of the molecules from one phase to another

can also be achieved. The devices used for such measurements are called surface
balances as shown in Figure 2.3. During compression of such films, the molecules exert
an equal and opposite force on the barrier (Figure 2.3, top), which is the surface pressure

(=) of the films (Adamson, 1990).



Figure 2.3 Shows the model of a modified L

gmuir surface bal ining the air-

water interface with a layer of ph

pholipid with the surface forces

(arrow marks) involved in surface tension () and surface pressure (x) on such a surface

(top): and the surface balance part of an epifl mic pic surface bal

used to observe film microstructure (bottom).

The plate in the water surface (top, shaded black) measures the force the surface
tension exerts on it (downward pull, arrow), and this force can be measured in
milligrams by a weighing balance (black bar) or pressure transducer (bottom). The

barrier the mol I y against the fixed walls of the container.

The water molecules at the surface have differential forces (thin arrows, top)
exerted on them due to some parts of them being in contact with water proper and the
rest with air, compared to the ones in the bulk. This results in a force or energy which
attracts the surface water molecules towards the bulk, so that expansion of the surface
requires energy or the surface is under tension. This forces the interface to be like a
strerched film or under tension, and this surface tension can be measured as the force
acting per unit length of a dipping plate. When molecules are placed on the water
surface, these molecules decrease the surface ension by changing the forces involved in
the surface water molecules (triple-arrows), and decrease the surface tension of the air-
water interface. The lipid molecules when packed closely together exert an equal and
opposite force on the barrier compressing them or to the fixed walls of the container,

‘which can be d as surface p (7). A detailed design of the epifluorescence

microscopic surface balance is given in Figure 3.1.
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2.6] Phase Transition in Films

A typical surface p - area (w-A) isoth of a film of phospholipid and the

phospholipid packing and ori ion at the air-water interface in different phases are
shown in Figure 2.4. At very low packing density or surface pressure (or high area per
molecule, indicated by ellipses in the Figure), the lipid chains are close to the plane of

the air-water interface (panel A), the molecules are in a two dimensional gas phase

(Cadenhead, 1985, Gaines, 1966). With increasing packing density or d ing area
per molecule, the chains are pushed into a more nearly perpendicular orientation to the
plane of the interface (B), and as the surface pressure is increased above 0 mN/m (or
< 72 mN/m), the molecules undergo a gas (G) to liquid expanded (LE) or fluid phase

transition (panel B, C). With further packing and decrease of area per molecule (panel

D) the surface p pp a (break or plateau in the isotherm), the
molecules become rigid and further extended, and undergoes transition into the liquid
condensed (LC) or gel-like phase (Andelman et al., 1987). Further compression or
decrease of molecular area leads to the molecules moving into an almost vertical
orientation at the air-water interface, accompanied by a sharp increase of surface pressure
leading the LC phase to transform into a solid-like or solid condensed (SC) phase (panel
E). Further increase in packing from the end of SC phase is not permitted as the
molecules reach their limiting area (or the area where one molecule would have to
penetrate another to occupy the same space) and the monolayer or film collapses (C) at
the air-water interface. This is seen as a plateau occurring at the high surface pressure

end of the isotherms (C), where the surface pressure reaches about 72 mN/m for the

a



Figure 2.4 Typical packing arrang of phospholipid molecules at the air-water

imterface undergoing phase transition from gas (G) to liquid expanded (LE) to liquid

condensed (LC) to solid f i phase (SC) 1s); and the typical surface pressure-

molecular area isotherm observed from such transitions for DPPC are shown. The order

of i p or ds in molecular area is from the bottom panel (G)
upwards. The ellipses indicate the area per molecule of the phospholipid in that
particular phase. The arrow in the collapse (C) phase indi pulsion of a molecul

from the film at high packing state. In this phase (C) the monolayer is presumed to
collapse or fold into multi-layers below or above the air-water interface,

The letters in the isoth indi surface p where each phase may co-

exist with the next higher packed phase. The molecule in the left hand corner of each
panel shows that some of the molecules in the phase co-existence region, may undergo
conformations of the next higher packed phase. Using fluorescence microscopy the co-
existence of such phases in phospholipid films can easily be observed by incorporating
fluorescent probes which preferential partition in one phase but not the others (see next

section).
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film, and the equivalent calculated surface tension of the interface approaches 0 mN/m.
It has been argued that the surface pressure-surface tension relationship discussed above

is mot licable for insoluble films (i.e. ph

pholipid films) which are at surface
pressures above their “equilibrium surface pressure” (Bangham, 1987), which for most
phospholipid molecules is about 45 mN/m. Others have suggested that for certain films
such as those enriched in DPPC, which have long-term quasi stable properties up to
collapse and appear to be in mechanical equilibrium over long time periods with the
materials in the bulk phase, that the surface tension-surface pressure relationship may
apply (Goerke, 1992; Keough, 1992).

At an ambient room temperature of 22°C or at the physiological temperature of

most Is (37°C), phosphatidylcholines with two 1 acyl chains of 16 carbons

or higher undergo all these phase iti These it except collapse, are

reversible. The phase transition of such phospholipids from the liquid condensed to
liquid expanded phase in films, is related to their chain melting transition in bilayers.
By increasing the temperature of such lipids in films above their Tc, the LE-LC
transition can be abolished, and such films are fluid or liquid expanded at all surface
pressures up to the point of film collapse. The temperature where all the chains of the
phospholipids in such films become fluid (at all states of packing) is called the critical
point. This temperature (critical point) where this occurrs is the same as the lipids
calorimetrically detectable gel to fluid phase transition temperatures (Tc) in bilayer. The
liquid expanded (fluid) to liquid condensed (gel-like) phase transition in phospholipid

films has been reported to be of the first order, like the fluid to gel transition in bilayers

F—



(Andelman et al., 1987). The transition from LC (gel-like) to LE (fluid) phase is
accompanied by increase in the number of gauche conformers of the hydrocarbon chain,
due to each part of the chain passing from low energy to a high energy state (Georgallas
and Pink, 1982; Pink, 1984). Others have compared the LC to LE transition of DPPC
to the bilayer gel to fluid wansition by comparing the area occupied by the molecules in
the respective phases (Phillips and Chapman 1968). They recognized that below the
main bilayer phase transition temperamre of DPPC (Tc = 41°C) at a fixed surface
pressure of 20 mN/m (presumed to be the surface pressure of the bilayer), the molecule
occupied an area of 48 A%, indicating that the LC state in monolayers approximated the
gel state in bilayers. In the LE state the molecules occupied a higher area compared to
those in the LC phase, which was close to the molecular area in the bilayer of the
phospholipid in liquid crystalline (L,) or fluid phase (Phillips and Chapman, 1968).
Peters and Beck, (1983) measured the translational diffusion of lipid probes in
monolayers in the LE phase, and reported values close to the ones obtained for the same
lipid in the fluid phase in bilayers. Small differences between the bilayer and monolayer

molecular diffusional rates were noted, and were explained to be due to molecular

density ions occurring in phases or as one phase underwent transition

to the other (Peters and Beck, 1983), and such density f i were experi Y

detected by others in films (Andelman et al., 1987; Galla et.al., 1979; Triuble and

Sackmann, 1972). Although there is considerable debate on the analogy of the gel-like

LC phase in films and the gel phase (L,) in bilayers, and the equi of p in

the bilayer and monol or the comp ibility of one system versus the other, at least




the thermally induced ct in both sy are analogous (Andel etal.,
1987; Andelman and DeGennes, 1988; Cadenhead, 1985).

The LE 1o LC rransition plateau of the of phospholipids like DPPC in films

occurs at higher p with i i I and is finally abolished at the tri-

critical point, where all chains of the phospholipid becomes fluid or liquid expanded

(Albrecht et al., 1978). Bilayers of d phospholipid with i ing chain length

from 14 carbon (DMPC) to 16 (DPPC) show an almost 18°C shift of Tc (individual Tc
for DMPC is 24°C and DPPC 42°C) and the tri-critical point of these phospholipids are
also shifted by similar amounts (Albrecht et al., 1978; Blume, 1979). Small differences
berween mono- and bi -layer phase transition may arise, since bilayers have curvature
different from the flat or planar monolayers. Since the phospholipid molecules in the
bilayer are localized in a spherical arrangement (in each of the leaflets of a liposome)
compared to their more planar arrangements in films, the diffusional and other motions
of the molecules in the bilayers can be different from those in the film (Cadenhead,

1985). Recently developed technigues such as atomic force microscopy, X-ray

diffraction, neutron scattering, and some sp pi hods have all i for detailed
analysis of the phase transitions in films and allow for further examination of the bilayer-
monolayer debate (Ullman, 1991; 1995).

‘The phase transition from LC to solid condensed (SC) phase is more complicated

to comprehend, since this transition is continuous compared to the simple cooperative

LE-LC transition. The LC to SC transition is prot a i phase transition

since the discontinuity or break in the plateau of the isotherm between these two phases
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(Figure 2.4, LC to SC) of DPPC, is not very sharp. This lack of sharp breaks or kinks

in the isotherm indicates that the phase change occurring from LC to SC is continuous

and no distinction b the phase depleted and the phase formed can be easily made.
Controversy regarding the order of the LC to SC transition was raised due to reports
indicating that the region of the isotherms between LC and SC phase is not sharp (at least

for DPPC films), b of minor i and methods used to spread such lipids

in the surface, and is an experimental artifact (Hifeda and Rayfield, 1992; Nagle, 1980;
Pallas and Pethica, 1985). By spreading DPPC from solid crystals after meticulous
pu.riﬁéa:ion. Pallas and Pethica, (1985) reported a more discontinuous or sharper break
in the isotherms between the LC and SC phase, and stated that this transition is actually
of first order, as others have also recently reported (Hifeda and Rayfield, 1992), Recent
reports indicate that the LC to SC transition occurs with gradual dehydration of the lipid

headgroup and small ch in ori ion of the glycerol backbone relative to the plane

of the air-water interface (Brumm et al., 1994; Denicourt et al., 1994).
The discussion here is mainly focused on DPPC films and the phase transitions

which can occur in them, since DPPC is the main phospholipid comp of pulmonary

surfactant and mainly this lipid was studied in combination with all other surfactant
components (as discussed in the following chapters). Nevertheless it should be
mentioned here that all or some of these phase transitions can also occur in films of other
lipids. At room temperature cholesterol films exhibit only a gas to solid transition, and
unsarurated lipids a gas to liquid expanded tramsition (no LC or SC phase). The

differences in the phase transitions of such lipids compared to DPPC occur mainly due

g



to diffe in their molecul. ion and hence the packing of such

amphiphiles at the air - water interface. It is not clear at present what the exact

molecular conformations of the hiphiles are in the very low density gas (G) and the

high surface pressure collapse (C) phases.

2.7] Observing "Phenomena (or Alice !) in Flatland"

From the time of discovery of thin films, numerous attempts have been made o
directly observe by eye amphiphilic films at the air-water interface. Perhaps the Japanese
printers had seen such films a thousand years ago, when they reported observing oily
coloured patterns floating on top of chinese ink suspensions (Kuhn, 1989). Over the last
six decades numerous attempts have been made to observe the air-water interface
containing films, such as observing motions of floating talcum powder, coloured dyes,
floats, thin strings etc., placed in the films under different states of compression (Ullman,
1991). Although some of these attemnpts led to information about rigidity and viscosity

of thin films under different is ion states, no detailed information on micro-

structures of thin films could be obtained.

Fifteen years ago for the first time, Von Tscharner and McConnell (1981)
reported directly observing films of DPPC, and the LE to LC phase transition region of
the films using fluorescence microscopy. They reported that the liquid expanded-liquid
condensed (LE-LC) phase co-existence region of DPPC films was heterogenous and had
micro-structures. Peters and Beck (1983), while reporting the translational diffusion

rates of fluorophores in phospholipid films, first published fl . |

53

e



obtained from such films from the LE-LC regions of the isotherm. They reported for
films of dimyristoyl phosphatidic acid (DMPA) the LE-LC region had "black patchy”
areas in a "background sea" of fluorescently labelled phase (Peters and Beck, 1983).
Around the same time Losche and Mdhwald (1984a) also published a complete

description of the i called a i ic surface balance, which

d of a modified L ir surface bal (Figure 2.3) anached to a fluorescence

microscope. Utilizing this instrument they observed most of the phase transition regions

of a phospholipid film using various fluorop and published iled images of such
films (Lésche and Mthwald, 1984a). The principle behind the technique was simple, the
various phospholipid phases in films were observed by incorporating small amounts of
fluorophore-labelled lipids in the films, since such labelled-lipids (fluorescent probes)
would preferentially partition in one phase and not the others, giving high contrast
images from different regions of the films when observed by fluorescence microscopy.
In this technique the cbjective of the fluorescence microscope was brought very close
the air-water interface for film observation, either from the bottom through the subphase
water (Losche and Mhwald, 1984a; 1984b) or from the top through air (Peters and
Beck, 1983; Von Tscharner and MeConnell, 1981). Other groups including ourselves
constructed such balances to study thin films of materials of choice such as pulmonary

surfactant (in our case), biological pol and liquid crystals (reviewed

by Knobler and Desai, 1992; McConnell, 1991; Mdhwald, 1990; Seul and Andelman,

1995; Stine, 1994; Weis, 1991). The author ct d an epif

surface balance for studies on pul v surfs and its P earlier (the story
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of "oils, toils and troubles” is told elsewhere in Nag, 1991, MS thesis and Nag et al.,
1990). The term "epi" (in epifluorescence microscopy) means, the fluorophores in the
films are excited and their emissions observed visually using the same microscope

R this ique has been refined to a point where single fluorophore

) 1!

molecules in phospholipid films can be detected, using laser piping through optical fibres
to excite the fluorophores, and the technique is called near-field scanning optical
microscopy (NSOM) (Hwang et al., 1995).

The typical images observed by epifluorescence microscopy of a DPPC film are

shown in Figure 2.5. The films ined small of fl NBD labelled

phospholipid probe 1-p i J2-nitrobenzc di 1 P T il 1i
(NBD-PC) and were observed from above the air-water interface, at the surface pressures
indicated in by the letters in the isotherm (A-F). The white regions in all images indicate

the phase in which the fl probe p ially partitioned. The black region in

image (A) represent the gas phase (G), and the white regions the liquid expanded (LE)
or fluid phase. In images (C) to (F) the black regions represent the liquid condensed
(LC) or gel-like phase and the white region the LE phase. The probe NBD-PC
preferentially partitioned in the fluid or LE phase, giving contrast between the LC and
the LE parts of the film images. The images of the DPPC film also indicate, that the LC
domains had peculiar kidney bean shapes (Florsheimer and Mohwald, 1989; Nag etal.,
1991; Vanderlick and Mdhwald, 1990; Weis and McConnell, 1985). The chain
arrangements of DPPC in each phase are probably similar those shown in Figure 2.4.

A f i py yields some qualitative information about the
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Figure 2.5 Typical phase structures observed from DPPC films using epifluorescence
microscopy. These structures are observed due o preferential parmitioning of the
fluorescent probe NBD-PC in the fluid or LE phase of the films (white regions). The
surface pressure where the images were obtained are indicated in the isotherms by letters
a-f. The symbols in the top right hand comer indicates the phase co-existence regions
of the isotherms where such images were obtained. Scale bar is 25 pm.

The black regions in image (a) indicate the gas (G) phase in co-existence with the
fluid or LE phase (white regions). The white regions in image (b) indicates the fluid or
liquid expanded phase. The black regions in images (c) to (e) are liquid condensed (LC)
or gel-like phase in coexistence with other phases, and in (f) SC phase in which the probe
is trapped. Similar structures in pure lipid films have been observed using Brewster
angle, surface plasmon and atomic force microscopy which do not require fluorescent

probes to visualize such films. This indi such (cond: d/fluid

are not probe induced artifacts (see text for further details).
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phase structures of thin films, quantitative estimates are necessary to understand the
process of phase transitions occurring in such films under various states of compression.
At present there are three groups, which have used computer aided analysis and

estimation of the phase strucrures (Losche et al., 1988; Nag et al., 1990; 1991; Seul et

al., 1991). Such is can lead to estimations of the of the molecules which

are in the respective phases as a function of molecular area or surface pressure. Such
estimates were performed on various lipid and lipid-protein films, such as those of
pulmonary surfactant components, by using digital image analysis of randomly selected
images of the film ar different packing densities or surface pressures (details of the

computer aided image is are d in Appendix A). Such

of the film phases allowed us to study the interactions of lipids and proteins of pulmonary
surfactant, and as models of biological membranes, as performed by others on membrane
lipid-protein systems (Mohwald, 1990). Some of the quantitative information obtained

in our studies is compared to the information ilable on similar sy in

and thus the detailed discussion of the phase transition properties of bilayers in this
chapter was done.

The structures observed by fluorescence microscopy at or near the LE-LC
phase co-existence regions of different lipids and their mixed films are shown in Figure
2.6. The structures indicate that not only are the LE-LC region of lipid films
heterogenous, due to the coexistence of two distinct phases, burt also the shapes of the

LC domains (black regions) are extremely diverse. The black regions in all images in



Figure 2.6. Shapes of probe excluding (black) domains observed in various lipid films
using fluorescence microscopy from the LE-LC phase co-existence regions. Scale bar is

25 pm.

A - DPPC films comp at 0.13 A¥molecule/sec at ¥= 9 mN/m.

B - DPPC films I i at 0.013 A% /sec at x= 9 mN/m.
C - DPPC + 0.2 mol % cholesterol.

D - DPPC + 2 mol % cholesterol.

E - DPPC + 4 mol% cholesterol (C-E are from similar =)

F - DPPC + 2 mol % cholesterol at a higher = than E.

G - DPPG films with calcium.

H - POPC + 40 mol % cholesterol.

Such shapes of ins occur due to competition b line tension forces
acting along the ! i-fluid phase iaries and el ic interactions between
the molecules.
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Figure 2.6 represent the liquid condensed (LC) or gel-like phase which excluded the

probe. From observing such diverse LC domain shapes, the question of whether such

structures really represent lipid films organization or are lly created due to
fluorescent probe induced artifacts of such films arises. In the last few years others have
reported observing such diverse LC domain structures in lipid films without fluorescent
probes, and thus have answered the question quite conclusively. The diversity of LC
domain shapes in films is real. Some of the shapes and structures of domains in lipid
films as seen by fluorescence microscopy were also observed in similar films minus the
fluorescent probe by Brewster angle microscopy [BAM)] (Hénon and Meunier, 1991;

Widemann and Volhardt, 1996), surface plasmon microscopy (Hickel et al., 1989),

charge d ion electron mi py (Fischer and Sackmann, 1984), atomic force
microscopy [AFM] (Chi. et al., 1993; Mikrut et al., 1993) and time of flight mass
spectral microscopy (Leufgen et al., 1996). Non imaging techniques to study films such
as electron diffraction (Hui and Yu, 1993) fourier fi infrared sp opy

[FTIR] (Hunt et al., 1989; Mendelsohn et al., 1995), polarizati il

dichroism (Thompson et al., 1984), X-ray reflectivity (Daillant et al., 1990), X-ray
diffraction and scattering (Kjaer et al., 1988; Mdhwald et al., 1995) and computer
simulations (Georgallas and Pink, 1982; Pink, 1984; Mouritsen et al., 1989) have also
supported the existence of heterogenous phase structures in the LE-LC co-existence
regions of lipid films.

Fluorescence microscopy of films has been used to study several bio-mimetic

systems and processes such as lipid-protein i i in (reviewed by




Mohwald, 1990), enzyme lyzed hy is of phospholipids (Grainger et al., 1989;
Reichert et al., 1992), receptor-ligand binding (Ahlers et al., 1989, reviewed by Stine,
1994) and interactions of pulmonary surfactant and its components at the air-water

interface (Hall 1995a; 1995b; Discher et al., 1996 and chapter 3-11).

2.8] Molecular Architecture of Thin Films : Beyond Domains.

Although the swdies utilizing fl i py of phospholipid films

indicate the nature and properties of the phase it in such systems, the diversity
of shapes of the LC domains cannot be explained from such stadies. The arrangemeat
of the phospholipid molecules inside the condensed domains are not as simple as shown
in Figure 2.7 (B), since such domains shape (or their molecular orientations) are
drastically altered by minor changes in the system such as chirality of the lipids,

I ition, electro-magnetic field (Groves and McConnell, 1996; Lee etal., 1994; Rice

and McConnell, 1989; Wang et al., 1996). By increasing the intensity of light ona LC

(black) domain indivi lar diffusion, ori ion and chain tilt can be altered,
due to the incident photons effecting the chain arrang: inside such domains via

energy dissipation (Lee et al., 1994, Wang er al., 1996). The
ar of the inside the LC domains has been recently the focus of

interest of a number of groups, since techniques such as atomic force microscopy (AFM)

can be used to resolve single molecule ori i inside the i Information

obtained from some of the recent studies on molecul. and ori ions in the

different domains of lipid films is di d in the following chapters of the thesis, while
60
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Figure 2.7 Typical fluorescence microscopic (A), three dimensional molecular

arrangements (B) and atomic force mi aph (C) of phospholipi layers in the

liquid expanded-liquid condensed (LE-LC) coexistence region. The figures in (A) and
(B) are merged to show the LC-LE d i lecular ar The box in (A)

presents the plot of fluorescence intensity across a line in the image; and in (C) the
atomic force or depth profile across the line drawn diagonally across two LC domains.
[The AFM micrograph and plot in (C) was a generous gift from Dr. R. C. MacDonald
of Northwestern University, and is discussed in detail in Mikrut et al., (1993), ®
American Physical Society]

The intensity plot in (A) indicates that the fluorescence intensity drop inside the
LC domain (black) whereas it is higher in the LE or fluid regions in which the
fluorescent probe partitions. The atomic force profile (vertical tip movement vs
horizontal distance) in (C) indicates the height berween the two LC domains (circular

grey regions) d by a few indicating the molecules in the LE phase

have a lower height or are "softer” to the AFM tip. This would be the case if the
phospholipid acyl chains (B) were in a more "fluid" or expanded conformartion, and the

ones in the LC phase more rigid or more perpendi to the plane of the air-

water interface in the z direction. The molecules in the LE, LC or solid phase, though,

are all slightly tilted from a i licular ori ion, as observed in a number

of studies (see text).
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discussing lipid-lipid and lipid-protein interactions of pulmonary surfactant.
Figure 2.7 shows the typical three dimensional arrangement of phospholipid

molecules in films from the liquid and liquid exp d phases at an air-water

interface. The image in (A) of Figure 2.7 also shows a fluorescence intensity scan of
image and the distribution of intensity pixel along a line across a LC domain (black)
extending on both sides of the domain into the LE phase (white). The decrease in the
intensity from 200 to near 0 inside the LC domain (black in A) indicated that the

fluorescent probe did not penetrate this phase. The conceptualized three di ional

organization of the molecules in the LE-LC phase is shown in Figure 2.7 (B), and an
atomic force micrograph from the LE-LC phase region is shown in (C). The

that the molecules are more flexible in the LE phase, whereas more rigid

and perpendicular to the plane of the film in the condensed or gel-like phase are indicated
from studies in which "touching” the molecules of the film transferred to a solid substrate
was performed by atomic force microscopy (AFM) (Mikrut et al., 1993). This art of
“touching” the molecules was performed by using a one molecule thin metal tip of the
AFM, to scan the LC and LE regions of the phospholipid film, and observing the
movement of the tip away or into the different film phases ar a nanometre resolution.
The atomic tip tended to dip or penetrate more in the regions of the fluid or LE phase

compared to the LC phase as shown in the vertical tip movement vs horizontal distance

plot, below the AFM micrograph in (C). This dip or dep ion of the tip indi that
the LE regions of the film were softer or lower in height by a few nanometers compared

to the LC regions. This would imply that either the molecules were tilted in the LE
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phase away from a perpendicular to the film plane compared to the LC phase as shown
in (B), or the LE phase was softer or less dense than the LC phase (Mikrut et al., 1993).
Other studies using x-ray diffraction of films have also supported the fact that a height
difference exists between the LE and LC phase (Dailliant et al., 19%0). The reason why
fluorescent lipid probes in films inherently prefer the fluid phase is either due to the
probes chain tilt being similar to that of the phospholipid molecules in the fluid phase,
or due to the bulky fluorophore region of the probe’s NBD portion (shown by the grey
molecules in Figure 2.7 (B)) not being allowed to pack or mix with the more rigid and

tightly packed chains of the LC phase. Recent studies using Brewsier angle microscopy

(BAM) have shown that the of DPPC molecules inside the circular or
elliptical LC domains is not uniform, but groups of the molecule are organized inside the
domains (Weidemann and Volhardt, 1996). The molecules of DPPC were shown to

undergo orientational (rotational and positional) changes inside the LC regions with

increasing compression of the films (Weidemann and Volhardt, 1996). Comparative

studies of DPPC with other phospholipids in films indicated that the tilt or orientation (or
the erection) of the molecules in the LC phase is strongly dependent on the charge and
size of the headgroup of the phospholipids (Weidemann and Volhardt, 1996).

The resolution of fluorescence microscopy is about 2 pm, Mlﬂeas that of atomic
force microscopy (AFM) can be as low a 1 A. AFM of the films LE-LC phase

structures of farty acids and phospholipids indicate that the LE phase (which is not

P b ly fl under fl mic pe) has grainy

structures (Chi et al., 1993; Mikrut et al., 1993). Such grains (barely visible in Figure



2.7(C) as grey spots) are idered to be the leation sites for d

and such structures probably makes the LE phase 1 1 As

previously mentioned AFM images have indicated that there is a height difference
between the film's LC and LE phases, (Chi et al., 1993; Mikrut et al ., 1993). This
height difference would indicate the molecules in the LE phase are more tilted towards
the plane of the air-water interface compared to the ones in the LC phase.

The molecules in the LC phase of DPPC films are not completely perpendicular
10 the plane of the air-water interface. X-ray reflectivity of DPPC films suggests that
there is also a difference in height of 3 A between the LC phase of DPPC and the chain
length of palmitic acid. This difference is the same as one would expect in the case
where palmitic acid chains of DPPC were slightly tilted in the LC phase by a small angle

(30°) from their position of I dicularity to the plane of the air-water

p PP

interface (Dailliant et al., 1990). These smdies indicate that the chain arrangements and
tilts of DPPC in films can contribute to differences in height berween the various
domains in films, and such molecular arrangement of films are reflected in the
fluorescence microscopic studies in combination with other techniques can be studied
quite conclusively. Other studies have shown that molecular level details of the
phospholipids such as chirality (R or S enantiomers), are preserved in the shapes of the
LC domains (the clockwise-anticlockwise direction of domain protrusions), indicating that
the structure of this phase is far more complex than thought previously (Bringezu et al.,
1996; Groves and McConnell, 1996).

Using ing mnnelling mi py (STM) of DMPA films it has been shown

=



that the individual molecules in the liquid condensed-solid condensed (LC-SC) phase
coexistence region are spaced about 4.3 angstroms apart, and are organized in a

hexagonal lattice (Horber et al., 1988). This has been i by x-ray diffi

methods (Kjaer et al., 1988). Using near field scanning optical microscopy (NSOM) the
SC phase has been shown to be heterogenous (Hwang et al., 1995). The NSOM sudies
of DPPC films in the solid condensed (SC) phase indicate this phase contain filamentous
networks of LC phase (Hwang et al., 1995). Surface plasmon microscopy has detected
two separate phases co-existing in the SC region, and such phases consists of two distinct
types of solid domains. The domains differ in their hydrocarbon chain tilts and are in
equilibrium with each other (Kooyman and Krull, 1991). However charge decoration
electron microscopy of DPPC films have shown that the SC phase is quite homogenous
and had no domain structures (Fischer and Sackmann, 1984). Recently, the SC phase
of DPPC film was indicated to be a dehydrated phase, where the phospholipids
headgroup had a different conformation from these found in the LC phase (Denicourt et
al., 1994), and had lost the hydration shell associated with the molecules in the LE phase
(Brumm et al., 1994). Although fluorescence microscopy can not discriminate between
the LC and the SC phase, since at high surface pressure the lateral mobility of the
fluorescent probe decreases, or the probe gets frozen inside the solid-like phase. In the
course of this thesis the black regions are considered as a condensed (gel-like) phase at
all pressures and no attempt is made to discriminate the LC from the SC phase, and we
consider that all probe excluding regions (black) are condensed. The molecular

architectures of the gas and collapse phases are not clear at present.
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It is not clear at present how some of the lipid and protein components of
surfactant organize, interact and associate in films or at an air-water interface. The main

objective of this thesis is to study films of various pul v surfactant comp at

the air-water interface in spread and adsorbed films using epifluorescence microscopy.
By understanding the nature of the phase transitions of surfactan lipids and lipid-protein
films, a semi-quantitative assessment of the packing and associations of the lipids and
proteins with each other could be obtained. We first show how such packing or phase
transitions occurs in simple mixwres of DPPC with unsaturated lipid (next chapter),
phosphatidylglycerol (Chapter 4) and cholesterol (Chapter 5). Next, by fluorescently
labelling surfactant proteins we study the phase transitions, interactions and association
of the surfactant lipids with such proteins in films (Chapters 6-10). Finally we swudy
films of pulmonary surfactant extracts obtained from porcine lungs, to correlate some of
the properties of such films with the ones shown by its components in films (Chapter 11).

Further intery ion of the data obtained by fl microscopy of such films,

presented throughout the course of this thesis, is based on some of the molecular and

supra-molecular details of the phase structures discussed above.
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Chapter 3.

UNSATURATED

PHOSPHATIDYLCHOLINE
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INTRODUCTION

Monolayers of lipids at the air-water interface have long served as models for

biclogical b Also it is lly accepted that lipid monolayers of pulmonary
surfactant are responsible for the lowering of surface tension in the lung. A

¢ hension of the two-di i distribution of lipids in mixtures in monolayers

is fund: 1 to unds ding of pul vy surfactant function, and is highly relevant

o our p ption of two-di of lipids in monolayers. In this smdy

we employ the technique of epifluorescence microscopy of monolayers to study a set of

simple mixtures of DPPC (16:0/16:0-PC) and DOPC (18:1/18:1-PC) which are relevant

10 our perception of how both biologis could be ised

Among the phosphatidylcholine species of lung surfactant about 30-40 weight
percent of the lipid is mono-unsatrated (Hawgood, 1991; Kahn et al., 1995a; 1995b;
Lau and Keough, 1983). One of the earliest studies on the details of chain saturation of
lung surfactant PC indicated that canine surfactant PC contains about 60 % di-saturated
species, whereas the rest is a mixmure of monoenoic 16:0/16:1 (16 wt %) and 16:0/18:1
(10 wt%) species (King and Clements, 1972a). Currently comparative analysis of

surfactant with other tissues suggests that DPPC, an specics,

is present in other tissues, it occurs in the highest percentage in surfactant. The rest of
the PC pool contains monocenoic species, such as palmitoyl-oleoyl PC (16:0/18:1-PC or
POPC) and other phosphatidylcholines with the sn-2 chains having one or two double

bonds (i.e. 16:0/16:1, 16:0/18:2) (See section 1.5 for details). In various lung diseases,



the ratio of DPPC 1o PC ges in pul y surfactant (PS), and this can

alter the surface activity of the material when tested in vitro (Giinther et al., 1995;

Keough, 1984). Also, h iscous adaptation of animals exposed to various
temperatures, altered levels of fluid components or lipids which impart increased fluidity
to PS (Daniels et al., 1995; Lau and Keough, 1981). From such studies it is generally
concluded that the level of fluid components of the surfactant is metabolically tightly

controlled (Hawco et al., 1981b; Keough, 1984; 1992).

When P in s, DPPC, can wi high surface pressures
of about 70 mN/m, equivalent to very low surface tensions (v). Pulmonary surfactant
contains some unsaturated lipid species, which do not withstand such high =; these have
been suggested to play other roles such as facilitating adsorption and spreading of
material to the interface (Bangham et al., 1979; Hildebran et al., 1979; Notter et al.,
1980). DPPC can neither rapidly adsorb from an aqueous subphase nor quickly re-
spread from collapsed phases of monolayers after compression.

In bilayers, DPPC shows a chain melting phase transition (T) near 41°C
(Bashford et al., 1976; Blume, 1979; Davis et al., 1980). In PC monolayers below T,
closely packed molecules can sustain high =, or produce very low surface tensions, at
the air-water interface (Hawco et al., 198la). The T, of most, if not all narally
occurring unsamurated phospholipids are below 37°C and the lipids exist in a fluid or

chain-melted form at that

Monol of d lipids such as DOPC

(with T, below the do not wil d very high =, and they

collapse at a surface pressure near 50 mN/m (Notter et al., 1980). It has been suggested



that the unsaturated components are p y during p jon of a

pul v surfactant 1 . to enrich the monolayer with DPPC (Bangham et al.,
1979; Egbents et al., 1989; Hawco et al., 1981a, 1981b, King and Clements, 1972b;
Nouter et al., 1980).

In this study we have investigated a system of mixed films of DPPC:DOPC using

the epifl i pi iy We have ined the ing sizes of
condensed domains as a function of composition and surface pressure, and compared our
results to the thermotropic phase behaviour of these lipid systems in bilayers (Lentz et

al., 1976; Phillips et al., 1970). We have also sought evidence for the potential

lusion of one p from I during a series of cycles of rapid

compression to high surface pressure and re-expansion.
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MATERIALS AND METHODS

1, 2-Dipalmitoyl-sn-glycero-3-phosp line (DPPC) and 1, 2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) were purchased from Sigma Chemical, St. Louis,

MO. The f probe 1-palmitoyl-2-[12-{(7-nitro-2-1, 3-benzoxadiazole-4-
ylhamino} y1] phosphati line (NBD-PC) was obtained from Avanti Polar
Lipids, Birmingham, AL. The cationic probe 3,3'-di ¥ bocyanine

perchlorate (DiO) was a product of Molecular Probes Inc., Eugene, OR. Stock solutions
of the probes and the lipids were prepared by dissolving them in chloroform:methanol
(3:1, volivel). DPPC, DOPC and probe were mixed at molar ratios of 69:30:1, 49:50:1
and 29:70:1, and each individual lipid was mixed with probe at molar ratios 99:1 and
stored at -20°C. Monolayers were spread on an unbuffered 0.15 M NaCl subphase with
pH initially adjusted 1o 6.9. The saline was made with deionized, doubly-distilled water,
the second distillation being from dilute potassium permanganate.

C ion and ion of the monol and surface pressure - area

measurements were performed on a epifluorescence microscopic surface balance whose
design and schematics are described in Figure 3.1 and in detail elsewhere (Nag et al.,
1990, 1991). Before spreading the monolayers the surface was repeatedly aspirated o
clean the interface of contaminants. Monolayers were spread from chloroform:methanol
(3:1 v/v) solutions at the air-saline interface by dropwise placing the solution at the
interface from a microlitre syringe. A period of 30 minutes was allowed for solvent

before ion and ion were begun.
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Figure 3.1 Sct ics of the epifl i pic surface bal used to study
lipid films at an air-water interface (top) and the design and parts of this surface balance
(bottom, from Nag et al., 1990).

The different parts of the balance (bottom) are: A - teflon trough; B - metal base
for flow of water (temperamre control); C - teflon collar to minimise surface flow; D -

plastic cover to minimise air-flow; E - tight fitting teflon compression barrier; F - motor

for ion; G - limit switches for barrier motion control; H - Z-translator or
focusing mi ;I - vibration damp : I - solid stone block to minimize
vibrations; K - ducer; L - epifl filters; M - excitation light

source; N - image intensifier; O - CCD camera; P -microscope eyepiece.
The films are spread at an the air-water interface in a teflon trough (top; bottom-

A) and compressed or expanded using the barrier (t E). The fl from the

film is observed by focusing the objective of the epifl micr pic (botts
M, L, P) surface balance on to the water surface. The images are observed by the eye

(P) and are video recorded and analyzed using the CCD camera (N and O) and computer

software. Simul ly the surface p area data i from measuring the

surface tension of the air-water interface (K) are stored in a personal computer.
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Monolayers were compressed at two different rates of 20 mm®.sec (slow) and
707 mm?.sec” (fast) corresponding to initial rates of 0.19 A2.molecule™.sec” and 5.6 A%,

molecule” . sec™ respectively for the usual surface loads. [sotherms of DPPC, DOPC and

their mixtures were obtained using both rates of T ion at a P of 23 +
1°C, since instrumental limitations did not allow us to perform experiments at higher
temperature. In experiments where visual observations were performed, the monolayers
were compressed in 20 steps and the barrier stopped after each step for 1 minute.

During about eight of these one minute periods, at selected surface pressures, video

g of Pr was performed. Processing and analysis of the

recorded video images were performed using operator interactive software (JAVA; Jandel

Scientific, San Rafael, CA) on a personal computer as described in appendix A.
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RESULTS

‘When DPPC monolayers were compressed at a fast rate (700 mm®.sec™) isotherms
showed the onset of a LE-LC plateau at a surface pressure of — 7 mN/m and collapse
at ~71 mN/m. DOPC monolayers compressed at the same rate showed no LE-LC
plateau, and collapsed at 50 mN/m. When compressed at a slower rate of 20 mm’.sec™
the DPPC and DOPC monolayers showed isotherm properties essentially the same as
those obtained at the fast rate. The lipids were spread at an area per molecule of 140
Al molecule” (+ 5 A.molecule). Figure 3.2 (A) shows the isotherms obtained when
monolayers of DPPC:NBD-PC 99:1, DPPC:DOPC:NED-PC 49:50:1 and DOPC:NBD-
PC 99:1 which were compressed slowly with interruptions for video recording. The
inset of Figure 3.2 (A) shows the isotherms of monolayers of DPPC:DOPC:NBD-PC
29:70:1 and 69:30: 1 compressed at the same rate and the typical images observed in such
monolayers are shown in (B). The letters A-E, a-e, al-el and a2-e2 indicates the points
where visual fields were recorded for analysis. Isotherms of DOPC:NBD-PC 99:1
showed only LE phase, or no discontinuity up to the point of monolayer collapse.

The LE-LC phase transition of monolayers of DPPC:NBD-PC (99:1) under slow
compression was observed visually (Figure 3.2 B). Very small probe-free condensed
domains were found to appear at surface pressures of 3-5 mN/m. As surface pressure
was increased to 17 mN/m the domains grew to a larger size. The domains were
relatively homogenous in shape and distributed evenly over the visual fields. The

domains came in contact with one another at surface pressures above 17 mN/m, but did

T4
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Figure 3.2. Isotherms of DPPC:NBD-PC (99:1, mol/mol), DPPC:DOPC:NBD-PC
(49:50:1) and DOPC:NBD-PC (99:1), compressed in steps at a temperature of 23 + 1°C.

The inset shows isotherms of DPPC:DOPC:NBD-PC (29:70:1) and (69:70:1) (A). The

monolayers were comp in 20 steps at a speed of 20 mm®.sec’', and ar some steps
(indicated by the lerters) a waiting period of one minute was introduced, during which

visual recording was made.

B) Typical images of monolayers of DPPC:NBD-PC 99:1 [A-E], DPPC:DOPC:NED-PC
69:30:1 [a2-e2], 49:50:1 [a-e] and 29:70:1 [al-el] photographed from the video monitor
at the surface pressures indicated in the isotherms in (A). The black regions represent
the condensed phase and the greyish-white the expanded or fluid phase. In monolayers
of DPPC:DOPC:NBD-PC 29:70:1 there were whole fields containing no condensed

at surface p b 0 mN/m and 45 mN/m. The scale bar is 25 pm.
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not appear to coalesce or fuse up to a surface pressure of 71 mN/m. This phenomenon

was also observed using the cationic fluorescent probe DiO. DiO gave more intense

fi in the d regions (dark regions with NBD-PC) than in the fluid
phase (fluorescent with NBD-PC). In DOPC monolayers containing 1 mol% of NBD-
PC, continuous fluorescent fields, or a LE phase, were observed from low surface
pressures up to the point of DOPC monolayer collapse (~ 50 mN/m). At surface
pressures 2 mN/m below collapse of the DOPC monolayers, small areas (~ 2 pm in
diameter) of intense fluorescence, were observed in addition to the general fluorescence
of the whole field. While it is possible that the intensely fluorescent areas could be
caused by aggregation of densely packed regions of probe (probe aggregates) within the

monolayer, one might intuitively think that such tight packing could lead to self-

quenching of the probe. Another p ial explanation for the i di ity could

be the fc ion of multil llapsed phase) where the amount of probe in the

direction normal to the surface is i without i ing the packing density.
For the DPPC:DOPC:NBD-PC (49:50:1) mi small densed d

appeared at a surface pressure of 14 mN/m (Figure 3.2 B, a). The domains grew in size
with increasing surface pressure up to the point (d) in the isotherm. These domains were
not homogenous in shape or size, and most fields observed contained domains ranging
between 50 and 250 um®. In all mixed monolayers at surface pressures greater than 43
mN/m, three types of regions were seen. A low fluorescent background with dark
condensed regions and small spots of high intensity fluorescence was typical of the

images at these surface pressures. Decreasing the DPPC content of the monolayer



resulted in a slight decrease in the domain size at equivalent surface pressures as shown
in Figure 2(B), (a2 > a > al). Similar features of the monolayers were observed using
the probe DiO except at surface pressure > 43 mN/m no areas which corresponded to
the small fluorescent spots seen with NBD-PC were detected.

Q itative lysis of the of the 1 was performed on

digitized recorded images. The average size and number of domains was obtained as
described (Appendix A). Six to ten randomly selected frames were analyzed at each
surface pressure, indicated by letters in the isotherms in Figure 3.2 A, Figure 3.3 shows
the frequency distributions of domain sizes obtained from images of monolayers of
DPPC:NBD-PC 99:1, DPPC:DOPC:NED-PC 49:50:1 and DPPC:DOPC:1 69:30:1

(symbols same as in Figure 3.2). For DPPC:NBD-PC 99:1 (extreme left panel) the

ge size of the cond 1 domains i 4 with i ing surface as did
the scarter of sizes of the condensed regions. This pantern was consistent with those
observed previously with monolayers of this lipid (Nag et al., 1991). At surface
pressures higher than 17 mN/m the domains began to come in contact with each other,
and they could not be identified individually in order to perform a frequency distribution
analysis. The frequency distributions for the mixed monolayers (Figure 3.3 middle and
right panel) showed a different pattern; between = = 20 mN/m and = = 30 mN/m. The
frequency distribution in the right panel for the DPPC:DOPC:NBD-PC (49:50:1)
indicated a more skewed distribution of LC domains, between 27-38 mN/m. This
indicated that there were possibly two separate groups of LC domains in such mixed

monolayers, which probably arose from some demixing of the lipids, causing regions of

i



Figure 3.3 Frequency distributions of domain sizes of monolayers of DPPC:NBD-PC
99:1 (A), DPPC:DOPC:NBD-PC 69:30:1 (B) and 49:50:1 (C). The surface pressure in
mMN/m for each distribution is shown in the top right hand corner of each panel. Six o

ten randomly - selected frames were analyzed for each surface pressure.
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the film to have large and small domains. The images Figure 3.2 (B) for this mixmure

also tend to indicate large and small domains present in the field of view. The

heterogeneity in the size of the condensed domains i and above 40 mN/m they
reverted o the narrower distributions observed at the low surface pressure. For mixed
monolayers the range of sizes and the average size of the condensed domains was
generally smaller than that seen for DPPC alone.

Figure 3.4 (A) shows the plot of average domain size as a function of surfa.ce

for DPPC m¢

and the three different DPPC:DOPC monolayers. The

age domain size i i up to a surface pressure of 35 mN/m and then it decreas-ed
with further increase of surface pressure. For the mixed systems, the largest condens-ed
domains were observed in the monolayers of DPPC:DOPC:NBD-PC 69:30:1. In that
mixture the domains grew to about 200 pm?® at *=35 mN/m and then decreased o 70
wum® at surface pressures of ~ 40 mN/m. A similar pattern in the size-pressuare

relationship was also observed for monolayers of DPPC:DOPC:NBD-PC 49:50:1 and

29:70:1. The sizes of d d domains, including the i size at ~35 mNJ/m

was smaller with increasing content of DOPC in the monolayers.
Figure 3.4 (B) shows a plot of the percentage of condensed lipid [(total area of
the condensed domains)/(total area of the frame) x 100] as a function of surface pressere

(see dix A for a di ion on image analytical methods). For DPPC:NBD-PC

99:1 , the p of 1 lipid i as surface pressure was
raised, reaching a value near 80% at = 17 mN/m. Flérsheimer and Mohwald (1989)

observed similar proportion of condensed lipid in DPPC monolayers at a similar
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Figure 3.4. A) Average domain size, based on six to ten images from two separate
monolayers each, of DPPC:NBD-PC 99:1, DPPC:DOPC:NBD-PC 69:30:1, 49:50:1 and
29:70:1 plotted as a function of surface pressure. The error bars indicate plus or minus

one standard deviation.

B) Total percentage of condensed regions per frame plotted as a function of surface
pressure for DPPC:NBD-PC 99:1, DPPC:DOPC:NBD-PC 69:30:1 and 49:50:1

monolayers. Error bars indicate + one standard deviation.
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p that were [ at a lower rate and which contained a slightly lower

| probe c ion (0.7 mol). If one assumes that the probe is primarily
soluble in the liquid expanded phase, its concentration in that phase would then be
approaching 5 mol%, and it would have an effect to preserve a greater amount lipid in
the fluid state than would be in the case of the absence of probe. [t is of interest,
however, that the proportion of condensed lipids in monolayers containing
DPPC:DOPC:NBD-PC 69:30:1 and 49:50:1 showed a similar pattern to the average sizes
in Figure 3.4 (A). Over the range of 15 mN/m to 35 mN/m the percent condensation

d with i surface p The percent ! ion for monol

containing DPPC:DOPC:NBD-PC 29:70:1 could not be calculated because of
heterogenous distribution of images noted above. One can only estimate that the total

of cond d domains in the I was low.

Visual observations were performed on DPPC:DOPC:NBD-PC 49:50:1

monolayers under repetitive dynamic conditi of ¢ re-cycling.

The monolayers were spread at an initial surface load of ~ 80 A%.molecule™ and they
were repeatedly compressed and expanded 10 times at a fast rate of 700 mm®/sec (or an
initial rate of 3.2 A*. molecule™.sec™). An 11™ compression was done slowly in steps (20
mm?/sec) and visual observation was performed for 1 min at each step. The isotherms

of the fast compression- expansion cycles are shown in the inset of Figure 3.5 (A).

Analysis of the images observed on the 11%* i mpared to the data obtained

from a initial slow compression of DPPC:DOPC:NBD-PC 49:50:1 (solid symbols)

1 showed an i in the of | d lipids on the eleventh

F"‘"“



Figure 3.5 A) P ige of cond d regions as a function of surface p for two

DPPC:DOPC:NBD-PC 49:50: 1 monolayers, one compressed slowly once at 20 mm’.sec™
and the other compressed 11 times [fast (@) at 600 mm®™.sec™ for 10 cycles and followed
by a slow compression on the 11™ cycle]. The isotherms of the eleven compression -

expansion cycles are shown in the inser.

B] Typical images at a surface pressure ~ 33 mN/m from a single slow first compression
(top) and the 11" i ) of a of DPPC:DOPC:NBD-PC

49:50:1. Scale bar is 25 um.
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qui surface (Figure 3.5 (A)). The maximum percentage

at
of condensed lipid (obtained near = = 35 mN/m) increased nearly 3-fold (from about
12% to about 35%) between the singly and the 11-times compressed monolayer. Figure
3.5 (B) shows typical images observed at ¥~ 33 mN/m from a singly (top) and eleven-
times compressed (bottom) monolayer of DPPC:DOPC:NBD-PC 49:50:1. While the
number of condensed domains per frame was increased substantially on the 11%

sizes of cond dd ins were not sub ially ch d b the first

and eleventh compression.
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DISCUSSION

Fluorescence microscopy has been used in studies of monolayers of various single

lipids, and of chol l-phospholipid mi (Mghwald, 1990; Stine, 1994; Weis,

1991). In DPPC monolayers, studied here, there was a well defined LE-LC phase

transition and formation of large cond 1 di ins with i ing surface p

a behaviour consistent with that seen in previous studies (Nag et al., 1991). DOPC
showed a fluid or LE phase with no LE-LC phase transition (since all chains of the lipid
are fluid at this temperature), up to the point of monolayer collapse. This behaviour of
DOPC in monolayers has also been reported by others using a different lipid probe in
the monolayer (Yu and Hui, 1991). Electron microscopy of DOPC monolayers
transferred to solid substrate showed a single homogenous phase up to the point of

I collapse (Tchoreloff et al., 1991).

3.41] Phase transition in DPPC/DOPC mixes.

The surface - area isoth for the 1 of mi of DPPC

and DOPC did not show any inflection or plateau regions at low to intermediate surface

pressures where LE-LC wansitions occur in pure DFPC yers, although P

plateaus were observed at higher p Ci ins did form in the mixed
monolayers, but the domain sizes and total amount of condensed lipid were different
from those observed in monolayers of DPPC alone. In the mixed monolayers, the

condensed domains did not appear until higher surface pressures were attained. Even in



M

monolayers containing 69 mol% DPPC the domains grew to a average maximum size of
~ 200 ym® at 7~ 35 mN/m compared to ~ 1100 um*® in monolayers of DPPC plus
probe at substantially lower surface pressures (Figure 3.4 (A)). Also the percent of total
condensed phase of the mixed monolayers never reached more than 20%. Since the

iomai ined small at all p we that the DOPC interrupts

the extent to which DPPC enriched domains can grow. In the mixed monolayers it is

d that the ! d domains are enriched in DPPC over the original proportions

of that lipid. This behaviour is consistent with the broad thermal transitions of DPPC -
DOPC mixtures in bilayers which show monotectic properties (Egberts et al., 1989;
Phillips et al., 1970). Recently we and others (Hall et al., 1995a; 1995b; Discher et al.,
al., 1996), have shown that the maximum percent condensed (black) or LC phase reached
by pulmonary surfactant films, was about 20-25 percent (last chapter). This study
therefore would tend to indicate a direct role of unsarurated lipids in controlling the
condensation of PS films (detail for discussion in chapter 11). The arrangements of
DOPC in DPPC films are shown in Figure 3.6.

The monolayer properties can be related to the phase properties of bilayers of

these lipids (Lentz et al ., 1976). At 23°C DOPC is well above its gel to liquid crystal

phase it P t DPPC is well below it. Thus, monolayers of
DOPC never showed condensed domains at any h DPPC films undergo
the LE to LC ition, showing dy ins, at ively low The

mixtures approximating DPPC:DOPC 3:7, 5:5, and 7:3 are all in co-existence region of

gel and liquid crystal for bilayers at 23°C. The first of these three mixes is very close



Figure 3.6 Schematic model of mixed DPPC/DOPC monolayers at an air-water
interface. The DOPC molecules occupy more area in the monolayer due to the cis-
double bond in its oleoyl (C18:1) chains. The DOPC molecules probably prefer the fluid
phase of DPPC, and may prevent some of the fluid DPPC (curved chains, top panel)
from packing into the condensed phase (straight chain) upon compression, decreasing the
amounts condensed phase found in such mixed films. Upon recycling of such films,
DOPC may be irreversibly “squeezed out” (arrow in bottom panel) of the films into the

water subphase, enriching such films with DPPC.






to the liquidus of the bilayer phase diagram at 23°C, and the appearance of only very

d d d ins in the corresponding monol. is i with the

small

not readily formi ! i The other two mixtures show condensed

domains consistent with their location in the bilayer phase diagram. The similarity of the
properties of the monolayers and bilayers would suggest that it is reasonable to assume
that the condensed domains in the monolayers are enriched in DPPC. Tchoreloff et al.,
(1991) has studied similar DPPC:DOPC monolayers by electron microcopy. They

observed that in DPPC:DOPC 50:50 I near collap patchy areas 10

A thicker than those of the background monolayer could be observed (Tchoreloff et al.,

1991). The patches have been suggested to be of rigid hy

coexisting with fluid areas (Tchoreloff et al., 1991).

3.42] Peculiarity of the LE-LC transition in DPPC/DOPC films.

In all the mixed monolayers siudied the ge size of the

increased up to a surface pressure of 35 mN/m and then d i with higher p

The domain sizes and the [ ges of cond d ins were also affected by the

amount of unsaturated lipid in the monolayers. As would be expected, for any given =,
larger condensed domains and greater total coverage with condensed domains were

correlated with i ing DFPC ion in the mixed monolayers. At surface

pressures higher than 35 mN/m, the decrease in domain size and in the total condensed
lipids indicates that, a more complex process of lipid mixing (particularly lipid-probe

mixing), and chain reorientation may be occurring. A process of liquid ordering of

&7



DOPC could be consistent with the observation that, above = = 35 mN/m in all the
mixed monolayers, fluorescent regions with reduced intensity together with very small

(2-4 pm) regions of intense fluorescence could be seen. Above pressures of 35 mN/m

also, the sizes of the condensed domains d d in the mi with 69 and 49 mol
% DPPC. As the condensed domains initially nucleate under p they would be
rich in DPPC. As further ion occurs, , sufficient DOPC may be

ing in the d d regions to cause the probe to be dissolved in them.

Recent studies using Brewster angle microscopy (BAM) of pulmonary surfactant (lipid

extract) indi that the | d domains also in amount and size

at x above 40 mN/m (Discher et al., 1996). Since BAM techniques do not require

fluorescent probes in the films to visuali d d d ins, the expl ion given

above about solubility of probe cannot explain the ph of ing i i
phase in such films at = > 40 mN/m.

Also from results of our studies on pulmonary surfactant lipid extracts (Chapter
11), and the BAM evidence (Discher et al., 1996) it seems that the decrease of LC
domains in these DPPC:DOPC monolayers is due to a more complex process, than a
simple disorder-order phase transition. Others have speculated that in DPPC:DOPC

bilayers, during the ther pic phase ition there may be liquid ordered regions

coexisting with the fluid phase (Bashford et al., 1976; Lee et al., 1974). It was
suggested that this liquid ordering may be due to short range order in the hydrocarbon
region of the fluid lipids (Bashford et al., 1976). Fourier transform infrared

spectroscopy indicates that the order of the chains of DPPC in monolayers increases



during compression (Dluhy et al., 1989). Since the packing area of the lipids in a
partially ordered fluid phase in DPPC:DOPC films will be less than that in the fluid
phase, there may be less "need” to exclude solid DPPC into condensed domains and this

may be why the dark domains decrease slightly in size above pressure of 35 mN/m. It

is also possible that ar higher p the d d domains are f o sub-
micron structures which are not detectable by optical microscopy, thereby the total

amount of cond d domains i are under estimated. The details of how such

processes can occur are discussed further in chapter 11.

3.43] Squeeze-out from DPPC/DOPC films.

R ling of imolar mixed | of DPPC:DOPC for a number of

Y &

cycles at a fast speed, resulted in an appearance that was consistent with a loss of
unsaturated lipids from the monolayer. The percent of condensed lipids in the fields or
images after 11 cycles of fast barrier movement was increased about three-fold over that
of a monolayer compressed only once (Figure 3.5). A schematic diagram of such
"squeeze out” process is shown in Figure 3.6 (lower panel). This evidence suggests that
during cyelic compression and expansion some lipids which dissolved the probe were

being excluded from the . The exclusion may involve both lipid species, but

the unsaturated lipids would appear to be squeezed out to a greater extent than the

saturated lipid, since the p ige of cond dd ins is likely a good marker of the

saturated lipid content in the layers. F ial sqy t of the unsaturated

lipid species has been suggested to occur in similar mixed monolayers under rapid



compression (Egberts et al., 1989; Hawco et al., 1981a; Notter et al., 1980), and it may
be an important factor in the function of pulmonary surfactant. This finding is consistent
with the presumption that pulmonary surfactant is refined in the surface by selective
squeeze-out of unsaturated species (Hawco et al., 1981a; Hildebran et al., 1979; Notter
et al., 1980). It is interesting to note that Schirch er af ., (1989), using whole natural
surfactant in a captive bubble apparams, found that one slow compression can yield

bubble shapes consi with the p of a layer highly enriched in DPPC.

The composition of the surfactant may lead to a much more effective selective "squeeze-
out” of non-DPPC components than seen in this simple model. Such a process in natural
surfactant could be promoted not only by special lipid composition, but also by the

presence of unique proteins (Curstedt et al., 1987).

3.44] Fluidity of mixed PC films:Biological Relevance ?

At the usual temperature of biological organi consist mainly of
fluid and, occasionally, some rigid lipids. Such systems are complex in their phase
miscibility. This study suggests that in mixed monolayers of DPPC:DOPC at pressures

in d regions coexist with a partial ordered fluid phase. Such

partially ordering of charged fluid lipids into small areas in single leaflets of bilayers has
been observed in unilamellar vesicles by fluorescence microscopy (Haverstick and
Glaser, 1989). In that case the regionally-ordered areas were induced by cytochrome c
or calcium ions (Haverstick and Glaser 1987; 1988; 1989).

Pulmonary surfactant is a mi. of d and d lipid plus protein.

e



These results indicate that the amount of condensed phase which can occur if there is
unsaturated lipid present is less than one expects on the basis of loss of components. In

simple models of pulmonary surfactant where and san comp are

mixed (i. e. Hawco et al., 1981a; 1981b., and this work), the small amounts of

condensed regions may explain why, under slow pression, the monol llap
before high « is reached, since fluid lipid monolayers collapse at lower = than the ones
made with rigid or condensed lipids (i.e. DPPC). Although instrumental limitations
prevented us from performing experiments at 37°C, a number of species (reptiles) and
their Mnt function at lower temperatures.

[** Parts of this chapter and the figures used have been published as Nag and Keough,
(1993), in the Biophysical Journal (Appendix B, No. 9). Reprinted with permission from

the publisher and co-author.]
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INTRODUCTION

Phosphatidylglycerol (PG) is the major acidic lipid component of pulmonary
surfactant. PG is found in significant amounts (8-10 weight%) in most adult mammalian

lung surfactant, except in surfactant of the rhesus Y. ugh its ab: is

P d by higher of other acidic lipids such as PI in such species (King,
1984; Sanders and Longmore, 1975). About 30% of the PG in surfactant is estimated
to be disaturated (16:0/16:0-PG) (Adachi et al., 1989). Due to the unbalanced negatively
charged phosphate group located in the PG headgroup, the phospholipid has a low
(acidic) pK of 3.5-3.8 in 0. 1M saline, is singly charged at the physiological pH of 7, and
doubly charged at higher pH (Tocanne and Tiesse, 1990). PG is almost absent in
antenatal pulmonary surfactant detected in amniotic fluid, and is the major marker for
studying fetal lung maturity (Hallman et al., 1976; Hallman and Terano, 1981).

‘Whereas phosphatidylinositol (PI) is the major acidic p inp 1p Y

surfactant, it is replaced by PG with lung maturity after birth (Akino, 1992; Gluck, 1995;
Hallman et al., 1976; Hallman, 1992).

Phosphatidylglycerol is absent in infants with respiratory distress syndrome
(RDS), and decreased in adult-RDS (ARDS). Pulmonary surfactant extracted from
patients with such condition, shows altered surface activity when examined in vitro
(Gregory et al., 1991; Hallman, 1995; 1992; Hallman et al., 1977; 1982; Hallman and

Gluck, 1976). Also PG levels in surfactant are decreased in lung diseases such as

hypnea (Hal 1992) and is increased in surfactant of AIDS patients (Rose
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et al., 1994). Also PG has been shown to play some immunosuppressive role in the
induction of lymphocyte proliferation by surfactant (Ansfield and Benson., 1980). Re-
uptake for re-cycling of pulmonary surfactant materials administered to the alveoli by
type-II pneumocytes, is enhanced by the presence of PG (Rice et al., 1989; Oyarzun et
al., 1980). [n vitro assembly of wmbular myelin, the highly unusual mbe like non-
lamellated structure of surfactant requires PG and calcium (Benson et al., 1984).

‘The alveolar fluid lining or surfactant subphase contains about 1-2 mM calcium,
among other mono- and di- valent ions (Nielson 1986; Nielson and Lewis, 1988).
Calcium possibly interacts with the acidic headgroup of PG in surfactant (and with other
surfactant proteins and lipids) and allows for the formation of structures such as tubular
myelin. Tubular myelin allows for rapid adsorption of surfactant to the air-alveolar fluid
interface (see section 1.2). Similar concentration of calcium (2 mM) have been shown
to transform normal lamellar structures of PS into ubular myelin (Benson et al., 1984).

A number of in vitro surface activity measurements indicate that PG enhances the surface

activity of PS lipids by enhancing the i ption and ing of the
material at an air-warter interface (Brummer et al., 1995; De Fontagnes et al., 1984;
Egberts et al., 1989; Fleming et al., 1983; Fleming and Keough, 1988; Keough, 1992;
Notter et al., 1980; Wojciak et al., 1985).

The phospholipid PG is unusual and specific for pulmonary surfactant, as it is not
found in significant concentrations in any other eukaryotic cells, although it is present
in high amounts in bacterial membranes (Gennis, 1989; Schleifer and Stackebrandr,

1983). I ingly, acidic phospholipids such as hatidylgly | in bilayers under

— =



the influence of caleium, show some unusual thermotropic properties and fusogenic
(ability to fuse vesicles) potential (Findlay and Barton, 1978; Leckband et al., 1993;
Verkleij et al., 1974). To understand the properties of the acidic lipid-calcium phases,
fusogenic potential of lipid bilayers, and their use as models of biological membranes,
some studies using fluorescence microscopy of films of PG (Evert et al., 1994; Leckband
et al., 1993) and other acidic-lipid systems have been performed to date (Eklund et al.,
1988; Lésche and Mohwald, 1989; Maloney and Grainger, 1993; Mohwald, 1990).
Some of these studies have indicated that cations can condense, and induce lateral phase

separation in films of acidic phe ids by strong el ici ions (Evert etal.,

1994; Eklund et al., 1988).

Although most of the PG species present in pulmonary surfactant are unsaturated,

in order to avoid comp in interpretation b of effects of chain length and

in our ination.of how headgroup ol’PGa.m,. phati ine interact,
we have studied i of dipalmitoylphosphatidycholi (DPPC) and
dipal ylphosphatidylgly 1 (DPPG) films using fluorescence microscopy under the

influence of small (mM) amounts of calcium. The studywas also aimed at understanding
the film properties of DPPC:DPPG mixtures, as a ground work for studying more
complex lipid-lipid-protein tDPPC:DPPG:surt’actantbmwin) films of PS (discussed in

chapter 6).



MATERIALS AND METHODS

1, 2-dipalmi glycero-3-phosphocholine (DPPC), 1, 2-dipalmitoyl-sn-
glycero-3-phospt glycerol ium salt) (DPPG-Na) and 1-palmitoyl-2-{12-(7-nitro-
21,3+t diazole-4yl)amino)-dodecanoyl) phosphatidylcholine (NBD-PC) were

purchased from Avanti Polar Lipids, Pelham, AL. The lipids were found to be pure by
thin layer chromatography (Silica-gel-G), and used as received.

The lipids were dissolved in m 3:1 (vol/vol) and mixed in

desired molar ratios. Monolayers were spread on a subphase containing 0.15 M NaCl
buffered with 5 mM Tris-HCl and pH adjusted to 6.9 (with and without 1.6 mM CaCl,).

The salinity, pH and calcium ion of the subphase were similar to those found

in alveolar and other extracelluar fluids (Nielson and Lewis, 1988). The subphase was
prepared with deionized, doubly distilled water, the second distillation being from dilute
KMnO,. Care was taken to obtain the deionized water completely void of any ionic

o i since small ( ) of cations can drastically alter the liquid

condensed phase structures in acidic lipid films (L&sche and Mohwald, 1989). The ionic
content of the doubly distilled water was checked by semi-quantitative mass spectrometry
and it was found to be as free of inorganic ions as any standard mass spectroscopy grade
water samples available. All experiments were performed at a temperature of 22 + 1°C.

The experiments were performed on a epifluorescence microscopic surface
balance whose design and performance is discussed in the previous chapter. The

d slowly at an initial rate of 0.13 A*.molecule”.sec” (20

5 were

9%
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mm?.sec) in steps and compressions were stopped for | minute at each step, during
which the films were visually observed and video recorded. Typical images were

analyzed and the total amount of condensed (black) phase was determined as a function

of surface pressure by methods di in Appendix A.



RESULTS

The rtypical surface

P area (w-A) isoth of DPPC, DPPG and
DPPC:DPPG (mol/mol) 9:1, 7:3, 5:5, 3:7, 1:9 plus 1 mol % NBD-PC (minus calcium
in the subphase, i.e. the DPPG-Na) are shown in Figure 4.1 (top), and typical images
seen in some of the monolayers at a similar = (bottom). The 7-A isotherms indicate that
DPPC and DPPG-Na monolayers had almost similar x-A behaviour, and all mixed

| could be « d to high = of ~ 70 mN/m. The liquid expanded (LE)

+ to liquid d i (LC) pk or flat porti of the isotherms for the DPPG

. monolayers indicated that, the LE-LC transition for the monolayers of DPPG occurred

" at a slightly higher = than that for DPPC, but with increasing DPPC content this

transition plateau was shifted towards that of DPPC. Also the visual features observed
in all the DPPG-Na and the DPPC:DPPG-Na films were similar to those observed for
DPPC films alone. The LE-LC phase transition of such films showed the formation and

growth of LC domains on a fluorescent LE bickg-rw.nd. as seen for DPPC alone, except

' that for DPPG the LC domain were observed to appear at a slightly higher =,

corresponding to the higher LE to LC plateaus in the isotherms. The sizes of the

condensed domains in the DPPC, DPPC:DPPG and DPPG systems were somewhat

i similar. These features indicated that the lipids seemed to be quite well mixed in the

| condensed or expanded phase. The x-A properties of DPPG-Na and DPPC:DPPG-Na

are similar to the ones previousty observed by others (Bredlow et al., 1992; Pastrana-

Rios et al., 1994; Rana et al., 1993; Sacré.ar.'a Tocanne, 1977). Similar physical




Figure 4.1 Isotherms of DPPC, DPPG and their mixtures (DPPC:DPPG-Na 9:1, 7:3,
5:5, 3:7, 1:9; mol/mol) containing 1 mol% NBD-PC. The isotherms were constructed
over a saline subphase at pH of 6.9 (top), and typical images seen in some of these
monolayers at a # ~ 13 mN/m (bottom).

The black areas in the images rep the liquid ! (LC) and the

white the liquid expanded (fluid) phase. The symbols in top left of the images indicate

the lipid films from which they were obtained. Scale bar is 25 um.
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properties, such as gel to liquid—crystal phase transition temperatures, have been observed

previously with d PC amd PG (Findlay and Barton, 1978; Fleming and
Keough, 1983; Verkeleij et al. , 1974). The lipids appear to pack in the same fashion,
and so their monolayer and bilayer properties are quite similar.

The =-A isotherms of DPPG, DPPC and DPPC:DPPG (9:1, 7:3, 5:5, mol/mol)
monolayers with 1.6 mM calciuim in the subphase are shown in Figure 4.2 (top), and the

typical images seen in some of rthese films at a similar = (bottom). The DPPC:DPPG-Na

films showed ition plateaw s corresponding to an LE-LC transition in the range 7-10
mem-, Also all the mixed Films without calcium could be compressed o # ~ 70
mN/m, showing negligible effescts of DPPG on the packing of DPPC when the subphase

contained only sodium ions. Isotherms of the same mixwres on a similar subphase

1.6 mM calcium (closed showed a reduction of the = of the LE-LC

transition, and the isotherms in=dicated an i of the 1

DPPG-Ca and DPPC:DPPG-Ca (3:7, 5:5) at = less than 70 mN/m. Similar effects of
divalent cation binding of acidiec lipid headgroups on the LE-LC plateaus of the isotherms
have been observed by others,. and suggested to be due to a condensing effect of these
ions on the phase transition of ~such acidic lipids in films (Evert et al., 1994; Leckband
et al., 1993; Losche and Méhwwald, 1989; Taneva and Keough, 1995).

Sub i indicated that the 1L of the DPPG-Ca and

DFPC:DPPG-Ca films at relatively low =, compared to that in DPPC or the
DPPC:DPPG-Na films, may have been induced by the design of the fluorescence

balance. The balance contained a teflon collar inserted in the area of observation and
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Figure 4.2 Isotherms of DPPC, DPPG and DPPC:DPPG (9:1, 7:3, 5:5; mol/mol)

monolayers constructed over a saline subpk ining 1.6 mM calcium (DPPG-Ca)

(top) and typical images seen in such films at a # — 7 mN/m (bottom). Isotherms with
open bol the 1 formed on 0.15 M Na subphase only (DPPG-

Na), and those with closed symbols represent monolayers formed on a subphase
containing 0.15 M Na and 1.6 mM Calcium (DPPG-Ca).
The symbols on left of the images represent the films from which the images were

obtained, at a = of 8 mN/m. Scale bar is 25 pm.
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surface pressure measurement of the trough to reduce monolayer flow during visual
observation. The teflon collars were connected by small canals to the main body of the
trough (see Figure 2.3, bowtom). The Wilhelmy plate used for measuring surface
pressure is also contained in the collar region. Comparing the collapse = of the
DPPC:DPPG-Ca films (shown here), with those obtained by others using a balance
without the collar (Taneva and Keough, 1995), we found some discrepancies in the
values of the collapse . The DPPC:DPPG-Ca films in the latter system collapsed at a
much higher = (Taneva and Keough, 1995) than seemed to be the case in this sudy. We
interpreted, this difference to be due to the high viscosity of DPPC:DPPG-Ca films,
which did not allow the packing of the DPPG-Ca molecules to reach the same state in
the Wilhelmy plate dipping area (where the = is measured) as in the main parts of the
film. Thus the pressure sensing plate did not pick up the change of = as rapidly as the
monolayer area was changed. This occurred even though the balance was operated at
a very low compression rate.

The visual featres seen in the films of DPPC:DPPG-Ca (Figure 4.2) are quite
different from the ones seen for DPPC and the DPPC:DPPG-Na systems. The LC
domains in the DPPC:DPPG-Ca systems were larger and had "flower-like” shapes than
those found in systems without calcium (Figure 4.1). Similar flower-like domains have
been observed by others in acidic lipid films with divalent cations (Ca**, Mg**) (Ldsche
and Mo6hwald, 1989). This change of the shapes and sizes of the LC domains gave an
indication that there were possibly strong electrostatic interactions between the negatively

ion. Lische and Méhwald,

b d phosphate and the di
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Figure 4.3 Plot of percentage of the total area occupied by the condensed (black) phase
plotted as a ion of surface p (x). The sy shown in the inset represent

the isotherms containing similar DPPC:DPPG mixtures as shown in Fig. 4.1 and 4.2.

Error bars indicate + one dard deviati of an age of ten images analyzed at

each =.
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(1989), have indicated that the cation upon binding to the acidic lipid headgroups, alters

the interfacial line tension between the LE and LC phase, and thus the domains are more

convoluted than the more ded or elliptical app e of them in systems where no
such interactions occur (i.e. DPPC or DPPC:DPPG-Na).

As shown in Figure 4.3, the percentage of total area occupied by the condensed

domains, or black phase, in the p of calci h dan i at equivalent =,
with increasing DPPG in the films. In the of calci all the I gave
similar results for the amount of b i phase, indicating that there were no

significant differences in the amount of condensed phase between DPPC and DPPG films

at comparable T (open sy

mixed well

This may indi that the pk p
in either of the phases, even with the headgroup differences being present. Monolayers
containing 10 mol % DPPG had similar amounts of condensed phase to those seen in the

ik of calci In those ining more than that amount the curves of percentage

of condensed phase vs = were shifted substantially to the left, indicating that a greater
degree of condensation had occurred at all = in the films in the presence of calcium than

in its Also, the p ge of condensed domains in the monolayers containing

> 10% DPPG (with calcium) increased sharply between 5 and 15 mN/m compared to
those without the cation. At a comparable = of 20 mN/m, DPPG-Ca films showed
higher total condensed phase (> 90%) compared to the DPPG-Na (~70 %) system.

This indicated that calcium in millimolar can i the of cond |

phase of acidic lipid films and drastically affects the LE to LC transition of such films.
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DISCUSSION

4.41] No phase segregation in PC/PG mixed films.

Fluorescence microscopy has besen used to sudy in detail the ionic interactions
of divalent cations with acidic phospholiipid films. Divalent cations have been proposed
to induce lateral phase separations or ph.ase transitions in bilayers, as a result of specific
ion-lipid interactions and this may lead to membrane fusion (Findlay and Burton, 1978;

Leckband et al., 1993). Calcium induced condensation of the PG headgroups probably

results from additi y icity or i i the domains and d

ies in two opposing bilayers, amd ind fusion in such systems (Leckband et
al., 1993). Using fluorescence microscopy of DMPC/DMPG films, below their phase
transition temperature, 5 mM calcium does not induce any condensed domains at = where
the films are in the LE phase, indicaEing miscibility of the two lipids in that phase

(Leckband et al., 1993), Whereas in DLPC/DLPG systems (at 25 °C, which has only

LE phase at all =) slow but gradual phase segregation or ion of probe
and excluding domains have been observed (Leckband et al., 1993). Others have
observed that more chaotic LC domain shapes are observed in acidic phospholipid films

with i i i ion from the mi lar to millimolar range, and have

proposed that divalent cations effect nucleation, shapes and sizes of LC domains (Ldsche
and Mohwald., 1989). Palmitic acid was seen to phase separate in films of DPPC, in
the

of calci and also cationic fl dyes were found to bind to such

domains (Maloney and Grainger, 1993). Others have suggested, from =-A measurements
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of different chain length acidic ipid films, that calcium and other cations can

interact with DPPG films in the gel but not in the fluid phase (Sacré and Tocanne, 1977).
This study similarly suggests that calcium was able to maintain complete miscibility of
the two lipids in the monolayers and influence the phase transition of such lipid systems

small, mod and high of the acidic PG. Figure 4.4 suggests the

packing of DPPC with DPPG in films at the air-water interface, and the effect of calcium

on such films (bottom panel).

' 4.42] Calcium and dehydration of PG.

The divalent ion calcium affected the acidic DPPG and even the DPPC:DPPG
(7:3) systems, but not the zwitterionic lipid DPPC. The negatively charged headgroup

of PG is [ 1 Ly i by calci binding to it (Figure 4.4, bottom panel).

Binding of divalent cations to acidic headgroups can induce phase transitions in the case
of fluid monolayers (Evert et al., 1994) or the formation of larger condensed domains
(and the occurrence of high percentage condensation) at any w, such as seen in this study.
The calcium ions probably bind to the phosphate headgroups and cause the intermolecular
interaction of headgroups, especially those of acidic PG, 