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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 monomolecular 

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

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

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

are organized in bilayers, and for pulmonary surfactant films. 

Interactions of the main phospholipid component of PS , dipalmitoy lphosph- 

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 powerfui tool to study the organization of molecules 

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

combination with unsaturated phosphatidy lcholine (dioley 1-PC or DOPC) ; 

dipalmito ylphosphatidylglycerol (DPPG) ; cholesterol; and fluorescently labelled surfactant 

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

and lipid-protein films using epifluorescence microscopy allowed 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 unsaturated phosphatidylcholine, 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 structures and fluidized such 

films (Chapter 5 ) .  Hydrophobic surfactant protein - C (SP-C) perturbed the packing of 

DPPC and DPPCDPPG 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 8 and 9). Hydrophilic surfactant protein - A (SP-A) adsorbed to DPPC films, 

and was associated with the condensed-fluid phase boundaries of the lipid, and perturbed 

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

showed fluid to condensed phase transition upon compression, and probably other 

complex transitions which was indicated by a decrease in the amount of condensed 

domains with increasing packing states (Chapter 1 1). The condensed phase of LSE f h s  

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 

1 1). Some of the properties of LSE f h s  (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 

association and interactions between the major pulmonary surfactant components at the 



air-water interface. This study may aIso indicate feasible Lipid-Iipid and lipid-protein 

associations and micro-organisation in model of biological membranes. 
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"Surfactants allow us to protect a water surface and to generute beautiful 

soap bubbles, which delight our children." 

Pierre-Gilles DeGemes, 

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 

' to collapse the alveoli due to contractile tissue forces. The lipid-protein complex of 

I 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 number of disease conditions such as neonatal Respiratory Distress Syndrome (RDS) and 

Adult-RDS (ARDS) arise due to altered levels, composition, and in vivo inhibition of 
I 

pulmonary surfactant. Some of these situations are treatable by instilling surfactant 

z (natural and synthetic) or a combination of some of the pulmonary surfactants lipid- 

protein components into the diseased lung. The search for better and improved artificial 
! 

j surfactants for therapy has been the focus of intensive research efforts over the last few 

; decades, although the surface activity, nature and composition of the PS films in the 

alveoli and the biophysical transformations that PS undergoes from its cellular 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 molecular 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 treatments of PS 

related disorders. 

Pulmonary surfactant is rich in some unusual phospholipids such as 

dipalrnitoylphosphatidylcholine (DPPC) and phosphatidylglycerol which are not found in 

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 

I proteins of PS although present in small amounts (- 5-10 wt% of the lipids), play 

sigmfkant roles in its surface activity. The combination of lipid-protein complexes of 

i PS allows for the material to be uniquely surface-active. In v i m  the material can rapidly 

/ adsorb and spread at an air-water interface to form films, and these films upon 

j compression can reduce the surface tension of the interface to near 0 mNlm, and such 
L i 
: f h s  quickly re-spread from highly compressed states. Some of these biophysical 
I 

: processes are currently not well understood. The purpose of this thesis is to examine the i 
! 
I structures and surface properties of the pulmonary surfactant and its component films 

using a novel custom designed surface balance with microscopic attachments. This 

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

interface but also microscopically observe the association and semi-quantitatively assay 



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

interactions and associations of the main lipid component of pulmonary surfactant, 

DPPC, in combination with other components such as unsaturated lipid, acidic lipid, 

cholesterol, surfactant proteins A, B and C, and extracts of porcine pulmonary surfactant. 

Because of the nature of the f i s  and their constituents, these studies are not only 

relevant to PS but may also be considered as models for lipid-lipid and lipid-protein 

organizations in biological membranes. Also since monomolecuIar 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 

i submission for publication. The content of the organization of the thesis is that the first ! 

' two chapters are introduction to surfactant and biological membranes, and the rest I 
1 

description of data obtained on in vitro interactions of the various surfactant components 
! 

in films. 



Chapter 1. 

PULMONARY - . 

SURFACTANT 



1-11 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 fast detection of pulmonary surfactant in the giant mammal. Alexander 

Graham Bell in 1889, in trying to construct artificial ventilators for babies, stated that 

some babies die from inability to expand their lungs sufficiently when they take their first 

breath (citation from, Stem 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 consistent favourable 

surface tension. Around the same period Pattle (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 s p a  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 studied its composition (King and Clements, 1972b) and physical 



properties (King and Clements, 1972~). Schurch et al., (1976) fxst determined the 

surface tension of the lung air-alveolar fluid interface in situ, 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 between below 9 to 20 mN/m during deflation 

to inflation of the lungs. They also measured the dynamic dependency of this surface 

tension on lung voiumes, supporting 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 mdtilayers of lipidic film 

lining the air-alveolar fluid interface have been demonstrated (Schiirch and Bachofen, 

1995). Research in pulmonary surfactant over the last 60 years has lead to clinicians and 

surfactoIogists 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 (Cornroe, 1977; Goerke, 

1974; Obladen, 1992; Smith, 1995). I 

1.21 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 seminal studies on measurement 

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 

6 



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 

filling lungs with different fluids such as saline, hydrocarbons or fluorocarbons, the 

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 fdled 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 interface 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 removed by detergent washing. These studies indicate 

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

tension of that interface and thus alveolar morphometry, and any alteration of this surface 

tension (by using saline to abolish the air-alveolar fluid interface) or removal of this 

material (by detergent washing) leads to 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-breathing species (Bachofen et al., 1987; Schurch and Bachofen, 

1995; Wilson and Bachofen, 1982). Studies 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) (Schiirch 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), fxed at 70 % of total lung capacity. Scale bar is 

400 pm. 

The surface tension in the lungs fdled with air (A) was higher than the one with 

saline (B) since the saline abolished the interface between air and the alveolar fluid. In 

I case of (C), the materiai (surfactant) which controls alveolar surface tension was removed 

by detergent washing, there by altering the surface-tension from that of the air-filed lungs 

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

' B and C indicating that alveolar ultra-structure and surface area depend on the surface 

tension of the air-alveolar fluid interface. The highly cormgated surface of the alveoli in 

1 (A) allows for larger area of gas exchange, in contrast to the smoother (smaller surface 
I 

/ area) surfaces seen in (B) . [From Wilson and Bachofen (l982), OAmerican Physiological 
1 

: Society; reprinted with the permission of the authors and publisher]. 
j 





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 1 mN/m and the values are very stable, when the lungs are held at low 

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

do not have to be deflated quasi-statically and a minimum 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 parenchyma or tissue surrounding the alveoli) trying 

to collapse the lung. 

Clernents 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-molecular (monolayer) film. The lining film layer (Figure 1.2, bottom, 6) 

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

molecules forming a compact film or solid surface at low alveolar volumes. Trauble et 

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 

amphibian and non-mammalian species (Daniels et al., 1995). The concept that surface- 

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

interfacial layer of molecuks (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 theisurfactant 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, 9 e  Rockefeller University Press, NY with permission of the authors 

and publisher. ] 

The type-11 cells are involved in synthesis and secretion of pulmonary surfactant 

(top). The material is packaged in multi-bilayer lamellar bodies (LB, 4). After secretion 

into the dveolar fluid, the lamellar bodies transform into peculiar tube-like structures 

called tubular myelin (TM, 5) - Tubular myelin is presumed to be the precursor of the 

surface active f h  (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. 



FIud Surface 



tension has been modified to surface pressure or x by surfactant researchers, or y when 

discussing pulmonary surfactant films (Keough, 1992), although the term surface tension 

is kequently used by many (see Keough, 1992 for the arguments). Surface pressure (T) 

can be defined as the difference of surface te~sion (y) of an interface with a film (yJ and 

without (y,) or B = (yp - y,) [see chapter 2 for further discussion on surface pressure]. 

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 nom.dlj. emacted 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 material consists of various structures such as 

lamellar bodies, tubular 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 schematics of transfonnation 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 extracelluar transformation (termed "metabolism") 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), 

tubular 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 compression-expansion cycling of pulmonary surfactant suspensions 

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 

schematics of such transformations indicate that the main form secreted by type-I1 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 

peculiar tube-like structures, called tubular 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 



Figure 1.3. Electron micrographs of lamellar bodies (A), tubular 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 lattice. 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] 





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 pulmonary surfactant suspensions which contain 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 conversions 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 TM to film to W S A  are dependent on particular components of the surfactant (not 

yet clearly identified), and the process is called "extracelluar metabolism of pulmonary 

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 recendy 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 structures indicate that pulmonary 

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 metabolic biochemical pathways are involved. In the case of 

pulmonary surfactant, the extracellular material undergoes these transformations by 



biophysical and biochemical mechanisms. Thus, comprehension of the processes 

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

the material in v i m  at an air-fluid interface by surface physico-chemical measurements. 

Although much is known about the biochemistry and intra-cellular metabolism 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 vim.  The main 

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

recently developed biophysical technique of epifluorescence microscopy, which allows 

combining surface chemistry and micro-structural analysis of films surfactant and its 

component. 

1-41 Nature of the Air-Alveolar Lining Film. 

From the time of its discovery, until recently, the question which plagued PS 

researchers was, "Is there a thin film lining the air - alveolar fluid interface ?", 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 interface is continuous or if the fluid exists in 

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

traditional electron microscopy showed heterogenous "thin osmiophilic lining on a grey 

subphase" when aqueous glutaraldehyde fixation and osmium tetroxide (lipid-stain) 

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



osmiophilic lining also had various phospholipid structures, broken bilayer vesicles and 

other lipidic or osmium staining structures floating on top of them (Gil, 1985). Attempts 

to isolate and stain pulmonary surfactant films in sku,  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 to be 

discriminated from the normal bilayer membrane of epithelial cells by conventional 

electron microscopy. Schiirch and Bachofen (1995) used a unique technique of perhion 

of the Iungs 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 technique they demonstrated the nature and 

structure of the pulmonary surfactant lining layer which is shown in Figure 1 -4 (Schiirch 

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 muitilayers can be recognized " (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 Nm of pulmonary surfactant with essential phospholipid components, which 

makes such films highly surface active. Also recently the question whether or not 



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 cells (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 pm. From Schtirch and Bachofen, 1995; reprinted with the permission of the author 

and publisher, aMercel Dekker Inc., NY] 





normal alveoli are lined with a thin Iayer of alveolar fluid, on which such films or layers 

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

microscopy, (which preserves structures at liquid nitrogen temperature) demonstrated 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 p m  thick on average, 

and varied from a few nanometres to several micrometers from one alveolus to another 

(Bastacky et al., 1995). 

Although the lining Nm of surfactant has been demonstrated, there are only few 

indications to date on the composition, nature and structure of the pulmonary surfactant 

film in viva It is also not clear whether the surface active filrn in the lungs contains all 

or some of the pulmonary surfactant components, or whether such components can be 

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

i such surfactant films (last chapter) and the association, interactions and presence of 

i various components of pulmonary surfactant in v i m  in N m s  (Chapters 3-11). 

I 1.9 Composition of Pulmonary Surfactant. 

Pulmonary surfactant of various mammalian and vertebral species consists 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) , 

phosphatidy lethanolamine (PE) , phosp hatidy lserine and significant amounts of cholesterol 

among other neutral lipids (table 1, B) . The proteins, although detected in pulmonary 



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 (SF-B), -C 

(SP-C) and -D (SP-D) in their chronological order of discovery (Possrnayer, 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 I . ,  A) (Hawgood, 

1991). The phosphatidylcholine (PC) species is about 45 % dipalmitoylated or has 

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

dipalrnitoylphosphatidylcholine or DPPC (Akino, 1992; Hawgood, 199 1). 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 total 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- 

saturated, 2-unsaturated-PC, as in biological membranes), 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 publications, but its occurrence in such high amounts 



TABLE 1. 

(a) C O U W ~ O N .  

LIPIDS 90-95 
Phospholipid 75 

Saturated phosphatidylcholine (DPPC) 45 
Unsaturated phosphatidylchoUne 20 
PhosphatidylglyceroI (PG) 8 
Others (Phospha~dylethanolamine, 

phospha~dylinosito~ phosphatldylserine) 5 

Neutral Iipids (Cholesterol, di-ltd-glycerides) 10 

Other lipids patty acids) 2 

PROTEINS 5-10 
Loosely associated (mainly serum) 2 
Sariact ant apoproteins (SP-A, SP-B,SP-C & SP-D) 5 

* Modified from Hawgood, 1991 

C) C W  DISTRIBUTION 

b) PHOSPHOLIPID COMPOSITION 

P6) 7.5 
PE 6.1 
PI 1.8 
PS 0, I 
QSO-PC 0.3 
Others 1.2 



"ubiquitously" in surfactant is unique (Hawgood, 1991). Among other PC (table 1, C), 

monoenoic species such as palmitoyl-oleyl (16:0/18:1) and palmitoyi-pamitoleoyl 

(l6:O/ 16: I), dienoic species like palmitoyl-linoleoyl(16: 0/ l8:2), are also present in lung 

surfactant (Akino, 1992, Kahn et al., 199%). 

Phosphatidylglycerol (PG) is the major acidic lipid in the pulmonary surfactant 

of most adult marnrnalian 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 s i ~ i c a n t  

amounts in some bacterial membranes. The PG species in surfactant is present only in 

small amounts before birth as detected in the m~thers amniotic fluid, and increases with 

the gestational age of fetus. 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 surfact ant although 

low in PG, contains simcant 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 

phospholipids such as phosphadtidy Iserine and free fatty acids (palmitic acid) are also 

found in minor amounts in adult pulmoniry surfactant. The PG species in the 

extracelluar components of pulmonary surfactant of adult rabbits contain mainly 

16:0/16:0, followed by 16:0/18: 1 and 16: l/l8:2 species (Hayashi et al., 1990). Analysis 



of human bronchio-alveoiar lavage extracts indicated that PG consists of about 11.8 % 

of phospholipid by weight in normal individuals, whereas in patients 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 alteration in diseased conditions indicates 

that pulmonary surfactant lipid components have some definitive functional roles in 

normal lung functioning. 

Other lipids such as phosphatidylethanolamine (PE), lyso-phosphatidylcholine 

(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 (Riistow 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 



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 monomer molecular weights around 30-45 kilo Dalton, and belong to 

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 

extracted with organic solvents 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 

Native 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 
I 
1 (pink regions in Figure 1.5, A) containing some glycosylated residues near its C 

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

I these interactions allow for transformation of surfactant at the alveolar space to form 
I 

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

/ Detailed structure-function relationship, sequence, synthesis and functional roles of SP-A 

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

I glycoprotein, found in lung lavage, although its association with pulmonary surfactant 
i 

lipids and its functional roles in surfactant is not clear. 
1 

j 

Native SP-B is a hydrophobic 8.7 kDa (monomer), non glycosylated, disulphide 



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 with 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 w 3 c h  are the 

glycosylated regions of the protein, and the inter-twined filamentous stnetch is the 

collagenous domain. 

The charged amphipathic heIical 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. 



- SP-B 

A SP-A trimer 

SP-C 

hydrophobic 



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, t + signs) dispersed between the sequence of hydrophobic residues. 

Native SP-C is an acylated (dipalmitoylated), extremely hydrophobic, a-helical peptide 

of MW of 4.2 kDa, the acylation being at the cysteine residues near its N-terminal 

(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-I1 pneumocytes, packaged with 

the lipids into lamellar bodies and secreted to the air-alveolar fluid interface. From in 

virro experiments it can be demonstrated that SP-A and SP-B in combination 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 alveoiar fluid to engulf viral and bacterial particles. 

1. q 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 



Figure 1.6 Schematics of synthesis, secretion and functional roles of pulmonary 

surfactant proteins, SP-A (A), SP-B (B) and SP-C (C). Abbreviations used are: LB- 

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

erythrocytes ; AM-alveolar macrophage; MES-mesenchymai cells ; Cap-capillary] . 

The type-I1 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 vitro, such as formation of tubular 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 structures. 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, 

a American Physiological Society, MD] 





the surface tension of an air-water interface to near 0 mN/rn- None of the other 

component lipids or proteins of surfactant in € i s  can achieve such low surface tension. 

Films of these components readily collapse at lower surface pressures or higher surface 

tensions upon compression. It 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 fms, 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 enhanced by addition of small amounts 

of other surfactant lipids or proteins. The unsaturated lipids, cholesterol, and the 

hydrophobic SP-B and SP-C can enhance the surface activity of DPPC, by enhancing the 

1 fluidizing of the phospholipid in bilayers. Thus it is presumed that there is a delicate 

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

1 of the material- 
I 

! Lau and Keough (1981) recognized that cold acclimatized turtles had higher 
1 

I 

unsaturated lipids in their PS than control animals kept at higher temperatures. Later 
i 

Daniels et al., (1990) observed that the amount of surfactant cholesterol increased with I 

i decreasing body temperatures in lizards acclimatized to different temperatures. Also PS I 

I from lung fish and amphibians which maintain low body temperatures, have higher 

i cholesterol to disaturated PC ratios (cholesterol being about 20-30 % of the lipids) 
i 
i compared to mammals and reptiles living at higher body temperatures (Daniels et al., 
I 

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



species is probably delicately controlled depending on the surrounding or environmental 

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 

et al., 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 composition of PS and presumably its fluidity is altered in surfactant 

related diseases such as respiratory diseases syndrome (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 (Gunther 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 Crom normal individuals (Hallman 

and Gluck, 1982). There are consistent reports in the literature from several groups 



indicating that PS of neonates with RDS had higher unsaturated PCkaturated-PC (DPPC) 

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

roles of the lipids in such disorders are unclear. Pulmonary surfactant proteins 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 seems to be an 

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

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

this thesis. Further discussion of the possible fluidizing roles of unsaturated lipids, 

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

L pulmonary surfactant extracts in chapter 1 1. 



Chapter 2. 

BIOLOGICAL 

MEMBRANE 



2.11 The Bilayer Membrane 

The story of the discovery that biological membranes are phospholipid 

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

to monolayer films (Cadenhead, 1985). As early as 1925, Gorter and Grendel, 

performed seminal experiments which led to our understanding of the biological 

membrane as being a lipid bilayer, or two monolayers with the molecules 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 monomolecular 

films at a frxed 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 blood cells (Gorter and 

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

they could not take into account the presence of proteins in biological membrane. With 

the advent of electron microscopy, the models of the biomembrane were modified as a 

lipid bilayer containing proteins embedded 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 biomernbranes 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 biological membrane. This model, 

suggests that biomembranes are dynamic structure where lipids and proteins diffuse 



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, NYI 

The phospholipid molecules (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 transmembrane &-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 1.51. Some of the proteins embedded in the interior 

of the bilayer matrix have a-helical trans-membrane segments of non-polar residues, 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). 

2.21 Structure and Dynamics of the Biomembrane. 

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

the structure and dynamic properties of the biomembranes have somewhat 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 membrane. 

Nuclear magnetic resonance (NMR) spectroscopic studies on mouse fibroblasts 

have shown that, the phosphatidy Icholine (PC) and phosp hatidy lethano lamine (PE) 

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

Seelig, 1987). The headgroup of phosphatidylglycerol (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 accessible to divalent or monovalent cations 

(Mischel et al., 1987). Electron spin resonance (ESR) studies 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 



hydration shell the lipids are fuced at their polar ends in water, and thus the bilayer 

structure can be maintained (Figure 2.l .  B). The hydrocarbon chains of such a bilayer 

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

environment- In most biological membranes the hydrocarbon chains of the phospholipids 

have one or more double bonds. Such double bonds introduce a permanent kink (see 

section 22.3) 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 

motions of  the phospholipid chains in bilayers, with their headgroups firmly embedded 

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 La or liquid 

crystalline phase. When the temperature of such membranes is lowered to decrease the 

I motion of the chains, a more tightly packed or condensed phase called the gel or Lg 
I 

phase occurs. The arrangement of phospholipid in the gel and liquid crystalline phases 
1 

' are shown in Figure 2.2 (bottom). In the gel phase the lipid chains are not fully 
1 

, extended, but tilted at an angle to the plane of the bilayer (Houslay and Stanley, 1983). 
. . 

1 The La phase is what is usually thought of as representing the bulk of the lipids in 
I 
L 

: biological membranes. The fast motions of the chains in the La phase about their C-C 

bonds lasting 10" seconds, also yield smaller kinks in the chains. Other motions of the 
I 

: chains such as flexing in directions shown by arrows Figure 2.2 (top box), lateral 

i diffusion of the molecules in the plane of the bilayer, and change of orientation of the 



headgroups or of the whole molecule are aiso possible in two dimensions (Figure 2.2, 

box, arrows). 

2-31 Phase Transitions in Bilayers 

Phospholipid molecules in bilayers, when fully hydrated, can undergo phase 

transitions due to alterations of temperature, pressure, ionic strength and pH of the 

environment of the layers. These phase transitions can be indirectly detected by heating 

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

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

arrangement occurring in a biEayer of phospholipids, and a calorimetrically measured 

thermal absorbtion curve which is obtained during such a change of phase. The 

transition fiom 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 (La) phase transition. The 

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

chain melting or transition temperature denoted by the sign Tc. 

The La 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 thermal 

motion of the chains) and are highly ordered, corresponding to an all tram (Figure 2.2, 

top) configuration in the acyl chains, similar to the ones found for the lipid molecules in 

dry or dehydrated pure ctysrals. The all trans configuration allows the chains to be 



Figure 2.2. Illustrates the possible molecular motions of phospholipid molecules (top) 

and the typical arrangement of the molecules in a bilayer in the gel or L, (left) and liquid 

crystalline L, or fluid phases (right). The molecular motions (arrow marks) can be 

detected by various techniques 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 

calorimeaically (DSC) detectable enthalpy change during the gel to liquid crystalline 

phase transition, and the temperature where the phase change occurs (represented by the 

symbol Tc). The top panel indicates the gauche, cis and trans isomers of the chains of 

the phospholipid, and some of the isomerization may occur between the chains carbon- 

carbon bonds during the thermally induced (at Tc) phase transition. 



Temperature ('C) 



maximally extended to the plane of the bilayer, whereas a gauche bond alters the 

direction or flexibility of the chains. Lipids in the liquid crystalhe phase, possibly have 

a sequence of trans-gauche-trans arrangements for a C-C-C (3 carbon) bond length of a 

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 membranes are cis, and 

introduce the same kind of change of direction in the chain as the trans-gauche-trans 

configuration (Gennis, 1989). 

I NMR studies 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-lo 

meters) in the liquid crystalline phase (Seelig and Seelig, 1980). If such DPPC chains 

were in the all-trans configuration, simple molecular dimensions or length of the 

molecule would give the bilayer a thickness of 45 A, thus indicating that the chains of 

1 DPPC in the liquid crysttaline phase have different oreintation with regard to the bilayer 

I 
t 

plane, providing for the smaller thickness. The minimal cross sectional area per : 

i 
I molecule of a diacyl phospholipid like DPPC is about 38 A2 and the chains tilted by an . 

j 
l angle of about 30" in the gel phase would effectively increase the cross-sectional area to 
! 

i 
i be compatible with that of the headgroup (Hauser et al., 1981). In the liquid crystalline 
I 

phase the introduction of the gauche configuration increases the effective chain 

t 
i conformational or cross-sectional area to 50 A2 (the molecules occupy more area as 

shown in Figure 2 -2, bottom). The effective liquid crystalline molecular areas for most 
! 
i diacylated phospholipids are typically in the range of 60 to 70 (Gennis, 1985; Hauser 



et. al., 198 1). Some of cross-sectional areas of the phospholipid molecules in bilayers 

also can be measured by appraising the packing changes of the molecules after simply 

spreading them at an air-water interface in films, indicating the beauty of monolayers as 

models for studying biological membrane structures (Cadenhead, 1 985). 

2.41 Domains in Biomembranes 

Due to the heterogenous composition of biologica1 membranes, the Iipids or 

+ proteins may be regionalized, 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 

4 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 

; 
I termed as micro- or macro- domains of membranes (Tocanne et al., 1994). 

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

I 

I I 
transition have predicted the co-existence of domains in bilayer membranes (Houslay and 

i 
I I 

1 
Stanley, 1983 ; Lee 1977). The structural model of phase transitions in gel state bilayers 

I 
I from various studies tend to suggest that, as the temperature approaches that of the gel 
I 

to liquid crystalline phase transition (Tc), small pools of fluid lipid may form at certain 
I 

1 regions of the gel phase (nucleation sites or areas where the lipids are slightly 

I disorganized). These pools of fluid lipid can be essentially contained by the overall 
I 

I 

I 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 frrst order, meaning one phase would grow at the 

expense of the other. The reverse can also occur when the fluid phase is cooIed 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 transition occurs in reversed 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 demonstrated by electron microscopy 

almost two decades ago (Luna and McConnell, 1978). These workers indicated that in 

mixtures of DMPC/DPPC (4: 1, mol/mol) band-like structure (domains) could be 

observed in a smooth background, when the temperature 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 DPPClDMPC 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 component 



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

segregated structures in such systems (Hui, 1981 ; Sankaram et al., 1992; reviewed by 

Welti and Glaser, 1994). 

In two component lipid bilayers, measurements of fluorescence 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 

between the membrane components and cytoskeletal elements, and on addition and 

removal of certain components by vesicular transport, or by combination 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 studies on model dimyristoyl/distearoyl -phophatidylcholine 

(DMPC/DSPC) bilayers have indicated that domains 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 changes cooperatively or at the expense 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 f i e d  temperature one lipid component 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 catio-n 

can interact with the acidic tipids headgroup and aggregate such lipids from the neutral 

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

Such phase segregation in bilayers containing charged lipids can occur also under the 

influence of oppositely charged proteins (Kinnunen et. al., 1994 for review). 

Proteins can lead to microscopic laterai heterogeneity or domain formation in 

bilayer lipid membranes. Integral or trans-membrane a-helical proteins (which traverse 

the bilayer, Figure 2.2, A) can form domains, since there may be a hydrophobic 

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). S p k  

label ESR measurement of the rotational diffusion of integral membrane proteins have 

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 fluorescence microscopy of giant liposomal vesicles or bilayers , Glaser and  

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 w i e  

acidic lipid bilayers or by peripheral proteins such as cytochrorne C with neutral lipid 

systems (Haverstick and Glaser, 1987, 1988; reviewed by Welti and Glaser, 1994). Such 



domains were observed by inserting differently labelled fluorescent p hospho Lipids in one 

leaflet of the bilayer or the other, and the segregation of one fluorescent 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 bilayers), or if such domains occur in biological membranes is not clear at present, 

although some speculations have - - -  been made (Davis et al., 1980, Marsh, 1995 ; Thompson 
# - 

et. al., 1992). 

2-51 Monomolecular F ' i  as Model Membranes. 

"lpropose to tellyou of Q real two - dimensional world in which phenomena occur 

that are analogous to those described in 'Elatland"' 
1 

Irving Langmuir, Nobel Prize in Chemistry (1932), bangmuir (1936)J. 

i Surfactants, most lipids, and some proteins are amphipathic molecules. 
I 

1 Amphipathic molecules have charged or polar "water loving" groups, and hydrophobic, 
! 

I un-charged regions in the same molecule. When in contact with a hydrophilic- 1 
I 

. ! hydrophobic environment such as an air-water interface, amphipathic moiecules orient 
L 

I themselves with the "water loving" group anchored in the polar medium (water) and the 

i hydrophobic parts exposed to the non-polar medium (air). Such simple arrangements of 
i 
I 

i amphipathic molecules were detected as early as fourth cenmry BC by Aristotle who 

i 
spoke on the subject of "spreading oil on noubled water" (quoted from UlLman, 1992). I 

I 
Later from the pioneering work of Lord Rayleigh, Agnes Pockels and Irving Langmuir 



our understanding of the nature, physical properties and assembly 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, mono-molecular (one-molecule thick), surface active films termed today 

simply as thin films or monolayers. From several seminal works of Irving Langmuir 

(awarded the Nobel Prize in Chemistry, 1932), the properties of thin films of several 

amphipathic organic molecules were discovered. Later when such films could be 

transferred into solid substrates such as glass and mica, some powerful physical 

techniques were used to study them (UlIman, 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 f i i  (Blodgen and Langrnuir, 1937). 

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

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

biological membranes (mono- of the bi-layer membrane). An immense 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 study systems as 

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

nanornetre scale (nanotechnology), and as models for colloids, emulsions, liquid crystals, 

surfactants, non-ionic detergents, polymers and pulmonary surfactants (Kuhn, 1989; 

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

of organic molecules over the decades has led to specialized journals, such as Thin Solid 



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 theoretical basis of understanding of the arrangements of molecules of liquid crystals 

has led to another recent Nobel prize in physics awarded to Pierre-Gilles DeGennes 

(DeGemes, 199 1). 

One of the earliest and a simplest way to measure properties of thin fiIms was by 

measuring the surface tension (y) of the air-water interface containing the film (surface 

activiy of the material). The surface tension of an air-water interface can be detected 

by dipping a roughened platinum plate or paper, in the water, and measuring the force 

acting on the plate using a weighing balance (Adamson, 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 (dydcm) or 

milliNewton per meter (mN/rn). 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 arnphipathic 

molecules of the fims anchor at that interface). These interfacial surface forces in the 

presence of a film can also be represented in terms of surface pressure or T. For an air- 

water interface the surface tension of water (7,) subtracted from the surface tension of 

that interface with a film (y3 is equal to the surface pressure (T) of the film [T (rnN/m) 



= y - yw (mN/rn)]. 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 bamer segment to hold the film in any 

given state of compression. With increasing 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 fmed temperature, can be presented as surface pressure- 

area (FA) 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 frlm (top), indicating simple conceptualized models of y and T. Surface pressure 

n 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 compressed or condensed into a number of 

phases from gas to liquid to solid by decreasing the molecular motions or the energy of 

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

compressing the molecules in two-dimensions at a fmed temperature or increasing their 

surface-pressure or packing, phase transition 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 

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



Figure 2.3 Shows the model of a modified Langmuir surface balance containing the air- 

water interface with a monomolecular layer of phospholipid with the surface forces 

(mow marks) involved in surface tension (y) and surface pressure (r) on such a surface . 

(top); and the surface balance part of an epifluorescence microscopic surface balance 

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 compresses the molecules laterally 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 

stretched 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 tension 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 measured as surface pressure (T). A detailed design of the epifluorescence 

microscopic surface balance is given in Figure 3.1. 





2.61 Phase Transition in Films 

A typical surface pressure - area (T-A) isotherm of a film of phospholipid and the 

phospholipid packing and orientation 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 decreasing area 

- per molecule, the chains are pushed into a more nearly perpendicular orientation to the 

I 

plane of the interface (B), and as the surface pressure is increased above 0 mN/m (or y 
I I 

< 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 

i D) the surface pressure approaches a constant (break or plateau in the isotherm), the 

I molecules become rigid and further extended, and undergoes transition into the liquid 

1 condensed (LC) or gel-like phase (Andelman et al., 1987). Further compression or 
1 

1 decrease of molecular area Ieads to the molecules moving into an almost vertical 
1 
1 

I 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 - 
I I 

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 

I 

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 

t 

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

47 



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

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

condensed (LC) to solid condensed phase (SC) (panels) ; and the typical surface pressure- 

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

of increasing pressure or decrease 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 indicates expuision of a molecule 

I from the film at high packing state. In this phase (C) the monolayer is presumed to 

I 
4 collapse or fold into multi-layers below or above the air-water interface. 
f 

The letters in the isotherm indicate surface pressures where each phase may co- 

i 
I 
i exist with the next higher packed phase. The molecule in the left hand comer of each 

I panel shows that some of the molecules in the phase co-existence region, may undergo 

I conformations of the next higher packed phase. Using fluorescence microscopy the co- 
r 

I 
existence of such phases in phospholipid films can easily be observed by incorporating 

i fluorescent probes which preferential partition in one phase but not the others (see next 
i 

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 not applicable for insoluble films (i.e. phospholipid films) which are at surface 

pressures above their "equilibrium surface pressure" (Bangham, 1987), which for most 

phospholipid molecules is about 45 rnNlm. 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 mammals (37"C), phosphatidylcholines with two saturated acyl chains of 16 carbons 

or higher undergo all these phase transitions. These transitions, 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 N m s  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 



(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 transition 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 temperature 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 A2, 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 d f i s ion  of lipid probes in 

monoiayers 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 fluctuations occumng in monolayers phases or as one phase underwent transition 

to the other (Peters and Beck, 1983), and such density fluctuations were experimentally 

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

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

LC phase in films and the gel phase (LB) in bilayers, and the equivalence of pressure in 

the bilayer and monolayers or the compressibility of one system versus the other, at least 



the thermally induced changes in both systems are somewhat analogous (Andelman et al., 

1987; Andelman and DeGemes, 1988; Cadenhead, 1985). 

The LE to LC transition plateau of the of phospholipids like DPPC in films 

occurs at higher pressure with increasing temperature, and is fiially abolished at the tri- 

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

(Albrecht et al., 1978). BiIayers of saturated phospholipid with increasing 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 (AIbrecht et al., 1978; Blume, 1979). Small differences 

between 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 

1 biiayer 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, 

1 ; 1985). Recently developed techniques such as atomic force microscopy, X-ray ' I 
4 

I diffraction, neutron scattering, and some spectroscopic methods have ailowed for detailed 
I 

i 
analysis of the phase transitions in films and allow for further examination of the bilayer- 

i monolayer debate (Ullman, 199 1 ; 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 
i 

LE-LC transition. The LC to SC transition is probably a continuous phase transition 

since the discontinuity or break in the plateau of the isotherm benween these two phases 



(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 between the phase depleted and the phase formed can be easily made. I 

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 fiims), because of minor contaminants 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 

purification, 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 f ~ s t  order, as others have also recently reported (Hifeda and Rayfield, 1992). Recent 

4 reports indicate that the LC to SC transition occurs with gradual dehydration of the lipid 
I 

I headgroup and small changes in orientation of the glycerol backbone relative to the plane 

) of the air-water interface (Brumm et al., 1994; Denicowt et al., 1994). 

I 

j The discussion here is mainly focused on DPPC films and the phase transitions 

: which can occur in them, since DPPC is the main phospholipid component of pulmonary 
i 

surfactant and mainly this lipid was studied in combination with all other surfactant 

' components (as discussed in the following chapters). Nevertheless it should be 1 
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 
i 

unsaturated lipids a gas to liquid expanded transition (no LC or SC phase). The 

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



to differences in their molecular structure, orientation 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 amphiphiles are in the very low densiy 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 Fllms, numerous attempts have been made to 

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 attempts led to information about rigidity and viscosity 

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

structures of thin films could be obtained. 

Fifteen years ago for the f is t  time, Von Tschamer and 

reported directly observing f h s  of DPPC, and the LE to LC phase 

Mccomeil (1981) 

transition region of 

the f b s  using fluorescence microscopy. They reported that the liquid expanded-liquid 

condensed (LE-LC) phase co-existence region of DPPC € i s  was heterogenous and had 

micro-structures. Peters and Beck (1983), while reporting the translational diffusion 

rates of fluorophores in phospholipid films, first published fluorescence micrographs 



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 M6hwald (1984a) also published a complete 

description of the instrument called a fluorescence microscopic surface balance, which 

consisted of a modified Langmuir surface balance (Figure 2.3) attached to a fluorescence 

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

of a phospholipid film using various fluorophores, and published detailed images of such 

films (LCische and Mohwald, l984a). 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 objective of the fluorescence microscope was brought very close to 

the air-water interface for film observation, either from the bottom through the subphase 

water (Liische and Mohwald, 1984a; 1984b) or from the top through air (Peters and 

Beck, 1983; Von Tscharner and McComell, 1981). Other groups including ourselves 

constructed such balances to study thin films of materials of choice such as pulmonary 

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

by n o b l e r  and Desai, 1992; Mccomeli, 1991; Mohwald, 1990; Seul and Andelman, 

1995; Stine, 1994; Weis, I99 1). The author constructed an epifluorescence microscopic 

surface balance for studies on pulmonary surfactant and its components earlier (the story 



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 fl&qhores in the 

films are excited and their emissions observed visually using the same microscope 

objective. Recently this technique has been refmed to a point where single fluorophore 

molecules in phospholifid f h s  can be detected, using laser piping through optical fibres 

to excite the fluorophores, and the technique is called near-field scanning opticai 

microscopy (NSOM) (Hwang et aI., 1995). 

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

shown in Figure 2.5. The films contained small amounts of fluorescent NBD labelled 

phospholipid probe 1-palmitoyl,2-nitrobenzoxadiazole-dodecml phosphatidy lcholine 

(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 fluorescent probe preferentially 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% 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 et al., 

1991; Vanderlick and Mohwald, 1990; Weis and McConnell, 198'5). The chain 

arrangements of DPPC in each phase are probably similar those shown in Figure 2.4. 

Although fluorescence microscopy yields some qualitative information about the 



Figure 2.5 Typical phase structures observed from DPPC Films using epifluorescence 

microscopy. These structures are observed due to preferential partitioning of the 

fluorescent probe NBD-PC in the fluid or LE phase of the € i s  (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 

i 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 (0 SC phase in which the probe 

! 

i is trapped. Similar structures in pure lipid films have been observed using Brewster 

1 angle, surface plasmon and atomic force microscopy which do not require fluorescent 
1 
i : probes to visualize such films. This indicates such structures (condensed/fluid domains) 
I 
; are not probe induced artifacts (see text for fuaher details). 





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 structures (Lasche et al., 1988; Nag et al., 1990; 1991; Seul et 

al., 199 1). Such analysis can lead to estimations of the amounts 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 at different packing densities or surface pressures (details of the 

computer aided image analysis are discussed in Appendix A). Such quantitative estimates 

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 

i in our studies is compared to the information available on similar systems in bilayers, 

j and thus the detailed discussion of the phase transition properties of bilayers in this 

i chapter was done. 
I 

! 
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 
! 

I 

i 2.6. The structures indicate that cot only are the LE-LC region of lipid films 

1 

: heterogenous, due to the coexistence of two distinct phases, but also the shapes of the 
I 

I LC domains (black regions) are extremely diverse. The black regions in al l  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 € i s  compressed at 0.13 r\'/moleculelsec at T= 9 mNlm. 

B - DPPC films compressed at 0.013 ~?/rnoleculelsec at r= 9 mN/m. 

C - DPPC + 0.2 mol % cholesterol. 

D - DPPC + 2 mol % cholesterol. 

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

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

G - DPPG films with calcium. 

H - POPC + 40 mol % cholesterol. 

Such shapes of condensed domains occur due to competition between line tension forces 

acting along the condensed-fluid phase boundaries and electrostatic interactions between 
, 

the molecules. 





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 fdms organization or are actually 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 Frlms 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 

frims as seen by fluorescence microscopy were also observed in similar Nms minus the 

fluorescent probe by Brewster angle microscopy [BAM] (Henon and Meunier, 1991; 

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

charge decoration electron microscopy (Fischer and Sackman., 1984), atomic force 

.microscopy [AFW (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 transform infrared spectroscopy 

FTIR] (Hunt et al., 1989; Mendelsohn et al., EM) ,  polarization-evanescent illumination 

dichroism (Thompson et al., 1984), X-ray reflectivity (Daillant et al., 1990), X-ray 

diffraction and scattering (Kjaer et al., 1988; Mohwald 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 interactions in biomembranes (reviewed by 



Mohwald, 1990), enzyme catalyzed hydrolysis 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 3-1 1). 

2-81 Molecular Architecture of Thin Films : Beyond Domains. 

Although the studies utilizing fluorescence microscopy of phospholipid films 

indicate the nature and properties of the phase transitions in such systems, the diversity 

shapes of the LC domains cannot be explained from such studies. The arrangement 

the phospholipid molecules inside the condensed domains are not as simple as shown 

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, 

composition, electro-magnetic field (Groves and McConnell, 1996; Lee et al., 1994; Rice 

and McComell, 1989; Wang et al., 1996). By increasing the intensity of light on a LC 

@Iack) domain individual molecular diffusion, orientation and chain tilt can be aitered, 

due to the incident photons effecting the chain arrangements inside such domains via 

electromagnetic energy dissipation (Lee et al., 1994, Wang et al., 1996). The 

arrangement of the molecules 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 orientations inside the domains. Information 

obtained from some of the recent studies on molecular structure and orientations in the 

different domains of lipid films is discussed in the following chapters of the thesis, while 



Figure 2.7 Typical fluorescence microscopic (A), three dimensional molecular 

arrangements (B) and atomic force micrograph (C) of phospholipid monolayers in the 

liquid expanded-liquid condensed (LE-LC) coexistence region. The figures in (A) and 

(B) are merged to show the LC-LE domains molecular arrangements. 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., (19931, a 

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 between the two LC domains (circular t 

grey regions) decreases by a few nanometers, 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 conformation, and the 

ones in the LC phase more rigid or stretched more perpendicular 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 complete perpendicular orientation, as observed in a number 

of studies (see text). 





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 condensed and liquid expanded 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 dimensional 

organization of the molecules in the LE-LC phase is shown in Figure 2.7 (E3) , and an 

atomic force micrograph from the LE-LC phase region is shown in (C). The 

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

t 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 

i 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 
I 

' AFM, to scan the LC and LE regions of the phospholipid fiLm, and observing the 
! 
: movement of the tip away or into the different f i  phases at a nanometre resolution. 

! The atomic tip tended to dip or penetrate more in the regions of the fluid or LE phase 
I 

! 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 depression of the tip indicated that 
I 

I 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 

62 



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., 1990). The reason why 

fluorescent iipid 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 Brewster angle microscopy 

@AM) have shown that the arrangement 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 orientatiooal (rotational and positional) changes inside the LC regions with 

I 

; 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 

4 

the erection) of the molecules in the LC phase is strongly dependent on the charge and 
I 
, sizeoftheheadgroupofthephospholipids~eidemannmdVolhardt, 1996). 

The resolution of fluorescence microscopy is about 2 pm, whereas that of atomic i 

i force microscopy (AFM) can be as low a 1 A. AFM of the films LE-LC phase 

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

completely homogenously fluorescent under fluorescence microscope) has grainy 

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



2.7(C) as 

and such 

grey spots) are considered to be the nucleation sites 

structures probably makes the LE phase somewhat 

for condensed domains, 

non-homogeneous - 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 a1 . , 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 

to the plane of the air-water interface. X-ray reflectiviv 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 complete perpendicularity to the plane of the air-water 

interface (Dailliant et aI., 1990). These studies indicate that the chain arrangements and 

tilts of DPPC in films can contribute to differences in height between the various 

domains in films, and such molecular arrangement of films are reflected in the 

fluorescence microscopic studies in comb ination 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 (Bringem et al., 

1996; Groves and M c C o ~ e l l ,  1996). 

Using scanning tunnelling microscopy (STM) of DMPA films it has been shown 



that the individual 

coexistence region 

molecules in the liquid 

are spaced about 4.3 

condensed-solid condensed (LC-SC) phase 

angstroms apart, and are organized in a 

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

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 studies 

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 Sackman., 1984). Recently, the SC phase 

of DPPC film was indicated to be a dehydrated phase, where the phospholipids 

headgroup had a different conformation from those 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. 



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 pulmonary surfactant components at 

the air-water interface in spread and adsorbed films using epifluorescence microscopy. 

By understanding the nature of the phase transitions of surfactant lipids and lipid-protein 

fiims, 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 mixtures 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 study 

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 interpretation of the data obtained by fluorescence 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. 



Chapter 3. 

UNSATURATED 

PHOSPHATIDYLCHOLINE 



NTRODUCTION 

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

biological membranes. Also it is generally accepted that lipid monolayers of pulmonary 

surfactant are responsible for the lowering of surface tension in the lung. A 

comprehension of the ty>-dimensional distribution of lip ids in mixtures in mono layers 

is fundamental to understanding of pulmonary surfactant function, and is highly relevant 

to our perception of two-dimensional segregation of lipids in monolayers. In this study 

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 

to our perception of how both biological systems could be organised. 

t Among the phosphatidylcholine species of lung surfactant about 30-40 weight 

percent of the lipid is mono-unsaturated (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 mixture of monoenoic 16:0116: 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 although DPPC, an unusual molecular species, i 

: is present in other tissues, it occurs in the highest percentage in surfactant. The rest of 

- the PC pool contains rnonoenoic species, such as palmitoyl-oleoyl PC (l6:O/l8: 1-PC or 
! 

POPC) and other phosphatidylcholines with the sn-2 chains having one or two double 

bonds (i-e. 16:0/16: 1, l6:OI l8:2) (See section 1.5 for details). In various lung diseases, 
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the ratio of DPPC to unsaturated PC changes in pulmonary surfactant (PS), and this can 

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

Keough, 1984). Also, homeoviscous 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 compressed in monolayers, DPPC, can withstand high surface pressures 

of about 70 rnNlm, equivalent to very low surface tensions (7). Pulmonary surfactant 

contains some unsaturated lipid species, which do not withstand such high r; 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 (TJ near 41°C 

(Bashford et al., 1976; Blume, 1979; Davis et al., 1980). In PC monolayers below T,, 

closely packed molecules can sustain high r, or produce very low surface tensions, at 

the air-water interface (Hawco et al., 1981a). The T, of most, if not all naturally 

occurring unsaturated phospholipids are below 37OC and the lipids exist in a fluid or 

chain-melted form at that temperature. Monolayers of unsaturated lipids such as DOPC 

(with Tc below the measurement temperature) do not withstand very high T ,  and they 

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



that che unsaturated components are preferentially excluded during compression of a 

pulmonary surfactant monolayer, to enrich the monolayer with DPPC (Bangham et al., 

1979; Egberts et al., 1989; Hawco et al., 1981a, 1981b, King and Clements, 1972b; 

Notter et aI., 1980). 

In this study we have investigated a system of mixed f h s  of DPPC:DOPC using 

the epifiuorescence microscopic technique. We have examined the changing sizes of 

condensed domains as a function of composition and surface pressure, and compared our 

results to the thennotropic phase behaviour of these lipid systems in bilayen (Lentz et 

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

exclusion of one component from monolayers during a series of cycles of rapid 

compression to high surface pressure and re-expansion. 



MATERIALS AND METHODS 

I, 2-Dipahitoyl-sn-glycero-3-phosphocholine (DPPC) and 1, 2-dioleoyl-sn- 

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

MO. The fluorescent probe 1-palmitoyl-2-[12-((7-nitro-2- 1, 3-benzoxadiazole-4- 

y1)amino) dodecanoyl] phosphatidyicholine (NBD-PC) was obtained from Avanti Polar 

Lipids, Birmingham, AL. The cationic probe 3.3 ' -dioctadecyloxacarbocyanine 

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 chIoroform:methanol 

(3: 1, vol/vol). DPPC, DOPC and probe were mixed at molar ratios of 69:30: 1,4950: 1 

and 29:70: 1, and each individual lipid was mixed with probe at molar ratios 99:l and 

stored at -20°C. Monolayers were spread on an unbuffered 0.15 M NaCl subphase with 

pH initially adjusted to 6.9. The saline was made with deionized, doubly-distilled water, 

the second distillation being from dilute potassium permanganate. 

Compression and expansion of the monolayers 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 to 

clean the interface of contaminants. Monolayers were spread from chlorofonn:methanol 

(3:l vlv) 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 

evaporation before compression and expansion were begun. 



Figure 3.1 Schematics of the epifluorescence microscopic surface balance 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 (temperature control); C - teflon collar to minimise surface flow; D - 

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

for compression; G - limit switches for barrier motion control; H - Z-translator or 

focusing micrometer; I - vibration dampener; J - solid stone block to minimize 

vibrations; K - pressure transducer: L - epifluorescence filters; M - excitation light 

source; N - image intensifier; 0 - 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 (bottom-E). The fluorescence from the 

film is observed by focusing the objective of the epifluorescence microscopic (bottom- 

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 0) and computer 

software. Simultaneously the surface pressure-area data obtained from measuring the 

surface tension of the air-water interface (K) are stored in a personal computer. 



VIDEO 
PRESSURE MICROSCOPY 



Monolayers were compressed at two different rates of 20 mm'.~ec-~ (slow) and 

707 mm2.sec-' (fast) corresponding to initial rates of 0.19 A2.molecule-l. sec-' and 5 -6 2. 

molecule'' set-' respectively for the usual surface loads. Isotherms of DPPC, DOPC and 

their mixtures were obtained using both rates of compression at a temperature of 23 

l°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 

recording of monolayer appearance 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. 



RESULTS 

When DPPC monolayers were compressed at a fast rate (700 mm2.sec-l) 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 mrn'.~ec-~ 

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 

A2.rnolecule-L (t 5 A2.molecule-I). Figure 3 -2 (A) shows the isotherms obtained when 

monolayers of DPPC:NBD-PC 99: 1, DPPC:DOPC: NBD-PC 4950: 1 and DOPC: NBD- 

PC 99:l 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 
I 

I 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 D0PC:NBD-PC 99: 1 
I 

; showed only LE phase, or no discontinuity up to the point of monolayer collapse. 
i 

The LE-LC phase transition of monolayers of DPPC:NBD-PC (99: 1) under slow 
I 

compression was observed visually (Figure 3.2 B). Very small probe-free condensed i 
* 

domains were found to appear at surface pressures of 3-5 mN/m. As surface pressure 

i was increased to 17 mN/m the domains grew to a larger size. The domains were 
I 

: 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 
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Rgure 3.2. Isotherms of DPPC:NBD-PC (99: 1, mol/mol), DPPC:DOPC:NBD-PC 

(49: 50: 1) and DOPC: NBD-PC (99: I), 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 compressed in 20 steps at a speed of 20 mm'sec-', and at some steps 

(indicated by the letters) 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-El , DPPC:DOPC:NBD-PC 

69:30: 1 [a2-e2], 4950: 1 [a-el 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 

domains at surface pressures between 0 mNlm and 45 mN/m. The scale bar is 25 pm. 





not appear to coalesce or fuse up to a 

was also observed using the cationic 

surface pressure of 71 m N h .  This phenomenon 

fluorescent probe DiO- DiO gave more intense 

fluorescence in the condensed 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 potential explanation for the increased intensity could 

be the formation of multilayers (collapsed phase) where the amount of probe in the 

direction normal to the surface is increased without increasing the packing density. 

For the DPPC:DOPC:NBD-PC (49:50:1) mixture, small condensed domains 

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 pm2. 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 rypical 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 > a l )  - 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- 

Quantitative analysis of the appearance of the monolayer 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:NBD-PC @:SO: 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 

average size of the condensed domains increased with increasing surface pressure, as did 

the scatter of sizes of the condensed regions. This pattern was consistent with those 
I 

I 

I 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 
! 

1 analysis. The frequency distributions for the mixed monolayers (Figure 3.3 middle and - 

. I 

1 right panel) showed a different pattern; between a = 20 mN/m and ?r = 30 mN/m. The 
I 

: frequency distribution in the right panel for the DPPC:DOPC:NBD-PC (49:50:1) 
! 
i 
i indicated a more skewed distribution of LC domains, between 27-38 mNlm. This 

i indicated that there were possibly two separate groups of LC domains in such mixed 
1 

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



Figure 3.3 Frequency distributions of domain sizes of monolayers of DPPCNBD-PC 

99: 1 (A), DPPC:DOPC:NBD-PC 69:3O: 1 (B) and 49:5O: 1 (C). The surface pressure in 

mN/m for each distribution is shown in the top right hand comer of each panel. Six to 

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 mixme 

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

heterogeneity in the size of the condensed domains increased, and above 40 mN/m they 

reverted to the narrower distributions observed at the low surface pressure. For mixed 

monolayers ?he range of sizes and the average size of the cofidensed domains was 

generally smaller than that seen for DPPC atone. 

Figure 3.4  (A) shows the plot of average domain size as a function of surface 

- pressure for DPPC rnonolayers and the three different DPPC:DOPC monolayers. The 

average domain size increased up to a surface pressure of 35 mN/m and then it decreased 

with further increase of M a c e  pressure. For the mixed systems, the largest condensed 

domains were observed in the monolayers of DPPC:DOPC:NBD-PC 69:30: 1. In that 

mixture the domains grew to about 200 pm2 at r=35 mN/m and then decreased to 70 

pm2 at surface pressures of - 40 mN/m. A similar pattern in the size-pressure 

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

i 29:70: 1. The sizes of condensed domains, including the maximum size at - 35 mN/m 

, was smaller with increasing content of DOPC in the monolayers. 
f 
, Figure 3.4 (B) shows a plot of the percentage of condensed lipid [(total area of 
I 

' the condensed domains)/(total area of the frame) x 1001 as a function of surface pressure 
! 

; (see appendix A for a discussion on image analytical methods). For DPPC:NBD-PC 

: 99:l monolayers, the percentage of condensed lipid increased as surface pressure was 

: raised, reaching a value near 80% at a= 17 W m .  Florsheimer and Mohwald (1989) 

observed similar proportion of condensed lipid in DPPC monolayers at a similar 



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,N:jO: 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 4950: 1 

monolayers. Error bars indicate & one standard deviation. 
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temperature that were compressed at a lower rate and which contained a slightly lower 

nominal probe concentration (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. It is of interest, 

however, that the proportion of condensed lipids in monolayers containing 

DPPC:DOPC:NBD-PC 69:30: 1 and 4950: 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 

: increased with increasing surface pressure. The percent condensation for monolayers 
I 

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 

t percentage of condensed domains in the monolayer was low. 

I Visual observations were performed on DPPC: DOPC: NBD-PC 4950: 1 

: monolayers under repetitive dynamic conditions of compression-expansion recycling. 1 
! 
i 

I The monolayers were spread at an initial surface load of - 80 k2.moiecule-1 and they 

: were repeatedly compressed and expanded 10 rimes at a fast rate of 700 mm'/sec (or an 
i : initial rate of 3 -2 ~2.molecule-'.sec-L). An 11" compression was done slowly in steps (20 

j mm'/sec) and visual observation was performed for 1 min at each step. The isotherms 
1 
i : of the fast compression- expansion cycles are shown in the inset of Figure 3.5 (A). 

Analysis of the images observed on the 11" compression compared to the data obtained 1 
1 from a initial slow compression of DPPC:DOPC:NBD-PC 49:50:1 (solid symbols) 

! monolayers showed an increase in the percentage of condensed lipids on the eleventh 
! 



Figure 3.5 A) Percentage of condensed regions as a function of surface pressure for two 

I DPPC:DOPC:NBD-PC49:SO: 1 monolayers, one compressed slowly once at 20 mm'.secL 

I and the other compressed 1 1 times [fast ( @) at 600 mm2-.sec-l 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 inset. 

B] Typical images at a surface pressure - 33 mN/m from a single slow f i t  compression 

(top) and the 11" compression (bottom) of a monolayer of DPPC:DOPC:NBD-PC 

! 49:50:1. Scale bar is 25 pm. 
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compression at equivalent surface pressures (Figure 3 -5 (A)). The maximum percentage 

of condensed lipid (obtained near a = 35 mN/m) increased nearly 3-fold (from about 

12 % to about 35 5%) between the singly and the 1 1-times compressed monolayer. Figure 

3 -5 (B) shows typical images observed at .rr -- 33 mN/m from a singly (top) and eleven- 

times compressed (bottom) monolayer of DPPC:DOPC:NBD-PC 4950: 1. While the 

number of condensed domains per frame was increased substantially on the 11" 

compression, sizes of condensed domains were not substantially changed between the fist 

and eleventh compression. 



DISCUSSION 

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

lipids, and of cholesterol-phospholipid mixtures (Mohwald, 1990; S tine, 1994; Weis, 

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

transition and formation of large condensed domains with increasing surface pressure, 

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 

monolayer collapse (Tchoreloff et a1 ., 199 1). 

3.411 Phase transition in DPPC/DOPC mixes. 

The surface pressure - area isotherms for the monolayers of mixtures of DPPC 

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

pressures where LE-LC transitions occur in pure DPPC monolayers , although collapse 

plateaus were observed at higher pressures. Condensed domains 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 



monolayers containing 69 mol% DPPC the domains grew to a average maximum size of 

- 200 pm' at T-- 35 mNlm compared to - 1100 pmL 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 

condensed domains remained small at all pressures, we assume that the DOPC interrupts 

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

presumed that the condensed 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 f h s ,  was about 20-25 percent (last chapter). This study 

therefore would tend to indicate 

condensation of PS f h s  (detail 

DOPC in DPPC films are shown 

The monolayer properties 

these Iipids (Lentz et a1 ., 1976). 

a direct role of unsaturated lipids in controlling the 

for discussion in chapter 1 1). The arrangements of 

in Figure 3 -6.  

can be related to the phase properties of bilayers of 

At 23°C DOPC is well above its gel to liquid crystal 

phase transition temperature, whereas DPPC is well below it. Thus, monolayers of 

DOPC never showed condensed domains at any pressure, whereas DPPC films undergo 

the LE to LC transition, showing condensed domains, at relatively low pressure. 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 23OC. The f i s t  of these three mixes is very close 



Figure 3.6 Schematic model of mixed DPPCfDOPC 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 f h s ,  

DOPC may be irreversibly "squeezed out" (arrow in bottom panel) of the films into the 

water subphase, enriching such F i s  with DPPC. 
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to the liquidus of the bilayer phase diagram at 23"C, and the appearance of only very 

small condensed domains in the corresponding monolayer is consistent with the mixture 

not readily forming condensed domains. 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 

I 
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 5050 monolayers near collapse pressures 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 representative of rigid hydrocarbon regions 

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

1 i 
i 3.421 Peculiarity of the LE-LC transition in DPPC/DOPC films. 

i In all the mixed monolayers studied the average size of the condensed domains 

/ increased up to a surface pressure of 35 mN/m and then decreased with higher pressure. 
1 

The domain sizes and the percentages of condensed domains were also affected by the 
i 
1 
I amount of unsaturated lipid in the monolayers. As would be expected, for any given T,  

larger condensed domains and greater total coverage with condensed domains were 1 

I 
i correlated with increasing DPPC concentration in the mixed monolayers. At surface 
I 

1 pressures higher than 35 mNlm, the decrease in domain size and in the total condensed 

lipids indicates that, a more complex process of lipid mixing (particularly lipid-probe 
B 
/ mixing), and chain reorientation may be occurring. A process of liquid ordering of 



DOPC could be consistent with the observation that, above R = 35 mN/m in all the 

mixed monolayers, fluorescent regions with reduced intensity together with very smali 

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

also, the sizes of the condensed domains decreased in the mixture with 69 and 49 moi 

% DPPC. As the condensed domains initially nucleate under pressure, they would be 

rich in DPPC. As further condensation occurs, however, sufficient DOPC may be 

accumulating in the condensed regions to cause the probe to be dissolved in them. 

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

extract) monolayers indicate that the condensed domains also decrease in amount and size 

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

fluorescent probes in the f i b s  to visualize condensed domains, the explanation given 

above about solubility of probe cannot expiain the phenomena of decreasing condensed 

phase in such films at .~r > 40 mN/m. 

AIso from results of our studies on pulmonary surfactant lipid extracts (Chapter 

l l ) ,  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 thennotropic phase transition 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 ( m y  et al., 1989). Since the packing area of the lipids in a 

partially ordered fluid phase in DPPC:DOPC f h s  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 rnNlm. It 

is also possible that at higher pressures the condensed domains are fragmented to sub- 

micron structures which are not detectable by optical microscopy, thereby the total 

amount of condensed domains measured are under estimated. The details of how such 

processes can occur are discussed further in chapter 11. 

3.431 Squeeze-out from DPPC/DOPC films. 

Recycling of equimolar mixed monolayers of DPPC:DOPC for a number of 

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 cyclic compression and expansion some lipids which dissolved the probe were 

being excluded from the monolayer. 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 percentage of condensed domains is likely a good marker of the 

saturated lipid content in the monolayen. Preferential squeeze-out of the unsaturated 

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



compression (Egberts et al., 1989; Hawco et al., 198 la; Notter er al., l98O), and it may 

be an important factor in the function of pulmonary surfactant. This finding is consistent 

with the presumption that pulmonary surfactant is refmed in the surface by selective 

squeeze-out of unsaturated species (Hawco et al., 1981a; Hildebran et al., 1979; Notter 

a et al., 1980). It is interesting to note that Schiirch ef al ., (1989), using whole natural 

surfactant in a captive bubble apparatus, found that one slow compression can yield 

. bubble shapes consistent with the presence of a monolayer 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). 

3.441 Fluidity of mixed PC films:Biological Relevance ? 

At the usual temperature of biological organisms, membranes consist mainly of 

1 fluid and, occasionally, some rigid lipids. Such systems are complex in their phase t 
i 

miscibility. This study suggests that in mixed monolayers of DPPC:DOPC at pressures 
i 

; feasible in membranes condensed regions coexist with a partial ordered fluid phase. Such 

partially ordering of charged fluid lipids into small areas in single leaflets of bilayers has ! 

I been observed in unilamellar vesicles by fluorescence microscopy (Haverstick and 
I 

1 

I Glaser, 1989). In that case the regionally-ordered areas were induced by cytochrome c ! 

: orcalciumions (HaverstickandGlaser 1987; 1988; 1989). 

I 
I Pulmonary surfactant is a mixture of saturated and unsaturated lipid plus protein. 



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 unsaturated and saturated components are 

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

condensed regions may explain why, under slow compression, the monolayers collapse 

I. gwer n than the ones before high T is reached, since fluid lipid monolayers collapse if ! 

made with rigid or condensed Lipids (i .e. DPPC) . Although instrumental limitations 

prevented us from performing experiments at 37OC, a number of species (reptiles) and 

their surfactant function at lower temperatures. 

[** Parts of this chapter and the figures used have been published as Nag and Keough, 

(1 993). in the Biophysical Journal (Appendix B, No. 9). Reprinted with permission from 

the publisher and co-author.] 



Chapter 4 

PHOSPHATIDYLGLYCEROL 

AND 

CALCIUM 



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 monkey, although its absence is 

compensated by higher amounts 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 surfacmt detected in amniotic fluid, and is the major marker for 

studying fetal lung mahlrity (Hallman et al., 1976; Hallman and Terano, 1981). 

Whereas phosphatidy linositol (PI) is the major acidic component in prenatal pulmonary 

surfactant, it is reptaced by PG with lung maturity after birth (Akino, 1992; Gluck, 1995; 

HaUman 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 

transient tachypnea (Hallman, 1992) and is increased in surfactant of AIDS patients (Rose 



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 pneurnocytes, is enhanced by the presence of PG (Rice et al., 1989; Oyarzun et 

ale, 1980). In v i m  assembly of tubular myelin, the highly unusual tube like non- 

lamellated structure of surfactant requires PG and calcium (Benson et al, , l984). 

The alveolar fluid lining or surfactant subphase contains about 1-2 mM cakium, 

- among other rnono- 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 myetin allows for rapid adsorption of surfactant to the air-alveolar fluid 

f interface (see section 1.2). Similar concentration of calcium (2 mM) have been shown 

to transform normal lamellar structures of PS into tubular myelin (Benson et al., 1984). 

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

1 activity of PS lipids by enhancing the spreading, adsorption and re-spreading of the 
i 
1 

material at an air-water interface (Brummer et al,, 1995; De Fontagnes et al., 1984; 

I Egberts et al., 1989; Fleming et al., 1983; Fleming and Keough, 1988; Keough, 1992; i ' Notter et al., 1980; Wojciak et al., 1985). i 
I 

i The phospholipid PG is unusual and specific for pulmonary surfactant, as it is not 

1 found in significant concentrations in any other eukaryotic cells, although it is present 

I 
i in high amounts in bacterial membranes (Gennis, 1989; Schleifer and Stackebrandt, 

j 1983). Interestingly, acidic phospholipids such as phosphatidy lglycerol in bilayers under 
I 



the influence of calcium, show some unusual thermouopic properties and hsogenic 

(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, 

hsogenic potential of lipid bilayers, and their use as models of biologica1 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; Losche 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 i i s  of acidic phopholipids by strong electrostatic interactions (Evert et al., 

1994; Eklund et al., 1988). 

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

in order to avoid complication in interpretation because of effects of chain length and 

saturation in our examination.of how headgroups of PG and phosphatidylcholine interact, * 

we have studied mixtures of dipalmitoylphosphatidycholine (DPPC) and 

dipalmitoylphosphatidylglycerol (DPPG) f ihs using fluorescence microscopy under the 

influence of small (mM) amounts 6&lcium. The studyhas also aimed at understanding 

the film properties of DPPC:DPPG mixtures, as a grouqd work for studying more 

complex lipid-lipid-proteih (DPPC : DPPG : surfactan~~rotein) films of PS (discussed in 

chapter 6). 



MATERIALS AND METHODS 

1, 2-dipalmitoyl-sn-glycero-3-phosphochoIine (DPPC), 1, 2-dipalrnitoyl-sn- 

glycero-3-phospho-rac-glycerol (sodium salt) (DPPG-Na) and 1-palmitoyl-2-(12-(7-nitro- 

2(1,3-benzoxadiazole-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 chloroform:methanol 3:l (vol/vol) and mixed in 

desired molar ratios. Monolayers were spread on a subphase containing 0.15 M NaCl 

buffered with 5 mM Tris-HC1 and pH adjusted to 6.9 (with and without 1.6 rnM CaCld. 

The salinity, pH and calcium concentration 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 

contaminants, since small (nanomolar) amounts of cations can drastically alter the liquid 

condensed phase structures in acidic lipid films (Losche 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 

wa-ter samples available. All experiments were performed at a temperature of 22 f 1°C. 

The experiments were performed on a epifluorescence microscopic surface 

balance whose design and performance is discussed in the previous chapter. The 

monolayers were compressed slowly at an initial rate of 0.13 A2.molecule-L.sec~L (20 



mm2.sec-L) in steps and compressions were stopped for 1 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 discussed in Appendix A. 



RESULTS 

The typical surface pressure-area (PA) isotherms of DPPC, DPPG and 

DPPC:DPPG (molfmol) 9:L, 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 typicai images 

seen in some of the monolayers at a similar T (bottom). The PA isotherms indicate that 

DPPC and DPPG-Na monolayers had almost similar PA behaviour, and all mixed 

monolayers could be compressed to high T of - 70 mN/m. The liquid expanded (LE) 

to liquid condensed (LC) plateaus, or flat portions of the isotherms for the DPPG 

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

at a slightly higher r 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 background, as seen for DPPC alone, except 

that for DPPG the L C  domain were observed to appear at a slightly higher r, 

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 

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

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

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

Rios et al., 1994; Rana et al., - 1993; Sacre and Tocanne, 1977). Similar physical 



Figure 4.1 Isotherms of DPPC, DPPG and their mixtures (DPPC:DPPG-Na 9:1, 7:3, 

I 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 R -- 13 mN/m (bottom). 

The black areas in the images represent the liquid condensed (LC) and the 

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

the lipid f b s  from which they were obtained. Scale bar is 25 pm. 





properties, such as gel to liquid-crystal phase transition temperatures, have been observed 

previously with saturated PC amd saturated 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 T-A isotherms of DPPG, DPPC and DPPC:DPPG (9: 1, 7:3, 5 5 ,  mol/mol) 

monoiayers with 1.6 mM calcium in the subphase are shown in Figure 4.2 (top), and the 

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

films showed transition plateaus corresponding to an LE-LC transition in the range 7-10 

mN/m. Also all the mixed F i s  without calcium could be compressed to x - 70 

mN/m, showing negligible effects of DPPG on the packing of DPPC when the subphase 

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

I containing 1.6 m M  calcium (closed symbols) showed a reduction of the x of the LE-LC 

transition, and the isotherms indicated an apparent collapse of the monolayers containing 

! 
; DPPG-Ca and DPPC:DPPG-Ca (3:7, 5 5 )  at T less than 70 dim. Similar effects of 

I 

i divalent cation binding of acidic lipid headgroups on the LE-LC plateaus of the isotherms 
1 
L have been observed by others,- and suggested to be due to a condensing effect of these 

] ions on the phase transition o P  such acidic lipids in f i  (Evert et al., 1994; Leckband 

I et al., 1993; Liische and Mohwald, 1989; Taneva and Keough, 1995). 

I 
! Subsequent experiments indicated that the apparent collapse of the DPPG-Ca and 
i 

I DPPCDPPG-Ca films at re=latively low T ,  compared to that in DPPC or the 
i 
! 
I DPPC:DPPG-Na i i s ,  may have been induced by the design of the fluorescence 
I 

! balance. The balance contained a teflon collar inserted in the area of observation and 



Figure 4.2 Isotherms of DPPC, DPPG and DPPC:DPPG (9: 1, 7:3, 5 5 ;  rnol/mol) 

monolayers constructed over a saline subphase containing 1.6 mM calcium (DPPG-Ca) 

(top) and typical images seen in such frlms at a T - 7 mN/m (bottom). Isotherms with 

open symbols represent the monolayers 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 .rr of 8 rnN/m. Scale bar is 25 pm. 





surface pressure measurement of the trough to reduce monolayer flow during visual 

observation. The teflon collars were c o ~ e c t e d  by small canals to the main body of the 

trough (see Figure 2.3, bottom). The Wilhelmy plate used for measuring surface 

pressure is also contained in the collar region. Comparing the collapse T 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 R. The DPPC:DPPG-Ca films in the latter system collapsed at a 

much higher R (Taneva and Keough, 1995) than seemed to be the case in this study. 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 ?r is measured) as in the main parts of the 

f i h .  Thus the pressure sensing plate did not pick up the change of w as rapidly as the 

monolayer area was changed. This occurred even though the balance was operated at 

a very low compression rate. 

The visual features 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 (Ca2', Mg2') (Losche 

and Mohwald, 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 

charged phosphate and the divalent positively charged calcium ion. LGsche and Mohwald, 



I 

Figure 4.3 Plot of percentage of the total area occupied by the condensed (black) phase 

plotted as a function of surface pressure (T). The symbols shown in the inset represent 

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

Error bars indicate f one standard deviations of an average of ten images analyzed at 

! each 7r. 
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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 rounded or elliptical appearance 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 presence of calcium showed an increase at equivalent T,  

with increasing DPPG in the films. In the absence of calcium, all the monolayers gave 

similar results for the amount of condensed phase, indicating that there were no 

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

at comparable r (open symbols). This may indicate that the phospholipids mixed well 

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 

absence of calcium. In those containing more than that amount the curves of percentage 

of condensed phase vs .R were shifted substantially to the left, indicating that a greater 

degree of condensation had occurred at all T in the films in the presence of calcium than 

in its absence. Also, the percentage 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 T of 20 d / m ,  DPPG-Ca films showed 

higher total condensed phase (> 90%) compared to the DPPG-Na ( - 70 %) system. 

This indicated that calcium in millimolar amounts can increase the amounts of condensed 

phase of acidic lipid films and drastically affects the LE to LC transition of such f h s .  



DISCUSSION 

4.411 No phase segregation in PC/PG mixed films. 

Fluorescence microscopy has been used to study in detail the ionic interactions 

of divalent cations with acidic phospholipid films. Divalent cations have been proposed 

to induce lateral phase separations or phase transitions in bilayers, as a result of specific 

ion-lipid interactions and this may lead t o  membrane fusion (Findlay and Burton, 1978; 

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

results from additional hydrophobicity ar interaction between the domains and domain 
I 

boundaries in two opposing bilayers, and induces 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 r where 

the films are in the LE phase, indica~ing miscibility of the two lipids in that phase 

(Leckband et al., 1993). Whereas in DLPClDLPG systems (at 25 "C, which has only 

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

with increasing calcium concentration *om the micromolar to rnillimolar range, and have 
1 

proposed that divalent cations effect nucleation, shapes and sizes of LC domains (Lijsche 

: and Mohwald., 1989). Palmitic acid was  seen to phase separate in films of DPPC, in 

i the presence of calcium, and also catienic fluorescent dyes were found to bind to such 
I 

I domains (Maloney and Grainger, 1993)- Others have suggested, from R-A measurements 



of different chain length acidic phospholipid films, that calcium and other cations can 

interact with DPPG films in the gel but not in the fluid phase (Sacre and Tocanne, 1977). 

This study similarly suggests that calcium was able to maintain complete miscibiIity of I 

the two lipids in the monolayers and influence the phase transition of such lipid systems 

containing smail, moderate and high amounts of the acidic PG- Figure 4.4 suggests the 

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

on such f m s  (bottom panel). 

4.421 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 probably dehydrated by calcium binding to it (Figure 4.4, bottom panel). 

Binding of divalent cations to acidic headgroups can induce phase transitions in the case 
I 

/ of fluid monolayers (Evert et al., 1994) or the formation of larger condensed domains 
I 

(and the occurrence of high percentage condensation) at any n, such as seen in this study. i 
I 

I 

I The calcium ions probably bind to the phosphate headgroups and cause the intermolecular 
1 i 
I interaction of headgroups, especially those of acidic PG, to produce a more ordered 
1 

. !  

1 phase at any given temperature. Headgroup dehydration could also lead to a change of 
! 
I 

i 
! orientation of the molecules, or straightening of the chains, as illustrated in Figure 4-4 

i (bottom panel). This would allow for the formation of larger condensed domains, into 
! 

; which the probe could not diffuse or penetrate. A higher proportion of condensed phase 
1 

; at lower surface pressure is associated with this tight intermolecular packing. Also, 



Figure 4.4 Molecular representation of DPPC:DPPG mixed films at the air-water 

interface. 

The top panel indicates, although there is a difference in charge and size of the 

polar headgroup, the molecules DPPC and DPPG accommodate each other quite well in 

the loosely or tightly packed phase in films. The bottom panel indicates that this 

, accommodation of the molecules in each phase do not change under the influence of 

divalent calcium, but rather electrostatic interactions between the ion and the PG 

headgroup tilts the DPPG molecules towards the perpendicular of the air-water interface 

(or condenses the fh). 





associated with the binding of calcium, there could be a significant headgroup 

dehydration (Findlay and Barton, 1978; Fleming and Keough; 1992; Verkleij et al., 

1974). This may promote the "squeeze out" process as suggested by others to occur in 

pulmonary surfactant (Egberts et al., 1989). Removal of lipids in a three dimensional 

structure would not require as great an energy input if the number of water molecules 

associated with the headgroups were reduced from that in the fully hydrated state. 

4.431 Role of PG in Pulmonary Surfactant. 

The dehydration process may also play a significant role in adsorption of 

pulmonary surfac taut . From bilayer studies of phospholipids under different states of 

hydration, it has been shown that minimally hydrated phospholipid bilayers spread very 

rapidly at the air-water interface (Bangham et al., 1979; Morley et al., 1978). These 

authors have suggested that the spreading of lipids occurred due to the force of hydration 

of the phospholipid headgroups in the dehydrated bilayers, and others that minhally 

hydrated bilayers can have open ends or defects (Bangham et al., 1979; Keough, 1992). 

The adsorption process of pulmonary surfactant to the air-water interface was found to 

depend on its acidic lipid content and calcium. Also it has been indicated that PG 

containing bilayers under the influence of calcium form meta-stable phases (Lentz et al., 

1982; Verkeleij et al., 1974). Non-bilayer and metastable phases have been implicated 

in promoting the rapid absorption of pulmonary surfactant to the interface (Keough, 

1992). The PC:PG-Ca dehydrated phase observed in our study may be such a phase, 

which would enhance the adsorption of the materials at an air-water interface. 



Films of DPPC containing small to moderate amounts of PG have been studied 

as models of pulmonary surfactant, since it was indicated that such films could attain 

high T at minimal compression and showed good spreadability. Films of DPPC 

containing 10 to 30 mol% unsaturated PG, can be compressed to high T ,  indicating that 

the unsaturated components may be selectively squeezed out of such films, although such 

films did not show any enhanced re-spreading rates compared to DPPC alone (Fleming, 

et al., 1983). Re-spreading after dynamic collapse though was found to be enhanced in 

a 90:lO (DPPC:PG, rno1:mol) system by others (Noner et al-, 1980a). It has been 

suggested that in DPPC:PG film systems containing calcium, the material may re-spread 

quickly from the collapse phase during dynamic compression-expansion of such films 

(Fleming and Keough, 1988). Recently using infkared spectroscopy (FTIR) on 

DPPC:DPPG (7:l) films, others have indicated that there is no squeeze-out of either 

component from the films at high T (Rana et al., 1993), whereas in DPPC:POPG 

mixtures, the unsaturated component POPG was squeezed out (Pastrana-Rios, 1994). 

Since some of the pulmonary surfactant PG is saturated @PPG) (Akino, 1992; Sanders 

and Longmore, 1975; King, 1984) it is tempting to speculate on another role of the 

saturated phospholipids in surfactant, which is that DPPG enhances the stability of DPPC 

films at high n, as also suggested by others (Rana et al., 1993). A recent study indicates 

that calcium ions interact with a particular subset of phospholipids in calf lung surfactant 

extracts, and increase the molecular order in such extracts 

also observed a similar effect of the cation on pulmonary 

at the air-water interface (Chapter 1 1). It is not yet clear 

(Ge et al., 1995). We have 

surfactant lipid extract films 

what complex role PG plays 



in the surface activity of pulmonary surfactant. This study at least indicates that PG is 

miscible with PC in films, and that calcium can interact strongly with such lipid in films. 

Also the interactions of this phospholipid and calcium with surfactant proteins (discussed 

in chapter 6 )  may firrther implicate other roles of PG in surfactant. 

wll parts of this chapter was published as Nag er al., 1994 in Thin Solid Films 

(Appendix B, No. 6)] 



Chapter 5 

CHOLESTEROL 



INTRODUCTION 

Cholesterol is one of the most studied components of biological membranes, 

whereas its role in pulmonary surfactant is only beginning to emerge. The sterol is the 

major neutral lipid constituent of pulmonary surfactant (PS) , varying from 3 to 10 weight 

percent in PS from various species, and its level also varies in the PS of animals 

acclimatized to different temperatures (Daniels et al., 1995; Fleming and Keough, 1988; 

- Keough, 1984; King and Clements, 1972a; Yu et al., 1983). In bovine pulmonary 

! surfactant cholesterol is present at levels as low as 3 wt % of the total lipids (Yu et al., 
I 
1 

1 1983 ; Yu and Possmayer, 1993 ; whereas in PS from rats, dogs and humans it can 

i reach as high as 10 - 13 wt % (Daniels et al.,, 1995; King and Clements, 1972a), or in 
1 
I 

average constitutes about 15 mol% of the total lipids of pulmonary surfactant of some 
1 

; species (Keough, 1992). 

i 

I Intratracheal administration of liposomal suspensions of cholesterol with other 

i 
1 surfactant materials indicate that the clearance of the sterol by type-II pneumocytes 
f 
i 

! occurs similarly to DPPC, indicating that the cholesterol is an integral component of PS 

(Pettenaizzo et al., 1989). About one percent of the surfactant cholesterol is actually I 

1 

synthesized by type-I1 cells, as most of it is cycled from unloaded material of circulating 
i 

1 low density lipoprotein to the type-II pneumocytes (Haas and Longmore, 1980). 

I 
1 Cholesterol enhances the spreadability, re-spreadability and adsorption of pulmonary 
I 
/ surfactant lipids, and alters the stability of surface films of PS (Fleming and Keough, 
i 

/ 1988; Hildebran et al., 1979; Notter et al., 1980b; Taneva and Keough, 1995; Yu et al., 



1983). Recently it has also been indicated that surfactant protein-A (SP-A) and calcium 

affect the ability of cholesterol to alter the PS films stability (Yu and Possmayer, 1993; 

1994). 

Cholesterol is present in an abundance of around 20-40 wt % of lipids in most 

biological membranes, and is an extremely important regulator of biomembrane fluidity 

(Gennes, 1989; Yeagle, 1985; 1993). Mammalian cell membranes may utilize 

endogenous or exogenous sources of cholesterol for regular maintenance of membrane 

structure and growth, and cholesterol determines certain physical properties of biological 

membranes such as fluidity or permeability (reviewed by Yeagle, 1993; 1985). Model 

phospholipid bilayer studies with 0 -50 mol % of cholesterol have indicated that the 

sterol can laterally segregate into cholesterol-rich or cholesterol-poor domains. In such 

systems the phase diagrams are complicated and contain a host of lipid phases beyond 

the simple gel or liquid crystalline phases seen in most phospholipid systems (Estep et 

al., 1978; Smutzer and Yeagle, 1985). 

Numerous studies on interaction of cholesterol with phospholipid films have been 

performed as models of biological membranes (reviewed in Cadenhead, 1985) and over 

the last decade utilising fluorescence microscopy (Benvegnu and McComell, 1993; Heck1 I 

et al.,  1986; 1988; Hirschfeld and Seul, 1990; Hwang et al., 1995; Mattjus, 1995; 

Mattjus and Slotte, 1994; Seul, 1990; Slotte, 1995; Slotte and Mattjus, 1995; 

Subramanium and McConnel, 1987; Weis and Mccomell, 1985). The interest in 

studying such phospholipidlcholesterol systems in films has grown for many reasons. 

Films of cholestero1lphospholipid in addition to being models of biological membranes, 



can also be used as models of lipoprotein pmicles (Lund-Katz et ai., 1988; Smaby et al., 

l994). Lipoprotein particles have phospholipid and cholesterol molecules packaged into 

various density particks which have a spherical outer monolayer shell made of lipids and 

apopro teins , and these partic ks  transfer cholesterol among different body tissues using 

the circulatory system (Chao et al., 1988; Yeagle, 1993). Also the other advantage of 

studying cholesterol in films is that high amounts ( > 50 mol %) of cholesterol can be 

accommodated in phospholipid surface films which are not possible in liposomes or 

bilayers, since bilayers with high amounts of the sterol (> 50 %) are extremely unstable 

(Collins and Phillips, 1982; Estep et al., 1978). Various phospholipid/cholesterol films, 

with low to intermediate amounts of the sterol have been studied in detail by us 

(Worthman et al., 1996) and others using fluorescence microscopy (Hirschfeld and Seul, 

1990). The phase diagrams and miscibility of the lipids in films were derived using 

surface pressure-area profiles, and the phase structures observed have been correlated 

by fluorescence microscopy (Hirschfeld and Seul, 1990; Lee et al., 1994). Although 

cholesterol amounts used in such studies rarely exceeded the critical miscibility limit of 

the lipids in monolayers or bilayers, film studies have been performed with higher (2 

30 mol % ) cholesterol in different phosphatidylcholine systems (Mattjus and Slotte, 1994; , 

Merkel and Sacbann,  1994; Slotte, 1995; Slotte and Mattjus 1995; Worthman et al., 

1996). 

In this study we employed fluorescence microscopy to study DPPC monolayers 

with low amounts of cholesterol (2-10 mol percent), to comprehend the properties of 

such films as models of pulmonary surfactant. 



MATERLALS AND METHODS 

The lipids I ,  2-dipalmitoy l-sn-glycero-3-phosphocholine (DPPC) , and cho Iesterol 

were purchased from Sigma Chemicals [St. Louis, MO] . Cholesterol was recrystallized 

from ethanol before use. The fluorescent lipid probe l -palmito yl-2-(12-[(7-nitro-2- 1,3- 

benzox- adiazole-4yl) amino] dodecanoy1)-sn-glycero-3-phosphochohe (NBD-PC), were 

purchased from Avanti Polar Lipids (Pelham, AL). The purity of the DPPC and probe 

were conf i ied  by thin layer chromatography (TLC). The concentrations of the lipid 

samples were determined by a modified version (Keough and Kariel, 1987) of an analysis 

of organic phosphorus described by Bartlett, (1959). The lipids and the probe were 

dissolved in chloroform:methanol (3 : 1 vol/vol) and mixed in desired molar proportions 

(DPPC:cholesterol99:0, 97:2, 945, 89: 10, 0:99 mol/mol containing 1 mol% NBD-PC) 

and stored at -20°C. A solution of saline of 0.15 M NaC1, pH-6.9, made with doubly 

distilled water, was used as the subphase on which the monolayers were spread. The 

doubly distilled water had the second distillation performed with dilute KMnO,. 

Monolayers were spread on the epifluorescence microscopic surface balance and 

all experiments were performed at a temperature of 21f 2°C. The monolayers were 

compressed at a very slow initial rate of 20 mm2.sec-', in steps, and a wait period of 10 

minutes was introduced at each step, leading to a final compression speed of 0.022 

@.molecule-'. sec". This relatively very slow rate of compression was chosen to allow 

for the condensed domains to attain near equilibrium or quasi-equilibrium shapes or 

states, as discussed by others previously (Weis and McConnell, L985). During the last 



minute of the waiting period the monolayer features were video recorded and analyzed 

by methods described in Appendix A. 



RESULTS 

The typical isotherms of DPPC monolayers containing 0-10 (mol%) and 99 mol 

% cholesterol (plus 1 mol% NBD-PC) are shown in Figure 5.1 (top), and the typical 

images observed in such films at a T - 11 mN/m (bottom). The DPPC isotherm 

showed the typical LE-LC phase tramition as indicated by the plateau region at rr - 8 

mNIm, which was slightly shifted to higher pressures by the addition of 2-10 mol % 

cholesterol. The cholesterol monolayer showed no detectable change of the initial 

surface pressure of 0 mN/m up to an area per molecule of 46 ~2.molecule-1, and then a 

sharp increase of surface pressure occurred. The cholesterol film collapsed at a n of 42 

mN/m, which was lower than the collapse T of the DPPC of 72 mNlm. The cholesterol 

isotherm indicated that the lipid underwent a phase transition from highly expanded gas 

(G) phase to a solid condensed (SC) phase, in agreement with previously reported studies 

on such systems (Cadenhead, 1985). The typical images from the DPPClcholesterol 

films indicated that with increasing cholesterol content, the shapes of LC phase of DPPC 

were drastically altered. The typical kidney shaped condensed domains of DPPC became 

spiralled or convoluted into thin filamentous structures. These drastic changes of domain 

shapes were not accompanied by any significant changes in the n-A isotherms of these 

systems. The pure cholesterol monolayer (plus 1 mol% NBD-PC) showed a black, 

almost homogenous single phase, with few small regions of intense fluorescence (last 

image in Figure 5.1) at all T. This black phase was probably the solid condensed (SC) 

phase of cholesterol, and such features indicated that the probe NBD-PC was excluded 



Figure 5.1 Typical ?r-A isotherms of DPPC, cholesterol and DPPC + cholesterol 

: (mol%) films containing 1 mol% of NBD-PC are shown (top), and the typical images 

observed in such film at a .rr - 9 mN/m (bottom). The Films were compressed on a non- 

buffered subphase of 0.15 M NaCl (pH-6 -9) in 20 steps, at a f d  rate of 0 -20 

 molecule-'set-'. The scale bar is 25 pm. 

The black regions in the firsst four images indicate the liquid condensed phase and 

the white the liquid expanded phase. In the last image observed from a typical pure 

cholesterol film, the black region may be a solid condensed (SC), probe excluding phase. 





Figure 5.2 Typical images observed in films of DPPC + 2 mol% cholesterol compressed 

in 50 steps (under the same conditions in the last figure, except slowly) showing the 

evolution of the condensed spiral domains. The final compression rate of the film was 

0.022 A2. molecule-l. secdL . The surface pressures (T in rnNlm) are indicated at the bottom 

of each image. The scale bar is 25 pm. 

The condensed domains grew in length rather than in sizes (circular or elliptical) 
I 

as seen in films of pure DPPC. The width of the filaments decreased with increasing n. 

The length of the filaments increased, and spiralled into highly convoluted patterns at T 





- ! 

out of the SC phase. 

The evolution of LC domain shapes with increasing .surface pressure in films of 

DPPC with 2 mol % cholesterol (plus 1 mol % NBD-PC) is shown in Figure 5.2. Up 

to a T of 7 mN/m, the monolayer showed a single homogenous LE phase (not shown), 

and at a T of 9 mN/m nucleation of small comma like LC domains (black) was observed. 

With increasing .rr between 9 and 18 mN/m, these comma-like LC domains increased in 

length and became thinner, and became spiralled. Such spiral LC domains have been 

previously observed in DMPAkholesterol and DPPC/cholesterol films (Heck1 et al., 

. I 

1988, Weis and McConnell, 1985). It has been suggested that cholesterol acts as an 

"line active impurity" between the LC-LE domain boundaries of the phospholipids, and 

alters the shapes of the typical kidney shaped domains of DPPC (Weis and McConnell, 

The plot of total amount of black or condensed phase plotted as a function of R 

I for films of DPPC with cholesterol is shown in Figure 5.3. The plots indicated that 

i small amounts of cholesterol do not drastically effect the amounts of condensed phase at ! 
I 

! surface pressures of 5-20 mN/m, although at higher T the total amount of LC phase is 
I t 
: decreased from those found in DPPC films at equivalent K. This indicated that small 

! amounts of cholesterol slightly perturbs films of DPPC, especially at higher T,  and is 
I 

! ! consistent with previous reports (Slotte, 1995). The cholesterol monolayer had 75-84 % 

black phase at all T ,  although the black phase in pure cholesterol films may be a solid 
! 

i phase and not the liquid condensed (LC) phase seen in phospholipid f h s .  Using the 

/ NBD-PC probes partitioning, this solid-like phase cannot be discriminated from the LC 



Figure 5.3 Percentage of the black phase plotted as a function of surface pressure of 

DPPC-cholesterol films. The error bars indicate f one standard deviation for 10 images 

analyzed at each R. 

For films of pure cholesterol an almost homogenous or continuous black phase 

was observed, although about 10-15 % of the films area was occupied by the fluorescent 

probe. This black phase may be a solid condensed (SC) phase, and may be different 

from the liquid condensed (LC) phase (which also appear as black or probe excluding) 

observed in all the other systems. 
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phase such as seen in DPPC films, but our results at least indicate that this phase is 

tightly packed and excludes the probe. These results indicate that although small 

amounts of cholesterol perturbs the packing of DPPC films at high T ,  the sterol has a far 

greater effect on shapes of condensed domains of the phospholipid. 



DISCUSSION 

5.411 Cholesterol alters phase properties of DPPC films. 

The effect of increasing molar concentrations of cholesterol in phospholipid films 

has been studied extensively (Albrecht et al., 1981; Chapman et al., 1969; Ghosh and 

Tinoco , 1972; Miiller-Landau and Cadenhead, 1979; Phillips and Chapman, 1968; 

reviewed by Cadenhead, 1985). Over the last decade fluorescence microscopy has been 

used in such studies (reviewed by Weis, 1991, McConnell, 1991). Visualization of the 

DPPC film has indicated that the LE to LC phase transition at - 7 mN/m coincides 

microscopicdy with an exclusion of the probe from the regions of high packing or 

condensed (black) phase to regions of high fluidity or low packing or expanded (white) 

4 phase (Meller, 1988; Nag et al., 1991; Weis and McConnell, 1985). The LC domains 
I 

: of DPPC also show quasi-equilibrium "kidney bean" shapes (Nag et al., 1991; Weis and . 

I 

i Mccomell, l98S). The mica1 images in the DPPC/cholesterol films shown in Figure 

I 5.1, and the increase in amounts of fluid or expanded (white) phase with increasing . 

j cholesterol in such films (Figure 5.3) tends to indicate that cholesterol probably 
i 
; partitioned mostly in the fluid phase of such f h s .  This is consistent with the fact that , 

I the structure of cholesterol was not being accommodated in the tightly packed LC 
i 
! 
: domains of DPPC, although cholesterol molecules pack very well by themselves as 

I indicated from the films of pure cholesterol (Figure 5.1). Figure 5.4 shows a cartoon 

! of the potential arrangements of cho!esterol in films of DPPC at the air-water interface. 
. 

In films, cholesterol by itself probably orients at the air-water interface with its terminal 



Figure 5.4 Typical arrangements of cholesteroi in films of DPPC at the air-water 

interface. Cholesterol molecules are probably oriented with their hydroxyi group in the 

water and the sterol rings in the air. 

Cholesterol occupies mostly the fluid phase of DPPC films, and alters the shapes 

- of LC domains by binding as a " line active impurity" to the LC domains edges (adapted 

from Weis and McComell, 1985). 
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polar hydroxyl group in water and the rigid or inflexible sterol rings oriented towards the 

air, and foms a tightly packed solid or solid condensed (SC) phase at K above 0 mN/m. 

The partitioning of cholesterol mostly in the LE or fluid phase of DPPC could be due to 

the rigid molecule (sterol rings) not being accommodated well in the DPPC tightly 

packed LC phase. As seen from the isotherms of pure cholesterol films, the rigidity of 

the molecule is inherent since such films undergo a single phase transition from gas to 

solid. The images of such films indicate the existence of a single mostly homogenous, 

continuous solid-like phase. Such solid-like phase is continuous and do not have any 

domain boundaries or shapes, compared to those seen for liquid condensed domains of 

DPPC in films. Recently Lee et al., (1995), have shown that cholesterol in fluid DMPC 

films can be segregated out of the fluid phase by applying an electrostatic field, 

confirming the localization of most of the molecules in the fluid phase. 

5-42] Shape changes of DPPC 

It was interesting to note 

condensed domains. 

in this study that, although cholesterol (in low amounts) 

did not substantially alter the T-A isotherms of DPPC, it had a drastic effect on the 

shapes of LC domains of DPPC. Such shape changes have been termed as "shape 

transitions" in analogy to phase transitions occurring in thin films (McComell, 1991; 

Seul and Andelman, 1995), and studying such transitions reveals somewhat the molecular 

arrangements of the phospholipids inside such domains. The probe-excluded phase which 

we associate with LC or liquid condensed domains of DPPC exhibits circular or "kidney 

bean" shapes due to a "competition between line tension and electrostatic forces acting 



on the phospholipid molecules" (McConnell, 1991). Line tension can be described as 

the tension or force acting along the boundary of the condensed phase with the fluid, 

which allows the LC phase to be isolated into units as separated elliptical or circular 

domains (Groves and Mccomell, 1996; Mccomell, 1995). The line tension prevents 

the domains from fusing. It arises from different dipole orientations of the molecules in 

the LE and LC phase. The phospholipid molecules at an air-water interface are 

considered as single molecular dipoles and arise from the orientation of the headgroup 

in the water. The shapes of the phospholipid domains occur through a competition 

between the dipole orientation, line tension and the culombic or electrostatic forces 

between the molecules (the concepts of dipole orientation of lipids and resulting shapes 

of domains have been discussed in McConnell, 1991). Weis and McConnell (1985) 

observed the effect of cholesterol on the LC domains of DPPC with the introduction of 

2-4 mol % cholesterol in such films, and reported for the f r s t  time that the LC domains 

of such systems were thin and filamentous, and that the direction of the filamentous 

growth depended on the chirality of the phospholipid molecule. They suggested that 

cholesterol acted as a line active impurity at the LC domain boundary, and induced 

electrostatic instabilities which deform the circular domains to more longitudinal spiral 

shapes, or allow the domains to grow in one direction or axis and not the others. It was 

suggested that cholesterol in low amounts concentrated from the fluid phase around the 

edge of the LC phase of DPPC with an increase in packing density of the films, and 

destabilised the condensed-fluid domain interfaces as an "line active impurity" . Others 

have shown that increasing amounts of cholesterol from 2 to 20 mol% in DMPA films 



will systematically decrease the thickness of the spiral domains, and above 25 mol% 

cholesterol, the LE/LC phase transition is no longer detectable by fluorescence 

microscopy (Heckl et al., 1986, 1988). Also such drastic changes of condensed domains . 

shape in phospholipid-cholesterol films are not reflected in their FA isotherms. Such 

studies including ours, suggest that studies of T-A isotherms of lipid-cholesterol films 

need further re-evaluation of molecular details in light of fluorescence microscopy 

results. 

5.431 Possible role of cholesterol in pulmonary surfactant. 

Only a few reports on cholesteroVphospholipid f h s  as models of pulmonary 

surfactant have appeared over the last decade or more (see Keough, 1984; 1992 for 

1 review), and the role of the lipid in pulmonary surfactant is only beginning to emerge 

I 

(reviewed by Daniels, 1995; Keough, 1984). These reports indicate that cholesterol in 

i 
i low amounts enhanced the adsorption, re-adsorption and spreading of some PS 
! 

1 components in films (Fleming and Keough, 1988; Taneva and Keough, 1995), but the 
1 

sterol decreases the stability of some phosphatidylcholine films at high n (Yu and 
t 

' Possmayer, 1993; 1994; Taneva and Keough, 1995). Other studies have indicated that , 

I cholesterol can impede the surface activity of mixed surfactant lipid films at high surface i 
! 
: pressure (Fleming and Keough, 1988). In this study, the amount of condensed phase of 

; DPPC was affected at high n, indicating that cholesterol affects the DPPC films packing 
f 

i more at high a (or low 7).  Also since the fluidizing effect of the sterol on DPPC films 

seems to occur at high T,  cholesterol is possibly present in such films at those T or it is 

127 . 



difficult to "squeeze - out" from such 

is detrimental to some of the surface 

films. This would tend to indicate that cholesterol 

activity of DPPC films or ability of such f h s  to 

lcwer surface tension (y )  to very low values, at high compression. Since pulmonary 

surfactant films are far more complex than the mixmres studied here, and are adsorbed 

instead of solvent spread to the air-fluid interface, the hnction of cholesterol in PS may 

be more complex. In pulmonary surfactant cholesterol may help in the mechanism of 

adsorption of particular phospholipids to the films at the air-alveolar fluid interface. Yu 

and Possmayer (1993; 1994) have indicated that although cholesterol decreased the 

stability of surface f i s  of some surfactant phospholipids, in adsorbed films surfactant 

protein - A (SP-A) and calcium could remove such instability. They suggested that the 

protein by some unlcnown mechanism prevents cholesterol in PS from reaching the 

surface-films during adsorption, thus removing any detrimental affect the sterol has on 

stability of PS films at high R. The fluidity imparted by cholesterol to the DPPC films 

can thus be implicated to be conducive of an imperfection of the DPPC packing in 

bilayer structures, allowing them to adsorb rapidly. In the case of the more complex 

pulmonary surfactant system, selective adsorption of DPPC to the surface and prevention 

of cholesterol from reaching such films by proteins, may remove any detrimental effect 

of this lipid on the films stability. 

Fluorescence microscopy has also been used in studying solvent-spread films of 

lipid extracts of pulmonary surfactant at the air-water interface (Hall et al., 1995a; 

1995b), and some definitive effect of the sterol on such films have been found 

(Korcakova et al., 1996). The studies by Hall and co-workers have indicated that 



removing the neutral lipids such as choIestero1 from the Iipid extracts produced 

significant alteration of the amounts of condensed phase formed in such films. In our 

study we observed that, cholesterol perturbed the packing and fluidized films of DPPC, 

and was probably difficult to squeeze-out of such films. The studies by Hall and co- 

workers, and the more simpler system studied here indicate that the sterol probably plays 

some important role in the fluidity, stability and organization of pulmonary surfactant 

films at the air-water interface. 

[The snrdy of complete range o f  cholesterol in phospholipid j i l m  and the discussions of 

such films as model of biomembranes is given in W o ~ h m a n  et al., (1996); Appendix B, 

No. 21 



Chapter 6 

SURFACTANT PROTEIN - C 

(SP-C) 



INTRODUCTION 

Pulmonary surfactant (PS) contains small amounts (2-5 wt%) of specific proteins, 

among which the smallest is a hydrophobic protein called surfactant protein-C (SP-C). 

The protein is under intensive scrutiny in order to comprehend its functional role in 

pulmonary surfactant. Porcine SP-C is a 4.2 kDa, dipalmitoylated, 35 residue peptide, 

of which 23 residues are hydrophobic (Beers and Fisher, 1992; Curstedt et al., 1990; 

Hawgood and Shiffer, 1991). The processing and synthesis of SP-C occurs in type - II 

pneumocytes, and its post-translational processing takes place in the acidic environment 

of the lamellar bodies, which can be altered by changing the pH of the pneumocytes 

internal environment (Beers, 1996). Figure 6.1 shows the typical gene from which the 

SP-C peptide is translated and transcribed, and the typical orientation of the protein in 

phospholipid bilayers. A recent high resolution NMR study showed that SP-C in an 

apolar solvent has a 37 A long &-helix between residues 9 to 34 (Johaasson et al., 

1994b). Other studies have indicated that SP-C has about 60 % a-helical conformation 

in Lipid bilayers (Pastram et al., 1991; Vandenbussche et al., 1992b) or monolayers 

(Creuwels et al., 1993) and has a trans-biIayer orientation similar to integral membrane 

proteins (Morrow et al., 1993b). The larger precursor protein from which mature SP-C 

is formed was suggested to contain a trans-membrane a-helical region, which may be 

embedded in the membrane of type4 cells, with the N-terminal of this precursor Located 

in the cytosol (Keller et al., 1991). 

Hydrophobic proteins of surfactant, SP-B and SP-C, together make up about 2 



Figure 6.1 The gene, mRNA and the processing of surfactant protein - C (SP-C) and the 

secondary structure of the matured, dipalrnitoylated protein. prom Weaver and Whitsett, 

(1991), reprinted with the permission of the authors and publisher, @ The Biochemical 

Society & Portland Press, 

The protein in its mature form is an a-helix and has dipalrnitoylated cystine 

residues near its C-terminal. 
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weight percent of the lipids, although the exact amounts of each has not yet been 

determined with certainty. The precise amount of the proteins which may be associated 

with the films at the air-water interface is even less well defined, although recent 

experiments suggest that at least SP-C can adsorb into the layer (Chapter 7), and small 

amounts can remain in the film even under high compression (Taneva and Keough, 1994; 

1994a; 1994b; 1995). In vitro studies have shown that SP-C facilitates PS lipid 

adsorption into an air-water interface (Hall et al., 1992; Notter et al., 1987; Perez-GiI 

et al., 1992b; Takahashi and Fujiwara, 1986; Yu and Possmayer, l988), mediates lipid 

insertion into preformed lipid monolayers (Creuwels et al., 1993; Oosterlaken- 

Dijksterhuis, et al., 1991a) and facilitates re-spreading of lipids from collapsed phases 

of monolayers (Taneva and Keough, 1994). SP-C also can alter the elasticity and 

viscosity of lipid monolayers (Pastrana et al., 1991). Some of these processes were 

enhanced in the presence of anionic lipids and calcium. Porcine SP-C has positively 

charged residues near its N-terminal and these may interact with anionic phospholipids 

(Shiffer et al., 1992; 1993). Neutralization of the positive charge of SP-C in lipid 

vesicles alters functional properties of the protein, such as inducing the binding of the 

vesicles to phospholipid monolayers (Creuwels et al., l99Sa). Also palmitoylation and 

pH alter some of the functional properties of SP-C in studies in vitro , such as increasing 

adsorption rates of phospholipid vesicles to an air-water interface (Johansson et al., 1995; 

Quanbar and Possmayer, 1995). Although studies have indicated roles for SP-C in 

pulmonary surfactant dynamics, only recently have investigations indicated how SP-C 

may structurally interact with some PS lipids (Horowitz et al., 1993; Johansson et al., 



1994a; 1995; KriLl and Gupta, 1994; Morrow et ale, 1993b; Pastrana et at., 1991; 

Panaiotov et al., 1996; Shiffer et al- , 1993 ; Sirnatos et al., 1990; Vandenbussche et al., 

l992b). 

Monolayers of lipid-protein systems have long served as models of biological 

membranes (Cadenhead, 1985; CSerhati and SZogyi, 1994; Mohwaid, 1990), and as 

models of serum lipoprotein particles (Ibadah et al., 1988; Krebs and Phillips, 1983; 

Krebs et al., 1988). This study of SP-C with lipids in monolayers is relevant to lipid- 

protein interactions of integral membrane proteins in model membranes, as well as to the 

interactions of the components in surfactant monoIayers and bilayers. Using 

epifluorescence microscopy, the influence of proteins on lipid monolayer phase packing, 

and the transition from liquid expanded (LE) to liquid condensed (LC) phase has been 

semi-quantitatively assessed (Heckl et al. ,  1987; Mohwald, 1990; Perez-Gil et al., 1992a; 

Peschke and Mohwald, 1987). The influence of ions or anionic lipids (Evert et al., 

1994; chapter 4) and lipid-protein (Heckl et al., 1987) monolayers has also been studied 

by this technique. Similarities of surface pressure-induced monolayer changes with 

bilayer lipid systems undergoing thermal phase transitions have been noted (Mohwald, 

1990; Nag et al., 1993). In a previous collaborative study we found SP-C caused lipid 

packing re-arrangements and affected isothermal phase properties of DPPC in spread 

monolayers (Perez-Gil et al., 1992a) and bilayers (Keough et al., 1992). In this study 

we show directly how fluorescein-labelled SP-C (F-SP-C) is organized in spread 

monolayers of DPPC , DPPC : DPPG (dipalmitoy lphosphatidy lglycerol) (7 : 3 mol/mol) , 

under the influence of calcium. Although the amounts of the surfactant proteins used in 



this and following studies (3-30 wt%) exceeds the amounts present in pulmonary 

surfactant, the studies could be compared to other studies done in bilayers using similar 

high amounts of proteins. Also these model studies required high amounts of proteins . 

to detect any saturation of interactions of the proteins with the lipids. 



MATERIALS Ah.?) METHODS 

6-21] Materials. 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine(DPPC), 1,2-dipahitoy l-sn-glycero 

-3-phospho-rac-glycerol (sodium salt) (DPPG-Na) and 1-palmitoyl-2-(12-[(7-nitro-2-1.3- 

benzoxadizole-4-yl)amino] dodecanoy 1) phosp hatidylcholine (NBD-PC) were purchased 

from Avanti Polar Lipids (Pelham, AL). The lipids were found to be pure by thin layer 

chromatography and used as received. Fluorescein isothiocyanate (FITC) was purchased 

from Molecular Probes (Eugene, OR). The subphase buffer for the monolayers was 0.15 

M NaCl and 5 m M  Tris dissolved in deionized doubly-distilled water, the second 

distillation performed from dilute KMnOj containing 1.6 mM calcium ions when 

required. The pH was adjusted to 6.9 with 0.1N HCL. Pulmonary surfactant protein SP- 

C was isolated from porcine lungs by the method of Curstedt et al., (1991), by Dr. Jesus 

Perez-Gil of the University of Madrid and is discussed elsewhere (Perez-Gil et al., 

1993). 

6-22] Fluorescent labelling of SP-C. 

Purified and native SP-C was fluorescently labelled by Antonio Cruz and Jesus- 

Perez Gil (Universiq of Madrid) by the following method. The pH of a solution of 200 

pg of purified SP-C in 2 rnl of chloroform:methanol(2: 1 vol/vol) was adjusted to 7.8 by 

addition of appropriate amounts of 50 mM Tris in methanol. Fluorescent labelling was 

achieved by incubating the SP-C solution with 20 pl of 10 mM fluorescein isothiocyanate 



(FITC), at 4°C overnight. The pH of the solution was re-adjusted to 2 and the proteins 

eluted from a LH-20 Sephadex (Pharmacia LKB, Sweden) column to remove the 

unreacted FITC. The chromatographic profile of the LH-20 effluent was followed by 

absorbency at 250 nm (unreacted SP-C) and 450 MI (fluorescein labelled SP-C). 

Fluorescein labelled SP-C (F-SF-C) showed a single band on SDS-gel electrophoresis 

around 5000 Da and was not further purified. 

Native and labelled SP-C (F-SP-C) were scanned by Matrix Assisted Laser 

- Desorption/Ionization (MALDI) spectrometry by Mr. Lome Taylor at the department of 

. Chemistry, University of Waterloo (Ontario, Canada), to determine their respective 

molecular weights by procedures discussed by Hillenkamp et al. (1991). A similar type 

of Mauix Assisted Plasma Desorption spectrometry has been used previously by Curstedt 

r et al., (1990) to determine the molecular weight of SP-C and the analytical procedures 

are given in detail by these authors. 

i 
SP-C and F-SP-C were quantitated by amino acid analysis. DPPC, DPPG and 

i NBD-PC were assayed by estimating the total amount of phosphorus in the lipids by a 
i 

1 modified of method of Bartlett (1959) as described elsewhere (Keough and Kariel, 1987). 

I 

i 6.231 Monolayer formation and observation. 

The lipids, NBD-PC (fluorescent lipid probe) and protein F-SP-C (fluorescein- 
j 
: labelled SP-C) were dissolved in chloroform: methanol (3 : 1 vol/vol) and mixed in desired 

; weight proportions. One mol% of NBD-PC was included in DPPC and DPPC:DPPG 



(7:3 mol/mol) mixtures. No lipid probe was used when F-SP-C (3, 6 and 12 wt% or 

0.5, 1-07 and 2.14 mol%) was present in lipid monolayers since fluorescence emission 

from F-SP-C was found to be suffkient to observe the rnonolayers. Monolayers were 

spread on a buffered s a h e  subphase from the chloroform:methanol(3: 1 vol/vol) solution 

in the epifluorescence microscopic surface balance described above. All experiments 

were carried out at a temperature of 21 & L°C. The monolayers were compressed in 

steps at a rate of 20 mm2/sec or an initial rate of 0.13 A2.molecu~e-I-sec-', compression 

stopped for one minute and monolayer images obtained during the minute using the video 

camera and recorder of the epifluorescence balance. The images were analyzed using 

digital image processing by methods discussed in details in Appendix A. The percentage 

of condensed phase was estimated as (total area of black regions per hagelthe total area 

of the image x 100). 

t 

6.241 Quantitative Estimation of lipid-SP-C Association. 

Estimates of the distribution of F-SP-C in the liquid expanded and liquid 

condensed phase were performed using a procedure of Heckl et al., (1987). In this 

procedure the percentage of black or condensed phase is converted to degree of 

crystallization and plotted as a function of area/molecule of the lipid, and this plot can 

be used to give an estimation of the area of the protein in each phase. The degree of 

crystallization 4 was calculated by the methods of Heckl et al., (1987), where 4 = 1 - 

(1 - X).A/&, where X = the ratio of the dark (condensed) area to the total area; A = 

the observed area per lipid molecule; A, = the area of the lipid molecule in the fluid 



I 

region just below the liquid expanded to liquid phase transition region. The percentage 

of dark phase gives the proportion of the total area which is in the condensed phase 

whereas the degree of crystallization gives the proportion of the lipid molecules which 

are in that phase. 



RESULTS 

The MALDI mass spectra of SP-C (top panel) and its fluorescein-labelled 

analogue F-SP-C (bottom panel) are shown in Figure 6.2. As shown in the top panel of 

Figure 6.2 native SP-C produced a main peak at 4213 Da, and minor ones at 4023 and 

8081 Da. The F-SP-C spectrum in the bottom panel showed a major peak at 4117 Da 

and smaller ones at 3747, 4007 and 4360 Da. The formula weights (FW) of SP-C from 

amino acid analysis are 4186 Da (+ 2 palmitates), 3948 (-1 palmitate) and 3710 (-2 

palmitates) . Curstedt et al. (1990) using similar mass spectrometry of SP-C have shown 

that the native protein had spectral peaks at 4210 Da (+ 2 palmitates), 3971 Da ( -1 

palmitate) and 3733 Da (- 2 palmitates), the main peak of SP-C (4210 Da) being close 

to our SP-C peak at 4213 Da. The difference in MALDI spectrometrically determined 

molecular mass and the formula weight (FW) of SP-C may be due to sodium adjuncts 

of various forms of SP-C being detected spectrometrically, as has been discussed by 

Curstedt et al. (1991). The spectrum in Figure 6.2 (top panel) indicates that SP-C is 

mainly in its dipalmitoylated, native, monomeric form (4213 Da), with minor amounts 

of SP-C in other fonns such as SP-C dimer (8081 Da) and monopalmitoyl SP-C (4023 

Da). Similarly, the F-SP-C spectrum can be explained as displaying some deacylated 

form of SP-C from the peak at 3747 Da [4213 Da - 476 Da (FW of 2 palmitates) = 

3737 Da], and a main peak at 4117 Da which corresponds to this deacylated form 

labelled with one mole of fluorescein per mole of protein [3737 Da + 376 Da (FW of 

fluorescein) = 4113 Da for F-SP-C]. The other peaks in the F-SP-C spectra indicate 



Figure 6.2 MALDI mass spectra of porcine SP-C (top panel) and fluorescein-labelled 

deacy lated F-SP-C (bottom panel). 

The main peak at 4213 Dalton (top panel) is from the dipalmitoylated monomer 

of the protein and the one at 41 17 Da (bottom panel) is from the deacylated, fluorescein- 

- labelled protein (F-SP-C). The other minor peaks are for various forms (see main text) 

of SP-C present in the extracted protein. 
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minor amounts of SP-C at its various levels of acylation. 

Figure 6.3 shows the surface pressure - area per molecule (PA) isotherms of 

DPPC monolayers containing 0, 3, 6, and 12 wt% or 0, 0.5, 1.07 and 2.05 mol% of F- 

SP-C (top), and the typical images obtained from a monolayer containing 3 wt% F-SP-C 

are shown in the figure (bottom). The isotherm in the inset of Figure 6.3 (top) is for 

pure F-SP-C. The monolayer without F-SP-C contained 1 mol% of the fluorescent lipid 

probe NBD-PC. The letters near the isotherms (arrows) indicate the r at which the 

images (bottom) in the f h  were obtained. The liquid expanded (LE) to liquid 

condensed (LC) phase transition for DPPC + 0 - 6 wt % F-SP-C monolayers occurred 

between 5 - 7 mN/m as indicated by the plateau regions in the isotherms in Figure 6.3. 

The protein isotherm (top inset) showed behaviour similar to native SP-C monolayers 

; studied previously (Perez-Gil et al., 1992a; Taneva and Keough, 1994b). The lipid- 

: protein isotherms also showed a levelling at a - 50 mN1m corresponding to the 

: exclusion of F-SP-C-lipid units or monolayer collapse, similar to the values found 

previously in the case of pure SP-C (Taneva and Keough, 1994). I 
The typical images m Figure 6.3 (bottom) of a monolayer of DPPC + 3 wt% F- 

: SP-C showed that LE (bright regions) and condensed phase (dark regions) of DPPC, 

i could be visualized from the fluorescence of the fluorescein-labelled protein. Image A i 
in Figure 6.3 shows mainly LE or fluid phase for the lipid monolayer and suggests that ! 

I F-SP-C is in that phase. linage E indicates that F-SP-C (light regions) remained in the 
j 
i monolayer at high surface pressures (T = 64 mN/m). Recently, Panaiotov et al., (1996) 

i using atomic force microscopy have shown similar architecture of films of DPPCISP-C, 



Figure 6.3. Typical surface pressure - area per molecule (FA) isotherms of DPPC 

containing 0 - 12 weight percent (0.5 - 2.05 mol %) of fluorescently labelled SP-C (F- 

SP-C), and 100% F-SP-C (inset) (top) and the typical images obtained from a DPPC 

monolayer containing 3 wt% F-SP-C at various a (bottom). The monolayers of DPPC 

only, contained 1 mol% NBD-PC. The letters A to E indicated in the isotherms (top) 

represent the T at which the images (bottom) were obtained. The light areas in the 

images represent the LE phase and were observed from the emission of the fluorescently- 

labelled protein or F-SF-C. The scale bar is 25 pm. 
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especially the ones observed here at high surface pressure (image E). The bright regions 

in image E may be residual fluid phase containing protein or regions of excluded protein 

(plus or minus small amounts of adherent lipids). Image B indicates that the shape of 

the LC domains of DPPC + 3 wt% F-SP-C films had small protrusions at the LE/LC 

boundaries and were different from more ellip tical or kidney- bean shapes generally 

observed in pure DPPC monolayers (Mohwald et al., 1988; Nag et al., 199 1). 

The isotherm of F-SP-C (Figure 6.3, top, inset) indicated that the protein 

occupied molecular areas of 640 A2.molecule" at "lift off'' r, and 380 A2.molecule-' at 

a ?r of 25 mN/m. These values are in agreement with ones previously found for a- 

helical lipoproteins (Krebs et d . ,  1988) and close to those seen with native acylated SP-C 

(Taneva and Keough, 1994; 1994b). Others have shown by circular dichroism and 
1 

A infrared spectroscopy that SP-C has a high amount of a-helix in DPPC monolayers I 

(Oosterlaken-Dijksterhuis et al., 199 1 ; Pastrana-Rios et al., 1995). The isotherms in 

Figure 6.3 can be recalculated in terms of T versus area per molecule of DPPC only (as 
t 

/ opposed to the average area per molecule of DPPC plus protein as in Figure 6.3, top). 

1 
i Then the apparent change in area of a DPPC molecule that is induced by the protein can 

i 
be calculated by subtraction of the recalculated isotherms of DPPC plus protein from the 

! 
L 

isotherm of DPPC alone (Heckl et d., 1987). Such a presentation is made in Figure 6.4. j 
/ The change of area of the lipidprotein monolayers from that of DPPC (open circles, 

1 Figure 6.4) was non-linear between 83 A2.2.molecule-1 and 40 A2.molecule" of DPPC. i 

i This difference in area was low at higher areas per molecule of lipid, reached a 
I 

! 
I maximum at 55 A2.molecule-L (T = 5 rnN/m), and then declined to become negligible I 



Figure 6.4. The nominal change in the area per molecufe of DPPC induced by the 

protein plotted as a function of the area per molecule of DPPC. The change of area was 

obtained by subtracting the area per molecule of pure DPPC from the nominal area per 

molecule of DPPC in the presence of the proteins at six different surface pressures. The 

symbols correspond to systems containing DPPC plus 0 wt % (0); 3 wt% (0) ;  6 wt% 

(V) and 12 wt % (r ) of F-SP-C. 
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: at 40 for all concentrations of the protein. The change of the area of the 

isotherms of lipids containing protein can be used to approximate the partial molar areas 

of the protein at the different areas per molecule of DPPC in the lipid-protein systems, 

by dividing the area change by the molar amount of protein in the monolayers. This 

assumes that all the area difference is due to the presence of the protein. 

The average nominal area of the protein at 5 mN/m (which corresponds to an area 

of DPPC of 83  molecule-^) so calculated from the change of area at different protein 

concentrations was 512 + 103 A2.molecule-l, an area close to that of the protein 

observed from the isotherm of the pure protein at that T (Figure 6.3, top, inset). This 

would indicate that, at least at low T the protein at all concentrations in the phospholipid 

: monolayers occupied the same area as it would in the pure protein monolayer. At a 

1 higher T of - 25 mN/m (corresponding to 55 A2.molecule-I area for DPPC) where the 

, change of area induced in the protein-DPPC isotherms was maximum (Figure 6.4), the 

1 nominal area of the protein molecule in the mixed films was determined as 1306 + 100 

A2.molecule-l, whereas the protein only had an area of 370 fi2.molecule-' in the pure i 
protein monolayer (Figure 6.3, inset). This implies that the protein had a greater partial 

! 
: area at the higher .rr in the mixed films than it would occupy in a monolayer of the 
i 

i protein alone. It is also possible that the protein probably alters lipid packing at a given 
1 

j surface pressure and a substantial part of the apparent change in lipid area probably is 

i a reflection of the lipid state. It has been shown recently by ellipsometry and infra red 
1 
; spectroscopy (Post et al., 1995, Pastrana-Rios et al, 1995) that native acylated SP-C in 
1 

i lipid films undergoes possible conformational changes at the air-water interface between 



10-25 mNIm, and possibly a change of orientation of the alpha-helix occurs. While such 

changes might be responsible for an increase in partial area, the size of the change 

estimated from the surface data is large and it is dXicult to envisage how changes of 

such a magnitude would accompany the conformational and orientational effects noted 

by Post et al., (1995) and Pastrana-Rios et al., (1995). It is possible to interpret the data 

in Figure 6.4 to indicate that at low areas per molecule of DPPC, where the lipid is in 

the liquid expanded phase, the protein and the lipid effect limited perturbation of each 

other. At higher pressures where more lipid would be in the liquid condensed phase, 

more protein would be excluded into liquid expanded phase, causing greater perturbation 

of packing of lipid in these domains, and an apparent increase in the calculated protein 

area because of the initial assumption that the area change is all due to proteins in the 

system. 

Figure 6.5 (top) shows typical ir-A isotherms of DPPC:DPPG (7:3 mollmol) 

containing 0, 3, 6 and 12 wt% of F-SP-C (DPPC:DPPGIF-SP-C) without calcium, and 

the typical images observed in such monolayers at a T of 15 mNlm (bottom) (symbols 

represent the amounts of protein in the films). In the absence of caicium 

DPPC:DPPGlF-SP-C monolayers displayed isotherms similar to those obtained for the 

DPPCIF-SP-C system (Figure 6.3, top), except that the LE-LC plateau occurred at a 

slightly higher a of 8-9 mN/m. The isotherms in Figure 6.5 (top) in the inset are for 

similar DPPC:DPPG/F-SP-C monolayers in the presence of 1.6 mM CaC& in the 

subphase (DPPC:DPPG-Ca). The tendency for the isotherms obtained with these 

mixtures in the presence of calcium to show plateaus around 50 mN/m could be partly 



Figure 6.5 Typical FA isotherms of DPPC:DPPG (7:3, mollmol) containing 6-12 wt 

% of F-SP-C as in Figure 6.3, with (inset) and without 1.6 mM calcium in the subphase 

(top), and typical images seen at 7r - 15 mNlm in such monolayers without calcium 

(bottom). The letters A - D in the bottom right of each image indicate direction of 

increasing concentration (from 0-12 wt%) of protein. Scale bar is 25 pm. 
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due to the design of the balance and the high viscosity of these monolayers at high .rr (see 

chapter 4, for details). The balance was designed with a channel between the main 

surface and the observing regions (Nag et al., 1990; Peters and Beck, 1983). For highly 

viscous monolayers (DPPC:DPPG-Ca) the channel produced an apparent reduction of .rr 

in comparison to that observed in such monolayers on a balance of different design 

(Taneva and Keough, 1995). The effect was ascribed, likely improperly, by us to 

monolayer collapse when such systems were first studied in this balance (Nag et al., 

1994, chapter 4)- 

The DPPC:DPPG/F-SP-C isotherms obtained in the presence of 1.6 mM calcium 

(inset of Figure 6.5) showed LE to LC phase transition plateaus at a lower n compared 

to the monolayers without calcium. This behaviour of DPPC:DPPG monolayers under 

the influence of calcium was consistent with similar anionic lipid monoiayer systems 

studied previously (Flach et al., 1993 ; Liische and Mohwald, 1989; Nag et al., 1994; 

Taneva and Keough, 1995, chapter 4). Images in Figure 6.5 (bottom) indicated that with 

increasing amounts F-SP-C (A to D) the average size of the LC domains of the lipids 

decreased. This pattern of decreasing size of LC domains with increasing amounts of 

protein in the monolayer, was also observed in the DPPCIF-SP-C system and previously 

in DPPC monolayers containing a native, unlabelled and acylated SP-C (Perez-Gil et al., 

l992a). 

The total amount of condensed phase as a percentage of the total monolayer (% 

condensed) for DPPCfF-SP-C (top panel) and DPPC:DPPG/F-SP-C (bottom panel) 

monolayers without calcium plotted as a function of T are shown in Figure 6.6. At 



Figure 6.6 Percentage of the monolayers in condensed phase (% condensed) as a 

function of r for DPPC (top) and DPPC:DPPG (bottom) containing F-SP-C in the 

absence of calcium. The symbols correspond to systems containing the phospholipids 

plus 0 wt % (0); 3 wt% (a); 6 wt% (V) and 12 wt % (r) of F-SP-C. Error bars 

- 
represent & one standard deviations of ten frames analyzed at each r from an individual 

I 

monolayer. 
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comparable K increasing amounts of F-SP-C decreased the total amounts of condensed 

phase for both DPPC and DPPC:DPPG monolayers. It can be observed in Figure 6.6 

(top panel), that although up to 6 wt % of F-SP-C caused smaller condensed domains, it 

did not substantially reduce the amount of condensed phase of DPPC monolayers, 

whereas 12 wt% of F-SP-C did reduce that total amount. In a previous study (Perez-Gil 

et al., 1992a) a similar perturbation of DPPC monolayers by native SP-C was observed. 

The total amounts of condensed phase in DPPC:DPPG monolayers were reduced by F- 

SP-C. 

Figure 6.7 shows the relative amounts of condensed phase (lefi panels) and the 

degree of crystallization 4 (right panel) plotted as a function of molecular area of the 

lipids. Both forms show a difference in the influence of 12 wt% protein as compared 

to that of 3 and 6 wt%. The degree of crystallization plots (right pane, Figure 6.7) can 

be used to estimate the area occupied by the lipid in the gel or crystalline (condensed) 

phase and in the fluid phase, by extrapolating the linear portions of the plots to t$ of 1 

or 0 respectively, as previously discussed by Heckl et al, (1987). For the pure DPPC 

monolayers (open circles in 6, right panel) an area per molecule of 75 & 2 hr2.molecule-' 

195 % confidence limit] (4 = 0) was obtained for the lipids in the fluid phase, and 46 

+ 2 A2.molecuie" ($ = 1) for the lipids in the gel or condensed phase, and the values 

were very close to those for the mixed DPPClDPPG monolayers. These values are in 

close agreement with those found previously for DPPC by others (Heckl et al., 1987; 

Mohwald, 1990). The plots of the degree of crystallization are linear up to 4 = 0.9, and 

for monolayers containing 0, 3 and 6 wt% of F-SP-C they converge to a similar area per 



Figure 6.7 Percentage of condensed phase as in Figure 6.6 (left panel) and degree of 

crystallization or 6 (right panel) plotted as a hnction of molecular area of the lipids. 

Top panels are of DPPC and the bottom ones are for DPPC:DPPG systems containing 

0 wt 76 (0); 3 wt% (a); 6 wt% (V) and 12 wt % (v) of F-SP-C. 

- 
The degree of crystallization was obtained by converting the percentage condensed 

(Figure 6.6) to amount of gel phase by methods used previously by Heckl, et al (1987) 

(see text for details), to estimate partial molar areas occupied by the protein in the 

monoIayers , 
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molecule (or - 55 A'.rn~lecule-~) of lipid at that 4. Beyond this point there is a change 

of slope in most of the systems, except in the lipid monolayers containing 12 wt% F-SP- 

C. The slope change is observed for lipids with and without protein possibly indicating 

that there was no effect of the protein on the gelation patterns above @ of 0-9- This 

would be consistent if the protein were essentially squeezed out of the condensed lipids 

above 4 - 0.9. In contrast when the plots were extrapolated to 6 = 0, the indication 

was that with increasing protein concentrations the area of the lipids in the fluid or 

expanded phase increased by about 10 hi'.m~lecule-~, with each increment of protein 

added. This indicates that the proteins changed the area of the lipids, and presumably 

their packing modes in the expanded or fluid phase. Extrapolation of the initial linear 

lines to the upper axis of 6 = 1 (for 0-6 wt% protein), revealed a value of 45 f 2 

i\'.m~lecule-~ (95% ~ o ~ d e n c e ) ,  which suggests that the partial molar areas of the lipids 

in the gel phase for the pure lipids and lipid-protein systems are similar. This would 

suggest that the protein, up to 6 wt %, did not affect the gel phase. The systems with 

the 12 wt% protein showed lower slopes of the 4 vs area plots which did not extrapolate 

to real areas per molecule at C$ = 1, behaviour which suggests that, at the high protein 

concentration, the gel phase packing could be influenced by the protein. T h e  

percentages of condensed phase as a function of surface pressure of DPPC:DPPG 

monoIayers in the presence of 1.6 mM calcium are shown in Figure 6.8 (top), and 

typical images observed in such monolayers at ?r = 8 mNlm are in the bottom. The 

calcium produced higher amounts of condensed phase in DPPC:DPPG monolayers at any 

given a compared to the ones without calcium, but the F-SP-C continued to induce a 



Figure 6.8 Percentage of condensed phase plotted as a function of .ir for 

DPPC:DPPG/F-SP-C monolayers in the presence of 1.6 mM CaC1, (top); and typical 

images from such monolayers obtained at a r of 8 mN/m (bottom). The symbols 

correspond to systems containing the DPPC:DPPG plus 0 wt % (0); 3 wt% (a); 6 wt% 

(V) and 12 wt % (r) of F-SP-C. The letters A-D in the bottom right of each image 

indicates the direction of increasing concentration of F-SP-C, (0- 12 wt % F-SP-C) . Scale 

bar is 25 pm. Error bars indicate standard deviations of ten images analyzed at each T 

. from an individual monolayer. 
4 
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decrease in the size of condensed phase domains. The images in Figure 6.8 (bottom) 

also indicated that the LC domains in DPPC:DPPG monolayers had a different shape 

(flower-like) in the presence of calcium (& F-SP-C) compared to the ones seen in DPPC 

or DPPCDPPG systems without calcium (Figure 6.3 and 6.5, bottom panels). Flower- 

like LC domains have been observed previously in anionic lipid monolayers containing 

divalent cations (Lijsche and Mohwald, 1989) and by us as shown in chapter 4. In the 

presence of calcium increasing amounts of F-SP-C decreased the amounts LC phase of 

- DPPC:DPPG monolayers (Figure 6.8) ,  as had been seen in the systems without calcium 

(Figure 6.5). 



DISCUSSION 

6-41] Characterization of SF-C. 

Pulmonary surfactant protein SP-C is difficult to isolate and study due to its 

extremely hydrophobic nature and insolubility in polar solvents usually employed in 

structural characterization of proteins (Beers and Fisher, 1992; Keough, 1992). 

Extracted native SP-C was found to contain forms which differed in their levels of 

acylation, truncation and dimerization, which were easily detected by MALDI type mass 

spectrometry (Curstedt et al., 1990). In this study MALDI analysis of SP-C and F-SP-C 

was used to determine the degree of acylation, dimerization and fluorescent labelling of 

the protein. During the fluorescent labelling process the protein underwent partial 

i deacylation along with labelling with 1 mole of fluorescein (F-SP-C) per mole of SP-C. 

This partially deacylated, fluorescein-labelled F-SP-C was found not to exhibit any 

j significant differences in its surface pressure-area monolayer characteristics (Figure 6.3, 

I inset), and its interaction with DPPC in monolayers from properties observed with native 
1 ' SP-C studied previously (Perez-Gil et al., 1992a). Recently it has also been shown that, ' in the absence of calcium the level of SP-C acylation does not significantly alter its 

I function in lipid adsorption and insertion to preformed monolayers (Creuwels et al., 
i 
1 

1 1993). In another study F-SP-C was found to increase the rate of adsorption of DPPC 
I 

! to an air-water interface similar to native, non-labelled SP-C (Chapter 7). In that same 
I 
! 

1 study, evidence was obtained that spread f h s  and those adsorbed from liposomes 

I displayed similar surface textures and domain distributions. Nevertheless, it is noted that 
! 



the solvent-spread films of simple systems used here may not totaIly reflect the adsorbed 

film of pulmonary surfactant which may potentially have more complex composition in 

siru - 

6.421 Effect of SP-C on DPPCfDPPG fillms 

Proteins like glycophorin (Jones and Davis, 1987), bornbilitin III (Signor et al., 

1994) and cytochrome C (Peschke and Mohwald, 1987) were found to cause changes in 

the isotherms of lipid monolayers. Up to a .rr of 30 mN/m, F-SP-C produced a slight 

expansion of the monolayers compared to that expected for ideal mixing of lipids and 

proteins, irrespective of the lipid and ionic conditions used. Assuming all the nominal 

change in the area to be due to the area occupied by the protein, the data in Figure 6.4 

4 could be interpreted to indicate that the protein occupied a partial molar area of - 512 

~2.molecule-1 in the lipid-protein monolayers at low T and at all protein concentrations, 

i 
whereas at higher R its calculated partial molar areas appeared to increase. This change 

I 

I 
i in the partial molar area of the protein at higher T, may be suggestive of a change of 
i 

i conformation or alignment of the protein in the monolayers, or a change of lipid area or 

; both. The area changes of the DPPC monolayers induced by SP-C at lower a, are 

I however, smaller than the ones seen in water soluble cytochrome protein, which was also 
\ 
i found to insert in the fluid phase of DPPC (Heck1 et al. L987), indicating that 

t hydrophobic SP-C may have a different organization in phospholipid monolayers than the . 

i 
; water soluble proteins. Recently, Post et al. (1995) showed by ellipsometry of 

; DPPC/SP-C monolayers that a change of thickness of the lipid-protein monolayers 



occurred between 10 to 25 mN/m in the presence of SP-C, possibly indicative of some 

change of molecular alignment of this protein in monolayers occurred between those a. 

SP-C is insoluble in aqueous systems so that it can be spread in monolayers in pure form 

(Figure 6.3, inset). Monolayers of pure protein formed through spreading from solvent 

do not show an increase in partial molar areas with compression. So while it might be 

possible that the lipid causes a large change in the area of the protein, it seems more 

likely that the assumption that the lipid is unaffected by the protein at the higher pressure 

(and lower areas per lipid molecule) is not warranted, and that SP-C perturbs the lipid 

packing especially of the liquid expanded phase. 

6.431 Association of SP-C with the fluid phase of DPPCJDPPG films. 

The typical orientation of SP-C in bilayers (top) and in monolayers (bottom) at 

low (A) and high (B) surface pressures are shown in Figure 6 -9. This study showed that 

F-SP-C occupied the LE or fluid phase of all the phospholipid monolayers studied, as 

shown in the images in Figure 6.3, 6.5,  6.8 (bottom panels). Previous studies have 

shown that fluorescently-labelled cytochrome c inserted into the LE phase of lipid 

monolayers (Peschke and Mohwald, 1987; Mohwald, 1990). In lipid bilayers, 

bactereorhodopsin and calcium ATPase have been shown by electron microscopy to be 

excluded from the gel phase of lipids and distributed in the fluid phase (Kleeman znd 

Mccomell, 1976; Cherry et al., 1980). Recent studies on the amphipathic helical 

peptide bombilitin-III in DPPC monolayers also indicate that the protein is excluded fkorn 

the LC phase of lipids (Signor et al., 1994). Horowitz et al. (1993) have recently shown 



Figure 6.9. Possible orientation of the a-helix of SP-C in a phospholipid bilayer (A) and 

in monolayers at low (B) and high (C) surface pressures (bottom). 

The image (A) indicates that the orientation of the a-helix of SP-C in lipid 

bilayers is similar to many trans-membrane proteins, the hydrophobic stretch of the helix 

located in the hydrocarbon regions inside of rhe bilayer. The polar amino acid residues 

of the protein are probably located near the headgroup of the lipids, and the dipalmitoyl 

chains embedded into the bilayer interior to anchor the protein to the layer. 

SP-C is localised in the liquid expanded or fluid phase (green regions of the films> 

of the phospholipid monolayers (bottom). In monolayers, the helix of SP-C may lie close 

to the plane of the air-water interface (B), whereas with increasing a or packing of the 

phospholipids the helix may orient or tilt toward the perpendicular plane of the interface 
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by fluorescence energy transfer methods that SP-C is excluded from the gel phase of 

DPPC:DPPG bilayers, and the exclusion prompts the protein to self-associate in the fluid 

phase. The preference of F-SP-C for the fluid phase thus seems to be a general property 

of proteins to occupy loosely packed regions of bilayers or monolayers. The pattern of 

plots of degree of crystallization as a function of molecular area (Figure 6.7) also 

supports the idea that F-SP-C occupied the fluid phase, as the area per molecule of the 

lipids were changed in the expanded or fluid phase (6 = 0), whereas the change at 100 

per cent gelation (Q = 1) was only minimal. This may also indicate that F-SP-C (up to 

6 wt%) does not penetrate the gel or condensed phase and does not pemrb the molecuiar 

areas of the lipids in that phase signif~cantly. At 12 wt% , the lipid-protein packing 

appears to follow a different pattern where the F-SP-C does somehow or other influence 

the gel phase packing also. This is consistent with previous results for high amounts of 

non-fluorescent SP-C in DPPC monolayers (Perez-Gil et al., l992a). Recently atomic 

force microscopy (AFM) of DPPC/DPPG films containing native SP-C has shown that 

the protein occupies the LE phase of the films, and that the protein molecules are 

organized as long strips or strands in that phase (Amrein et al., 1995). Others recent 

studies using AFM of SP-C in DPPC films have indicated that the organization of the 

LE-LC phase in such films are exactly similar to the ones observed here by fluorescence 

microscopy (Panaiotov et ai., 1996). 

6-44] Packing changes of the lipids induced by SP-C. 

F-SP-C altered the packing of monolayer phases as indicated by the decrease in 



domain size and amount of the condensed phase shown in Figures 6.7 and 6.8. a 

behaviour consistent with that seen for native SP-C in DPPC monolayers reported 

previously (Perez-Gil et al., 1992a). Pastrana et al. (1990) have shown by FTIR that SP- 

C alters the packing of DPPC:DPPG bilayers so that the lipids in lipid/SP-C mixtures 

exhibit more fluid characteristics than the lipids alone. In bilayers of saturated lipids, 

increasing amounts of SP-C broadened the range of the gel to fluid transition, decreased 

the co-operativity and caused a reduction in the calorimetrically detectable enthalpy of 

the transition in a concentration dependent manner (Shiffer et al., 1993; Simatos et al., 

. : 1990; Vandenbussche et al., 1992b). These studies indicate that SP-C can alter lipid 

packing in bilayers. A decrease of co-operativity of the gel to fluid transition is 

, associated with the protein "removing" a certain number of lipids which take part in that 

i transition or modifying the way in which the overall chain melting occurs. As seen in 
I 

I this study F-SP-C affected the condensed phase formation and growth in DPPC and 

I DPPC:DPPG monolayers in a concentration dependent manner (Figure 6.6 and 6.8). 

1 Higher surface pressures were required to reach similar amounts of condensed phase lipid 
i 

with increasing amounts of protein in the lipid monolayers. Figure 6.6 shows that 12 

1 wt% F-SP-C in DPPC and DPPC:DPPG monolayers decreased the percent condensed 

i lipid from 80% to 30% at a T of 30 mNlm. As discussed previously the appearance of 
I 

I 
; more numerous and smaller LC domains in the presence of protein is likely due to a 

I competition between the disrupting effect of SP-C on the packing and the need to pack 
! 
i into condensed phase caused by increasing applied pressure, resulting in more nucleation 

I 

I sites which grow in size with increasing ?r (Perez-Gil et al., l992a). These experiments 



provide direct evidence for the location of SP-C in the LE phase, something which could 

only be implied in the previous work (Perez-Gil et al., 1992a), and is supported by 

recent AFM observations (Amrein et al., 1995; Panaiotov et al., 1996). 

The LC domain shapes seen in the DPPC/F-SP-C monolayers (Figure 6.3, B) 

showed protrusions on their boundaries, and were different from the more circular or 

elliptical ones found in pure DPPC monolayers. This is also consistent with the presence 

of lipid-protein association in the monoIayers studied. Similar LC domain shapes (with 

protrusions) have also been observed by others in lipid-protein monolayers, and have 

been suggested to be due to protein mediated instabilities occurring at the LCILE domain 

- boundaries (Mohwald et al., 1988). The qualitative effects of F-SP-C on DPPC and 

DPPC:DPPG systems were similar in both the presence and absence of calcium, that is, 
1 

the protein produced more, smaller LC domains in all cases. This suggests that the 

interaction of SP-C with the lipids in these systems is primarily governed by hydrophobic 

1 forces as implied from studies with native SP-C (Taneva and Keough, 1394a; Taneva and 
1 4 

/ Keough, 1995). 
1 

! 
Pulmonary surfactant is presumed to provide a DPPC-rich monolayer at the air- 

t 

; alveolar fluid interface, which reduces surface tension of that interface. In the lung 

alveoli the surface tension has been directly measured to be very low (corresponding j 
: possibly to very high surface pressures) at low lung volumes (Schurch et al, 1976), and 

I 

t it is currently believed that the alveolar fluid interfacial surface pressure due to the PS 1 
monolayer varies between 40-70 mN/m during normal breathing (Goerke and Clements, 

I 

! 1986). Other PS components such as SP-C may be squeezed out of such monoIayers 



during compression to maintain a low surface tension (or high T )  at the air alveolar-fluid 

interface- It is hard to estimate from this study the exact amounts of F-SP-C present in 

the monolayers at very high T, due to difficulty in obtaining quantitative estimates of the 

highly irregular fluorescently labelled areas at these pressures. The results however 

indicate that some SP-C may be present in the monolayers at high K (see, for example. 

Figure 6.3, D and E) and support other studies which also indicated that small amounts 

of protein could be associated with the films at high surface pressures (Taneva and 

Keough, 1994; 1994a; 1994b). Above the collapse ir of pure SP-C, the monolayer 

images indicated (Figure 6.3, E) that F-SP-C was mostly excluded out of the LC phase 

into aggregated (highly fluorescent) regions, but at least some of it may be still present 

in the interface. This fact is also reflected in the percent condensed plots in Figure 6.6, 

where about 90 % of the monolayer area was occupied by the condensed phase above the 

collapse a of SP-C. These results are consistent with those of Taneva and Keough 

(1994b) which suggest that small amounts of SP-C remain in the monolayer up to very 

high K, but that at high SP-C concentrations exclusion of some SP-C-lipid units occurs. 

The a-helix of SP-C can have preferred orientations in monolayers depending on the r 

(Creuwels et al., 1993). With increase in a (from 10 to 30 mN/rn), the a-helical axis 

could change from being parallel to the plane of the monolayer to being perpendicular 

to it as shown in Figure 6.9 (Creuwels et al., 1993). F-SP-C may be following a similar 

course with the more perpendicular orientation allowing for some protein to remain in 

such monolayers at high a (above the collapse a of the protein). The presence of the 

protein at high n may also support a functional role for SP-C in rapidly re-spreading 



lipids from compressed monolayers as suggested elsewhere (Taneva and Keough, L994b). 

6.4q Electrostatic interactions of SP-C ? 

A recent 'H-NMR study indicated that the charged N-terminal of SP-C is located 

at the surface of the DPPC bilayer, near the polar head-group region (see Figures 6.1 

and 6.9) of the Iipid (Morrow et al., 1993b). SP-C was found to order the bilayer 

membrane surface of DPPC:DPPG (7: 1 mol/mol) , partially immobilizing the lipid 

- headgroups (Horowitz et al., 1992). Since the N-terminal region of SP-C also contains 

. I the cationic residues arginine and lysine, the protein has the potential for electrostatic 

- interactions with anionic lipids (Shiffer et al., 1993). Our monolayer data do not allow 

us to c o d i i  that such an association occurs but the percent condensed-n plots (Figure 

6.6, bottom panel) may indicate some interaction of F-SP-C with the anionic headgroup 

of DPPG. At 12 wt% F-SP-C, the percent condensed phase profile of DPPC:DPPG in 

i i Figure 6.6 (bottom panel), indicates a slightly higher amount of gel phase formation in 

/ such monolayers compared to DPPC at similar T.  This observation could also be 
I ! 

I interpreted in terms of SP-C inducing a slight ordering effect on DPPC:DPPG 
i 
; monolayers in comparison to DPPC. In Figure 6.8 a similar ordering effect of pure 

- I 

1 DPPC:DPPG monolayers under the influence of calcium can be seen, as higher amounts 
4 

of condensed phase were reached at a lower n compared to the calcium free system. 

: Bilayers of DPPG plus 4-10 moI% SF-C have been shown to exhibit chain melting 
; 
I 
! transitions at temperatures (T,) 20-25°C higher than DPPG alone (Perez-Gil et al., 1994; 
i 

i Shiffer et al., 1993). The higher T, of the bilayers indicate that they are more densely 



packed and ordered than those in the absence of protein. Thus F-SP-C may have some 

electrostatic interactions with anionic lipid monolayers but they cannot be isolated in this 

study, possibly because of hydrophobic lipid-protein interactions overshado wing the 

electrostatic interactions. 

Fluorescence microscopy of anionic lipid monolayers has shown that calcium can 

condense or increase the amount of LC phase of phosphatidylglycerol (Evert et al., 1994; 

Leckband et al. 1993; Nag et al., 1994, and Chapter 4) and other anionic lipids (Losche 

and Mohwald, 1989), compared to its effect on DPPC. This condensation was observed 

as an increase in formation and growth of LC regions of such monoiayers at lower R 

compared to DPPC (Even et al., 1994; Liische and Mohwald, 1989; Nag et al., 1994). 

Our observations of DPPC:DPPG-Ca monolayers are similar to those found in the 

previous studies. As shown in Figure 6.8, higher amounts of condensed phase were 

found in all DPPC:DPPG and DPPC:DPPG/F-SP-C monolayers in the presence of 

calcium compared to the monolayers without calcium (Figure 6.7, bottom panel). Also 

the shapes of the LC domains in all DPPC:DPPG/F-SP-C rnonolayers in the presence of 

calcium (Figure 6.8,  bottom panel) showed flower-like structures, and were different 

from those seen in monolayers without calcium. These structural changes in 

DPPC:DPPG/F-SP-C condensed domains may indicate that calcium-mediated effects on 

the lipid packing persist in monolayers containing the protein. The condensation of the 

acidic lipids in monolayers is possibly due to dehydration of the anionic lipid headgroups 

by calcium which leads to an ordering of the lipid acyl chains at low R (Flach et al., 

1993). The occurrence of a calcium induced lateral phase segregation of PG-rich LC 



phase may also be possible (Leckband et al,, 1993), where the total LC phase is a 

mixture of segregated DPPG-Ca rich phase plus the normal surface pressure induced LC 

phase. 

The plots of percent condensed phase versus ?r for DPPC:DPPG monolayers in 

the presence of calcium (Figure 6.8) showed that 95 % condensed phase is reached at a 

of 15 mN/m compared to a requirement for twice the T (30 d / m )  to reach similar 

amounts of condensed phase in the monolayers in the absence of the cation (Figure 6.6).  

For the most part, inclusion of F-SP-C in DPPCDPPG-Ca monolayers caused relatively 

larger reductions in the percent condensed then it did in DPPC:DPPG monolayers 

[Compare Figures 6.6 (bottom panel) and 6.8 (top panel)]. This observation suggests 

that the protein partially overrides the condensing effect of calcium and continues to 

perturb the monolayer lipid packing. Alpha helical peptides have been suggested to 

interact with an air-water or lipid-water interface according to their hydrophobicity 

(Krebs and Phillips, 1983), and the highly hydrophobic F-SP-C even disrupted the 

monolayer packing of a highly condensed (by ions) monolayer. The perturbing effects 

of the protein over the condensing effect of cations demonstrated a predominance of 

hydrophobic forces over electrostatic ones in the lipid-protein interactions. 

Recent studies on mellitin in lipid films have shown that a dehydration of the lipid 

headgroups is associated with the protein assuming a different secondary structure in the 

lipid environment @e Jongh et al., 1994). Creuwels et al. (1993) have shown that, with 

increase in ?r the a-helix of SP-C undergoes an orientational change from a parallel to 

perpendicular orientation relative to the monolayer plane. Since calcium can dehydrate 



the DPPG headgroup, F-SP-C possibly might have had a different orientation in the 

DPPC:DPPG monolayers when calcium was present, and perturbed the packing in such 

monolayers differently from that of DPPC or PG systems without the cation. 

SP-C can induce packing re-arrangements (increase fluidity or decreased 

condensed phase formation) in neutral and anionic lipid arrays. Fluid lipid bilayers have 

higher rates of adsorption to the air-water interface compared to gel state bilayers. SP-C 

may enhance the capacity of lipids, neutral or anionic, to adsorb at an air-water interface, 

by causing packing perturbations and increasing fluidity in monolayers or it might 

provide sites of dislocation in bilayers so that cooperative lipid transfers to the interface 

might be initiated. When calcium was present the relative perturbation of the anionic 

lipid system by SP-C seemed to increase consistent with enhanced adsorption and lipid 

insertive processes seen previously by others (Creuwels et al., 1993). This study 

indicates that the a-helical protein SP-C is dispersed in the fluid (LE) phase and c o n f i s  

the prediction of a previous study (Perez-Gil et al., 1992a). It also confirms that such 

proteins may remain in the monolayer at high surface pressure, in regions laterally- 

excluded from the condensed phase. Although the protein studied here was mainly 

deacylated, currently it is not known what the function of the acyfation of the protein is, 

and if such acylation would alter the surface activity of the protein. 

[This chapter and the jigures hrrve been published as Nag et al., 1996 in the Biophysical 

Journal (Appendix B, No. 5); and reprinted with permission ofpublisher and co-authors] . 



Chapter 7 

ADSORPTION 



INTRODUCTION 

Although lipids are easily spread in monolayers and yield some information on 

biological membranes, lipid-protein monolayers are difficult to assemble (Schindler, 

1989) because of the insolubility of most proteins in volatile non-polar solvents. 

Monolayers formed by adsorption from lipid-protein vesicles can have proteins 

incorporated in them (Schindler , 1989). Planar lipid-protein bilayers formed from 

adsorbed mono layers have served as tools in studying biomembrane lipid-protein and 

lipid-lipid interactions (Lawrie et al., 1996; Pattus et al., 1981; Schiirholz and Schindler, 

1991). Adsorbed monolayers have also been used in studying processes such as 

biomembrane assembly (Gershfeld, 1989), lipid exchange between membranes (J ihig ,  

1984), antibody-antigen recognition (Fischer et al., 1993) and pulmonary surfactant 

biophysics (Goerke and Clements, 1986; Keough, 1992). Monolayers spontaneously 

formed from vesicles may be similar to their solvent-spread counterparts (Gershfeld, 

1976; Schindler, 1989), but limited direct experimental evidence exists on this issue 

(Salesse et al., 1987). There has been a continuous interest in the equivalency of spread 

and adsorbed films, especially in the fie16 of pulmonary surfactant, since the films in the 

lung alveoli are adsorbed and not solvent spread. In studying adsorption processes of 

some pulmonary surfactant components, we have found direct evidence for equivalence 

or similarities in monolayers formed by adsorption or spreading from volatile solvents. 

Fluorescence microscopy of solvent-spread lipid and lipid-protein films but not 

adsorbed ones have been used to visually observe monolayer structures at the air-water 



interface as discussed in the preceding chapters (Mohwald, 1990; Stine, 1995). Using 

fluorescence microscopy, Heyn et. al. (1990) showed that films formed by adsorption of 

lipid vesicles show LE or LC phases during isothermal compression. These f i s  were 

formed from vesicular suspensions that had been transferred by a "wet bridge" on to an 

air-water interface to yield films without attached vesicles (Heyn et al., 1990). In this 

chapter we report on the phase characteristics as a function of time and changing surface 

pressure (T) of monolayers of DPPC and DPPCISP-C that were formed by adsorption 

from vesicles injected below the air-water interface. Some of these f m  were compared 

to the properties of films spread from organic solvent. The location of the protein SP-C 

in the adsorbed DPPC f i  was determined with fluorescently-labelled protein (F-SP-C), 

the property of which was discussed in solvent-spread films in the last chapter. Although 

the adsorption of surfactant films in the alveoli may occur via more complex processes 

(tubular myelin, reservoir), this study at least shed some light on adsorption of simple 

components of sufactant at the air-water interface. 



7.211 Materials. 

DPPC and F-SP-C were obtained as discussed in Chapter 6 .  The fluorescent 

probe N-lissamine-rhodamine-B-sulphony 1- 1.2, hexadecy 1 p hosp hatidy lethano lamine (R- 

PE) was obtained from Molecular Probes (Eugene. OR). 

The vesicle solvent and monolayer subphase buffer was prepared by dissolving 

0.15 M NaCl, 10 mM MOPS (3-IN-morpholino] propane-sulphouic acid) (Sigma, MO) 

and 5 mM CaCI, in doubly glass distilled water, the second distillation being performed 

with dilute KMn04, and the pH adjusted to 6.9 with 0.1N HCI. 

7.221 Preparation of vesicles. 

Liposornal suspensions of DPPC and DPPC plus F-SP-C were prepared by two 

methods to yield multilamellar vesicles (MLV) and sonicated vesicles (SV). DPPC. F- 

SP-C and the probe R-PE were individually dissolved in chloroform:rnethanol 3:1 

(vollvol) and mixed in desired proportiom. The solvents were dried down under a 

stream of nitrogen in small 1 ml chrornosulphuric-acid cleaned glass vials. Sonicated 

vesicles (SV) were prepared by resuspending the dried materials in 0.9 % buffered saline 

and sonicating the suspensions on ice. Sonication was performed with 60 individual 

bursts lasting 1 sec at medium-power with a microprobe sonicator (Bronson Ultrasonics, 

ON, CAN.). MLV were made by incubating the re-suspended material at 4S°C for 30 

minutes (above T, of DPPC) and vigorously vortexing the suspensions until a millcy 



homogenous suspension was achieved. These methods and their Iiposomal type yields 

are discussed in detail by Woodle and Papahadjopoulus, (1989). 

7.231 Epifluorescence microscopic adsorption apparatus. 

Adsorption was observed on a modified version of the epifluorescent microscopic 

surface balance. Modification was done by attaching an adsorption chamber to the 

original balance. The adsorption apparatus was made of teflon and contained two 

circular chambers connected by a short channel to maintain subphase and monolayer 

continuity. Diagrams of the adsorption balance (top), and the adsorption chamber 

(bottom) are shown in Figire 7.1. The total volume of the subphase was 10 ml and the 

total surface area 15 cm2. The vesicles in desired amounts (0.04-0.06 mg/ml final 

concentration) were injected into the buffer under the air-buffer interface at the centre 

of the channel linking the two chambers. Surface fluorescence was monitored by 

epifluorescence microscopy fiom one of the circular chambers and surface pressure in 

the second chamber using a Wilhelrny dipping plate suspended from a pressure 

transducer. 

7.241 Monolayer formation and visual observation. 

Vesicular suspensions of DPPC or DPPC + F-SP-C were injected under 

the air-buffer interface of the surface balance discussed above. The change of surface 

pressure (T) during adsorption from vesicles was monitored using a roughened platinum 

Wihelrny dipping plate attached to a pressure transducer (Figure 7.1, top) connected to 



Figure 7.1 Diagrams of the epifluorescence microscopic adsorption apparatus (top) and 

a cross section of the adsorption chamber (bottom) are shown. The adsorption chamber 

(bottom) was made from a solid teflon block with two cylindrical cups cut into the block, 

and the cups were connected by a channel or canal. Smaller circular wells or grooves 

(2 mm in depth) were cut into the bottom of each of the cups to hold a magnetic stirrer. 

The complete volume of the chamber was LO ml. 

This chamber was fitted into the cavity of the larger epifluorescent microscopic 

surface balance used for compression of solvent spread films. The surface tension of the 

clean buffer poured into the chamber was measured by a platinum dipping plate in one 

of the circular cups, converted into surface pressure by the computer, and plotted as a 

function of time. After injection of vesicles under the air-water interface through a small 

hole in the middle of the canal, the surface was immediately brought into focus in the 

microscope. The features of the surface or the films formed was observed over 1 hour, 

and typical images were video recorded and analyzed. 
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a personal computer, as discussed above. Experiments were performed at a temperature 

of 22 t 2°C. After injection of vesicles under the buffer interface, the surface of the 

solution was brought into focus in the epifluorescence microscope. The formation of the 

monolayer was observed from R-PE or F-SP-C fluorescence emission. Typical 

monolayer images were recorded on a video tape and analyzed as discussed above 

(Chapter 2 and Appendix A). 

Although the apparatus had capabilities for stirring the subphase with magnetic 

stirrers (Figure 7.1, bottom), the vesicular subphase was not stirred, as stirring (30-50 

cycles/minute) aggregated the monolayer phase domains, and made the monolayers 

extremely inhomogeneous in visual appearance. The general shapes of the condensed 

domains forming the aggregates though were the same in stirred and un-stirred systems. 



RESULTS AND DISCUSSION 

7.311 Adsorption From lipid vesicles. 

Surface pressure versus time (?r-t) isotherms of DPPC + 1 mol% R-PE formed 

by adsorption f rom vesicles are shown in Figure 7.2 (top) and typical images observed 

at the r indicated b y  letters in the isotherms are displayed (bottom). Sonicated vesicles 

(SV) of DPPC adsorbed more rapidly (reaching a a -- 9 mN/m in 30 min) than multi- 

lamellar vesicles (0.1 mNIm in 30 rnin). As shown in Figure 7.2 (bottom), 

image (A), the sudace monolayer initially formed by adsorption from MLV had gas 

phase domains (dark areas) coexisting with fluorescent liquid expanded (LE) phase (light 

areas). Typical images of adsorbed monolayers formed from SV are shown in Figure 

7.2 (bottom; (B), (C) and (D)). These images show distinct liquid condensed (LC) 

domains (dark areas) coexisting with the fluorescent liquid expanded (white regions) 

phase. Images (B). and (C) are taken from a monolayer formed by adsorption from a SV 

suspension containing 0.04 mglml of DPPC and image (D) is from monolayer adsorbed 

from SV at 0.06 nag/&. The bright areas indicated by arrow marks in images (C) and 

(D) might be fluo~escent vesicles attached to or near the surface monolayer. 

It is apparent from images in Figure 7.2 that DPPC monolayers undergo gas to 

LE to LC phase nansitions because of increasing surface pressure during adsorption. 

Gas and LE phase domains which were seen previously in highly expanded solvent- 

spread DPPC momolayers 

ones (Figure 7.2, bottom, 

at r - 0 mNlm also appear in the spontaneously adsorbed - 

(A)) at similar ?r. The increase in surface pressure during 



Figure 7.2 Surface pressure - time (T-t) isotherms of DPPC + 1 mol% R-PE adsorbing 

, from vesicles (top) and typical images from the surface monolayers formed (bottom). 

Letters A-D represent the R at which the images in the lower panel were obtained. The 

light regions indicate the LE phase into which the probe R-PE partitioned. The bright 

areas indicated by the arrow marks in the lower panel (C and D) may be vesicles in close 

proximity to the interface. Scale bar is 25 p. 

MLV (0.06 mg/rnl) of DPPC (v) adsorbed only to a .rr - 0.1 mN/m in 30 

minutes and the surface monoIayer formed showed gas phase (dark) domains coexisting 

with LE phase (A). Sonicated vesicles (e) (0.04 mgfml) of DPPC adsorbed more 

' 
rapidly than MLV, but slowly enough to show typical kidney bean shaped LC phase 

I (dark) domains (B), which increased in size with time and come in contact around ?r - 
1 9 mN/m (C). Sonicated vesicles (SV) of DPPC (0) at 0.06 m g / d  adsorbed to reach 
! 
' a similar R as in C but in shorter time, and showed smaller and more numerous LC 

L 
I domains (D). 
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adsorption (between points B and C in Figure 7.2, top) occurred due to increased packing 

density of the lipids, and is equivalent to the increase in T seen during compression of 

solvent spread monolayers. The LC domains of DPPC in solvent-spread monolayers that 

have been compressed relatively slowly display a kidney bean shape (Florsheimer and 

Mohwald, 1989; McConneIl, 1991; Nag et al., 1990; Weis and Mccomell, 1985), and 

these are seen at similar rr in the adsorbed monolayers (Figure 7.2, bottom, B). 

Spread monolayers of DPPC and of other lipids, when compressed relatively 

rapidly showed a different LC domain distribution compared to that seen in slowly- 

, compressed ones (Chi et al. 1993 ; Nag et al, 199 1; Shimomura et al., 1992; Weidman 

and Volhardt, 1996). Fast compression leads to large numbers of small-sized LC 

domains compared to those seen in monolayers which have been slowly compressed to 

( equivalent T (Nag et al. 1991; Shimomura et al. 1992). This pattern of dependency of 

size and number of condensed domains on compression rates is also seen here in 

! adsorbed monolayers. The condensed domains in Figure 7.2, C (slower adsorption) are 

larger in size and less numerous per image compared to those shown in D (faster 
i 

I adsorption). The monolayer formed From the higher concentration of lipid in the 

I I 

subphase (D) had more material adsorbed at a shorter time (analogous to fast I 

compression of a spread monolayer) than the one seen in C (analogous to slow 
f 

1 compression of spread monolayers) . 

Schindler (1979) proposed a model sequence for adsorption from lipid vesicles 
i 
which agrees with our experimental observations. A diagram of the adsorption process 

1 from dry lipids, large and small vesicular structures and bilayer forms to form surface 
f 
i 
! 
1 



monolayers is shown in Figure 7.3 (Lawrie et ai., 1996). Schindler's (1979) mode1 

proposes that bilayer vesicles disintegrate at an open air-water interface at T -- 0 mN/m. 

This disintegration leads to monolayer formation at the interface and an initial rapid 

increase in T. Once the monolayer is formed no further vesicular disintegration occurs 

due to the absence of an open interface and a layer of vesicles can form under the 

monolayer, which may come in contact with the monolayer (Schindler, 1979). Slow 

exchange of material then occurs between the outer leaflet of the bilayer vesicles and the 

surface monolayer with more material moving from the bilayer to the monolayer than in 

the opposite direction. The exchange occurs because of exclusion of free water between 

monolayer and vesicles (or dehydrated headgroup regions) as polar lipid head-group 

contacts are transiently formed. This absence of free water decreases the free energy, 

and allows the hydrophobic chains to transfer from one layer to the other, until a steady- 

state or equilibrium surface pressure is reached. DPPC vesicular adsorption seems to 

follow this sequence. A surface monolayer was formed relatively quickly (a rapid rise 

in T in the first few minutes). Once the initial DPPC monolayer was formed possible 
I 

transfer of material from the bilayer occurred more slowly (a decreased slope in the r-t 

curve after 10 minutes), and was accompanied by growth of LC domains. LC domains 

grew relatively slowly, allowing for tilt and orientational order to set in, thus producing 

the shapes and sizes of LC domains that are typical of a slowly-formed condensed 

monolayer (Figure 7.2, (C)). With the higher concentration the rate of transfer was 

greater and the condensed monolayer was achieved faster (Figure 7.2, (D)). Once the 

condensed monolayers were formed (as evidenced by the high amounts of LC phase 

178 



Figure 7.3 Diagram of the adsorption of lipids to an air-water interface, from various 

vesicular and aggregated forms meprinted from Lawrie et al., (1996j, with the kind 

permission from the author and publisher, QElsevier Science Ireland Ltd., Ireland]. 

Dry lipids (a) (anhydrous) can disperse at an air-water interface to form films. 

Different bilayer forms such as uni-lamellar or multi-lamellar vesicles which can be 

prepared by dispersing such lipids in water, adsorb at different speeds to an air-water 

interface to form monolayers ((b) and (c)). Some of the lipids in the films or in their 

anhydrous bulk forms (a), can "sink" or "squeeze-out" of the fm to form other 

structures in the bulk phase (myelinic and liposomal structures). 





lipids in Figure 7.2, (C) and @)), the bilayer-monolayer lipid transfer process appeared 

to be approaching directional equivalence or a steady-state. 

7-32] Adsorption from lipid-protein vesicles. 

Monolayers made by adsorption of vesicles containing lipids and proteins from 

biological membranes have been used to study lipid-protein interactions and protein 

functions (Palms et al.. 1981; Schindler, 1989; Schurholz and Schindler, 1991). The 

lipid-protein ratios of such adsorbed monolayers were found to be close to those of the 

vesicles from which they were formed (Partus e t  al., 198 1 ; Schiirholz and Schindler, 

1991). Such adsorbed monolayers have been used to form black lipid (or lipid-protein) 

membranes (BLM) by special techniques (Schindler , 1989). Ion channel proteins in such 

reconstituted BLM were found to be functionally fully active (Schindler, 1989). 

Formation of such adsorbed lipid-protein monolayers has shown that the adsorption of 

lipids was enhanced in the presence of membrane proteins. The transbilayer parts of 

most membrane proteins are a-helical in their structure and some of these proteins can 

be incorporated into the monolayers (Pattus et al. 198 1 ; Schindler. 1989). Pulmonary 

surfactant protein SP-C is mainly cx-helical in lipid environments (Morrow et al., 1993b) 

and promotes the adsorption of lipids to the air-saline interface (Curstedt et al., 1987; 

Simatos et al., 1990; Takahasi and Fujiwara, 1986; Yu and Possmayer, 1990). 

Incorporating 3 and 7 wt% of fluorescently labelled SP-C (F-SP-C) in MLV of DPPC. 

enhanced the rate of adsorption of DPPC as shown in Figure 7.4 (top). The surface 

monolayers formed by adsorption fiom DPPC/F-SP-C vesicles after 30 min are shown 



Figure 7.4 Surface pressure - time (r-t) isotherms obtained fkom adsorption of MLV of 

DPPC and DPPC + F-SP-C (top), and typical images from the surface monolayer 

formed (bottom) at T indicated in the isotherms. MLV (0.06 ng/ml) of DPPC (W)  or 

DPPC plus 3 wt% (a) and 7 wt % (0) of F-SP-C were used. Error bars indicate plus 

one standard deviation from three sets of experiments. The scale bar is 25 pm. 

The bright part of the images (bonom) represents the fluorescence observed from 

the labelled protein obtained at points A and B noted on the adsorption isotherms shown 

on top. The highly fluorescent regions (arrow mark) in image (B) indicate possible 

protein aggregates. These were not likely vesicles, as the fluorescence intensity in these 

spots was much higher than that seen in DPPC vesicles adsorbing to or near the surface 

monolayer (Figure 7 -2 ,  arrow marks in (C) and (D)) . 
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in Figure 7.4 (bottom). The fluorescent (light) part of the images in Figure 7.4 reflect 

F-SP-C emission, and indicate that the protein accompanies the lipid into the monolayer 

at the air-water interface and it is in the LE or fluid phase of the monolayer. 

Increasing amounts of F-SP-C not only enhanced the rate of adsorption of DPPC 

(A to B in Figure 7-4, top), but also decreased the average size of LC domains in the 

corresponding monolayers ((A) to (B) in Figure 7.4, bottom). The fact that F-SP-C 

induced a decrease in the size of condensed domains is consistent with previous results 

from spread monolayers of DPPC that contained similar amounts of non-labelled SP-C 

(Keough et al., 1992; Perez-Gil et al., L992a), and in solvent-spread systems discussed 

in chapter 6. 

SP-C has been reported to produce discoidal structures in certain lipid dispersions 

(Williams et al., 1991). Defects produced in the bilayer structure or the presence of the 

discoidal structures may promote rapid monofayer formation. Also SP-C seems to 

behave in a lipid environment in a similar fashion to some transmembrane proteins 

(Pattus, et al., 1981; Schiirholz and Schindler, 1991) in enhancing monoiayer formation 

over that seen for pure lipid vesicles. 

7.333 Spread and adsorbed monolayers. 

To further analyze the similarities between solvent-spread and adsorbed 

monolayers, films of DPPC + 3 wt% F-SP-C were spread from solvent and compressed 

at a rate to achieve the same ?r over the same time as a monolayer adsorbed from MLV 

of a similar mixture (e-g. Figure 7.4, top). Figure 7.5 (top) shows typical images from 



Figure 7.5. Typical images observed in monolayers formed by solvent spreading (0.014 

mg) and adsorption from vesicles (0.06 mg/rnl) each containing DPPC i- 3 wt% F-SP-C 

(top) and the percentage of LC phase observed in such monolayers at .rr - 12 and 15 

mN/m (bottom). Image (A) is from an adsorbed monolayer and (B) from a solvent- 

spread monolayer compressed to a * - 15 mN/m. The white scale bar at the bottom 

of image B is 25 pm. 

In the plot (bottom) the bars indicate the types of monolayers analyzed as 

adsorbed (black) and spread (white). The total percentage of condensed domains was 

calculated by estimating the total amount of LC phase observed per image. An average 

of ten images were analyzed at each T from both types of monolayers and the error bars 

indicate plus one standard deviation. 
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an adsorbed monolayer (A) at a T - 15 mN/m and a solvent-spread monolayer (B) after 

compression to the same ?r. The shapes of LC domains were similar in both rnonolayers. 

The total amounts of LC phase (black areas in the images) at ?r = 12 and 15 mN/m for 

such monolayers are shown in Figure 7.5, (bottom). The relative amounts of condensed 

phase in adsorbed and spread monolayers of DPPC + F-SP-C were similar, suggesting 

that the process by which rnonolayers were formed lead to similar distributions at the 

interface. 

Hydrophobic proteins of pulmonary surfactant alter the PA isothermal 

characteristics of some spread lipid monolayers (Longo et al., 1993; Perez-Gil et al., 

1992a; Taneva and Keough, 1994a, 1994b; last chapter). SP-C has been shown to 

expand spread DPPC monolayers (Perez-Gil et al., 1992a; Taneva and Keough, 1994b), 

and broaden the range of the gel to liquid crystalline melting temperature (T3 of the 

DPPC bilayers (Shiffer et al., 1993; Morrow et al., 1993b). This is consistent with a 

decrease in the co-operativity of the bilayer gel to fluid phase transition (Gershfeld, 1976; 

Simatos et al., 1990). Adsorption of fluid lipid bilayers at an air-water interface is more 

rapid than that from gel state bilayers (Gershfeld, 1976, 1989; Heyn, et al. 1990). F-SP- 

C may increase adsorption of DPPC bilayers by "fluidizing" the chain packing of such 

lipids or producing defects in the packing of the system. In spread monolayers of DPPC 

containing similar amounts of SP-C to those in this system, the protein increased the 

amount of LE phase at any given T in comparison to that in pure DPPC (Keough et al. 

1992; Perez-Gil et al., 1992a), and in systems with F-SP-C as discussed in chapter 6. 

In adsorbed monolayers the decreased size of the condensed (LC) domains (Figure 7.3, 



bottom, A to B) seen when the amount of F-SP-C was increased is consistent with a 

decrease in the co-operativity of an isothermal phase transition. 

The results of the direct visualization presented here, taken together with previous 

findings in other systems, suggest that these adsorbed and solvent spread monolayers a re  

equivalent or at least have saiking similarities in the phase structures observed in both 

systems. The protein SP-C enhanced monolayer formation, and is excluded from h e  

liquid condensed regions of adsorbed DPPC monolayers, as also seen in the solvent 

spread-ones. Establishing the equivalence of adsorbed and spread monolayers reinforces 

the use of either system to study monolayer characteristics as they pertain to pulmonary 

surfactant or as models for biological membranes. 

[This chapter and the figures have been published as Nag et al., 1996 in Biophysical 

Journal pppendix B, No. 4); and reprinted with permission from the co-authors and ?he  

publisher] 



Chapter 8 

SURFACTANT PROTEIN - B 

(SP-B) 



INTRODUCTION 

Surfactant protein B (SP-B) was fxst recognized in lipid extracts of pulmonary 

surfactant (PS) as another hydrophobic protein which co-isolated with SP-C. Figure 8.1 

(a) (top) shows the gene, RNA, SP-B and the active form of the protein in a lipid bilayer 

(box) (Weaver and Whitsett, 1991). The active 79 amino acid SP-B peptide is produced 

by the proteolytic cleavage of a pro-SP-B (Figure 8.1, a, top), generating a peptide 

containing 7 cysteines, and having a molecular weight of 8.7 kDa. The 7 cysteine 

residues allow the active SP-B peptide to form inter- and intra- molecular disulphide 

bridges (S-S bonds) that ultimately form oligomers of 17 kDa (dimer), 26 kDa (trimer) 

and 35 kDa (tetramer). Amino acid sequences of the protein in surfactant of different 

mammalian species show that SP-B is extremely well conserved (Bruno et al., 1995; 

Glasser et al., 1987; Hawgood et al. ,  1987; Whitsett et al., 1995). The protein was 

found to enhance the surface activity of PS lipids when tested in vitro. Targeted 

disruption of the SP-B gene in vivo caused altered surfactant homeostasis and rapid 

respiratory failure in newborn rats, indicating the functional significance of the protein 

in pulmonary surfactant (Clark et al., 1995), as was also found for SP-C. 

Figure 8.1 (b) shows the secretory pathway of SP-B in type II cells (top) and the 

localization of the protein in mono and bilayers (bottom) (Whitsett et al., 1995). SP-B 

is found in the lamellar bodies, secreted into the air-alveolar fluid interface, and is also 

possibly present in tubular myelin (Figure 8.1 @), top). Mature SP-B can form 

amphipathic helixes (cylinders with + signs in Figure 8.1 @), bottom) due to a number 



Figure 8.1 Gene, mRNA and the pre-protein form of SP-B (from which the active 

peptide is cleaved) and the 8.7 kDa active peptide possible localization in a lipid bilayer 

(box) are shown (a). The secretory pathway of the protein in the type - 11 cell (top), and 

the possible localization of the amphipathic helices of SP-B in mono and bilayers in 

(bottom) are shown in (b). [Reprinted with permission of the authors and publishers, (a) 

from Weaver and Whitsett, (1991), a The Biochemical Society & Portland Press, UK; 

and (b) from Whitsett et al., (1995), O American Physiological Society] 

The helical (coil) parts in (a) or cylindrical structures in @, bottom) indicate the 

amphipachic helices of SP-B. These helices are proposed to localize in the headgroup 

regions of the phospholipids in mono- or bi- layers. 
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of charged amino acids dispersed throughout its sequence. The hydrophobic face of the 

first helix contains leucine, valine and isoleucine and imparts the protein its 

hydrophobicity. In lipid bilayers as shown in Figure 8.1 (a), (bottom) such amphipathic 

helices are suggested to be located near the lipid headgroups or the membrane surface 

(Baatz et al., 1991; Gustafsson et al., 1996; Keough, 1992; Morrow et al., 1993a; 

Waring et al, 1989). This is a distinctfy different arrangement than the ones seen from 

the transmembrane a-helix of SP-C (see Figure 6.9, A). The structure of SP-B exhibits 

about 40-50 % of a-helical motifs (Figure 8.1, box) inter-connected by some &turn and 

random coil secondary structure (Cruz et al., 1995; Waring et al. 1989; 1994). Also the 

proteins sequence suggests, it has kringle domains. Kringle domains or structures posses 

disulphide bonds between their first and last cysteiw residues, and SP-B has some 

sequence homology with other proteins containing kringle domains such as fibronectin 
- 

and haptoglobin (Johansson et al, , 1991). 

The protein facilitates interfacial adsorption of PS lipids (Takahasi and Fujiwara, 

1986; Yu and Possmayer 1990), re-adsorption and re-spreading of DPPC in monolayers 

(Taneva and Keough, 1994), and insertion of lipids to pre-formed monolayers 

(Oosterlaken-Dijksterhuis et al., 199 la; 199 1b) . Also synthetic peptides from various 

structural domains of SP-B together with DPPC can reproduce some of the surface 

properties of native PS in vitro (Gustafsson et al., 1996; reviewed by McLean and Lewis 

1995). Although most of the structure-function studies of SP-B to date have been 

performed in solvent and lipid vesicles or dispersions (Momow et al., 1993a; 1993b; 

Shiffer et al., 1993), recently similar studies have also been performed in monolayers 



(Cochrane and Revak 1991; Longo et al., 1993; Oosterlaken-Dijksterhuis et al. 1991a; 

Pastrana-Rios et al., 1995; Taneva and Keough, 1994a). Some studies with synthetic 

segments of SP-B in lipid films suggest that the amphipathic a-helices interact with the 

anionic lipid headgroups, which allows the films to attain high ?r (Longo et al. 1993), 

and such segments are possibly oriented mostly at the polar Interfacial area of the films 

(Cochrane and Revak 1991; Gustafsson et all, 1996; Lipp et ai., 1996). 

Fluorescence microscopy of films containing native, porcine SP-B in DPPC 

monolayers was performed in this study. By quantitatively m y z i n g  the visual features 

observed in the DPPC/SP-B monolayers under different r ,  and protein concentration, the 

packing changes induced by the proteins on the lipid could be determined. In the next 

chapter we report comparative studies between fluorescently labelled SP-B and SP-C in 

DPPC films, and a mixture of both proteins in such f i s .  Therefore this study with 

unlabelled. native SP-B was performed to get a preliminary understanding of the 

interactions of this hydrophobic protein of pulmonary surfacmnt with DPPC, and its 

comparison with unlabelled SP-C in DPPC f h s  (Perez-Gil et al., 1992a). 



MATERLAL AND METHODS 

DPPC and NBD-PC were obtained and checked for purity as discussed in the 

previous chapters. Porcine SP-B was isolated and purified by Dr. Jesus Perez-Gil, 

University of Madrid, by modification of the method of Curstedt et al.(1987) discussed 

by him elsewhere (Perez-Gil et al. 1993). 

The SP-B and DPPC was dissolved in chlorofonn:methanol (33 vol/vol) and 

mixed in desired weight proportions. The proportions were, DPPC plus 10, 20 and 30 

wt% of SP-B (or 0.6, 1-03 and 1.9 mol % of SP-B respectively based on the molecular 

weight of SP-B monomer). The higher concentration range of SP-B was chosen after 

preliminary observations that SP-B in 2-10 weight percent did not show any significant 

effects on DPPC films (isotherms), compared to native SP-C used in previous 

experiments in similar concentration range (Perez-Gil et al., l992a). The mixtures were 

$ 

i spread on a 150 mM NaCl solution made with doubly distilled water, buffered to a pH 

/ of 6.9 with 5 mM Tris-HC1, in the epifluorescence microscopic surface balance. All 

j experiments were performed at an ambient room temperature of 22 & 1°C. The 
i 
' monolayers 

. I  

1 mm'-~ec-~), 
1 

; monolayers 

were compressed slowly in steps at an initial rate of 0.13 A2.moP. sec-' (20 

the surface pressure - area (T - A) monitored and the images of the 

were video recorded and analyzed as discussed above. 



RESULTS 

The surface pressure-area (FA) isotherms of DPPC monolayers containing 0 to 

30 wt % SP-B are displayed in Figure 8.2 (top), and typical images observed from such 

frlms from NBD-PC fluorescence at a T of 12 mN/m are shown (bottom). The plateau 

region in the isotherms of DPPC at T - 7-10 mNlrn, indicated the phase transition of 

DPPC from a liquid expanded (LE) to a liquid condensed (LC) phase, whereas in the 

ones with 20 and 30 % SP-B, this plateau was not very distinct. The change in slope at 

the higher ?r of 43 mN/m in the DPPC plus 30 wt % SP-B isotherms (Figure 8.2, top) 

arose from the characteristic "squeeze out" of the protein. These characteristic plateaus 

were previously seen in DPPC monolayers containing similar amounts of SP-B (Taneva 

( and Keough, 1994a). This squeeze-out plateau of SP-B in DPPC films occurred at a 

Lower surface pressure than those seen for equal amounts of SP-C in such film (Taneva 

: and Keough, 1994a; 1994b; 1994~). The typical images observed in such monolayers 

I I (Figure 8.2, bottom) with increasing amounts of SP-B indicate that the protein decreased 
4 I 

: the size of the LC domains at equivalent r, as was previously seen with SP-C (Perez-Gil 
f 

et al., 1992a) and with fluorescent labelled SP-C (Chapter 6). 
1 

! Figure 8.3 shows the average size (A), number (B) and total amount (percentage) 

I (C) of liquid condensed (black) phase seen in monolayers of DPPC plus 0-30 wt% of SP- 

I B. The protein changed the distribution of condensed domains of DPPC. Increasing 
i 

a amounts of SP-B decreased the average size and amount of LC phase in the DPPC films, 

: whereas the number of domains in the films (with 20 and 30 wt% of SP-B) was 



Figure 8.2. Typical surface pressure - area (FA) isotherms of DPPC plus 1 mol% NBD- 

PC films containing 0 - 30 weight % SP-B (top) and the typical images observed from 

such films at a r of 12 mN/m (bottom). 

The black regions in the images represent the liquid condensed phase and the 

white regions the fluorescent (from NBD-PC) liquid LE phase. 
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Figure 8.3 The size (A), number (B) and percentage (C) of condensed (black) phase in 

the fiIms of DPPC plus 0 - 30 wt % SP-B. The error bars indicate t one standard 

deviation for 10 images adyzed at each surface pressure. 
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increased. These results indicated that the packing of DPPC films was perturbed by SP- 

B since, at equivaIent T smaller amounts of condensed phase were formed in the 

DPPC/SP-B films compared to those of the lipid done. 



DISCUSSION 

SP-B affected the liquid expanded (LE) to liquid condensed (LC) phase transition 

of DPPC films in a concentration dependent manner, and altered the amount of lipids 

which could pack into the LC phase at any given n. In other words higher surface 

pressures was required to attain similar amounts of condensed phase with increasing 

amounts of protein. In DPPC bilayers, SP-B have been shown to reduce the 

calorimemcally detectable gel to fluid chain melting transition. This suggests that the 

protein "removed" some acyl chains from undergoing transition to the gel phase, and our 

: results complement those studies (Shiffer et al. 1993). This packing perturbation induced 

by the protein in bilayers has been suggested to enhance the adsorptivity of DPPC (by 

creating defect in packing of gel phase DPPC) to an air-water interface (Haagsman 1994; 

I Keough 1992; Perez-Gil et al., 1992b). Antibodies directed against SP-B inhibit rapid 

; i adsorption of pulmonary surfactant, confiirming the role of the protein in the adsorption 

j process (Suzuki et al., 1986). Protein-induced monolayer packing changes may also 
I 
1 

enhance the adsorption of further lipids from the bulk subphase as suggested by others 
i : (Haagsrnan 1994; Oostarlaken-Dijksterhuis et al., 1990). Figure 8.4 shows the possible . 
L . , 

1 localization of SP-B dimer in a phospholipid bilayer (A) and in monolayers in (B) and 
1 

(C).  

The studies presented here indicate that SP-B perturbed the packing of DPPC in 
! 

films, probably differently than did SP-C, and the reason could probably be the 

: localization of SP-B near the phospholipid headgroup region (Figure 8.4 (B)). The 



Figure 8.4 Possible arrangement of a SP-B dimer in bilayers (A), and monolayers (B 

and C). Figure was graciously provided by Dr. Jesus Perez-Gil of University of 

Madrid]. 

SP-B is probably localized in the headgroup region of the phospholipids (small 

- circles in (A)) although some parts of the protein may penetrate the chain region. In 

monolayers at low surface pressure (B) some parts of SP-B (hydrophobic regions) are 

probably localized at or near the hydrocarbon region of the phospholipid (due to Low 

packing density of the phospholipid). At high surface pressure, the protein may be 

I easily squeezed-out of the films into the water subphase, due to the highly polar nature 

, of its amphipathic helices and their close localization to the air-water interface or the 

j lipids headgroup (C). 

I 

i 
! 
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higher amounts of SP-B required to perturb the DPPC films and the difference in 

"squeeze-out" surface pressure of DPPC/SP-B films (Figure 8.2) compared to DPPC/SP- 

C films, may be an indication of such a lipid-protein association, Previous studies on 

SP-B/p hospholipid b ilayers have indicated that the protein, having a number of positively 

charged residues spread over the entire polypeptide chain, can make several electrostatic 

interactions with anionic phospholipid headgroups (Johansson et al., l994a). About 1 1 

wt% of SP-B only minimalIy affected the acyl chain mobility as detected from the first 

moments of 'H NMR spectra in DPPC bilayers (Morrow et al., 1993a), and by 

fluorescence anisotropy measurements in DPPC:PG systems (Baatz et al. , 1990). 

Fluorescent antibody, directed against SP-B, bound to surfaces of giant bilayer vesicles, 

indicates that the protein was localized in the polar or headgroup region of the 

phospholipid bilayers instead of being deeply embedded in the hydrocarbon interior 

(Longo et al., 1992; Vincent et al., 1991; 1993). Others have indicated by electron 

microscopy that SP-B in combination with DPPC and PG can form bilayer discs 

(Williams et al., 1991). The localization of SP-B in such a situation is probably around 

the edges of the discs where the hydrophobic faces of SP-l3 can associate with the acyl 

chains and the polar parts with the lipid headgroups (Morrow et al., 1993a). The current 

structural model of SP-B from several such studies suggests that SP-B associates with 

phospholipids in bilayen by a combination of electrostatic interaction with the 

headgroups and hydrophobic interactions with the acyl chains, and does not appear to be 

embedded deep within the hydrophobic core (Vandenbussche et al., l992a). In case of 

bilayer discs, parts of the protein may associate with the edges of the discs (Morrow et 

198 



al., 1993a). A combination of both lipid-protein arrangements may also occur. 

Functionally, SP-B is more effective in inducing bilayer fusion and lipid insertion 

into preformed monolayers containing the protein, than SP-C (Osteriaken-Dijksterhuis 

1991a, b). Taking into account the observations of others on SP-B-lipid association, it 

is tempting to speculate from our results that since the squeeze-out R of SP-B in lipid 

films is lower than SP-C, and that since SP-B localized near the lipid headgroups which 

are in water, it is easily squeezed-out of the films on minimal compression (Figure 8.4, 

C) (Taneva and Keough, 1994a). Although the DPPUSP-B f b  studies presented here 

may not clarify any possible DPPC headgroup-SP-£3 interactions or the proteins 

localization in the f i ,  the study does provide some indication that SP-B and SP-C may 

have different modes of interaction with DPPC in frlms. This possibility is explored in 

the next chapter using fluorescent labelled hydrophobic proteins individually and in 

combination in DPPC films. 



Chapter 9 

SP-B AND SP-C : A COMPARATIVE 

STUDY 



INTRODUCTION 

Although DPPC films can withstand high surface pressure (T)  or low surface 

tension (y), the rate of surface adsorption from DPPC dispersions to form films and the 

spreadability of the lipid at an air-water interface is low compared to natural pulmonary 

surfactant (PS) (Notter et al., 1980b; Snik et al., 1978). Hydrophobic proteins SP-B and 

SP-C enhance these surface properties of DPPC (Curstedt et al., 1987; Takahasi et al., 

1990; Yu and Possmayer 1990), and some lipidlprotein systems can reproduce many of 

the surface properties of native PS in vino (Notter et al., 1987; Rev& et al. 199 1 ; Sarin 

et al., 1990; Smith et al., 1988; Suzuki et al., 1986; Tanaka et al., 1986). Also 

synthetic peptides from various structural domains of SP-B and SP-C in conjunction with 

DPPC can reproduce many of the surface properties of native PS (see McLean and Lewis 

1995, for review). Such lipid-protein mixtures have potential for use as artificial 

surfactants in PS replacement therapies (Smith et al., 1988; Suzuki et al., 1986; Tanaka 

et al., 1986) and can be used for treating patients with surfactant related disorders or 

deficiencies, such as Respiratory Distress Syndrome (RDS). Targeted disruption of the 

genes of the hydrophobic proteins have been shown to alter pulmonary surfactant 

homeostasis and cause respiratory failure in newborn animals (Clark et al., 1995), 

indicating the critical role these proteins play in the normal respiratory dynamics of the 

lungs. From dynamic cycling experiments of monolayers containing DPPC and SP-B or 

SP-C in vitro, it was suggested that the such films can easily attain low y or high a. The 

proteins get "squeezed out" of the monolayer at high T ,  and since small amounts of 



proteins may remain in the monolayers at high r the r im could rapidly re-spread from 

highly compressed states (Takahasi and Fujiwara 1986; Taneva and Keough, 1994a; Yu 

and Possmayer 1986). Recently infra red spectroscopy of the proteins in DPPC 

monolayers indicated differential orientation and lipid association between SP-B and SP-C 

at the interface (Pastrana-Rios et al., 1995). Due to structural differences of the proteins, 

it is feasible to assume that SP-B and SP-C probably interact and associate with DPPC 

films differently, although little direct experimental evidence exists to date (Pastrana-Rios 

- et al-, 1995). 

Epifluorescence microscopy of lipid-protein monolayers has become a convenient 

tool for studying protein distribution and lipid-protein interactions at the air-water 

interface (Ahlers et al., 1991; Mehwald, 1990; see Stine 1995 for a review). By 

labelling proteins with different fluorophores, individual partitioning of lipids or protein 

in the condensed or expanded phases of the films, or in the subphase can be visually 

I 

; observed (Ahlers et al. ,  1991; Dietrich et al., 1993 ; Heckl et al., 1987; Mohwald, 1990). 

1 The differential distribution of the proteins in lipid monolayers occurs because of 

1 

different electrostatic and hydrophobic interactions between the proteins and the lipids 
f 

(Heckl et al., 1991; Mohwald, 1990). Protein-induced effects on lipid packing can be 
i 

. : 
1 

i measured by estimating the amounts of each phase as a function of protein concentration 
i 

I at different monolayer lipid packing states (Heckl et al., 1987; Peschke and Mohwald 

1 1987; Perez-Gil et al, 1992). Although most of these lipid-protein monolayers were 
t 

I studied as models of biological membranes under quasi-equilibrium conditions of 

! compression (Mohwald, 1 990), our epifluorescence balance allows studies of such 



monolayers under dynamic conditions (fast compression and expansion and multiple ir-A 

cycling) relevant to studies of PS in vitra (Nag and Keough 1993). Using this system 

we have studied SP-E3 and SP-C labelled with different fluorophores (separately and in 

some combinations) in spread DPPC monolayers under conditions of dynamic 

compression-expansion cycling. By quantitatively analyzing the visual features observed 

in the individual protein-DPPC f h s  under similar conditions of temperature, 

concentrations, and compression speed, some comparative estimates of the interaction of 

each protein with DPPC films could be determined. This study (compared to the other 

studies, chapters 3-9) was performed under fast dynamic conditions (probably non- 

equilibrium nor quasi-equilibrium) to obtain information about whether or not the 

proteins behave in a similar manner to those in more slowly compressed film studies 

(Chapters 6 and 8). 



MATERIALS AND METHODS 

9-21] Materials. 

DPPC was purchased from Sigma Chemical Co. (St. Louis, MO), and 

fluorescein-5-isothiocyanate (FITC) and Texas-Red' sulphonyl chloride (TR) from 

Molecular Probes Inc. (Eugene, OR). SP-B and SP-C were isolated from porcine lung 

by Dr. Jesus Perez-Gil (JPG), University of Madrid, by a modification of the method of 

Curstedt et a1. (1 987), discussed elsewhere (Perez-Gii et al. 1993). The saline subphase 

on which the monolayers were spread, was made with doubly glass distilled water, the 

second distillation performed from dilute potassium permanganate. 

9-22] Fluorescent labelling of SP-B and SP-C. 

Isolated SP-B and SP-C were labelled by JPG and Antonio Cruz at University of 

Madrid, with TR and FITC respectively by the following procedures. About 300 pg of 

SP-B or SP-C in 2 ml of chloroform:methanoi (2:l voI/vol) was adjusted to a pH of 7.8 

by adding appropriate amounts of 50 m M  Tris in methanol. These SP-B and SP-C 

solutions were then incubated overnight with 10 mM solutions of TR or FITC 

respectively in chloroform: methanol 2: 1 (volfvol) at 4OC. The pH of the solutions was 

re-adjusted to 2 by adding appropriate amounts of 0.2 N HC1, and concentrated under 

a stream of N, to give a final solvent volume of 0.5 ml. The solutions were thzn applied 

onto a LH-20 column (Pharamacia LKB, Sweden) to remove the un-reacted probes, and 

the chromatographic profdes followed by measuring absorption at 250 nm (protein) and 



450 nm (fluorescein) or 520 nrn (TR). The amounts of labelled proteins were estimated 

by quantitative amino acid analytical procedures, discussed elsewhere (Perez-Gil et al, 

1993). 

9-23] Mass spectrometry of proteins. 

Matrix Assisted Laser Desorption/Ionization (MALDI) mass spectrometry was 

performed by Mr. Lome Taylor, University of Waterloo on a VG Tospec spectrometer 

(Manchester, UK) on a cyano-4-hydroxy cinnamic acid matrix by methods of Hillenkamp 

et al., (199 1) External calibration of the spectrometer was performed with recombinant 

eglin-C or trypsinogen by methods of HiIlenkarnp et al. (1991). Typically, 100 

picomoles of R-SP-B or F-SP-C in chloroform:methanol (3: 1 vollvol) were mixed with 

the cinnamic acid solution in 1: 1 (vol/vol), and 2 p1 of the mixed soIution placed on a 

stainless steel support. About 20 laser shots were averaged over a masslcharge range of 

2000 - 10,000 Da for F-SP-C and 6OCO - 20,000 Da for R-SP-B. 

9.241 Dynamic x-A measurements of monolayers. 

The R-SP-B and F-SP-C in chloroform:methanol (3: 1 vol/vol) were mixed with 

DPPC in the same solvent in desired weight proportions of DPPC plus 10 or 20 wt% of 

R-SP-B (0.6 and 1.03 mol% respectively, based on MW of SP-B dirner) or F-SP-C (1.9 

and 4.19 mol%, MW of SP-C monomer) and DPPC + 10 wt% of each protein. 

The mixtures were spread on a 150 mM NaCl solution containing 2 rnM CaCl, 

at a pH of 6.9. Monolayen of the same DPPC-protein mixtures were tested 



simultaneously by Dr-Svetla G. Taneva on a teflon ribbon-barrier surface balance 

(Taneva and Keough, 1994) which allows for prevention of leakage at high R, and in our 

epifluorescence balance. The " leak-free " balance had a rectangular teflon tape which 

enclosed the films on all sides, and the film's compression and expansion was achieved 

by decreasing or increasing the area enclosed by this rectangle. Such "leak free" 

balances have been used previously by us (Taneva and Keough, 1994) and others (Notter 

et al., 1980b) to study high compression or low surface tension (or high T)  regimes of 

surfactant films, where the leakage of the films behind the teflon barrier is problematic 

in the normal Langmuir type balances (Goerke, 1992; see Nag, 1990). 

AU experiments were performed at an ambient room temperature of 22 & 2OC, 

in both balances. The monolayers were compressed up to a surface pressure (T) of - 
65 mN/m and expanded to 0 mN/m for four cycles at an initial rate of 333 &/sec 

(0.64 ~ . m ~ l - ~ . s e c - ~ )  in both surface balances, and the surface pressure-area (PA) data 

collected using a Wilhelmy dipping plates attached to force transducers (Nag et al., 

1990). The surface pressure was plotted as a function of area per amino acid residue of 

the proteins, as 35 residues for F-SP-C and 79 for R-SP-B. The details of such 

measurements have been discussed previously (Taneva and Keough, 1994a). In the 

epifluorescence balance the monolayers were compressed or expanded in 20 steps, and 

5 seconds was introduced in each step to video record the visual features of the films. 

9.29 Visual observations and analysis of monolayers. 

The observations of the monolayers by epifluorescence microscopy were achieved 



by switching fluorescence filter combinations, which allowed for observing fluorescence 

emissions from either R-SP-B at 590 nm, or F-SP-C at 520 nm. This technique has been 

previously used by us and others to observe various fluorophores simultaneously in lipid 

monolayers (Maloney and Grainger 1993 ; Montero et al. 199 1). The stored images were 

processed and analyzed as discussed above, and an average of 5 images was analyzed at 

each individual a- The data were represented as percent condensed (black phase) as a 

function of R. or area per molecule. The percentage of black phase was also convened 

to degree of crystallization or gelation, 4, by methods of Heckl et al., 1987, to estimate 

any deviation of areas of the lipid molecules induced by the proteins in the different 

phases of the llpidfprotein monolayers from that of the lipid alone (as discussed in 

chapter 6). 

f 



RESULTS 

Figure 9.1 shows the MALDI spectra of fluorescently labelled SP-B (top panel) 

and SP-C (bottom panel). The SP-B spectra showed a major peak at 8777 Da 

corresponding to the F W  of SP-B monomer (8.7 KDa) (Curstedt, et a1 1990). This peak 

might arise because of fragmentation of the SP-B in the MALDI process, or it may come 

from the dimer with two excess charges instead of one. SDS gels of this material 

- indicated that it was essentially in the native, dimeric form. The minor peak at 9329 Da 

corresponds to FW of labelled SP-B (8700 Da + 625 (Texas-Red-sulphonyl) - 9329 

Da) and the one at 17463 Da to the dirner of the protein (8700 Da x 2 = 17400 Da). 

The SP-C spectra (bottom panel) showed sharp peaks at 3744 Da and 4225 Da. 

corresponding with the formula weight 0 from amino acid analysis of SP-C (3.7 

kiloDalton) and dipalmitoylated SP-C (4.2 kDa) (Curstedt et al., 1990). The minor peak 

i at 4609 Da indicates the presence of the fluorescein-labeled form of the protein F-SP-C 

1 I [4200 Da (native) + 376 Da (fluorescein) - 4609 Da] . The other diffuse smaller peaks 
1 

: at higher molecular weights are possibly SP-C labelled with more than one mol of 
! 

fluorescein [Note the difference of this acylated, minimally labelled F-SP-C with the one 

: previously discussed in chapter 6, where F-SP-C was de-acylated]. The molecular 
1 

weights of SP-B and SP-C are in close agreement with the ones previously reported by 

Curstedt et al. (1990) using a similar MALDI type technique or plasma desorption mass 

spectrometry. SDS gels and the MALDI spectra indicated that the proteins were 

I 

minimally labelled and intact, SP-C predominantly in its monomeric form and some SP-B 



Figure 9.1 Typical MALDI mass spectrum of Texas Red-SP-8 (R-SP-B, top panel) and 

Fluoresceinated-SP-C (F-SP-C, bottom panel) plotted as relative intensity as a function 

of molecular weight in Dalton (or masskharge ratio). The peaks at 8777 and 17463 (top 

panel) comes from the unlabelled form of SP-B and that at 9329 Da from the labelled R- 

- SP-B, The peak at 4226 Da (bottom panel) arises from the unlabelled and acylated form 

of SP-C, 4609 Da from the labelled F-SP-C and 3744 Da from the deacylated protein. 

The other minor peaks indicate the presence of different forms of the labelled or 

unlabelled proteins (see text for details). 
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was in dimeric form. 

Typical surface pressure - area per residue of the proteins (PA) isotherms of 

monolayers of DPPC plus 10 weight % of R-SP-B (top panel) and F-SP-C (bottom panel) 

are displayed in Figure 9.2 (left panel) and the typical images observed from such 

monolayers are shown (right panel, R-SP-B in the top and F-SP-C in the bottom panel). 

The dashed lines in the isotherms in Figure 9.2 indicate the fourth compression-expansion 

cycle. The letters in isotherms indicate the surface pressure (T) at which the images in 

from R-SP-8 fluorescence (top right) and F-SP-C fluorescence (bottom right) were 

obtained, from the first compression-expansion cycles. The plateau regions in all the 

isotherms at lower r (7-10 mNlm) indicate the phase transition of DPPC from a liquid 

expanded phase (LE) to a liquid condensed (LC) phase. The change in slope at the 

higher T of 43 mN/m in the DPPCIR-SP-B and the plateau area at 55 mN/m in the 

DPPC/F-SP-C isotherms arise from the characteristic "squeeze out" of the proteins. 

These characteristic plateaus were previously seen in DPPC monolayers containing 

similar amounts of native SP-B or SP-C (Taneva and Keough, L994a and chapters 6 and 

8), indicating that the labelled proteins behaved in a manner similar to the native ones. 

The typical images observed in such monolayers (Figure 9.2, right panel, top for 

R-SP-B and bottom for F-SP-C) showed distinct LC domains (dark regions) of DPPC (A, 

A') in a homogenous fluorescent background of the proteins, indicating that the R-SP-C 

or F-SP-B partitioned in the liquid expanded (LE) or fluid phase of the DPPC. 

Increasing K from 14 mN/m to 63 mNlm (A or A' to C or C' in Figure 9.2, left), 

resulted in the LC domains growing in size and amount, and deforming from more 



Figure 9.2 Surface pressure (9 plomd as a hnction of area per protein residue (PA) 

isotherms of DPPC plus 10 weight % R-SP-B (top left) and 10 wt % F-SP-C (bottom 

left); and the typical fluorescence images seen in such monolayers at r indicated by 

letters A-E and A'-E' in the isotherms in the right panels are shown in (top) for R-SP-B 

and (bottom) for F-SP-C. A lipid molecule is considered as one "residue" in this 

calculation. The long dashed Lines (associated with the solid lines) in the isotherms 

indicate the fourth compression-expansion isotherms. The small dashed lined isotherm 

in the top panel is from a f h  of DPPC (plus 1 mol % NBD-PC) compressed and 

expanded at the same rate. 

The bright regions in images indicate the fluorescence from the labelled proteins 

and the dark areas the condensed phase of DPPC. The scale bar is 25 pm. 





circular to elongated shapes. The images also indicated that some of the proteins 

remained in or very near the monolayers at high .ir - 63 mN/m (C, C'). The typical 

collapse T of the native SP-B or SP-C are around 37 - 40 mN/m (Oosterlaken- 

Dijksterhuis et al., 1991b; Taneva and Keough, 1994a; 1994b) with "squeeze out" effects 

appearing in the isotherms, but the images in C (r > 60 mN/m) indicated that some 

amount of the proteins remained associated with DPPC above the collapse pressures of 

pure SP-B or SP-C f ~ s .  This conclusion was also reached by Taneva and Keough, 

(1994 a; 1994b) based upon behaviour of the isotherms of DPPC containing small 

amounts of native, unlabelled SP-B and SF-C. Upon expansion of the film, with 

resulting decrease in r (C to E and C' to E'), the proteins were found to re-distribute or 

re-disperse in the expanded phase, indicating reversibility of protein distribution in the 

4 LE phase during the compression-expansion process, since images at A and A' were 

similar to those at E and E' - Visual features of the monolayers on the fourth cycle 

(dashed isotherm in Figure 9.2, left) were similar to those shown for the f ~ s t  cycle, 

suggesting that only minor changes occurred in the lipid-protein distribution in those 

I monolayers fiom cycle to cycle. Also the visual features did not indicate any significant 
i r difference between R-SP-B and F-SP-C distributions in DPPC monolayers at the different : 
I 

1 T ,  both proteins being associated with the fluid or LE phase. 
! 

Figure 9.3 shows the amounts (percentage) of condensed phase or black regions 

I seen in monolayers of DPPC, and DPPC containing 10 wt% and 20 wt% of R-SP-B (top t 

I 
panel) and F-SP-C (bottom panel) as a function of T ,  during the first cycle compression 

I (closed symbols) and expansion (open symbols). The data were obtained by analyzing 



Figure 9.3 Total amount of condensed phase plotted as a function of surface pressure 

for monolayers of DPPC + 1 mol% NBD-PC (m), DPPC + 10 W% (r) and 20 wt% 

( A )  of R-SP-B (top panel) and F-SP-C (bottom panel). The open symbols indicate data 

obtained From the expansion of these monolayers. The error bars indicate t one 

- standard deviations of five images analyzed at each T.  
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five randomly selected typical images at each R. The DPPC monolayer without 

fluorescent protein was observed by using low amounts (one mol%) of a fluorescent lipid 

probe I - p a l m i t o y l , 2 - n i t r o - b e n z o x a d i a z o l e - p h o v  (NBD-PC), and the DPPC 

data are shown for comparative purposes. The condensed phase packing of DPPC was 

perturbed by both proteins since at equivalent R, smaller amounts of condensed phase 

were formed in the lipid-protein films compared to those of the lipid alone. A similar 

pattern of perturbation of condensed phase of DPPC films by native, acylated SP-C has 

been previously observed (Perez-Gil et al., 1992a), by and with native non-labelled SP-B 

(Chapter 8). Increasing amounts of the proteins from 10 to 20 weight percent decreased 

the total amounts of condensed phase. This indicated that both proteins perturbed the 

packing of DPPC in monolayers, and with higher protein content higher T was required 

to reach similar amounts of DPPC condensed phase or higher packing states, although 

this decrement in DPPCIR-SP-B monolayers (top panel) was less than the ones seen for 

F-SP-C (bottom panel). Also in the DPPCIF-SP-C monolayers (bottom panel) almost 

similar amounts of condensed phase were observed at comparable T during compression 

(closed symbols) and expansion (open symbols), indicating that during these processes 

similar lipid-protein distributions occurred at comparable a. In the monolayer containing 

R-SP-B however the amount of dark or condensed phase seen on expansion (open 

symbols, top panel) seemed to be consistently somewhat higher than on compression 

(solid symbols). These results indicate that both proteins perturbed the condensed phase 

packing of DPPC, SP-C more than SP-B, and the packing of DPPC may be different in 

the presence of equal amounts of each protein. 



Figure 9.4 Total amounts of condensed phase plotted as a function of surface pressure 

for DPPC monolayers containing 10 wt% of R-SP-B (a) or F-SP-C ( ) from the fourth 

compression cycle (dashed lines) and the first cycle (solid lines 0 ,  0 ). The error bars 

indicate + one standard deviations of five images analyzed at each T. 

- 
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Figure 9.4 shows the amounts of condensed phase seen in DPPC monolayers 

containing 10 wt% of either protein from the first (solid lines) and the fourth 

compression (dashed lines). The percentage condensed between the first and the fourth 

cycle were very similar indicating that the distribution of lipid and protein are similar at 

similar rr between successive cycles. Since there was no drastic chaige of the amounts 

of condensed phase between the f is t  and the fourth cycle, it seems that negligible 

irreversible loss of materials from the monolayers to the subphase occurred between 

successive cycles as long as the monolayers were not over-compressed (to a R - 72 

mN/m) into the collapsed state. 
I 

Figure 9.5 displays the amount of condensed or black phase (left panel) and the 

degree of crystallization or gelation, 4 (right panel) of DPPC, and DPPC plus R-SP-B 

I (top panel) and F-SP-C (bottom panel) plotted as a function of area per molecule of the 

lipid. The percentage of condensed phase plots (left panel) indicate that the amounts of 

I that phase formed at equivalent area per molecule of the lipid is increased from that of 
I 

I the lipid alone, between 60 A2. molecule-' and 90 A2- molecule-I. Below 60 &.molecule-L, 

I 
the percentage of condensed phase decreased for the monolayers containing 20 wt% of 

the proteins, albeit more for F-SP-C (lower panel) than for R-SP-B (upper panel). This 
I 

I suggested that the DPPC molecules could not pack to form equivalent amounts of 

I 
I condensed or gel phase in the presence of the proteins. 
I 

, As noted above, degree of crystallization or 4 (see experimental procedures) vs 

i 

area per molecule plots of lipid-protein systems can be used to give quantitative estimates 

; of the area occupied by the lipids in the different phases, and whether or not the proteins 



Figure 9.5 The total amounts of condensed phase (left panel) and the degree of 

crystallization 4 [see text for details] (right panel) plotted as a fhnction of area per 
- 

molecule of the lipid, for monolayers of DPPC and DPPC plus R-SP-B (top panel) and 

F-SP-C @onom panel). The data is from DPPC films containing 0 wt% (m), 10 wt% 

( ) and 20 wt % ( A ) protein or similar lipid-protein ratios as in Figure 9 -3. 
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alter the areas of the lipids in such phases (Heckl et al, 1987; Mohwald, 1990)- The 

degree of crystallization patterns of DPPC plus F-SP-C and R-SP-B indicated that the 

crystallization or gelation of DPPC and DPPC1protei.n monolayers is linear between 70 

to 90 @.molecule-' (Figure 9.5, right panel). Below this area per molecule the slopes 

changed at + -- 0.9 for the monolayers of lipid alone and the ones with 10 weight % 

of either R-SP-B (top panel, right) or F-SP-C (bottom right). The degree of 

crystallization plots for DPPC are similar to the ones seen previously by Heckl et al., 

(1987). The change of slope at 4 -- 0.9 for the DPPC monolayer implied that the 

crystallization or gelation which occurred in this system is altered at or near the limiting 

areas of DPPC ( - 40 A2.molecule-L), and is an indication that the molecules in the 

condensed phase undergo some form of re-orientation or phase transition to a "solid-liket' 

1 phase, as suggested by others (Mohwald, 1990). In our systems this process occurred 

for DPPC and seemed not to be affected by 10 wt% of either protein, indicating the 

proteins did not substantially affect the crystallization of DPPC, at least at that protein 
! 

j 
concentration. By extrapolating the linear portion of the lines to Q = 1, the area of the . 

DPPC in the monolayers and the ones containing 10 wr % of either protein gave an area 
i 

44 hr2. molecule-I which is very close to the limiting areas of the lipid (40 A2. molecule-I; . 

see Chapter 2, section 2.3), and was not changed signifcantly by 10 wt % of R-SP-B 
! 

and F-SP-C. By extrapolating these lines to 4 = 0, an estimate of the change of the area 

of the lipids in the fluid phase occupied by the proteins could be performed. This gave 
1 

74 + 2 @. molecukl for pure DPPC and 82-90 f 2 A'. molecule-' in the presence of 10 

wt% of the proteins and indicated that the proteins indeed changed the area of the lipids I 



in the monolayer in the fluid phase. These results suggest that the proteins occupying 

the fluid phase changed the area of the lipid in that phase, but could not penetrate the gel 

or crystallized phase and thus change the area of the lipids in that phase. This is only 

possible if the proteins get substantially "squeezed out" of the monolayer. In monolayers 

containing 20 wt % F-SP-C, the change of slope (bottom right, up mangle) occurred at 

a lower 6 of 0.6, implying that higher concentrations F-SP-C perturbed the 

crystallization of DPPC. These studies suggests that their might be some possible 

differences between R-SP-B and F-SP-C interactions with the lipid phases. 

The x-A isotherms of DPPC plus 10 wt% of R-SP-B plus 10 wt% F-SP-C are 

shown in Figure 9.6 (a). Typical images seen in such monolayers from fluorescence of 

R-SP-B (left panel) or F-SP-C (right panel) are shown in Figure 9.6 @), and the 

r percentage of condensed phase as a function of n in 9.6 (c) (the symbols from 

monolayers containing 20 wt % of either protein are shown for comparison). The fourth 

/ cycle isotherms are shown as dashed lines in (a) and the letters indicate the surface 

1 pressures at which the images in @) were obtained. The first cycle isotherm in (a) 
I 
I 

indicated that although small "squeeze out" plateaus at a- 43 mN/m for R-SP-B and at 

a- 55 mN/m for F-SP-C could be observed (as with the individual protein shown in 

I Figure 9.2) they were smaller than the ones seen in DPPC monolayers plus equal 
f 
I 

6 amounts of the individual protein (Figure 9.2). The images in Figure 9.6 (b) indicated 

that both proteins partitioned into the expanded phase of DPPC monolayers and mixed 
! 

homogenously in that phase at all a (A, A'), they were present to some degree at high 

I l .rr (B, B'), and re-inserted back into the monolayer upon expansion (C, C'). The plot of 



Figure 9.6 Surface pressure plotted as a function of area per residue of protein (and 

lipid) for monolayers of DPPC + 10 wt% R-SP-B + 10 wt % F-SP-C, from the first 

(solid line) and the fourth compression-expansion cycle (dashed lines) (a) ; the typical 

images seen from R-SP-B (left panel, A-C) and F-SP-C fluorescence (right panel, A'-C') 

in @); and the percentage of condensed phase plotted as a function of r for the above 

monolayer (0  , 0 ), and the ones containing 20 weight % of R-SP-B (A) or F-SP-C ( A ) 

(c). The letters in (a) represent the R at which images in (b) were obtained. The open 

symbol (0) in (c) represent the data from the expansion cycle of the DPPC film 

containing both proteins. The scale bar in (b) is 25 pm. The error bars represent + one 

standard deviation of 5 images analyzed at each a. 
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condensed phase as a function of a in Figure 9.6 (c) compared to the ones with 20 wt 

% of either protein suggested that the proteins perturbed the monolayer condensed phase 

in a additive manner. 



DISCUSSION 

9-41] Significance of SP-B and SP-C in pulmonary surfactfit films. 

Pulmonary surfactant (PS) undergoes a number of transformations in the alveolar 

fluid and possibly in the alveolar air-fluid interface, such that during normal respiratory 

cycling a surface film is formed which is enriched in one component (DPPC) over 

others. In virro dynamic cycling of extracted PS shows that the material undergoes 

- transformation from heavy to light subtypes which can be separated by density gradient 

centrifugation (Gross, l99Sa). The lighter subtypes are thought to be material eliminated 

from the interfacial PS monolayer, and do not contain any surfactant proteins (Gross, 

1995a). To maintain low surface tension at the interface, the monolayers are enriched 

a in DPPC by surface refining where the unsaturated lipid or the other components are 

possibly squeezed out of the monolayer (Goerke and Clements 1986; Keough 1992). 

i 
4 Clements (1977) found evidence for a DPPC rich material at the air-alveolar interface, 

I 

j since the temperature dependence of the surface component of transpulmonary pressure- 
! 

volume relationship during lung deflation closely resembled that of the chain melting of 
i 
L 

transition of DPPC and not that of extracted PS. It was also shown that the M a c e  

I tension at the air-alveolar fluid interface was near 0 mN/m (or T - 70 mN/m) at low 

lung volumes (Schiirch et al., l978), and the only component of PS that could reach such 

I values upon compression is DPPC, which suggests that it could be present in high 
I 
1 

amounts in the PS surface films (Clements, 1977; Hawco et al., 1981a; 1981b). The 
* 

4 models proposed for such DPPC enrichment of PS films from in vitro studies usually 



involve the selective elimination of unsaturated and other non-DPPC lipids at 

intermediate ?r during compression of monolayers (Notter et al., 1980b; Snik et al., 

1978), or after a number of cycles (Nag and Keough, 1993). Other models suggest that 

DPPC can be adsorbed in collective packets during expansion of PS monolayers (Schiirch 

et al., 1994), or be replenished in the monolayer from highly compressed states (Notter 

et al.,  1981b; Taneva and Keough, 1994). Some of these models have implicated the 

role of the hydrophobic proteins in aiding such biophysical processes. This study 

suggests that SP-B and SP-C can be present in small amounts in DPPC monolayers at 

high R (Figure 9.2), and the proteins are accommodated in or near the DPPC monolayers 

at such T (or low surface tension), Also the f h s  were enriched with DPPC at high T,  

as seen through the high amounts of condensed phase formed in such films, from 

probable squeeze out of some of the hydrophobic protein (Figure 9.3 and 9.5). An 

advantage of having some of the proteins embedded in, or associated with, the DPPC 

matrix at high T may be to aid in rapid re-spreading and replenishment of the monolayer 

with that lipid upon expansion (Taneva and Keough, 1994). Such proteins in the 

monolayers might also allow rapid adsorption of collective units from the subphase as 

suggested in the model discussed by Schiirch et al., (1994). The adsorption model may 

be further supported by the fact that SP-B and SP-C in preformed monolayers can induce 

the rapid transfer of phospholipid from vesicles in the subphase (Oostarlaken-Dijksterhuis 

et al., 1991). Whichever may be the case 

proteins SP-B or SP-C or both can remain 

various stages of dynamic compression or 

our studies suggest that the hydrophobic 

associated with DPPC monolayers under 

expansion, and such monolayers can be 



compressed to high T, observations which support these suggestions made in a previous 

study (Taneva and Keough, 1994~).  

9.421 Comparative effects of SP-B and SP-C on DPPC packing in t i .  

This study indicates that both proteins affected the expanded to condensed phase 

transition of DPPC monolayers in a concentration dependent manner and thus altered the 

amount of lipids which could pack into the condensed phase at any given T or area per 

molecule (Figure 9.3 and 9.5). In other words higher pressures or compression states 

of the lipid were required to attain similar amounts of condensed phase or degrees of 

gelation with increasing amounts of protein. In DPPC bilayers SP-B or SP-C have been 

shown to reduce the calorimetrically detectable gel to fluid chain melting transition, 

indicating that they "removed" some acyl chains from undergoing into the gel phase, 

results which complement this study (Shiffer et al. 1993; Simatos et al., 1990). In 

monolayers since both proteins occupied the expanded or fluid phase, and reduced the 

ability of the molecules to interact with each other in that phase, the proteins prevented 

the Lipid from undergoing a phase transition to the more ordered condensed phase. 

The influence of F-SP-C on lipid packing appeared to be greater than that of R- 

SP-B as seen from the percent condensed and the degree of crystallization patterns. For 

the 10 wt% F-SP-C system (Figure 9.3, bottom) the amount of condensed phase 

increased steeply with r up to 50 mN/m where the squeeze out of F-SP-C plus lipids 

probably began, whereas in the 20 wt% F-SF-C system a more gradual increase of 

condensed phase was observed until the squeeze out B was reached. In case of R-SP- 



B/DPPC system there was somewhat less sharp increase of the condensed phase with r, 

for both concentrations of protein- The patterns of degree of crystallization (Figure 9.5) 

also displayed similar characteristics. For 20 wt % of F-SP-C there was a change of 

slope at around 4 - 0.6 whereas for R-SP-B there was no noticeable change at that 4,  

indicating possibly that the proteins perturbed the packing of DPPC molecules 

differently. Also the area per molecule calculated by extrapolating the lines to 4 = 0, 

(Figure 9.5, right panel) were higher in case of F-SP-C than those for equivalent 

amounts of R-SP-B. This would indicate that F-SP-C perturbed the fluid phase DPPC 

molecules more than an equivalent amount of R-SP-B. Previously others have shown in 

a different lipid-protein system <cytochrome b-DPPC) that the change of slope at lower 

4, is a possible indication of "squeeze out" process being detected (Heck1 et al, 1987), 

and also a possible indication that the proteins perturbing the packing of the lipids not 

only in the fluid but also in the gel or crystalline phase. In our system it seems that F- 

SP-C perturbed the gel phase packing somewhat more than an equivalent amount (20 

wt%) of R-SP-B. This provides some evidence that equal amounts (weight %) of SP-C 

perturbed the DPPC monolayers more than SP-B, correlating well with previous bilayer 

studies on such lipid-protein systems (Shiffer et al., 1988; 1993). A recent study using 

fluorescence energy transfer of labelled SP-B and SP-C in DPPC bilayers showed that 

SP-C is excluded out of the gel phase phospholipid and aggregates in the fluid phase, 

whereas SP-B has little or no preference for either phase (Horowitz 1995). This would 

be consistent with SP-B being placed at or near the surface of the bilayer or monolayers 

at high surface pressures. 



Previous studies on SP-B/phospholipid bilayers have indicated that the protein 

having a number of positively charged residues spread over the polypeptide chain can 

make several electrostatic interactions with anionic phospholipid headgroups (Johansson 

et al., 1994a; see Figures 8.1 and 8.4), whereas SP-C has an arrangement similar to 

transmembrane a-helical peptides (Horowitz et al., 1992; Morrow et al., 1993a; see 

Figure 6.9). Although SP-C has a few positive charges localized at the N-terminal, the 

highly hydrophobic a-helical C-terminal region and the dipalmitoyl chains allows the 

protein to orient in bilayers with the a-helical axis parallel to the acyl chains, as most 

trans-membrane proteins do (Clercyx et al., 1995; Horowitz et al. 1992; Johansson et 

al., 19% ; Morrow et al., 1993a; Vandenbussche et al., l992b). Also functionally SP-C 

is less effective in inducing bilayer fusion and lipid insertion to preformed monolayers 

of the protein than SP-B (Osterlaken-Dijksterhuis 199 la, b) . Thus SP-C could affect the 

Lipid packing in bilayers and monolayea through different mechanisms than SP-B as 

indicated in this study from differences in the perturbation patterns of the films. 

9.431 Squeeze-Out, stability and possible orientation of SP-B and SP-C. 

The structural orientation of SP-C monomers or dimers (deacylated) in 

monolayers studied by circular dichroism showed that the proteins have a high amount 

of a-helical structures with the helix axis oriented parallel to the air-water interface 

(Creuwels et al., 1995b; Oosterlaken-Dijksterhuis et al. 199 la; 1991b; Pastrana-Rios et 

al., l995). Our MALDI data indicates that SP-C was mainly monomeric and acylated, 

and similar to the proteins studied by these authors (Creuwels et al., 1995a; 1995b; 



Oosterlaken-Dijksterhuis et al. 199 1 b) . Recent studies of SP-C indicate that the protein 

had less a-helix in solvents of increasing degrees of polarity (decreasing 

acetonitrile/water ratios) (Cruz et al. 1995). ALso ellipsometric studies with DPPC/SP-C 

monolayers indicate that there is an slow increase of monolayer film thickness between 

10 and 50 mN/rn, and then an abrupt increase with increasing T (Post et al. 1995) - Our 

data on condensed phase as a function of T in F-SP-C/DPPC monolayers (Figure 9.3) 

also indicates some possible orientational changes occurring in such monolayers with 

increase in n. The amount of condensed phase as a function of r showed abrupt changes 

at around 50 mN/m. Also the T-A isotherms shswn in Figure 9 -2 (bottom panel) showed 

a distinct plateau at around 50 mN/m, assumed to be the squeeze-out of the proteins from 

the monolayers possibly accompanied by some lipids (Taneva and Keough, 1994b). 

Pastrana et al. (1991) had suggested that SP-C packing in a lipid matrix is very stable 

even with large compression, so that the protein may not be squeezed out, but undergo 

some type of structural changes. Others have suggested from collapse-plateau ratio 

measurements and IRAAS studies of such lipid-protein monolayers that although most 

of the protein gets squeezed out, some may remain lipid-associated above the collapse 

?r of the protein (Pastram-Rios et al., 1995; Taneva and Keough, 1994). Recent neutron 

diffraction studies indicate that DPPC headgroups in monolayers undergo conformational 

changes and dehydration at r > 30 mN/m (Bmmm et al., 1994). Others have indicated 

a change of orientation of DPPC around those T,  inferred from anaaloxy-steak acid 

probe orientation studies in such monolayers (Denicourt et al. 1994). The degree of 

crystallization patterns of DPPC (Figure 9.5) also show a change in slope of the lines at 



or near the limiting molecular areas of the lipid, where 100 percent geiation or 

crystallization is to be expected. Also pure SP-C Nm's isotherms show a distinct plateau 

region around 20 - 25 mN/m (Creuwels et a1 . , 1995b; Perez-Gil et al., 1992a; Taneva 

and Keough, 1994a), which has been suggested to be an orientation change of the pure 

protein in the monolayer (Creuwels et al., 1995b). Thus a combination of lipid-protein 

orientational changes may be involved in accommodating the protein in the lipid matrix 

at high T.  

The structure of native SP-B in monolayers is about 47 percent a-helical, the 

helix axis oriented parallel to the hterface (Oosterlaken-Dijksterhuis et al., 199 lb). Due 

to charged amino acid residues distributed throughout its sequence, an amphipathic- 

helical conformation has been suggested for SP-B (Bruni et al., 199 1 ; Cochrane and 

Revak, 199 1 ; Johansson et al., 199 1 ; Longo et al., 1993; Takahasi et al., 1990; Waring 

et al., 1989). The positively charged synthetic amino-terminal peptide of SP-B, interacts 

strongly with negatively charged phosphatidic acid in monolayers, increasing the collapse 

r of such monolayers (Longo et al. 1993). No significant secondary structural change 

from the predominant a-helical ( -40 %) conformation of the SP-B was observed in a 

DPPC bilayer environment by fourier transform infi-ared spectroscopy (Pastram-Rios et 

al., 1995; Vandenbussche et al. 1992), indicating that the protein probably has stable 

orientations in mono- or bi-layers in its native structural form. The N-terminal domain 

of SP-B has been suggested to contain amphipathic helical sections in membrane-mimetic 

bilayer or monolayer systems (Fan et al., 1991). The R-SP-WDPPC isotherms (Figure 

9.2) and the percentage of condensed phase - .rr plots (Figure 9.3, top panel) show, that 



at ?r - 40 mN/m there was only a small plateau and the amount of condensed phase 

increased with ?r in a different pattern from that seen in the F-SP-C/DPPC system 

(Figure 9.3, bottom panel). There was no abrupt increase of the condensed phase at any 

?r (as was seen in the F-SP-C/DPPC Films), suggesting that the minimal perturbation of 

DPPC condensed phase by R-SP-B was constant as a function of T ,  also indicating 

possible different associations and orientation of the protein compared to SP-C in DPPC 

films. 

Recent infra-red spectroscopy studies of DPPCISP-B or DPPC/SP-C films suggest 

that SP-B may not re-adsorb back into films after compression as efficiently as SP-C 

(Pastrana-Rios et al., 1995), and the lipid-protein structures formed at high ?r or collapse 

phases may differ between these two proteins. In our study, during expansion of R-SP- 

B/DPPC monolayers higher percentage of condensed phase was observed (Figure 9.3, 

top panel, open symbols) in such monolayers at comparable n than observed from 

compression (closed symbols), possibly indicating that more DPPC was present in the 

f h s  at equivalent R during expansion than during compression. This may indicate that 

upon expansion SP-B spreads less rapidly back into the monolayer than SP-C. As 

spreading of phospholipids to an air-water interface is dependent on hydration, it is 

tempting to speculate that R-SP-B may be indirectly "hydrating" the DPPC headgroups, 

after they have been dehydrated due to compression (Denicoua et al. 1994; Dietrich et 

al., 1993). Such hydration may be due to the amphipathic helices having some water 

associated with them laying near the headgroup regions of the lipids, or by other 

electrostatic interactions of the protein charged residues and the lipids headgroup. Thus 



the orientation of SP-B 

be of siacance to 

in the headgroup or polar region of the phospholipid in films may 

previous findings that SP-B was more effective in inserting 

phospholipid to preformed monolayers than SP-C , and SP-B containing vesicles adhere 

to each other more than SP-C containing ones (Oosterlaken-Dijksterhuis et al., 1991a; 

1991b). 

9.441 Association of SIP-B with SP-C in DPPC F ' i  - .. 

The study of the monolayers containing both R-SP-B and F-SP-C (Figure 9.6) 

showed that the proteins mixed with each other quite homogenously in the fluid or 

expanded phase of DPPC. With the amounts of protein used, both proteins also reduced 

the ability of DPPC to form condensed phase. A previous study on similar lipid-protein 

mixtures showed that the proteins and some accompanying lipids were separately 

squeezed out of the monolayer, SP-B at - 43 mN/ m and SP-C - 55 mN/m, indicating 

independent behaviour of the proteins in the presence of each other (Taneva and Keough, 

1994a). The percentages of condensed phase in the monolayers of DPPC + 10 wt% R- 

SP-B + 10 wt% F-SP-C (Figure 9.6~) are roughly intermediate between those obtained 
a 

for DPPC monolayers containing 20 wt % of either protein alone. This indicated that the 

proteins may perturb the DPPC monolayers in an independent and additive fashion. 

However some of both proteins remained associated with the DPPC monolayer at high 

T as seen in the images B, 

regions of the monolayers 

expansion (Figure 9.6b). 

B' in Figure 9.6 (b), and both were located in the same 

(fluid phase) under all conditions of compression and 



These monoIayer results may have signif~cance to pulmonary surfactant function 

and dynamics at the air-alveolar fluid interface. Instillation of such Iipid-protein mixtures 

into the alveoli has been reported to improve lung function in PS-deficient experimental 

animals (Smith et al. 1988; Suzuki et al. 1986; Tanaka et al. 1986; see McLean and 

Lewis, 1995, for a review). The hydrophobic proteins individually perturbed the 

monolayer packing of DPPC by dispersing in the expanded phase of the monolayers, but 

some remained in or near the monolayers at high n. These factors may allow for 

replenishment of DPPC in to the surface monolayer (Taneva and Keough 1994), and after 

monolayer collapse on over-compression at high a, since some of the protein remain 

associated with the lipids to enhance re-spreading. Transfer of DPPC from surfactant 

secreted complexes to a preformed monolayer (Haagsman, 1994; Oosterlaken- 

Dijksterhuis et al., 1991a), or movement of collective units of lipids from the subphase 

to the interface (Goerke and Clements, 1986; Schiirch et al., 1994), without interfering 

with DPPC monolayers reaching high r or low surface tension may be accomplished by 

the presence of the proteins. Also by increasing the fluidity of the DPPC monolayers, 

the proteins may enhance oxygenation of the air-alveolar fluid interface as suggested 

previously (Taneva and Keough, 1994b), since highly packed monolayers (i.e. DPPC at 

high T )  exhibit greater resistance to gas exchange than fluid or expanded ones (Birdi, 

1989). The results presented and discussed here are quite consistent with the role 

ascribed to these proteins in vivo, and with their potential positive benefit of their 

inclusions in synthetic surfactant. [This chupter has been submitted for publication in the 

Biophysical Journal, (Appendix B, No. I)]. 



Chapter 10 

SURFACTANT PROTEIN - A 

(SP-A) 



INTRODUCTION 

Pulmonary surfactant protein - A (SP-A) belongs to the lectin family of water 

soluble glycoproteins . As detected by ge1 chromatography, the monomeric molecular 

weight (MTK) of SP-A is around 28,000 - 36,000 Da, depending on the protein's levels 

of glycosylation. Native SP-A in association with surfactant lipids isolated from lung 

lavage is an octadecamer (18 monomers) of MW - 700,000 Da. Figure 10.1 shows the 

assembly and structure of human SP-A from its genomic (chromosome LO), pre- 

translationat to post translational to its mono-, tri- and f d  octadeca- meric (18 

monomers) stage (Weaver and Wtset t ,  199 1). The protein is associated with the more 

dense fraction of lavaged surfactant lipids which mainly consist of lamellar bodies and 

tubular myelin (Wright et al, 1984). The amino acid sequence of SP-A is highly 

conserved from species to species, and human SP-A consists of 248 amino acids (White 

et al., 1985). Two dimensional polyacrylamide gel electrophoresis (PAGE) of rat SP-A 

showed bands of around 38, 32 and 26 kDa, and each of these units were found to be 

cross-linked by disulphide bridges (Katyal and Singh, 1981). The monomer of SP-A 

contains near its N-terminal, collagenous domains of 24 repeating triplets of Gly-X-Y, 

similar to the ones found in other collagenous proteins (King, et-al. 1989). In SP-A, X 

is any amino acid and Y is hydroxyproline in 13 of the 24 repeats. This collagenous 

domain of SP-A can form a collagen-like triple helix (as found in tropocollagens of 

keratinous tissue), aligning the monomers to form a trimer. At 80 residues from the N- 

terminus of SP-A, the collagenous domain terminates, and is followed by a sequence of 



Figure 10.1 Proposed protein structure of human SP-A. 

The SP-A gene is encoded by 5 exons (Filled boxes) on chromosome 10, has a 2.2 

kilo base mRNA which gives rise to a post-translational protein with a 20 amino acid 

signal peptide. Post translational modifications of the pre-protein such as cleavage, inter- 

and intra- chain disulphide bond formation, glycosylation and the hydroxylation of 

proline residues leads to the formation of a tropocollagen like helix in a SP-A trimer 

(tape like region, in the uimer). Mature and non-denatured SP-A consists of six trirner 

linked by disulphides to form the flower bouquet-like octadecamer (18 monomers) of 

, molecuku weight -- 700,000 Da. meprinted from Weaver and Whitsen, (1991), with 

the kind permission of the author and publisher, a The Biochemical Society and Portland 

i Press, UKj. 
! 
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30-40 amino acids which form the lipid binding domain of SP-A (Ross et al., 1986). 

After the 120* amino acid in the sequence of the SP-A monomer, the C type lectin 

domain occurs, and this domain stretches up to the carboxyl terminal residue. The lectin 

region of SP-A, called the carbohydrate recognition domain (CRD), contains a triple- 

antennae oligosaccharide chain linked to the asparagine-187 residue (~Vunakata et al., 

1982). Each of the triplets can combine to form a 18 subunit octadecamer of molecular 

weight around 700,000 dalton (King at.al. 1989), 6 trimers being linked to each other 

by inter-chain disulphide bonds. The huge 20 m x 20 MI, SP-A octadecamer can be 

seen by electron microscopy to form a "flower bouquet", those being similar to ones seen 

in other collectins such as mannose binding protein (Van Golde, 1995). The quaternary 

structure of SP-A indicates that the protein is globular (prolate ellipsoid) with a Stokes 

radius of 1 10 A, and sedimentation coefficient of 14 Svedberg (King et.al. 1989). The 

structure of SP-A has been reviewed and discussed in detail by Hawgood, (1992). 

SP-A plays important roles in physio-chemical, metabolic and host-defence 

functions of pulmonary surfactant. The protein enhances the rate of adsorption of 

surfactant hydrophobic lipid extracts to an air water interface (Schiirch et al. , 1992b; Yu 

and Possmayer, 1990), and helps in the surface sorting of such lipids to enrich 

pulmonary surfactant interfacial films with DPPC (Schurch et al., 1992b). Surfactant 

lip id-protein reconstitution studies in vitro indicate that SP-A is required along with 

DPPC, PG, SP-B and calcium ions to form tubular myelin (TM) (Suzuki et al., 1989), 

and that SP-A is locaIized at the comers of the square lattices of the TM (Voorhout et 

. , 9 ) .  As TM is considered to be a reservoir for, or precursor to, the alveolar 



surfactant films, SP-A plays important roles in structural transformation of PS from its 

secretory stages in lamellar bodies to surface film. SP-A has been found to have altered 

activity in its interactions with surfactant lipids, and lipid binding ability, under the 

influence of mono- and di-valent (calcium) ions (Efrati et al., 1987). Also the protein 

removes the inhibitory effect of several plasma proteins on pulmonary surfactant in vivo 

(Yukitake et al., 1995) and in vine (Venkitaraman et al., 1990). Other than the roles . 
SP-A play in pulmonary surfactant transformations, the protein inhibits the secretion and 

stimulates the metabolic re-uptake (or clearance) of surfactant lipids by type -II 

pneumocytes (Kuroki et al., 1996; Wright, 1990; Ueda et al., 1995). One of the fust 

non-surface active roles of pulmonary surfactant protein detected was from studies 

indicating that SP-A plays some part in the immune host-defence functions of the lungs. 

The protein stimulates chemo taxis and oxy -radical generation in alveolar macrophages , 

which are required for macrophages to remove bacteria from the alveoli (reviewed by 

Van Golde, 1995). There is still some controversy regarding how SP-A elicits such 

responses in macrophages, although there is evidence to suggest that the process occurs 

via binding of SP-A t&@ecific receptors-on the macrbphage surface (Pison et d., 1992) 

leading to a cellular - i&ponse via  the phosp ho inositide/calcium signalling pathway 
. - dC 

(Ohmer-Schrkk et &.,'=1995). SP-A and SP-D are now considered to belong to the 

family of proteins. called collectins, proteins which can selectiveiy recognise 

carbohydrates that are present on the cell walls of pathogenic bacteria or viral surface 

proteins (reviewed by Van Golde, 1995). 

Studies by King and co-workers have shown that SP-A affects the gel to liquid 



crystalline phase transition of DPPC in bilayers, and that the protein binds to the 

phospholipids in the gel phase (King and Macbeth, 1979; King et al. 1986). Later others 

have shown that the lipid binding of SP-A was cation dependent, and limited and specific 

to long chain phosphatidylcholines such as DPPC (C 16:O: 16:O) or DSPC (C 18:O: 18:0), 

but not to similar chain length phosphatidylethnolamine (PE) or phosphatidylglycerol 

(PG) (Kuroki and Akino, 1991). Also recent studies on binding of liposomes to isolated 

type-II pneumocyte membranes have suggested that by binding to DPPC of pulmonary 

surfactant in vivo, SP-A directs the Lipids to the type-II pneumocytes for uptake and 

' recycling (Kuroki et al., 1996). Specific studies on the interaction of SP-A with DPPC 

I in films are limited, but a recent study by Taneva et al., (1995), have indicated that SP-A 

enhances the re-spreading of lipid films compressed beyond collapse, and small amounts 
I 

of the protein remains in the lipid films at high surface pressure. Others have shown that 

SP-A either causes the selective adsorption of DPPC into the interface or has a 
I 

/ compression-independent mechanism for removal of non-DPPC components from 

i 
I monolayers of pulmonary surfactant, enriching the films with DPPC (Schiirch et al., 
i 
I 

j 1992a). 
i 

As lipid films observed by fluorescence microscopy can easily show the surface 
L 

i pressure dependent separation of two dimensional phases, we have utilized the technique 
i 

1 i to study the distribution of fluorescent labelled SP-A in DPPC films, and thereby the 

' association and interaction of SP-A with the two-dimensional lipid phases. Some limited [ 
studies on the interaction of SP-A with DPPC:DPPG (with and without calcium) and with 

! SP-B in such films were also performed, since such lipid-protein combinations are 
I 
i 



: required for formation of tubular myelin. Since SP-A is water soluble, the methods used 

to study lipid-protein film in this study were somewhat different from the ones used to 

study hydrophobic proteins. SP-A was adsorbed from a buffered subphase into the 

DPPC monolayers, instead of spreading the protein in conjunction with the lipids at an 

air-water interface as done by Taneva et al., (1995). 



LMATERIAL AND METHODS 

10.211 Materials. 

DPPC, DPPG-sodium salt (DPPG-Na) and NBD-PC were purchased &om Avanti 

Polar Lipids (Pelham, AL) and checked for purity by TLC as above. Texas-Red 

isothiocyanate (TR-ITC), fluorescein isothiocyanate (FITC) and concanavalin A- 

rhodamine conjugate were purchased from Molecular Probes (Eugene, OR), and used as 

received. 

10.22] Isolation and labeling of SP-A. 

The isolation, purification and labelling of SP-A and some of the experiments 

were performed in collaboration with our colleagues in Spain, Dr. Jesus Perez-Gil (JPG), 

Miguel L. F. Ruano (MLFR) and Christina Casals (Department of Biochemistry and 

Molecular Biology, University of Madrid). Porcine SP-A was isolated, purified and 

labelled with Texas-Red by MLFR using methods of Casals et al., (1993), and this 

protein gave a single broad band between 32-36 kDa. Details of such methods are 

discussed in Ruano et al., (1996). The labelled R-SP-A was dissolved in a buffer (0.15 

M NaCl, 5 mM Tris-HC1, pH-7.4) and stored in 10 p g h l  aliquots at - 2@C, and 

analyzed using MALDI mass specaometry at University of Waterloo, by Mr. Lome 

Taylor. SP-B was isolated and labelled with fluorescein by IPG by methods discussed 

in the last chapter. 

10.231 Video microscopy of dual labels in Lipid F i .  



Figure 10.2 Schematic diagram of the epifluorescence microscopic surface balance 

method of studying fluorescent labelled SP-A (R-SP-A) adsorbed on to I ipid monolayers . 

For clarity, to show details of the instrumentation and to fit the diagram in the 

same page the lipid (DPPC) and the protein (SP-A) sizes are not drawn to scale [l lipid 

molecule = 40-80 A2; whereas 1 SP-A molecule = 40,000 A2]. The colours represent 

the fluorescence observed by eye from the lipid probe (green) and the fluorescent protein 

(red) respectively. The images were video recorded in black white for image analysis 

due to the limitation of our charge coupled device (CCD) video camera to record in 

colour. They were subsequently coloured in the figures based upon their examination by 

eye. 

A Wilhelmy plate was used to measure m a c e  tension of the air-saline interface, 

which was converted to surface pressure (T) to obtain FA isotherms. The monolayer 

images were observed at individual K independently by switching excitation-emission 

filters between NBD-PC (emission-green) and R-SP-A (Texas-Red, emission-red) . The 

individual excitation coiour of each ffuorophore (blue and green) is shown by the small 

colowed bars in the monolayer images. 



PRESSURE MICROSCOPY 



The Texas-Red labelled SP-A (R-SP-A) was dissolved in a 150 mi subphase buffer 

(0.15 M NaC1, 5 r n M  Tris-HCl, pH-7.4 and 4.0), made with doubly distilled deionized 

water. Amounts of 0, 10, 20 and 40 pg of R-SF-A were dissolved in 150 ml of the 

buffered subphase giving a final concentration of 0, 0 .O6,O.  13 and 0.26 pg/ml. Control 

experiments were performed using 0.13 p g h l  of fluorescently labelled concanavalin A 

in the subphase. The lipids (20 nanornoles) containing 1 mol% of lipid probe NBD-PC 

were spread from chloroform:methanol (3: 1, vol/voL) solutions on top of the subphase 

containing R-SP-A in the epifluorescence balance. Such an arrangement of lipid film 

with protein in the subphase in the epifluorescence microscopic surface balance is shown 

in Figure 10.2. The f i d  1ipid:protein molar ratios in the experiments using monomeric 

MW of R-SP-A (35 m a )  were approximately 80: 1, 40: 1 and 20: 1, assuming ail the 

protein molecules in the subphase associated with the lipid films. All experiments were 

performed at a room temperature of 22 * 1°C. 

After spreading the lipid monolayers, a one hour wait period was allowed for the 

R-SP-A to equilibrate with and adsorb onto the lipid films before compressing the films 

at a rate of 20 d . s e c - '  (or 0.13 A2.mot1.sec-') in steps. Monolayers were observed 

visually from the fluorescence of the lipid probe (NBD-PC) (green = 540 nm, Figure 

10.2) and then by switching the filter combination to that for R-SP-A (red = 610 nm, 

Figure 10.2). The images were video recorded in black and white, due to the inability 

of the video camera to acquire colour images, and later false-coloured in 16 colour levels 

using a Windows 3.1 software (Microsoft) to display the image as they seem to the eye. 

The black and white video recorded images were analyzed using methods discussed 



above and in Appendix A. 

10.241 Video microscopy of SP-A and SPB: Fluorescence energy transfer. 

Aliquots of DPPC and fluorescent F-SP-B in chloroform:methanol (3: 1 voYvol) 

were mixed in a weight proportion of 10: 1 (DPPC:F-SP-B). The mixed solutions were 

spread on the buffer solution described above, the subphase being with and without 0.13 

pglml of R-SP-A. The monolayers were compressed in steps at a rate of 20 rnm2.seeL 

and fluorescence observed from either F-SP-B (540 nrn emission, green) or R-SP-A (610 

nm, red). 

Since the excitation waveIength of the Texas-Red label on R-SP-A had maximal 

absorbency at -- 589 nm (greenish-yellow), this wavelength falling in the tail end of the 

range of the broad emission spectrum of the fluorescein label on F-SP-B (500-600), 

experiments were designed to see if there was any resonant energy transfer between the 

fluorophores. The optics (cut-off filters) of the microscope were modified to excite the 

fluorescein label in the F-SP-B and to observe (without switching filters) the emission 

from R-SP-A (615 nrn maximal emission; red). If the fluorophores (and thus the proteins 

SP-B/SP-A) were located very close to each other, then fluorescein would transfer its 

emission energy to excite the Texas-Red via resonance energy transfer. 



RESULTS 

The MALDI mass spectnun of Texas-Red labelled porcine SP-A is shown in 

Figure 10.3. The three major peaks shown at 28,220, 33,954 and 37,438 Dalton 

indicated the deglycosylated, glycosylated and the Texas-Red labelled forms of SP-A (R- 

SP-A), respectively. The other d l e r  peaks (i. e. 29,832; 35,080; 38,308 Da) 

indicated the protein with different levels of labelling and glycosylation, The peak at 

37,438 Da indicates the native glycosylated, monomer of SP-A (MW - 36,800, from 

PAGE analysis) labeled with one mol of Texas-Red (36,800 Da + 625 (MW of Texas- - 

Red) = 37,425 Da). The native monomeric form of this porcine SP-A as seen by PAGE 

showed a small band around 28,000 Da, and a broad band between 33 ,OOO-37,OOO Da, 

since the extracted porcine SP-A reduced to its .-l monomeric form, was a mixture of - 
isofoms with different levels of glycosylation as discussed elsewhere (Ruano et al., 

1996). Katyal and Singh (1981) had reported that rat SP-A prepared by detergent 

solubilization and immuno-affinity chromatography showed bands at 38, 32 and 26 kDa 

by SDS-PAGE, the 38 kDa band being the richest in its amount of attached 

polysaccharide. The peaks in the mass spectrum in our porcine$-SP-A - -- indicated that 

the protein was a mixture of monomeric deglycosylated, glycosylated and Texas-Red 

labelled isofonns . 

Typical images seen in DPPC monolayers with adsorbed R-SP-A i0.13 &ml 

dissolved in the subphase) are shown in Figure 10.4 (a) (pH-7.4) and (b) (pH-4.5), and 

from a DPPC monolayer spread over similar amounts of labeled concanavalin-A in buffer 

243 



Figure 10.3. Matrix-assisted laser desorptionlionisation (MALDI) mass spectrum of 

i fluorescently labelled SP-A in buffer (0.15 M NaCl, 5 mM Tris-HCL, pH-7.4). 

i The plots indicates that R-SP-A was mainly in its deglycosylated -- 28 kDa, 

glycosylated -- 33-36 kDa, and fluorescent labelled ( > 37 ma) forms. 





(pH-7.4) in Figure lOA(c). The left panels of Figure 10 -4 (a-c) , indicate false coloured 

images observed from fluorescence of NBD-PC (green) and the right, from the proteins 

(red). The black regions of the images indicate the liquid condensed (LC) and the 

coloured regions the liquid expanded (LE) phase. The fluorescence observed from the 

protein (bright red, right panel) indicated that the R-SP-A aggregated between the 

condensed (gel-like) and expanded (fluid) phase boundaries at both pH. Although Con-A 

looked as though it may have aggregated at LC-LE boundaries, and that it was not 

present in the LE phase, it had a different arrangement than the aggregates of R-SP-A 

at either pH. This indicated that DPPCISP-A interactions may be specific. At the lower 

pH of 4.5 (Figure 10.4b), there was more R-SP-A present at the LE-LC boundaries 

compared to the amounts observed at the higher pH (Figure 10.4 a). R-SP-A was 

somewhat regularly distributed all around the condensed phase, as the outlines of 

individual condensed domains (kidney shaped) could clearly be observed from protein 

fluorescence. The images of DPPC/R-SP-A (pH 7.4) at intermediate T between 10 to 

20 mN/m some protein was also found to be dispersed in the fluid phase (dull-red). This 

indicated that some R-SP-A was probably dispersed in the fluid or LE phase of the lipid 

films at the higher pH. The bottom right images of the DPPC/R-SP-A system (Figure 

10.4a and b) observed at n - 61 mNIm, indicated that some protein was present in or 

near the films at high R. 

Figure 10.5 shows the isotherms of DPPC plus 0, 0.06, 0.13 and 0.26 pglml of 

R-SP-A films (total lipidltotal protein ratio of 100:0, 80: 1, 40: 1 and 20: 1, assuming all 

the dissolved protein was associated with the lipid film) on a buffered subphase (pH-7.4) 



Figure 10.4 Typical images seen in monolayers of DPPC spread over a subphase buffer 

containing 0.13 pglml of R-SP-A, at buffer pH of 7.4 (a) and 4.5 (b), DPPC films 

containing Texas-Red labelled Con-A in a similar buffer of pH 7.4 (c). The images in 

the left panel were observed from NBD-PC fluorescence and the right panel from R-SP- 

A (or Con A in (c)) at the r shown at the comers of the images. The black regions 

represent the LC phase and the coloured regions the LE or fluid phase. The scale bar is 

25 pm. 









Figure 10.5 Typical surface pressure - area per molecule of the lipid (FA) isotherms of 

DPPC f i  containing 0 - 0.26 pg /mi of R-SP-A dissolved in the subphase (top), and 

typical images observed in such monolayers at T -- 12 mN/m (bottom). The black in 

the images indicate the liquid condensed and the grey regions the fluid phase. The 

images are represented in black and white as observed through the CCD camera and 

video recorded from the NBD-PC fluorescence. The scale bar is 25 pm. 





(top), and typicai images observed in such monolayers from NBD-PC fluorescence at 

a R - 12 mN/m (bottom). Increasing amounts of R-SP-A caused a shift of the 

monolayer isotherms to the right from that of the lipid alone and this shift appeared to 

be pronounced between a T of 10-30 mN/rn. The shifts in the isotherms indicate that the 

protein or some parts of it possibly penetrated the monolayer and affected the phase 

transition of DPPC- 

Figure 10.6 shows the average area (A), number (B) and total amount (C) of the 

black or LC domains seen in films of DPPC containing 0 - 0.26 p g / d  of R-SP-A in the 

subphase as a function of surface pressure. The average area (A) and the total number 

(C) of LC domain profiles indicated that increasing amounts of R-SP-A decreased the 

size and the total amount of the black phase in the monolayers of DPPC at comparable 

r, although the number of domains (B) remained constant except for the highest amount 

of R-SP-A (0.26 pg/ml) used. This indicated that at equivalent surface pressures, R-SP-A 

decreased the amount of condensed phase of the DPPC films, and higher T were required 

to form equivalent amounts of condensed phase and suggested that R-SP-A perturbed the 

packing of DPPC films. 

To observe if there was any electrostatic interaction between R-SP-A and the 

lipids, visual inspections of monolayers of DPPC containing some acidic lipid 

(DPPC:DPPG, 7:3, mol/mol) and in the presence of modified ionic environments of the 

protein (altering the pH and inclusion of calcium in the subphase) were performed. 

Typical images seen in monolayers of DPPC:DPPG (7:3, mol/mol) with 0.13 uglml of 

R-SP-A in the subphase at a pH of 7.4 and 4.5, and with 2 mM calcium (at pH 7.4) in 



Figure 10.6 Average size (A), number (B) and total amount (C) of the black regions or 

LC phase seen in monolayers of DPPC containing 0 (O), 0.06 (e), 0.13 (v) and 0.26 

(r) p g h l  (key in C) of R-SP-A plotted as a function of surface pressure. Ten randomly 

selected images were analyzed fiom such films at each individual T. The error bars 

- represent & one standard deviation. 
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Figure 10.7 Typical images seen in f i s  of DPPC:DPPG (7:3, mollmol) containing 

0.13 pglml of R-SP-A. The green regions indicate fluorescence observed from NBD-PC 

(left) and the red from R-SP-A (right) at a indicated at the top of each image. Scale bar 

The conditions of subphase of the films are: panel A - DPPC:DPPG (7:3, 

I mol/mol) pH 7.4; panel B - DPPC:DPPG (7:3, mol/mol) pH 4.5; panel C - 

DPPC:DPPG (7:3, mollmol) + 5 m M  calcium, pH-7.4. 





the subphase are shown in Figure 10.7. These images suggested that by altering the 

ionic condition of the films (using acidic lipid DPPG) (panel A, Figure 10.7) or by 

changing the ionic conditions of R-SP-A environment (pH-4.5 or 2 mM calcium, panel 

B and C, Figure lO.7), the interaction of the protein with the lipids was altered. Using 

small amounts of acidic lipids changed the distribution of the protein aggregates around 

the gel phase boundaries, calcium caused aggregation of the protein into large circular 

domains. Details of these interactions will be discussed elsewhere by M. L. F. Ruano 

in his PhD thesis and to be published as Ruano et al., 1997). 

The images observed in DPPC films containing 10 wt % fluorescein labelled SP-B 

(F-SP-B) with 0.13 p g h l  of R-SP-A in the subphase, seen from the fluorescence of the 

proteins alone, are shown in Figure 10.8. The images in the left panel indicate that 

fluorescent labelled SP-B (F-SP-B, green) in the presence of SP-A had a different 

arrangement in DPPC films, than in its absence (Chapter 9, Figure 9.2). Fluorescent 

labelled SP-B in the absence of SP-A occupied the fluid or LE phase of DPPC films 

(Figure 9.2), whereas in the presence of R-SP-A (Figure 10.8) the protein aggregated in 

the LE-LC boundaries. This indicated that SP-B in the presence of SP-A mostly 

segregated out of the fluid phase, and formed aggregated structures or domains which 

attached to the LC domain (black) phase boundaries. These aggregates of F-SP-B also 

fluoresced when observed through the R-SP-A fluorescence (right panel, Figure 9.2) 

indicating that SP-A and SP-B closely associated with each other in the presence of the 

lipids in films. 

Since the fluorescein label of SP-B has a broad emission spectrum between 480 



Figure 10.8 Typical images observed in solvent spread films of DPPC + 10 wt % of 

F-SP-B, with 0.13 pg/rnl of R-SP-A dissolved in the subphase, at the r given above each 

image. Scale bar is 25 pm. 

The green in the Left panels represents the fluorescence observed from fluorescein 

labelled SP-B (F-SF-B) and the red in the right panel the fluorescence from Texas-Red 

labelled SP-A (R-SP-A). The excitation and emission wavelengths (or colour) of each 

fluorophore is shown in the coloured bars in top of each column. 
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Figure 10.9 Typical images observed in a DPPC film containing F-SP-B and R-SP-A (as 

in last figure), from excitation of fluorescein (F-SP-B) and emission of Texas-Red (R-SP- 

A) by fluorescence resonance energy transfer. The excitation and emission wavelength 

of each fluorophore is indicated by the cdoured bars in the top. Scale bar is 25 pm. 

- The red patches in the images are fluorescence observed from the R-SP-NF-SP-B 

aggregates as seen individually in the Figure 10.9 as green or red, from fluorescence of 

the individual proteins. 
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and 600 nm, the tail end of which includes the maximum excitation wavelength of Texas- 

Red label of SP-A (-589 MI), the emission energy of F-SP-B (fluorescein) could be 

transferred to excite the R-SP-A by resonance energy transfer (Texas Red-excitation 589 

and emission - 615), if such fluorophores or the proteins were in close proximity to each 

other. Figure 10.9 indicates images from a DPPC/F-SP-BIR-SP-A f i  with increasing 

r which were obtained by excitation of F-SP-B and fluorescence from R-SP-A (red). 

The images in Figure 10.9 indicated that SP-A and SP-B or their fluorescent labels were 

in close proximity to each other with some fluorescence energy transfer occurring 

between the two fluorophores. 



DISCUSSION 

10.411 SP-A associates with LE-LC phase boundaries of DPPC. 

From the studies of Kuroki and Akino (1991) using radio-iodinated L*I-SP-A 

binding to specific phospholipids on thin layer chromatography (TLC) plates, it was 

shown that the protein had strong affmity for DPPC, although the structural orientation 

and phase of the lipids on TLC plates are not easily defied. Their studies also indicated 

that the binding was strong for phosphatidy lcholine (PC) having chain lengths greater 

than 14 carbons, such as DPPC (16:O) and DSPC (18:0), but not for unsaturated PC, 

possibly indicating that the lipids had to be in a gel-like state (rigid chains) for binding 

to occur (Kuroki and Akino, 1990). From turbidity measurements of DPPC/SP-A 

suspension, King and co-workers observed that the protein removed the usual 

calorimetrically detectable sharp phase transition of DPPC at 42°C (King and Macbeth, 

1979). They later showed from measurements of temperature sensitivity of SP-Nlipid 

associations that SP-A had more affinity for the lipids in gel phase than in liquid 

crystalline phase (King et al., 1986). Their other studies have indicated that lipid-protein 

association was strongest when such suspensions contained DPPC plus small amounts of 

other lipids, suggesting that association may have been linked with phase boundaries 

(King et al., 1983). The association of fluorescently labelled SP-A (R-SP-A) with DPPC 

films as seen in this study seems to indicate similar lipid-protein association, since the 

protein was mainly found surrounding the condensed (or gel-like) and fluid phase 

boundaries (Figure 10.1 a and b). Whether such R-SF-AIDPPC association indicates 



"binding" of the protein to the lipid, or exclusion of the protein by the gel-like phase, 

with the possibility that most of the protein being found aggregated at the phase 

boundaries, is inconclusive from this study. Albeit comparison between the DPPC/R-SP- 

A images with those of DPPC/Con A (Figure 10.1~) and SP-A/DPPC:DPPG (Figure 

10.7) f i  tended to suggest that the SP-A/DPPC association is somewhat specific. 

10.421 Specific or preferential association of SP-A with DPPC. 

- This study indicates that SP-A penetrated the DPPC f h s  from the subphase, 

I mainly aggregated around the edges of the condensed phase domains, although some 

protein was also present in the fluid or loosely packed phase at low surface pressure 

(Figure 10.1 (a), dull red fluorescence is seen in the fluid phase) and that the protein was 

t probably squeezed-out of the lipid monolayers at high T.  Studies on interaction of water 
I 

1 
I soluble proteins with lipid films tend to indicate that the proteins penetrate the lipid 

i 
i monolayers at low surface presswe (R) and are squeezed out of such films at high r, 

i without any specific lipid-protein interactions occurring. Figure 10.10 shows the 
\ 
I 

I , conceptualised arrangement of SP-A in bilayers (A) and monolayers (B). 
i 

i Taneva et al. (1984) had shown that serum albumin in Iipid films has a different 
I 

i 
i conformation than in the bulk phase, and is desorbed (squeezed out) from the lipid f h s  
i 

in high compression states. Hepatitis A viral protein VP3 inserted into lipid frlms of 
I 1 

i 
I DPPC, DSPC and DOPC, with maximal insertion occurring at ?r between 2-6 mN/m (the 
i 

r at which LE-LC phase coexist in DPPC and DSPC f h s ,  but not in the DOPC films) 
1 

(Bogdam et al., 1994). This may be due to the preference of the VP3 protein to 
I 

256 



Figure 10.10 Possible arrangement of SP-A in Mayer (A) and a monolayer (B). 

SP-A adsorbed onto the condensed-fluid (or LC-LE) phase boundaries in 

monolayers (B), although some protein was probably present in the expanded phase. 

figure was generously provided by Dr. Jesus Perez-Gil, of University of Madrid] 



compression - 



I insert in the LE-LC phase boundaries of DPPC films, but not in the completely fluid 

DOPC films (Bogdarn et al., 1994). By fluorescently labelling cytochrorne b/c and 

bacterial antennae proteins others have shown that the proteins non-specifically and 

slowly adsorbed or penetrated into the fluid phase of phospholipid monolayers (Heck1 et 

al., 1985; Mohwald, 1990; Peschke and Mohwald, 1987). Also recently it was 

demonstrated by fluorescence microscopy that, insertion of wheat lipid transfer protein 

into spread DPPG films increased the surface area of the lipid monolayers held at 

- constant r,  and insertion was accompanied by an increase in the size of condensed lipid 

domains (Subirade et aI., 1995). Our studies of fluorescent labelled SP-3 and SP-C 

suggested that the hydrophobic proteins were partitioned in the fluid or loosely packed 

phase of DPPC monolayers (Chapter 6, 8 and 9). These studies of interaction of various 

I proteins with lipid films compared to the one with SP-A would suggest that the 

interaction and association of SP-A with DPPC in films may have both non-specific (such 
, 
I as adsorption to the fluid phase), and specific (aggregation at the boundaries of the LC 

i phase) components. In the alveoli, SP-A has been found to direct DPPC for uptake by 
. 

I 

the type-II pneumocytes for subsequent recycling into the secreted material (Kuroki et I 

i 
al., 1996), and such SP-AiDPPC interactions such as those seen here may have some : 

! 
I relevance in viva. 
1 

I 
I I The arrangement and distribution of SP-A aggregates surrounding the gel or LC 
I 
I 
I 

! 
phase of DPPC is somewhat more directed and less punctate than its more random 

distribution in DPPC:DPPG flms (Figure 10.8), or in comparison to the more random 

appearance of Con A in DPPC films (Figure 10. lc). This indicates the possibility of 



some specific interactions of SP-A with DPPC. The protein Con A is also a lectin type 

glycoprotein having no specific interaction with DPPC, and it tended to arrange in a 

more random fashion in DPPC f h s ,  similar to R-SP-A arrangements in DPPC:DPPG 

films (compare Figure 10. lc with Figure 10.7, Con A panel). Other proteins have also 

been seen near or surrounding LC phase boundaries. Specific hydrolysis of DPPC in 

f h s  by phospholipase A, in the subphase has been shown to occur at the boundaries of 

LE-LC phase (Grainger et al., 1990, the LC phase is hydrolyzed and the enzyme attach 

to the edges of the condensed (or LC) domains. No binding or hydroiysis of the DPPC 

f- were observed when the D-a-isomer of the lipid was used (Grainger et al., 1990). 

Specific recognition and formation of two-dimensional domains of biotin-labeled lipid by 

streptavidin protein have been demonstrated by measuring shifts in T-A isotherms and 

the binding of the protein to the condensed phase domains (Ahlers et al., 1989). Others 

however have suggested that the aggregation of fluorescently labelled Con A around the 

condensed domains of DMPE films is an example of non-specific, lipid-protein 

interactions (Haas and Mohwald, 1989; Mohwald, 1990; Netz et al., 1996). When small 

amounts of glycolipid which specifically binds to Con A were included in such films, no 

aggregation of Con A around the condensed domains was observed, rather the shape of 

such domains changed (Haas and Mohwald, 1989). 

10.431 Signifkame of lipid binding of SP-A in pulmonary surfactant. 

The binding of SP-A to DPPC may have relevance to pulmonary surfactant 

dynamics. The protein by binding to DPPC may allow for "surface sorting" or specific 



adsorption of DPPC to the air-alveolar interface, thereby enriching the surface films with 

the DPPC (Schiirch et al., 1992b). Also specific binding of DPPC, allows for it to be 

directed to the type-II cells for re-utilization as suggested by others (Kuroki et al., 1996). 

Since some small amount of SP-A is present in or near films of DPPC at high surface 

pressure, this may cause enhancement of lipid re-spreading upon film expansion as 

suggested by others (Taneva et al., 1995). Recent in vino studies have shown that the 

adsorption of pulmonary surfactant to an air-water interface was inhibited by C-reactive 

protein (CRP) as this protein specifically binds to phosphatidylcholine (PC) headgroup 

(McEachren et al., 1995). If SP-A binds to DPPC, it may prevent the inhibitory effects 

of CRP (or other inhibitory proteins), by specifically protecting the PC molecules from 

CRP attachment by a competitive process, although this needs yet to be tested. 

Similarly, removal of inhibitory effects of plasma proteins by SP-A on pulmonary 

surfactant has been observed in vivo, and SP-A has been suggested to play a protective 

role in pulmonary surfactant activity (Yukitake et al., 1994). 

10.44J Effect of SP-A on the phase transition of DPPC. 

Earlier studies on SP-NDPPC interactions by turbidity measurements of 

suspensions showed that upon SP-A binding to the lipid in presence of calcium, the usual 

phase transition of DPPC was abolished (King and Macbeth, 1979). Later King et al., 

(1986) observed from DSC melting curves of SP-A/DMPC, that SP-A shifted the main 

transition temperature only slightly. They concluded that the interaction of SP-A with 

the lipid could induce only small perturbation of the bilayer packing of the lipid. Others 



have shown using FTIR of deuterated DPPC-d6,:DPPG (85 : 15, molfmol) suspensions 

containing high amounts (1: 1, lipid:protein, mollmol) of SP-A that although the effect 

of the protein on the melting of DPPC was small, the protein ordered the chains of the 

lipids in the liquid crystalline (fluid) phase (Reilly et al., 1989). Enhanced intrinsic 

fluorescence observed from tryptophan of SP-A in presence of DPPC but not egg-PC 

tends to indicate that the protein conformation changed in the presence of gel state lipids 

(Casals et al., 1993). 

Our study indicates that increasing amounts of SP-A slightly decreased the size 

and amount of condensed phase formed at equivalent surface pressures (Figure 10.6~). 

These results taken in consideration with the other models proposed in bilayers suggest 

that SP-A probably "removes" some Lipids (by binding them ?) from undergoing their 

usual disorder-order (expanded - condensed) phase transitions in mono- or bi- layers. 

This condusion is haher  substantiated by the way the SP-A interacted with 

DPPC:DPPG films. In this system the protein formed large aggregates, and with 

calcium even larger protein domains (Figure 10.7). Prelimhay analysis of the data from 

this system (not presented here, see Ruano et al., 1997) indicated that there was 

absolutely no perturbation of the condensed phase packing by SP-A, although R-SP-A 

could be observed to penetrate such f- (Figure 10.7, DPPC:DPPG/R-SP-A panel). 

This would indicate that SP-A did not affect the expanded to condensed phase transitions 

of DPPC:DPPG films, since it could not bind the phospholipids in either phase, and thus 

could not deter them from undergoing transitions from one phase to the other (fluid to 

condensed). 



10.4% Interaction of SP-A with SP-B in DPPC P i .  

Previous studies on the effect of SP-A on lipid mixing between vesicles suggested 

that there was increased lipid exchange between vesicle populations containing SP-A, 

when small amount of SP-B was present in such vesicles (Poulain et al., 1992; 1996). 

As mentioned, SP-B and SP-A are required for in virro reconstitution of tubular myelin 

in presence of surfactant lipids and calcium (Poulain et al., 1992; Williams, 1992). 

Recent studies have suggested that the process of membrane fusion induced by SP-B is 

enhanced 2-3 fold by the presence of SP-A (Poulain et ai., 1996). Others have shown 

that SP-A-lipid mixtures showed lower adsorp tivity compared to mixtures containing 

smail amounts of SP-B in addition to SP-A (Efkati et al., 1987). These studies would 

tend to indicate that there are possibly additive or "synergistic" effects of SP-A and SP-B 

on each other (Efrati et ai., 1987; Poulain et al., 1992; 1996; Ross et al., 1986). To 

produce such synergistic effects, the proteins would likely have to interact and be in close 

proximity in lipid systems, with each other. As seen in our film studies, SP-A and SP-B 

associated (or interacted) with each other in DPPC films. Individually the proteins 

associated with the DPPC f h  phases in one fashion, SP-A with the LC-LE phase 

boundaries (Figure 10.4a) and SP-B being distributed throughout the LE phase (Figure 

9.2), whereas the results here (Figure 10.8) tend to indicate when S P A  and SP-B are 

present together, a marked attraction or association of the proteins with each other occur 

in lipid films. The association of the proteins as seen from the fluorescence resonant 

energy transfer experiments (Figure 10.9) tend to suggest that SP-A and SP-B can form 



compact aggregates (green or red patches in Figures 1O.W 10.9) in the presence of lipid, 

so that fluorescence energy transfer between the proteins fluorphores can easily occur. 

Such association between the proteins may be involved in the transformations seen in 

pulmonary surfactant during assembly of tubular myelin (Efrati et al., 1987; Pouiain et 

al., 1992; 1996), or in enhancing adsorptivity of pulmonary surfactant lipids. 

10.461 Electrostatic interactions of SP-A. 

SP-A has been shown to self associate and aggregate under the influence of 

divalent cations such as calcium (Hawgood, 1992; Ruano et al., 1996). The structure, 

surface activity and assembly of tubular myelin are strongly dependent on presence of 

millimolar amounts of calcium ions (Efkati et al., 1987). Also it has been indicated that 

the in v i ~ o  reconstitution of tubular-myelin like structures in the absence of calcium was 

possible when the pH of the medium was lowered from 7 to 4.4, suggesting strong 

conformational and activity changes of SP-A under different ionic environments (Efrati 

et al., 1987; Hawgood, 1992). Our studies on lipid-SP-A F i  under different 

conditions of pH (Figure lO.4), acidic phospholipid PG and calcium (Figure 10.7) tend 

to suggest that the interaction and association of the protein with the lipids can be altered 

by ionic changes of the proteins environment. At a lower pH of 4.5 (Figure 10.4), more 

SP-A associated with the LE/LC phase boundaries, than occurred at higher pH. With 

calcium in the subphase and in DPPC:DPPG films the protein probably self aggregated 

into large domains (Figure 10.7), and such domains may not tend to interact with the 

phospholipids (The quantitative analysis of these ionic/SP-A systems are to be presented 



in Ruano et al., (l997). 

The alteration of activity and structure of SP-A under conditions of lower pH have 

been attributed to the neutralization of the COOH termini of the protein (Efrati et al., 

1987), and as our studies suggest this charge neutralization had a profound effect on the 

association of SP-A with the lipids in films. The large SP-A domains seen in films of 

DPPC:DPPG f b s  (Figure 10.7), tend to suggest that R-SP-A although adsorbed on to 

such films, were immiscible with its surrounding lipids. Taneva et al., (1995) have 

suggested from FA measurements on DPPC:DPPG/SP-A f h s ,  that electrostatic 

repulsions between SP-A and the acidic DPPG in the film, accounts for the immiscibility 

of the protein with the lipids. When the charge of the COOH termini of SP-A was 

neutralized by lowering the pH (Figure 10.7/panel (C)or the films of DPPC:DPPG/SP-A 

at pH 4.3,  the protein associated completely with the fluid phase of the phospholipids. 

These f h  studies of SP-A with phospholipids indicate that there are ionic and 

probably specific interactions of the protein with the major lipid components of 

pulmonary surfactant. Also some of the lipid-protein associations presented here may 

indicate the general arrangement of glycoproteins in lipid matrices as models of 

biological membrane. 



Chapter 11 

PORCINE LIPID SURFACTANT 

EXTRACTS (LSE) 



INTRODUCTION 

Surface active material of lungs, or pubnonary surfactant (PS), lines the air- 

alveolar fluid interface, with a surface active monomolecular film and prevents lung 

collapse at low volumes. The current understanding of the complex lipid-protein material 

secreted by the type41 pneumocytes is that the material undergoes multiple 

transformations at the air-alveolar fluid interface. PS is secreted in multi-lamellar 

(bilayer) form called lamellar bodies (LB) which transform into unusual tube-like 

structures with bilayer walls called tubular myelin (TM) which are thought to be the 

precursor of the surface active film. In vino PS shows two specific surface active 

properties, rapid adsorption to an air-water interface to form surface active films and the 

reduction of the surface tension of the interface to low values on compression of such 

films. These two properties are currently the basis of many studies of functional 

implications of pulmonary surfactant. 

PS is normally obtained by lavaging or washing the alveoli and studying the 

extracted material by cennifugation. Lavaged material from the lungs shows various 

sub-fractions under centrifugation, varying in their biochemical composition, 

morphomeny and surface activity (see Figure 1.3). Normally three distinct subfractions 

at 3000-10,000 g, 60,000 g and 100,000 g have been identified (Gross, 199%; Gross and 

Naraine, 1989; Magoon et al., 1983; Putz et al., 1994). Analysis of the morphology of 

each of these subfractions reveal various structural forms such as ones rich in vesicular 

aggregates, tubular myelin and lamellar bodies @enson et al., 1984; Williams, 1992; see 



sections 1.2 and 1.3 for discussion on these structures). 

material indicates different proportions of surfactant 

Biochemical anaiyses of the 

lipids and proteins in such 

subfractions (Gross and Naraine, 1989; Hall et al., 1992; 1994; Knells et al., 1995). 

The characteristics and properties of the subkactions have helped us to model the 

structure-function relationship of surfactant components in the alveolar lining and has 

been termed as the "extracellular metabolism of pulmonary surfactant", to ultimately 

achieve and maintain surface active films in the alveoli (Gross, l995a). The lining film 

undergoes enrichment with DPPC by either selective adsorption of "pools" of secreted 

materials born the subphase of the film, or by non-DPPC materials being "squeezed out" 

of the f i i  during successive cycling of the surfactant at the air-alveolar fluid interface 

or a combination of both processes (Goerke and Clements, 1986; Keough, 1992; Schiirch 

et al., 1992a; 1994; Schiirch and Bachofen, 1995). The excluded materials are found as 

vesicular and other types of aggregates in the alveolar fluid (or the subphase for the 

films), and some of the excluded materials are probably destined for alveolar type - II 

cells for recycling (Gross, 1995a; Wright, 1990). Therefor the material extracted from 

the lungs known as "pulmonary surfactant" may contain various products or remnants of 

extracellular metabolism and possibly the materials which make up the alveolar film. 

Although films of surfactant materials have been recently demonstrated to exist in the 

alveoli (Schiirch and Bachofen, 1995), it is not clear to date what the composition of such 

films are in vivo or in vitro, and if all or some of the components of PS are involved in 

maintenance of such frlms. 

Numerous studies exist to date on analysis of films of the material extracted from 



the lungs in Langmuir and adsorption balances, bubble surfactometers and captive 

bubbles, and some of the resultant surface chemistry of the material in vitro has been 

reviewed (Goerke and Clements, 1986; Possmayer, 1991; Keough, 1992). Frmm the 

information gained from such studies it has been inferred that surfactant films in the 

alveoli are almost solid-like in density and highly enriched in DPPC (Bangham, 1987). 

However there are only a few reports in the literature to date on studies of the physical 

states of such films or their phase properties (Dluhy et al, 1989; King and Clements, 

1972b; Trauble, et al., 1974) or extracted whole surfactant in bilayers (Ge et al., 1995; 

Gulik et al., 1994; Hook et al., 1984; Keough et al., 1985; Mautone et ai., 1987; 

Trauble, 1974; Teubner et al., 1983). 

Two decades ago King and CIements, (1972b; 1972c) detected tha t  the 

compressibility of surfactant films in surface balances change abruptly in a small 

temperature range. Later some physical properties of surfactant in bilayers determined 

using fluorescence probe orientations and light scattering indicated, that the material 

underwent a broad thermotropic phase transition, and that pulmonary surfactan= Nms 

may also undergo phase transitions at the air-alveolar fluid interface (Keough, 1992; 

Keough et al., 1985; Trauble, 1974). Later, other studies have indicated that t h e  broad 

thennotropic transition of surfactant from most mammalian species occurred between 10 - 

40°C, and was influenced by certain factors (Keough, 1992). The phase transiaion of 

surfactant was influenced by the hydration states (Teubner et al., 1983), unsaturated lipid 

content (Hook et al., 1984) and calcium (Mautone et al., 1987). These studies also 

indicated that the thermotropic phase transition of pulmonary surfactant is a diflhsely co- 



operative chain order-disorder type m i t i o n .  Such order-disorder phase transition was 

also detected from surfactant fW from infra-red spectroscopic measurements of C-H 

stretching modes of lipids chains (Dluhy et al., 1989). Recently it was shown that the 

ordering of the chains and the phase transition of surfactant in bilayers could be 

influenced by calcium and surfactant protein-A (Ge et al., 1995). Other than an 

unpublished report (noted in Keough, 1992), some of our previously unpublished 

observations, recently Hall and co-workers have demonstrated using fluorescence and 

Brewster angle microcopies, that an expanded to condensed, two-dimensional phase 

transition in solvent spread calf lipid surfactant extracts (CLSE) films occur with 

increasing packing of such films (Hall et al., 1995a; 1995b; Kocakova et al., 1996a; 

1996b). These workers showed that condensed domains in CLSE films occur at 

' intermediate packing of the films, and by semi-quantitative analysis of the domain 

structures justified that they are made of mainly DPPC (Discher et al., 1996). 

1 We have studied the various components of pulmonary surfactant in films utilizing 

I fluorescence microscopy (Chapters 3-10). Here we show the phase transitions in spread 
I 

i and adsorbed films of porcine lipid surfactant extracts (UE) using epifluorescence 
i 

microscopy of such films. We determined the effects of compression rates, dynamic 

i 
I cycling, calcium ions and surfactant protein - A, on the phase structures of LSE films. 
t 
i We also indicate some specific properties of the phase transition in LSE f b s  which 
t 
! 
i correlate well with our previous studies on simpler surfactant component films. 
I 



MATERIALS AND METHODS 

Pulmonary surfactant was extracted by broncheo-alveolar lavaging porcine lungs 

and purified by Dr. SvetIa G. Taneva and Mrs. June Stewart in our laboratory by 

methods discussed in detail elsewhere (Keough et al., 1988). The general procedures 

were the following. Freshly obtained porcine lungs were lavaged intratracheally with 

0.15 M NaCl (4°C). The lavage was centrifuged to remove cell and debris for 10 

minutes at 1000 x g, and the supernatant obtained at 20,000 x g for 1 hour to pellet the 

surfactant. The pelleted surfactant was used to extract the hydrophobic materials using 

chloroform: methanol: water combinations by the method of Bligh and Dyer (1 956). LSE 

normally contains ail the pulmonary surfactant components except the water soluble 

proteins (i-e. SP-A and SP-D). The extracted material probably contained all the lipids 

and the hydrophobic protein components of porcine pulmonary surfactant (SP-B and SP- 

C) , and is referred to as the lipid surfactant extract (LSE) . The phospholipid content of 

the LSE was determined using a phosphorous assay of Bartlett, (1959) as modified by 

Keough and Kariel (1987). Fluorescentiy labelled SP-A (Texas-Red-SP-A or R-SP-A) 

was obtained as above (Chapter 10). 

The LSE in chloroform: methanol (3 : 1, vollvol) was mixed with 1 mol percent of 

fluorescent phospholipid probe NBD-PC (obtained as above) in the same solvent, based 

on the phospholipid content of LSE. This was spread on a buffered saline subphase (150 

mM NaCl, 5 mM Tris-HC1, pH-6.9, f 5 mM calcium), in the epifluorescence 

microscopic surface balance to form solvent-spread LSE monolayers. Suspensions of the 



material formed by vortexing dried LSE films in the same buffer were injected into the 

modified adsorption balance (discussed in chapter 7), to form the adsorbed LSE 

monolayers. The solvent spread LSE f h s  were compressed and expanded at an initial 

rate of 20 (slow) or 707 (fast) m&.se~-~ in 20 or 50 steps, and compressions were 

stopped for 1-5 minutes at each of the 20-50 steps for visual observation and recordings. 

The images were observed, video recorded and analyzed by methods discussed in 

Appendix A. 

- Suspension of LSE containing 1 mol% NBD-PC were prepared by drying the 

chloroform:methanol solutions of LSE (plus probe) in glass vials under a stream of N,, 

and vortexing such dried LSE materials in buffer. Adsorption of LSE suspensions was 

monitored by the fluorescence emission from the monolayers formed at the air-buffer 

i interface in the modified adsorption balance. In some experiments small amounts of 
I 

fluorescently labelled R-SP-A (0.13 pglml final concentration) were dissolved in the 

I subphase buffer and LSE films were solvent-spread on top of this subphase. 



RESULTS 

The surface pressure - area (PA) isotherms obtained during dynamic cycling of 

spread films of lipid surfactant extract (LSE) (top), and the surface pressure - time (r-t) 

adsorption isotherms of an adsorbed LSE film (bottom) are shown in Figure 11.1. The 

FA isotherms indicated that spread LSE film could be compressed to high surface 

pressure - 70 mN/m or a low surface tension of - I mN/m over a number of 

- compression cycles. Upon expansion the r of such films dropped to 0 mN/m. The 
b 

isotherm (top) also indicated that there was a plateau in the compression isotherms at 

around 45 mN/m. The plateaus persisted for a number of cycles, although their width 

decreased with increasing numbers of FA cycles. The difference of area between the 

4 compression and expansion part of the cycles or hysteresis, changed with increasing 

number of cycles. The adsorption isotherm in Figure 11.1 (bottom) was obtained by 
I 

I injecting 70 pg/ml (final concentration) under a buffered subphase in the modified 

1 adsolption apparatus (discussed in chapter 7), and by monitoring the surface pressure 
i 

, over time. The adsorption isotherm (bottom in Figure 1 1.1) indicates that LSE adsorbed 
! 
: rapidly to an air-buffer interface and a equilibrium .n of 45 mNlm was reached in a few 

. ' 

1 minutes. These surface properties of LSE were in close agreement with the ones - . .. - - -  - 
: previously reported on pulmonary surfactant extracts ffom canine (King and Clements, 
! 

1 

i 1972b) or porcine lungs (Keough, 1992). 

Typical compression isotherm and images observed from a LSE plus 1 mol% 

I 
1 
I NBD-PC film, performed on a buffered saline subphase (without calcium) are shown in 



Figure 11-1 Surface pressure - area per phospholipid molecule (T-A) compression- 

expansion isotherms of lipid extracts of pulmonary surfactant (LSE) (top), and a surface 

pressure - time adsorption isotherms of a 0.07 mg/ml LSE suspension to an air-buffered 

saline interface (bottom). 

- The T-A isotherms were obtained by dynamically compressing and expanding 

solvent spread films at a relatively fast rate of 707 mm2.sec'L on an air-buffer interface 

at a temperature of 22°C. 
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i Figure 11.2. The isotherm was obtained by compressing the LSE film at a relatively 

I slow rate, in 50 steps, and a five minute waiting period was introduced between each 

step, giving a overall compression speed of 0.38 A2.molecule-L.min-1 (based on initial 

; area and phospholipid load). Such a relatively slow speed was chosen to observe any 

quasi-equilibrium features of condensed domains in such f h s  (such as the typical kidney 

i bean shaped domains of DPPC). The typical images observed after the 5 minute wait 

: period after each step indicated that at low surface pressure of around 5 mN/m the 

. - 
; monolayer was homogenously fluorescent (A). The condensed (black or LC phase) 

j domains appeared at a above 13 mNlm grew in size (E3 and C) with increasing r, and 

then "decreased" in size at .~r above 40 mN/m @). Above the plateau region at 45 

mN/m, the condensed domains mostly disappeared and the monolayer fluorescence 
i 

became heterogenous (E) and appeared to be a meshwork of thin black filamentous 

regions coexisting with regions of intense fluorescence. The filaments in the mesh-work 

1 
, seemed to be very thin and almost beyond the optical resolution of the camera- 
i 
t 
I microscope combination. Such images as in (E) were also difficult to visually observe : 
j 

j and video record, since the heterogeneous distribution of fluorescent probe, decreased 

; the contrast between the black (ffiamentous) and fluorescent regions. 
! 
I Some of the images seen at intermediate T in Figure 11.2 (B and C), showed 
1 
1 
, some condensed domains (black regions) which appeared to be kidney bean shaped (see 
, 

! arrow mark in C), as was observed in DPPC films under equilibrium conditions 

(Florsheimer and Mohwald, 1989; Nag et al., 1991; Weis and McConnell, 1990 and 
I 

, Figure 2.5). Some of the unusual (visual) features of LSE f h s ,  such as appearance and 



Figure 11.2 Surface pressure - area per phospholipid isotherm of porcine LSE containing 

1 mol % NBD-PC (top) and the typical images obtained from such f i b  at surface 

pressures indicated by the letters in the isotherms (bottom). The film was spread from 

organic solvents onto an air-buffer interface (without calcium) at an temperature of 22 

* 2°C. 

The films were compressed at a slow rate of 20 mm2.sec-' in 50 steps, with a 5 

minute wait period introduced at each step (the total time for compression of the film was 

4.5 hours). The black regions in the images (A-D, bottom) represent the condensed or 
! 
, gel phase and the white the NBD-PC probe containing phase. The scale bar is 25 pm. 
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disappearance of condensed domains with increasing .A, have also been reported also by 

others in films of calf lung surfactant extracts (CLSE) studied using fluorescence 

microscopy and without fluorescent probe by Brewster angle microscopy (Hall et al., 

1995a; 1995b; Kocakova et al., 1996a; 1996b). Such features of decreasing size of 

condensed domains with increasing r were also observed in simple DPPClDOPC films 

(Nag and Keough, 1993; chapter 3). 

The frequency distributions of condensed domains for relatively fast and slow 

compression of LSE films are shown in Figure 11 -3 (a), and the distribution at a similar 

surface pressure with images (inset) at that r in @). The pattern in Figure 11.3 (a) 

indicated a difference in the frequency distribution of the condensed domains sizes for 

the rapidly and slowly compressed LSE films. In the film compressed at the faster rate 

f 
the largest sizes of condensed domains were about 50 square pi2 at 28 d i m ,  whereas 

in the slowly compressed f b  at the same r, the maximum size was 100 pd. The 

! figure also indicates that in case of the fast compression, greater numbers of smaller 

] domains were formed compared to the slowly compressed films. An example of these 

; properties is displayed in the inset images figure 11.3 (b) which were obtained at a 
j 

i similar r of 29 mNlm. Also, the distribution of the condensed domains in the case of 

f 

i the fast compression was less dispersed at all r compared to those of slowly compressed 

fms. The patterns indicate that the frequency and size of condensed domains in LSE 

I j 
films are controlled by the rates of compression of the fiis, with kinetic factors 

i 
I 

i ! probably controlling the nucleation, size and distribution of such domains. A similar 

I 
pattern of the effect of compression rate on domain size and frequency has been 



Figure 11.3 Frequency distribution of sizes of condensed (black) domains seen in LSE 

films compressed at relatively fast (left panel) and slow (right panel) rates (a); and the 

typical frequency distribution from these films at a .rr of 29 mN/m with inset images 

observed at that r (b), the top panel from fast and the bottom from slowly compressed 

€ i s .  The frequency distribution of size of condensed domains were obtained by 

analyzing 10 randomly selected images at .rr indicated on top of the plots. 
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previously observed by us in films of DPPC compressed 

1991). Some of the condensed domains in LSE films had 

seen in films of DPPC, suggesting that such domains were 

lipid. 

Figure 11.4. shows the average size (A), number 

at different rates (Nag et al., 

typical kidney bean shapes as 

made of or enriched with that 

(B) and total amount of black 

or condensed phase (C) plotted as a function of n, for LSE films compressed at slow and 

fast rates. The domain sizes are larger and their numbers lower in the films compressed 

at the slow rate compared to the fast, whereas the total amount of the condensed or black 

(C) phase is not significantly different in the two systems with different compression 

conditions. This may indicate that the condensed regions in LSE films are a particular 

phase formed due to the process of phase transition (say from fluid to gel-like states) 

since the process is independent of the conditions used to transit from one phase to the 

other. The other interesting feature of the LSE frlms phase bansition is that the 

condensed phase decreased at T above 30 mN/m, a phenomenon previously observed in 

simple films of DPPC with DOPC (Chapter 3). We had previously explained this 

process in the DPPClDOPC films as an effect of the probe on the lipids phase transition. 

In light of the recent studies on calf LSE films by Hall and co-workers (Hail et al., 

1995a; 1995b; Discher et al. ,  1996), using Brewster angle microscopy (which does not 

require fluorescent probes), which reported that a similar decrease of condensed phase 

with increasing r above a critical value-occurred, we speculate that there may be a 

second phase change occurring in LSE films at R above 30 mN/m. This phase transition 

may be of a type where the condensed phase (black regions) merges into a 



Figure 11.4 Average area (A), number (B) and the total amounts (C) of condensed 

(black) domains in films of LSE plotted as a function of surface pressure for the 

relatively slowly (open symbols) and fast (closed symbols) compressed systems as in 

Figure 11 -3. The data were obtained by analyzing 10 randomly selected frames at each 

- T. The error bars indicate & one standard deviation. 
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more solid-like phase, and the soIid-like phase increases with increase in n at the expense 

of the condensed phase. The images at ?r above 50 mN/m (Figure 11.2) would tend to 

indicate that the solid-like phase of LSE film was made of filamentous domain 

meshwork, and the probe was excluded from this phase into small regionalized 

aggregates distributed heterogeneously in the films. 

The typical ?r-A isotherm of a LSE film dynamically compressed and expanded 

eleven times, spread at a initial T of 35 mN/m (top), and the typical images seen in the 

- fust and eleventh compression (bottom) are shown in Figure 11.5 (a). The data on 

number (A), size (El) and total amount (C) of condensed domains, piotted as a function 

of 7r fkom the first and the eleventh compression are shown in Figure 11.5 (b). The 

images in 11.5 (a) indicate that the distribution of the domains are different in the 

1 eleventh cycle compared to the first. The total amount, size and number of domains are 

also increased at equivalent ?r during the eleventh compression compared to the first. 

I The amount of condensed phase in the eleventh compression is about 5 % higher than 

j that seen in the fust compression. This indicates that the amount of the material forming 
! 

; the black or condensed domains in LSE films is increased, or that the film in the eleventh 
I 

. cycle is enriched in the component which forms black domains in such f h s .  It is 
. ! 

I 

/ possible that some of the components are irreversibly lost from the surface film, a 

i process termed as "squeeze out", with the materials which are lost from the film being 

ones which do not form condensed domains. These results support our previous i 

I assumptions that fluidizing lipids (Chapter 3, 5) and protein components (Chapter 9) may 

I be squeezed out of pulmonary surfactant films, eventually r e f d g  and enriching the 

280 



Figure 11.5 Typical n-A isotherms of a LSE f i b  compressed and expanded 11 times 

(top) (at a rate of 20 d . s e c - '  for the fist and 1 1" cycle and 707 mm2.sec-' for the 

cycles in between) and the typical images observed in the first and the eleventh cycle at 

a similar .sr (bottom) (a); and the size (A); number (B) and total amount (C) of condensed 

phase estimated from a fust (open symbol) and the 11" compression (closed symbols) of 

LSE films (b). Scale barin (a) is 25 pm. The standard devia&nslare for 10 randomly 

selected images analyzed images at each T. [Similar dynamic compression-expansion 

cycling was performed for DPPC/DOPC films to monitor irreversible squeeze-out of 

materials from such films, and was discussed above in section -3.3 and 3 -431 
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films with DPPC- 

The slowly compressed T-A isotherms of a LSE film containing 1 mol % NBD- 

PC on a buffered subphase containing 5 mM calcium and the typical images observed in 

such films are shown in Figure 11.6(a). The number (A), size (B) and amount (C) of 

condensed domains in such a film plotted as a function of T ,  compared to the ones 

without calcium under similar conditions are shown in Figure 6 (b). Although the 

isotherm of the LSE film in Figure 11.6 (a) is not significantly different than the one 

without calcium (Figure 11 -2,  top), the images, especially those at a above 40 mNlm 

were quite different from those seen in the films without calcium (Figure 1 1.2, bottom). 

The visual features at a above 40 mN/m in the films in the presence of calcium, had 

bright circular regions or fluorescent (white) domains dispersed in a background of grey 

phases. These white regions or domains also had small black spots in the centre (image 

E in Figure 11.6 (a)), 

induced by calcium in 

the lipids and proteins 

amounts (Figure 11.6 

Such domains or fluorescent regions may be a separate phase 

LSE films, and indicate that there may be an altered packing of 

under such induction. Although above a of 45 mN/m, the total 

(b), C) of the dark domains decreased, their numbers (B) and 

average size (B) were increased drastically at all r in the films containing calcium 

compared to the ones without. At a r of 40 - 45 mN/m, the amount of condensed phase 

in T E  films with calcium is about double the amount in the ones without calcium. 

Eventually at high ?r ( > 45 mN/m) the total amount of condensed phase decreased in the 

films with calcium. This fact indicated that calcium increased the condensed phase or 

condensation in LSE films, as was observed previousIy in simple films of DPPC/DPPG 



Figure 11.6 Typical r-A isotherms of LSE films on a buffer subphase containing 5 mM 

calcium (top), compressed at a relatively slow rate as in Figure 11.2. and the typical 

images observed (bottom) in such films at r indicated by letters in the isotherms (a); and 

the size (A), number (B) and total amount (C) of the condensed (black) phase observed 
I 

in such f i s  (b). Scale bar for the images in (a) is 25 pm. - 
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(Chapter 4). The increased ordering in LSE films induced by calcium seemed also to 

somewhat increase the upper limit of T at which such condensed domains were observed. 

As discussed earlier (Chapter 4), calcium probably bound the acidic lipid headgroups of 

LSE lipids, and increased the condensation of such films or increased the amount of the 

dark phase domains. 

Typical isotherms and bag- of adsorbed LSE films f~rmed by injecting LSE 

suspensions containing 1 mol% of fluorescent probe, under air-buffer interface are shown 

in Figure 11.7. The isotherm in Figure 11.7 (top) is from the adsorbed f h  where 

higher amounts (0.06 pg/rnl) of LSE suspension were injected and the one in the bottom 

from a film where a ten fold lower concentration of LSE suspension; (0.006ig/ml) was 
- 

injected. The material when injected under a buffered subphase at the higher 

concentration (top) increased the surf'e pressure of the air-buffer interface in a few 
- - 

seconds to 45 rnNlm. The images observed at 45 m N h  from the adsorbed LSE f h s ,  

showed a grey phase with regions of aggregated probe (Figure 1 1.7, A). When injected 

at the lower concentration of 0-006 mg/ml (bottom) the surface pressure increased slowly 

to 10 mNIm after 15 minutes, and the adsorbed films had the appearance of an almost 

homogenous fluid phase (B). In this system (bottom) the surface pressure reached about 

15 mN/m after 30 minutes, and condensed domains appeared (C) in the field of view. 

Such domains increased in number and size @ and E) over a 2 hour period of further 

adsorption. These observations suggested that the process of an expanded to condensed 

phase transition seen in spread LSE films with compression (Figure 11 -2) also occurred 

in adsorbed f h s  formed from LSE suspensions as a function of increasing amount of 



Figure 11.7. Typical T-t isotherms and images of LSE + 1 mol % of NBD-PC adsorbed 

films formed by injecting different amounts of LSE suspensions under the air-buffer 

interface (0.06 pg/rnl; top, and 0.006 pg/ml; bottom). A smaller amount of LSE 

suspension was injected under 

which the fluid to condensed 

surface pressures at which the 

the buffer (bottom), to obtain a slowly adsorbing filrn in 

transition could be observed- The arrows indicate the 

images were obtained. The scale bar is 25 pm. 
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materials adsorbing into such films with time. The similarity of structures seen in the 

adsorbed and spread LSE F i s  indicated that both types of films may be equivalent at 

similar packing densities or T,  as seen previously for films of simple mixtures of 

components of pulmonary surfactant (Chapter 7). 

Films of LSE were solvent spread and compressed on top of a buffered subphase 

containing fluorescent labelled R-SP-A, to observe any effect of the protein on such 

spread LSE films. The typical images observed in such spread LSE films at a r of 35 

mNlm (with subphase containing 0.13 pglml of fluorescently labelled SP-A; methodology 

discussed in chapter 10) are shown in Figure 11.8. The images on the top panel are 

without and the bottom with 2 mM calcium. The images in the left were observed from 

the fluorescence of NBD-PC and the ones in the right from the fluorescence of R-SP-A. 

The images indicated that the distribution of condensed domains in the LSE films were 

modified in the presence of R-SP-A, and that the condensed domains were aggregated 

compared to the ones without the protein (Figure 11.2). The images in the right panel 

(BIB'), observed from the fluorescence of the protein (R-SP-A), indicated that SP-A also 

adsorbed into or was present very near the LSE films, and in case of the films containing 

calcium, that R-SP-A aggregated into large domains (Figure 11.8, bottom right image). 

Visual observations of such films (f calcium) at high T,  by switching the optical filters 

very quickly to observe the same field of view from lipid probe and R-SP-A 

fluorescence, indicated that the aggregated condensed domains of LSE had R-SP-A 

located in such aggregates. These results indicate that R-SP-A had interactions with LSE 

films and associated with the condensed domains (somewhat differently) as seen in some 



Figure 11.8 Typical images observed in solvent spread LSE (+ 1 mol % NBD-PC) films 

containing 0.13 pglml R-SP-A on the buffered subphase without (top panel) and with 5 

mM calcium (bottom panel), at a .rr of 35 mN/m. The images in the Ieft (A, A') were 

observed from the fluorescence of NBD-PC and the right from R-SP-A (B, B'). The 

scale bar is 25 pm. 





of the simpler systems of pulmonary surfactant components (Chapter 10). 



DISCUSSION 

11.411 Condensed domains in LSE are made of mainly DPPC. 

From early studies on the thermotropic phase transitions of pulmonary surfactant 

or its lipid extracts (LSE), it was proposed that the principle component of the surfactant 

responsible for an ordered to fluid transition during heating was DPPC (Trauble et al., 

1974). Others have detected by changing the temperature of canine surfactant films, that 

the "squeeze-out" plateau and surface compressibility changed abruptly over a 

temperature range of 30-35°C (King and Clements , lW2b). Electron paramagnetic 

resonance (EPR) studies of rabbit surfactant suspensions have indicated that the material 

is fluid at room temperature, and the fluidity was due to the presence of a signifcant 

amount of unsaturated lipids (Hook et al., 1984). Others have indicated by DSC 

measurements of rabbit surfactant suspensions that the material is partly fluid at 37°C and 

not very fluid at room temperature (Keough et al., 1985). Dluhy et al. (1989), using 

infrared spectroscopy of surfactant suspensions and films have indicated that a continuous 

decrease of the CH, stretching frequency of the C-C bonds of the acyl chains of 

surfactant lipids occurred with increased packing of such films, and that in highly 

compressed bovine surfactant films, most of such chains were in all trans configuration. 

The ordered or condensed domais observed in the porcine LSE films studied here 

support these observations, that a fluid to ordered transition occurs in pulmonary 

surfactant films with increasing packing or compression. The kidney shape of some of 

the condensed (dark) domains in the LSE films observed when the fiims were compressed 



at quasi-equilibrium conditions (slowly), would tend to indicate that such domains are 

probably enriched in, or made of, DPPC. Recent calculations performed on the amounts 

of condensed phase in spread films of calf lung surfactant indicate there is a direct 

proportionality of the amount of DPPC present in surfactant with the highest amount of 

condensed phase found in such f i  (Hall et al., 1995a; Korcakova et al., 1996; Discher 

et al., 1996). The decrease in total amounts of condensed domains at higher pressures 

can also be due to disintegration of such domains in either sub-micron structures which 

are not detectable by optical microscopy. The images observed at T above 50 mN/m in 

LSE Nms also tend to indicate that fine filamentous structures exist which are barely 

visible through fluorescence microscopy. This may indicate that possibly the condensed 

domains may undergo some form of transition to more fdamentous sub-micron range 

phases, not detectable by optical microscopy (Hwang et al., 1995). 

There are also significant differences between the phase properties of LSE and 

DPPC films. At higher surface pressures in LSE films, the appearance of heterogenous 

irregular probe distribution (Figure 11.2) and the decrease of observable condensed phase 

(Figure 11.3, C) would indicate that the phase transitions in LSE films are not a simple 

liquid expanded (LE) to liquid condensed (LC) change as seen in f a  of pure DPPC. 

Also the appearance of condensed domains in LSE f i  at a higher T - 11-15 mNlm 

(Figure 11.4) indicates that such films are more fluid than DPPC at equivalent T. Some 

of the features such as the appearance and disappearance of condensed domains in LSE 

frlms with increase in r, show that LSE fllms behave more like simple lipid mixhues 

(DPPCIDOPC) compared to films of pure DPPC. Also, since calcium increased the 



amount of condensed phase in LSE films compared to those 

equivalent R, this indicated that the LSE condensed domains or 

without the cation at 

at least some of them 

contained acidic lipids, as also seen in films of DPPCIDPPG (Chapter 4). The increased 

fluidity of the LSE films at all packing densities compared to DPPC films, can be 

understood as the effect of unsaturated lipids, cholesterol, and the hydrophobic proteins 

SP-B/SP-C on DPPC film packing, since all these components are present in M E  and 

permrb the packing of the DPPC in such f W  (Chapters 3-9). Hall and co-workers have 

suggested that the condensed domains in films of lipids of calf lung surfactant (without 

SP-B and SP-C) are larger than the ones observed in the CLSE f- at similar n, and 

also suggested that the amount of cholesterol or neutral lipids of surfactant may be the 

main deciding factor controlling the size and amounts of condensed domains (and thus 

the fluidity) of lung surfactant films (Hall et al., 1995a). 

The functional significance of condensed domains in pulmonary surfactant in vino 

is not clear, but an interesting proposition has been put forward by Bangham, (1987) (see 

also Keough, 1992). This proposition is based on the observations that the surfactant 

film in the lung alveoli are h o s t  made of condensed or "solid lipids" or DPPC. Such 

films can have regions or "solid islands" existing in a "sea" of fluid lipids (Bangham, 

1987). The solid lipid regions act as small "splints" in the alveolar wall, and prevent 

them from collapsing with decreasing alveolar wail area or volume (Bangham, 1987; 

Keough, 1992). Such splinting would occur if each of the alveoli is assumed as a 

"geodesic dome" or a dodecahedron (Kimmel and Budiansky, 1991) or the inside surface 

made of many small flat surfaces, where each side of the alveolar wall would provide a 



surface on which such splints reside (Keough, 1992; Bangham, 1987). Whether the 

condensed domains in LSE flms can fulfil the properties of such splints in situ in the 

alveoli may be too speculative from this in vitro study, but the existence of condensed 

domains of micrometer size in pulmonary surfactant f i i ,  may open up new possibilities 

in modelling pulmonary surfactant at the air-alveolar fluid interface. 

11.421 Fluidity of LSE films and squeeze out. 

The pressure - area dynamic cycling of LSE films (Figure 11.5) and the decrease 

of condensed phase with higher n (Figure 11.4), would indicate that the effects of 

fluidizing lipids and probably proteins on such films are quite profound. Since we have 

reported earlier that in films of simple DPPCIDOPC mixtures (Chapter 3) that the 

condensed phase decreased in such films at high T ,  it seems that the LSE films are also 

influenced by its fluid components. Upon dynamic compression and expansion some of 

the fluid components were probably squeezed out or irreversibly lost from the f ibs ,  

enriching the LSE films with DPPC (as also seen in films of DPPC/DOPC, Chapter 3). 

As shown in Figure 1 1.5, there was a small (5 % ) but probably signifcant increase in the 

amounts of condensed phase in the eleventh cycle compared to the fxst, and the 

appearance of the black domains occurred at a lower n (10 mN/m) in the eleventh cycle 

compared to the fist. These factors tend to indicate that the film was enriched by DPPC 

possibly by about 5 %. Since the number of condensed domains were also increased in 

such films in the eleventh cycle (Figure 11.5, B). the enrichment of DPPC probably 

occurred in the eleventh cycle with increasing DPPC rich areas or nucleations compared 



to the first cycle. The difference of the amounts of condensed phase seen between the 

first and eleventh cycle was not very prominent, since LSE films probably contained 

other components which were not irreversibly lost during compression, but were rapidly 

re-adsorbed back into the films upon expansion. These components could be the 

hydrophobic surfactant proteins SP-B and SP-C, which were found to remain in films on 

high compressions and after number of cycles in the simpler surfactant component f h  

studies (Chapter 8 and 9). Also the dynamically cycled films of LSE studied here were 

solvent spread (and did not allow for selective insertion from a subphase pool) and did 

not contain SP-A, and thus may not reflect the exact properties of lung surfactant fiims 

in the alveoli, and some of the processes such as selective enrichment as may occur in 

siru . 

In the lungs the surface tension of the air-alveolar fluid interface is near 

0 mN/m (Schiirch et al., 1976), and probably the only component of surfactant which 

can reach such low values upon compression was indicated to be DPPC (Goerke and 

Clements, 1986; Keough, 1992; Possmayer, 199 1). Later detailed theoretical and 

experimental studies in vitro on surface activity of pulmonary surfactant have indicated 

that the material near an air-water interface showed a rich variety of complex 

phenomena, such as molecular adsorption-desorption, squeeze-out, spreading-re- 

spreading, a combination of one or all these processes is involved in achieving lung 

stability in situ (Otis et al., 1994; Scarpeili and Mautone, 1994; Yu and Possmayer, 

1993). In excised rabbit lungs, measurements indicated that the alveolar geometry, 

pressure-volume (P-V) and surface tension-volume (7-V) characteristics showed 



hysteresis loops (Bachofen et al., 1987; Pattle, 1977; Schiirch et ai., 1985) indicating that 

probably some of the surface pressure - area characteristics of surfactant films contribute 

to these phenomena. Upon dynamic cycling of rat surfactant adsorbed films in captive 

bubbles, it was shown that after a few cycles of compression-expansion of the material, 

the T-A hysteresis became negligible, and the surface tension, collapse rates and 

compressibility were decreased (Schiirch et al., 1992a). These and other studies of 

dynamic cycling of pulmonary surfactant have suggested that the surface films are 

enriched by DPPC, and the enrichment probably occurred by loss of low surface activity 

components (Gross, 1995a; Gross and Naraine, 1989) or selective adsorption of higher 

surface active component such as DPPC (Schurch, 1992; 1994). Similarly in this study 

the LSE films were somewhat enriched by a more surface active component, possibly 

DPPC. Others have indicated that some of the subfractions (squeezed-out material from 

alveolar films ?) detected in extracting pulmonary surfactant (Magoon et al., 1983; Putz 

et al., l994), showed lower surface activity (Gross, 1995a), which would tend to indicate 

that a process of surface refining may also occur in sim. Schiirch et al. (1992; 1994), 
6 

have suggested that surfactant adsorbed films have a reservoir or pool of lipids under the 

surface film which enriches the surface with DPPC, and SF-A and calcium enhances the 

adsorption of DPPC to the surface (Schiirch and Bachofen, 1995). Since the LSE fms 

studied here in the dynamic cycling experiment were spread from solvent, and the 

subphase possibly could not have contained any reservoir, the enrichment of such films 

was probably nominal but conservatively 5 %, after eleven cycles, consistent with the 

"squeeze out" of some components occurring. The condensed domains of LSE need to 



be studied in adsorbed films, and in combinations with SP-A, so that a closer 

examination of the dynamics and phase state of the pulmonary surfactant in situ can be 

comprehended. 

11.431 Ionic interactions of LSE with calcium. 

It was known for some time that ionic conditions determine morphology and 

functional properties of pulmonary surfactant. A number of previous studies have 

indicated that the physical and surface properties of pulmonary surfactant can be altered 

by altering pH and ionic changes in the environment of bilayers and f i .  Removal of 

calcium ions changed the structures of tubular myelin, which were restored by their 

addition (Benson et al,, 1984). In vitro studies have shown that increasing the pH of the 

subphase of surfactant f i  above 7, decreased the ability of calf lung surfactant to reach 

low surface tension upon compression (Amirkhanian and Memt, 1995; Amirkhanian and 

Taeusch, 1993; Haddad et al., 1994). Calcium and acidic pH increased the ability of 

surfactant to adsorb at an air-fluid interface (Efrati et al., 1987). Recent surface balance 

studies have indicated that the surface activity of pulmonary surfactant was also lowered 

by cationic polyamino acids (Brummer et al., 1995). Proteins which may bind to one I 

or more phospholipid headgroups of surfactant such as C-reactive protein to DPPC, 

inhibited surfactant adsorption to the air-water interface (McEachren and Keough, 1995). 

These studies tend to indicate that some hydrophobic components of pulmonary surfactant 

have 

have 

specific electrostatic interactions with ions, although proteins such as SP-A which 

strong interactions with calcium are likely also affected. Our study of LSE films 



directly indicates the sensitivity 

amounts of condensed phase in 

of such electrostatic interactions, 

LSE frlms induced by millimoiar 

as seen by the higher 

amount of calcium in 

the subphase compared to the ones without calcium present (Figure 11 -6b). Since our 

LSE films studied with calcium (Figure 11.6b) did not contain any SP-A the ionic 

interactions were probably between acidic phospholipid in the films and calcium in the 

subphase. 

Teubner et al., (1983) reported, from measuring thermal mansitions by DSC of 

pulmonary surfactant (PS) suspensions of sheep, under different states of hydration, that 

fully hydrated PS showed a 20°C change of the peak transition temperature (TJ compared 

to dehydrated samples. They suggested that hydration of some of the specific 

components of PS was responsible for thennotropic properties of pulmonary surfactant 

(Teubner et ai., 1993). Others have observed by FTIR of surfactant suspensions from 

rabbit, that 5 to 10 mM calcium increased the onset T, of the thennotropic transition of 

the material, and the ion bound to the phosphate head group of the lipids, detected by 

measuring the phosphate stretching frequencies directly from such suspensions (Mautone 

et al., 1987). Recent studies using FTIR of calf lipid surfactant extracts (CLSE) have 

also indicated that rnillimolar amounts of calcium interacted with acidic phospholipid of 

surfactant, and increased the molecular order of such extracts (Ge et al., 1995). We 

have observed previously in films containing acidic lipid (DPPG) that calcium was able 

to increase the amount of condensed phase compared to neutral lipid films (Chapter 4). 

The amounts of condensed phase (Figure 11.6 (b), C) observed in f h s  of LSE under 

the influence of calcium were observed to persist to a somewhat higher r before 



disappearing, compared to the films without the cation. The number of condensed 

domains observed in such films containing calcium were also increased as much as two 

fold at similar .rr (Figure 11.6bT B) compared to the LSE films without calcium. These 

results suggests that calcium by increasing the number and amounts of condensed 

domains, induced an ordering or condensed LSE f i b .  

In the LSE-calcium f h s ,  the fluorescent aggregates (Figure 1 1.6, E) observed 

at higher R were absent in frLms without the cation (Figure 11.2a, E), and tends to 

suggest that the divalent cation also caused possible re-arrangements of materials in LSE 

films at high a. The re-arrangements at the high T could be an indication of phase 

segregation of acidic lipid aggregated by binding of calcium. The presence of probe in 

the aggregates or domains would tend to indicate that their internal constituents were 

mostly fluid (the probe NBD-PC prefers the fluid phase). Since pulmonary surfactant 

also contains fluid acidic lipids, it is tempting to speculate that calcium regionalized the 

fluid acidic lipids into domains, and such regions could be easily squeezed out of the 

films upon further compression, as suggested previously by others (Boonman et al., 

1987; Egberts et al., 1989; Fleming and Keough, 1988; Keough, 1992). 

11.441 Adsorption of LSE. 

Previous studies on adsorption of simple mixtures of surfactant components have 

indicated that unsaturated lipids, and SP-B and SP-C, enhance the adsorption of DPPC 

(see Chapter 7, and references there in). Since qualitative examination of the visual 

feature of adsorbed LSE films do not indicate any drastic difference with their solvent- 



spread counterparts, although LSE-suspensions adsorption was more rapid compared to 

DPPC (Chapter 7), the hydrophobic proteins and unsaturated lipids indeed increased the 

rate of adsorption of DPPC in LSE. The typical visual features of adsorption of LSE 

suspensions (Figure 11.7) to an air-saline interface suggested that adsorbed and spread 

f W  of surfactant are similar, at equivalent T.  Also, the adsorbed LSE Fhms underwent 

fluid to condensed phase transitions, as seen from the appearance and growth of 

condensed domains with increasing packing of the materials at the interface. Previously 

we indicated that some spread and adsorbed films of surfactant components were similar 

at equivalent packing densities (Chapter 7), the studies on LSE suspensions also further 

support the proposal that spread and adsorbed LSE films are equivalent. Although such 

adsorbed LSE films were not studied in detail, this study indicates that some of the 

components of LSE such as DPPC (which form condensed domains) do reach the air- 
I 

water interface in the LSE adsorbed f W ,  and that such films are not further enriched 

with this component compared to their solvent spread counterparts. This would suggest 

that the processes discussed above such as selective adsorption or enrichment of adsorbed 

pulmonary surfactant films with DPPC, may require more complex processes rather than 

simple adsorption. Dynamic cycling of such adsorbed LSE films and ones containing SP- 

A may indicate if such processes do occur, and should be performed in hture. 

Instrumental limitations restrict us from doing such studies at present, since the 

adsorption balance is not modified enough to allow for compression-expansion of 

adsorbed f a  (see chapter 7, for details). 



11.45] Association of SP-A with LSE Fllms. 

As discussed previously (Chapter LO), pulmonary surfactant protein SP-A 

may specifically interact and associate with surfactant lipids in frlms. The preliminary 

observations made in this study (Figure 11 -8) indicate that SP-A interacts and induces 

condensed domain aggregation in LSE f h s .  SP-A penetrated or adsorbed onto LSE 

films at low r ,  and the protein by itself formed large aggregates or domains in the LSE 

films in the presence of calcium. The condensed domains (black regions) in Figure 1 1.8, 

show that SP-A aggregated the condensed domains into large clusters. This may be due 

to the binding of 

fluorescent label of 

condensed domain 

DPPC/DPPG films 

SP-A to the condensed lipid domains, since observation of the 

SP-A from the film indicated that the protein was localized with the 

clusters. As in the previous study of interaction of SP-A with 

(Chapter lo), the association of the protein with condensed lipids or 

gel-like phases is also observed in films of LSE. 

This arrangement of condensed domains in LSE films induced by SP-A 

(aggregation of domains) seems to be somewhat different from those lipid-protein 

arrangements previously seen in simpler systems such as in DPPCISP-A films, where the 

protein associated with the liquid condensed (LC) domain boundaries only but did not 

aggregate the condensed domains (Chapter 10). This difference of arrangement of SP-A 

in LSE films compared to the ones seen in DPPC system, may be due to the fact that 

LSE films contained other components such as hydrophobic proteins and other lipids, 

which possibly allowed SP-A to interact with lipids differently with such films compared 

to the ones seen in simpler systems of surfactant components. It was previously observed 



by a number of workers that SP-A caused extensive aggregation of vesicIes of pulmonary 

surfactant lipid extracts. This process was indicated to occur by binding of SP-A to 

individual lipid vesicles, and such vesicles showing tendency to aggregate and fuse 

around the protein (see Casals et al., 1993; Ruano et al., 1996 and the references 

therein). This LSE film study with SP-A tend to reflect similar aggregation induced by 

SP-A, except in this case it occurred with condensed domains of LSE. This may 

implicate SP-A in aggregating vesicles by binding to specific phase structures of the 

bilayer of vesicies and thereby aggregating them. 

The study indicates that pulmonary surfactant Iipid extract films undergo Liquid- 

expanded to liquid-condensed and perhaps higher order phase transitions upon 

compression. The condensed domains of such f h s  display some similar properties to 

i those of simpler pulmonary surfactant components. Spread and adsorbed films of lipid 

surfactant extract (LSE) are similar and calcium and SP-A interact with such films. 



SUMMARY AND CONCLUSIONS 

Pulmonary surfactant lines the air-alveolar fluid interface with a putative 

monomolecular film which is responsible for lowering surface tension of that interface 

and mainraining alveolar stability. Monolayer f W  are also good models for biological 

membranes. It is somewhat unclear to date, how the lipids and proteins of surfactant 

associate, interact and organize in frlms at an air-water interface, nor if some or all of 

the components responsible are present in the alveolar films. The purpose of this thesis 

was to answer some of these questions, utilizing a novel technique of epifluorescence 

microscopy of films of nufactant components, and especially to observe the interactions 

of surfactant lipids and protein with its major component DPPC. The epifluorescence 

microscopic surface balance technique allowed us to quantitatively study the microscopic 

organization of surfactant Lipids and proteins at an air-water interface. Such organization 

also pertain to models of lipid-protein association in biological membranes. 

These studies indicated that unsaturated lipid can alter the organization of rigid 

or condensed domains of DPPC fllms, increase the fluidity of such films, and probably 

be squeezed out of such films allowing the f W  to be enriched in DPPC. Increased 

fluidity of surfactant can allow it to rapidly adsorb at the air water interface. Enrichment 

of surfactant films with DPPC, may allow such films to achieve low surface tension at 

the air-alveolar fluid interface. Phosphatidylglycerol can mix with DPPC in films in 

condensed and fluid phase. Calcium can condense such films. Condensed f i  can 

reach low surface tension upon maximal compression, and such films may exclude or 



segregate other surfactant components allowing for further enrichment with DPPC to 

achieve low surface tension. Cholesterol altered the packing of DPPC condensed 

domains, increased the fluidity of DPPC-cholesterol films, and it remained in such films 

at high packing density. By increasing fluidity, cholesterol may allow surfactant films 

to rapidly re-spread from its highly packed states achieved at high surface pressure or 

low surface tension. 

Hydrophobic surfactant proteins SP-B and SP-C perturbed the packing of DPPC 

films, some amounts remained in such f i  at low surface tension and increased the 

adsorption of this component to the air-water interface. The proteins were found to 

affect the DPPC phase structures differently, indicating their individual structure-function 

relationships may be an important factor in surfactant dynamics and lipid-protein 

associations. The hydrophobic proteins may allow for surfactant f h s  to be rapidly 

formed (by adsorption) at the air-alveolar interface, and rapidly re-spread from highly 

compressed states. The water soluble glycoprotein SP-A associated with (or bound to) 

the condensed fluid phase boundaries of surfactant phospholipid films, and interacted 

with the hydrophobic protein SP-B as well as the phospholipid. Such interactions were 

modulated by films ionic environment. SP-A, by binding to condensed or gel-phase 

phospholipids in surfactant, may allow for the material to be re-directed towards type-II 

pneumocytes for re-utilization. By interacting with SP-B and calcium in DPPC 

environments, SP-A may allow for formation of the unusual tubular myelinic structures, 

which are presumed surfactant film precursors. 

Hydrophobic surfactant extracts formed similar f W  at an air-water interface 



I 
I either from solvent spreading or by adsorption. Such films exhibited fluid to condensed 
I 

: phase transitions upon compression, and such transitions were affected by dynamic 

, cycling, calcium and SP-A. The condensed domains of surfactant films exhibited 

characteristics of DPPC, and such films displayed properties which could be co-related 

; to the ones exhibited by simpler surfactant lipid-protein component films. 

These studies thus indicate most of the components of pulmonary swfactant 

components associate and interact at the air-water interface in films, and the micro- 

- organization of such films are similar whether they are adsorbed or solvent-spread. Not 

! only are spread and adsorbed surfactant films similar, fluorescent probes can be easily 
I 

: incorporated in adsorbed films. This opens up future possibilities of studying 

: organization of films of adsorbed natural surfactant and its subfiactions, especially the 

j elusive surface active film (if such layers can be isolated intact from the lungs), using 
I 

I fluorescence microscopy. Also biophysical processes involved in such f h  formation, 

maintenance, inhibition and re-utilization may be studied in surface balances, allowing 

for development of artificial surfactants which show all or most of their properties. If 

such films can be transferred into solid-substrates, using recently developed techniques 

such as atomic force, scanning tunnelling, near field scanning and plasma desorption 

microcopies, in combination with neutron diffraction, synchrotron radiation methods, 

would yield further information of the molecular and atomic organization of surfactant 

I in the lungs. 
1 
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APPENDIX A 

Image processing and analysis were performed using JAVA 1 -4% (Jandel Video 

Analysis Software, Jandel Scientific, San Rafael, CA) software, in a IBM 486 personal 

computer. The programme (JAVA 1.4) requires a TARGA M8@ (Truevision, AT & T. 

San Francisco, CA) video frame grabber board and a minimum memory of 612 kilo 

bytes or more. A video cassene recorder (VCR), feeds the frame grabber (installed in 

the PC) with analogue black and white images, which are frame grabbed by TARGA M8 

and saved in memory of JAVA 1.4 digitally. Each image requires at least 198 kbyte of 

memory. These stored digital images can be later displayed on a TV monitor connected 

to the TARGA board, for processing and analysis. The total area of the images have 

been calibrated in the programme to be 7700 pmL (or 100 p m  (breadth) x 77 pm (length). 

Randomly selected frames of monolayers (which look the most clear to the eye on the 

TV monitor) are frame grabbed, saved, processed and analyzed by the following steps: 

Frame Grabbing: 

The JAVA 1.4 is executable by typing in "newjava" at the DOS C:\ prompt. 

Once entered the programme displays the screen with menus as shown on the right 

Figure (A). By moving the mouse cursor to hnction F3 I m ,  the intensity menu is 

entered. In this menu the F2 Freeze function frame grabs any image being played in the 

VCR. The frame grabbed image is saved by entering the F6 Disk command, and by 

typing in a name for the image (maximum 8 characters), and such images are stored as 



*.TIFF files (198 kb>-res) in the hard disk of the computer. 

Image Processing: 

The typical saved 

images ( * . T I F F ,  are 

processed by loading them 

from the disk msnu by 

successive commands of F2 

Image, F7 From Disk and F2 

Load (Figure B shows a 

typical loadedldigitized 

image). Then in the 

morphometric menu (Figure 

A), by using ^F3 Imen and 

IP the image prwessing 

menu can be entered. In this 

menu an area of inscrest F8 

AOI (rectangular box in the 

Figure (B) is selecxd for 

image processing, by moving 

the mouse cursor to rhe four 

ends of a rectanglt or a 



selected area of interest. The 

contrast of the A01 is 

increased by using F3 

Conr. En cursor in the Log 

Intensity Histogram (Greyish 

histogram in Figure C) twice. 

and a typical processed area 

of interest (high contrasr, 

rectangular box) as shown in 

Figure (B) is obtained. 

Image Analysis: 

The image analysis is 

performed by using h e  

Object Number menu (D). 

This menu can be accessed 

by using *Fl Obj N in rhe 

image processing menu. Ln 

the object number menu a 

threshold for the images is 

set by executing the F7 Thres 

n m I.. 

command, to subtract the white background of the images and leave the images 



with only black pixels (condensed domains) to be measured. To measure and count such 

objects the F6 Count command is used cwice. fint to count and measure the objects and 

then to transfer the measurements to a data work sheet file. The counting is performed 

by the programme by measuring the number and x/y axis location of each black pixel in 

the image, and the movement of small black lines on the two end of the boxed image in 

Figure (B) which indicates the progress of such measurements. Then by entering ^F5 

Data, the data work sheet is accessed. 

In the data work sheet the data is saved as area, number and pixel amounts in 

various columns. The data work sheet can be saved by using F3 AscDara and F8 ToDisk 

commands and are saved as *.PRN or DOS accessible print files. Such data is analyzed 

by the statistical sub-programmes (transforms) found in this menu. 

The total amount of condensed (or black) phase is calculated from the 

amounts of black area per frame, normaIly for 10 frames, at each surface pressure. 

These are converted to percentage condensed by using % condensed = (average black 

area per frame (pn2)/total h e  area or area of interest (pm') x 100). Other analysis 

of the data such as the individual area of the condensed (black) domains, their number 

and frequency dismbutions can also be performed using the various statistical sub- 

programmes (transforms) in the data work sheet menus of JAVA 1.4. 

[The Figures A. C and D are reprinted from the JAVA 1.4 manual with the permission 

from publisher, OJandel Scientific, San Rafael, California). 
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