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CW-224–
ABSTRACT

Purification and Characterization of Surfactant Protein-A Binding Proteins.

David Michelis, Department of Physiology, University of California, San Francisco.

Surfactant protein-A (SP-A) is a lung-specific protein that may function as a

regulator of surfactant metabolism and as a mediator of innate immunity. SP-A modulates

the activities of alveolar type II cells and alveolar macrophages and binds to these cells with

high affinity, suggesting that these cells express specific SP-A receptors. Characterizing

such receptors would be important for understanding the mechanisms by which surfactant

metabolism and the host defense functions of the lung are controlled. Using a ligand blot

technique, specific SP-A binding proteins were detected in lung homogenate. These

proteins were purified by affinity chromatography and identified by sequence analysis and

immunoreactivity as cellular myosin. SP-A also bound to other forms of myosin. Binding

is not mediated by the lectin activity of SP-A and is retained when SP-A is deglycosylated.

Using fragments of skeletal muscle myosin, the SP-A binding site was localized to the

myosin tail. Since the different forms of myosin share little sequence homology, but are

structurally similar, it was hypothesized that SP-A recognizes the coiled-coil structural

motif that makes up this tail. SP-A bound to other proteins that contain this structure,

including tropomyosin, paramyosin, keratin, fibrinogen, and the streptococcal M protein,

and this binding was reduced when the structure of these proteins was disrupted. Myosin

could not be localized to the cell surface and is unlikely to be an SP-A receptor, although

the coiled-coil may be a structural feature of the authentic receptor. Myosin was detected in

alveolar lavage fluid, and SP-A promoted its uptake and degradation by alveolar

macrophages. Although myosin has not been shown to affect surfactant function,

fibrinogen is a known surfactant inhibitor. SP-A promotes the association of fibrinogen

with alveolar macrophages and may provide a mechanism by which this inhibitor can be

cleared from the alveolar airspace. The ability of SP-A to bind streptococcal M protein

suggests that the interaction with coiled-coil proteins may also contribute to the host

defense functions of SP-A.
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INTRODUCTION

A. Theoretical Basis Of Surfactant

The alveolar lumenal surface of the lung is lined with a liquid layer in which

atmospheric oxygen is dissolved prior to crossing the alveolar epithelium and entering the

blood. While the presence of this liquid phase in contact with the air is necessary for the

efficient exchange of respiratory gases, it also presents the lung with a major dilemma. The

water molecules at the air-water interface are limited in their ability to form hydrogen bonds

with other water molecules because they are partially surrounded by air. Since these

molecules at the interface cannot form the maximum number of hydrogen bonds, they are

less randomly distributed than the water molecules in the bulk liquid phase and are

thermodynamically at a higher energy level. In addition, the distribution of the hydrogen

bonds that they can form establishes a net intermolecular attractive force favoring the

movement of these molecules from the surface into the bulk phase [1]. The system will

tend to minimize this surface energy by minimizing the number of water molecules in

contact with the air, thereby minimizing the interfacial surface area. In the absence of an

opposing force, this drive to minimize the surface area of the air-water interface will lead to

collapse of the alveoli and compromised gas exchange.

This collapsing force, called surface tension, can be calculated by applying

LaPlace's law of spheres to the alveolus such that Y = rP/2, where Y is the surface tension, r

is the alveolar radius, and P is the transmural pressure gradient across the alveolar wall [1].

According to this equation, as the alveolar radius decreases, as occurs physiologically

during expiration, the transmural pressure required to counter surface tension increases.

Since the transmural pressure does not increase during expiration, the lung must have some

means of decreasing surface tension in order to remain expanded at the end of each breath.

Reinflation during inspiration is much more difficult in the presence of high surface

tensions for similar reasons. The surface tension establishes a recoil force opposing
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expansion which must be overcome for inspiration to proceed. By regulating the surface

tension, the work that must be performed by the muscles of respiration is greatly

decreased, thereby increasing the efficiency of breathing.

The law of LaPlace also implies that in the absence of a mechanism for regulating

surface tension, alveoli of different radii cannot share a common bronchiole. Assuming

that scaffolding by the lung parenchyma is insufficient to maintain alveolar patency, alveoli

of different radii would require different distending pressures in order to remain open in the

presence of a constant surface tension. Such pressure differences cannot be maintained if

the alveoli share a common channel and the small alveoli would collapse into the larger

alveoli. Microscopic analysis reveals that alveoli are not uniform in size, implying that the

lung can indeed regulate surface tension.

B. Historical Perspective

The physiological relevance of these theoretical considerations was first appreciated

in 1929 when von Neergaard attributed differences in the pressure-volume curves of air

filled and saline-filled lungs to recoil forces generated by surface tension at the air-water

interface [2]. This observation was not pursued further until the late 1940's, when

Gruenwald implicated surface tension as a resistive force to air inflation of the lungs in

newborns [3], and the mid 1950's, when Mead, et. al. proposed that surface tension

contributed to the loss of lung compliance during shallow breathing [4]. At the same time,

Pattle and Clements independently showed that lung tissue, pulmonary edema fluid, and

lung lavage contained a factor that was able to lower surface tension at an air-water

interface [5, 6]. It was soon found by Avery and Mead that lack of this surface active

agent, or pulmonary surfactant, was the basis for respiratory failure in premature infants

[7]. This respiratory distress syndrome (RDS) is a major cause of morbidity and mortality

in preterm babies in the industrialized world [8]. In addition, deranged surfactant function

appears to contribute to the clinical manifestations of adult respiratory distress syndrome
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(ARDS), which is also associated with a high mortality rate [9]. The recognition that

pulmonary surfactant is of great importance in normal lung function has provided the

impetus for intensive investigation of its properties and metabolism with the ultimate goal

of developing fully functional replacement surfactants for therapeutic administration in

clinical situations of surfactant compromise. The first of these exogenous surfactants have

recently entered the clinic for the treatment of RDS and dramatic improvements in patient

outcome have been seen [10, 11].

The work of the past forty years has led to the adoption of the following model of

surfactant metabolism (fig. 1). Pulmonary surfactant is a complex mixture of lipids and

proteins that is synthesized in the alveolar type II cells and stored as secretory granules,

called lamellar bodies, in the cytoplasm of these cells. In response to appropriate signals,

the lamellar body contents are secreted into the liquid layer lining the alveolar epithelium

where they pass through a number of morphologically distinct forms before ultimately

spreading as a monolayer at the air-water interface. This monolayer, which is enriched in

saturated phospholipid, reduces surface tension and allows the lung to remain expanded at

end expiration. After time, the surfactant is removed from the alveolar lumen, and the main

route of clearance is via reuptake by the alveolar type II cells. A substantial fraction of the

material taken up by the type II cells is repackaged in the lamellar bodies and resecreted.

C. Composition of Surfactant

Pulmonary surfactant is a heterogeneous substance that exists in a number of

morphological forms, none of which has been purified to homogeneity [12, 13].

Therefore, surfactant is often described from a functional point of view rather than by a

precise chemical definition. Because the alveolar airspace is difficult to access directly,

investigators have relied on bronchoalveolar lavage to obtain surfactant material. This

process, which involves the instillation of fluid into the lungs, compounds the difficulty of

obtaining a homogeneous surfactant preparation by mixing the intraalveolar contents.
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However, by a series of differential and density gradient centrifugations, a highly surface

active preparation of reproducible composition has been isolated [14]. This material

consists of 85-90% lipids, 10% proteins, and a small amount of carbohydrates [15].

1. Lipid Component

a. Phospholipids

The composition of the lipid fraction of surfactant is highly conserved among all

species examined to date, consisting of a mixture of phospholipids, triacylglycerides,

cholesterol, and free fatty acids [15–17). Phospholipids are the major component,

accounting for 80-90% of the total lipid mass [15]. Although there are no unique

phospholipids that could serve as specific surfactant markers, several species are unusually

abundant, and as a whole, the phospholipid composition of surfactant differs significantly

from that of lung tissue [16]. Phosphatidylcholine (PC) is the predominant surfactant

phospholipid, and in more than half of the molecules, both of the fatty acids are fully

saturated [15]. This disaturated PC consists almost exclusively of

dipalmitoylphosphatidylcholine (DPPC), and it is this molecule that acts as the primary

surface tension-reducing agent of surfactant [18].

Phosphatidylglycerol (PG) is the second most abundant phospholipid in surfactant,

making up approximately 10% of the total in adults [15]. Such a large quantity of this

anionic phospholipid is highly unusual since it is found only in trace amounts in most other

mammalian tissues. In the neonate, PG is present at much lower levels than in the adult,

being largely replaced by another anionic phospholipid, phosphatidylinositol (PI) [19, 20).

When inositol is administered to adult animals, PI accumulates at the expense of PG [21].

No loss of surfactant function is observed in either of these PG depleted states [22-24].

Thus, the role of PG in surfactant function is unclear, although recent evidence suggests



that PG can promote the association of the surfactant apoproteins with the lipid component

and also increase the rate at which surfactant is cleared from the alveolar airspace [25-27].

The common membrane phospholipids, phosphatidylethanolamine,

phosphatidylserine, and sphingomyelin, are present in much smaller quantities in surfactant

than in lung tissue [16]. Their specific role in surfactant biology, if any, remains to be

elucidated.

b. Neutral Lipids

Cholesterol is the predominant neutral lipid, accounting for 6-8% of the total lipid

mass [15]. The role of the neutral lipids in surfactant function has not been thoroughly

investigated.

2. Protein Component

To date, four surfactant-specific proteins have been identified: SP-A, SP-B, SP-C,

and SP-D (28-30). SP-A and SP-D are hydrophilic proteins that share structural and

sequence homology with a family of carbohydrate binding proteins that possess a collagen

tail (fig. 2b). This family of proteins, called the collectins, includes the serum mannose

binding protein and the bovine serum proteins conglutinin and CL-43 [31, 32]. These

acute phase proteins are believed to function in innate host defense.

The extreme hydrophobicity of SP-B and SP-C has posed a major technical

challenge in the purification and functional analysis of these proteins. Although SP-B

shows slight solubility in aqueous solutions, SP-C is soluble only in organic solvents [33].

SP-B contains a region that shares sequence homology with mouse contrapsin protease

inhibitor and its overall structure resembles that of the sphingolipid activator proteins [34

36]. The precursor form of SP-B shares homology with prosaposin [37]. Prosaposin is

processed to saposin-A, -B, -C, and -D which solubilize lipids in the lysosome, exposing

them to the actions of lysosomal hydrolases. This homology is of interest because SP-B is
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also believed to affect the organization of lipids. SP-C does not share homology with any

other known protein.

a. Hydrophilic Proteins

1. SP-A

The most abundant protein in surfactant is SP-A, which constitutes about 50% of

the total mass [38, 39]. In humans, SP-A is encoded by two genes, both of which have

been mapped to chromosome 10 [40,41]. The genes consist of five exons and both

encode an mRNA of 2.2 kB [42]. The products of the two genes differ at 7 of 248 amino

acid residues and isoelectric point studies suggest that the mature SP-A molecule is a

heteromer of both [43-45]. Other species appear to have only one SP-A gene, and the

protein sequence is highly conserved among all species examined to date [46–48].

In situ hybridization studies indicate that the synthesis of SP-A is lung specific

[49]. In humans, message has been detected only in the type II cell, while in other species,

message has been found in the nonciliated bronchiolar epithelial cell (Clara cell) as well

[49,50]. The SP-A protein has been localized to the type II cell using monospecific

antisera and has been detected in a number of subcellular compartments, including lamellar

bodies [51-53].

The 26 kDa primary translation products of the human SP-A genes have an amino

terminal signal sequence of 20 amino acids that is removed after the protein is targeted to

the secretory pathway. The remainder of the molecule is organized in four domains (fig.

2a) [28]. The amino terminal domain of the mature protein consists of a seven amino acid

segment containing a cysteine residue that participates in interchain disulfide bond

formation. This cysteine is invariant in the species examined to date [54, 55]. The amino

terminal domain is followed by a series of 23 repeats of the collagen triplet sequence, Gly

Xaa-Yaa, where Yaa is often a proline that is post-translationally hydroxylated.

Hydroxylation of prolines is required for the normal intracellular transport of SP-A [56,
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57]. The 13th collagen triplet repeat is interrupted by the insertion of an additional amino

acid residue. Adjoining the collagen-like sequence is a 24 amino acid "neck" domain that is

believed to form an amphipathic alpha helix. This domain appears to be necessary for the

proper folding of the carboxyl terminal domain [57]. The carboxyl terminal 124 amino

acids form a globular domain that shares sequence homology with the carbohydrate

recognition domain of a family of calcium-dependent carbohydrate binding proteins [31,

58]. The carbohydrate recognition domain of these proteins contain eighteen invariant

residues, including four conserved cysteines that form intrachain disulfide bonds critical for

the carbohydrate binding function. Human SP-A is glycosylated on Asp 187 within this

carboxyl terminal domain. The oligosaccharide is initially of the high mannose type, but is

modified by the addition of variable amounts of sialic acid [28, 59]. This modification

contributes to the charge heterogeneity observed with native SP-A, which exhibits

isoelectric points from pH 4.4 to pH 5.6 [60, 61]. In addition to N-linked glycosylation,

SP-A is acetylated and sulfated in vitro, but it is not clear that these post-translational

modifications occur in vivo [60-63). The fully processed SP-A monomer has a molecular

weight ranging from 28 kDa to 36 kDa, depending on the degree of glycosylation.

SP-A oligomerizes to form a complex higher order structure. Three SP-A

monomers are believed to associate through their collagen-like domains to form a collagen

triple helix, since the molecule is sensitive to collagenase and shows a spectrum consistent

with a collagen helix when examined by circular dichroism [64-67]. The interchain

disulfide bonding mediated by the cysteine in the amino terminal domains appears to be

important in the proper alignment of the monomers during this oligomerization and in

stabilizing the quaternary structure [54, 55]. The interrupted triplet in the collagen-like

domain introduces a flexible hinge in this otherwise rigid helix [66]. The neck region may
contribute to the formation of the SP-A trimer since this domain forms a triple helical

coiled-coil that acts as a nucleus for trimer formation in the structurally homologous
mannose binding protein [68]. Mature SP-A is a hexamer of these trimers with a molecular
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weight of around 650 kDa [66). Examination of recombinant human SP-A and native dog

SP-A by rotary shadowing and electron microscopy indicates that SP-A shares structural

homology with the complement component C1q, having the appearance of a bouquet of

flowers (fig. 2b) [66, 69].

SP-A is a multifunctional protein. It binds to surfactant phospholipids and this

binding is independent of calcium and ionic strength [25, 70, 71]. Phospholipid binding

appears to be mediated by the neck domain [72]. In the presence of calcium, SP-A

aggregates phospholipid vesicles [25].

As expected from its homology with the calcium-dependent lectins, SP-A binds

calcium [73]. There are at least two calcium binding sites, and the site of highest affinity is

located in the carboxyl terminal domain [73]. Calcium binding induces a conformational

change in the SP-A molecule, causing an increased resistance to proteolysis and an altered

intrinsic flouresence spectrum [67].

The carbohydrate binding specificity of SP-A has been investigated in vitro, and

SP-A was found to bind most avidly to fucose and mannose, somewhat less avidly to

galactose and glucose, and very weakly to N-acetylglucosamine [74]. Because the

endogenous carbohydrate ligand has not been identified, the physiological relevance of the

carbohydrate binding activity is not known. However, it may contribute to the mechanism

by which SP-A interacts with type II cells, alveolar macrophages, or microorganisms.

SP-A may be a key regulator of surfactant metabolism since it appears to affect a

number of activities of isolated type II cells. Because the protein seems to interact

specifically with this cell type, and binds to the surface of these cells with high affinity,

there has been much interest in identifying SP-A receptors [75, 76]. The interest in SP-A

receptors has recently been intensified by the finding that SP-A also binds to alveolar

macrophages and stimulates the immune functions of these cells [77]. Thus, identification

and characterization of SP-A receptors may not only lead to a more fundamental

understanding of the biology of the surfactant system, but may also provide a useful
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paradigm for investigating the immune functions of the serum mannose binding protein and

other collectins as well.

2. SP-D

SP-D is the most recently identified surfactant protein [78]. The human gene for

SP-D has been mapped to chromosome 10 at the same locus as the genes for SP-A and

mannose binding protein [79]. The gene consists of seven exons and codes for a protein of

355 amino acids [79, 80]. Northern blots of type II cell RNA are positive for SP-D

message [81]. Immunoreactive SP-D has been detected in type II cells and Clara cells, but

the protein has not been detected in the lamellar bodies [82, 83]. SP-D also appears to be

produced by the gastric mucosa [81]

The molecular organization of the SP-D monomer is similar to SP-A. However,

the collagen-like domain is longer, containing 59 triplet repeats, none of which are

interrupted [74]. In addition, lysine residues within this domain are modified by

hydroxylation and the addition of carbohydrate [84]. Hydroxylysine and hydroxylysine

glycosides are not found in SP-A. SP-D is glycosylated and sialylated, which contributes

to the isoelectric point heterogeneity of native SP-D [85]. The mature monomer has a

molecular weight of about 43 kDa.

SP-D also oligomerizes to form a complex higher order structure. The monomers

trimerize through the collagen-like domain and form amino terminal interchain disulfide

bonds [86, 87). Rotary shadowing indicates that four trimers associate in a cruciform

pattern to generate the mature SP-D dodecamer with a molecular weight of about 600 kDa

[86, 87]. This cruciform pattern of organization is also seen in bovine conglutinin, a

collectin which shares greater that 60% sequence homology with SP-D [87, 89]. The SP

D dodecamers may undergo multimerization, especially in pathologic states [84].

SP-D is distributed differently from SP-A in surfactant fractions isolated from

alveolar lavage, predominating as a lipid-free form [90]. Although SP-D is probably not
involved in the surface tension regulating function of surfactant, it has been shown to bind
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PI in a calcium dependent manner and is co-purified with lipid [90-92). The carbohydrate

binding specificity of SP-D has been investigated in vitro and it was found to bind maltose

and glucose with highest affinity [93]. The functional role of SP-D in the surfactant system

has not been proven, but it seems likely to be a mediator of the host defense mechanisms of

the lung.

b. Hydrophobic Proteins

I. SP-B

Human SP-B is encoded by a single gene consisting of eleven exons located on

chromosome 2 (94). The synthesis of SP-B has also been localized to the type II cells by

in situ hybridization, and the protein has been immunologically detected in the lamellar

bodies [49, 51-53]. In humans, message for SP-B is present in the Clara cell [49, 50].

The primary translation product of the 2kB mRNA transcript is a preproprotein

with a molecular weight of about 40 kDa that is glycosylated on the carboxyl terminal

propeptide [95]. The first 20 of 381 amino acids serve as a signal sequence. The

proprotein undergoes extensive proteolytic processing. The processing begins with the

removal of the amino terminal 180 residues by a cathepsin D-like protease to generate a 26

kDa intermediate [96]. The carboxyl terminal 102 residues are then removed by less well

understood mechanisms to release the 79 amino acid mature form of SP-B [28]. The

presence of propeptides in the media of cultured type II cells suggests that some SP-B

processing may occur extracellularly [90]. The mature protein contains sequences

consistent with the formation of three amphipathic helices that may promote the interaction

of the protein with lipids (97-99). The processed form of SP-B contains seven cysteines,

six of which form intrachain disulfide bonds [100]. SP-B associates as an 18 kDa dimer

stabilized by an interchain disulfide bond mediated by the remaining cysteine [99]

SP-B seems to be the single most critical component of surfactant facilitating the

rapid absorption of material to the air-water interface [99]. The protein interacts with lipid
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vesicles containing anionic phospholipids, especially PG, causing aggregation and possibly

fusion [101, 102). SP-B may also intercalate into and stabilize the monolayer [103].

Recently, the congenital absence of SP-B in two siblings has been reported [104]. In both

cases, this condition was lethal within months after birth, even when an SP-B containing

replacement surfactant was administered.

2. SP-C

Two genes coding for SP-C have been mapped to chromosome 8 in humans [105,

106]. These genes are organized in six exons and appear to encode identical products.

Northern blots of type II cell mRNA are positive for SP-C message [107-109]. The

production of transgenic mice carrying the diphtheria toxin gene under the control of SP-C

regulatory sequences also indicates that SP-C expression is lung specific [110]. SP-C has

been detected in lamellar body fractions prepared from isolated type II cells by western blot

analysis [111].

Like SP-B, SP-C is initially synthesized in a precursor form and extensively

processed. The 20 kDa proprotein, consisting of 197 amino acids in humans, has a

relatively hydrophilic amino terminus and thus, lacks a classic signal sequence [112]. The

precursor is not glycosylated and is transported intracellularly as a class II transmembrane

protein [113]. Fully processed human SP-C is 35 amino acids long, corresponding to

amino acids 25-60 of the precursor, and includes a highly unusual polyvaline sequence that

contributes to the hydrophobicity of the protein [28]. This hydrophobic region is predicted

to form an O-helix that is capable of spanning a lipid bilayer [30]. The protein is further

modified post-translationally and rendered more hydrophobic by the covalent addition of

palmitate to two cystiene residues at positions 5 and 6 of the amino terminal end of the

protein [114]. Native SP-C has a molecular weight of 10 kDa under non-reducing
conditions and 5 kDa under reducing conditions.

SP-C, like SP-B, promotes the absorption of phospholipid to an air-water interface
in a pH and calcium independent manner [115]. Structural examination of SP-C in the
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presence of phospholipid bilayers enriched in DPPC and PG shows that the O-helix of SP

C is oriented parallel to the fatty acid chains of the lipids, consistent with the ability of this

protein to interact with and alter the properties of surfactant lipids [97, 115, 116). SP-C

also contributes to the surface tension-lowering activity of surfactant. [96].

3. Carbohydrate Component

Surfactant contains a carbohydrate component, primarily as posttraslational

additions to the surfactant proteins and as glycolipids. The chemical nature of this

component has not been well described, nor has any function been attributed to it. The

observation that SP-A and SP-D can bind carbohydrate suggests that the carbohydrate

fraction of surfactant may promote the interaction between surfactant components.

D. Synthesis of Surfactant

1. Phospholipid Synthesis

Enzymes required for de novo phospholipid synthesis have been localized to the

microsomal fraction of isolated type II cells. In addition, the endoplasmic reticulum is the

first compartment labeled in pulse-chase experiments using radioactive lipid precursors

[118). Phosphatidic acid (PA) is the initial product of glycerolipid synthesis, and this

molecule in turn serves as the starting material for the synthesis of PC and PG [119).

Phosphatidylcholine is generated by dephosphorylating PA to produce

diacylglycerol. The diacylglycerol is then combined with CDP-choline to form PC.

Approximately 45% of the newly synthesized PC is DPPC [120, 121]. The remaining

fraction of DPPC is generated by remodeling unsaturated PC by several different pathways
[119].

Phosphatidylglycerol synthesis begins by combining PA with CTP to form CDP

diacylglycerol. The CDP-diacylglycerol is converted to phosphatidylglycerol phosphate
12



which is then dephosphorylated to PG. The synthesis of PG may take place at the

mitochondria, since the required enzymes have been detected in this organelle [122].

2. Regulation Of Phospholipid Synthesis

The synthesis of surfactant phospholipids is developmentally regulated. Studies in

several animal species have shown that PC accumulates in the lungs of the late gestational

fetus at a rate that exceeds increases in lung weight and protein content [123]. The specific

activities of key enzymes in the phospholipid synthetic pathways also increase at this time

[123]. However, the mechanism by which the production of surfactant lipids is governed

during development is not understood.

The synthesis of surfactant phospholipids is also affected by a number of

hormones. For example, glucocorticoids, which are used clinically to accelerate lung

maturation, increase the rate of synthesis and remodeling of PC by type II cells.[124]. The

mechanism appears to involve the activation of preformed choline-phosphate

cytidylyltransferase, which catalyses the rate limiting step of PC synthesis [125-127]. In

addition, glucocorticoids may stimulate the lung fibroblasts to secrete fibroblast

pneumonocyte factor, which enhances the production of saturated PC by type II cells

[128]. Glucocorticoids also switch the production of PI to the production of PG [129].

Estrogens, prolactin, and thyroid hormone have also been shown to stimulate phospholipid

synthesis in type II cells [130].

Surfactant phospholipid biosynthesis is metabolically regulated by the availability of

substrates, in particular, choline [119, 121]. In addition, synthesis can be upregulated to

meet increased metabolic demand [121].

Phospholipid synthesis in isolated type II cells has been reported to be inhibited by

the hydrophobic surfactant proteins [131]. Because the incidence of RDS is higher in

males and in children of diabetic mothers, androgens and insulin are also believed to be

inhibitors of surfactant phospholipid synthesis [132].
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3. Regulation Of Protein Synthesis

The synthesis of the surfactant proteins is also developmentally and hormonally

regulated. In humans, SP-A is not detectable in amniotic fluid until 30 weeks gestation,

after which it increases in quantity until term [133, 134]. SP-B and SP-C are expressed

earlier in development, with mRNA being detectable at 13 weeks [135, 136]. While

increases in protein synthesis during development parallel increases in phospholipid

synthesis, the proteins appear to be regulated independently [130].

Prostaglandin E2 stimulates SP-A gene transcription. This stimulatory effect may

be mediated by prostaglandin-induced increases in intracellular cAMP [137]. [3-adrenergic

agonists, which also increase intracellular cAMP, seem to enhance production of SP-A

[138]. Furthermore, the adenylate cyclase activator, forskolin, the phosphodiesterase

inhibitor, IBMX, and cyclic AMP analogues also induce SP-A transcription in vitro [138

140]. The cAMP analogues have a modest stimulatory effect on SP-B and SP-C mRNA

levels, but this increase in mRNA does not lead to increased translation [135, 141].

Glucocorticoids regulate the synthesis of SP-A in a complex, biphasic, dose

dependent manner. At low doses, glucocorticoids stimulate SP-A production, while doses

higher than 10-8 Minhibit SP-A production [142, 143]. The stimulatory effect appears to

be due to increased transcription, while the inhibitory effect is due to a reduction of SP-A

mRNA stability [144]. This reduction in message stability may account for the ability of

glucocorticoids to antagonize the stimulatory effects of cAMP analogues on SP-A

synthesis. The actions of glucocorticoids on SP-B and SP-C synthesis are less complex

than the effects on SP-A. Glucocorticoids have marked dose-dependent stimulatory effects

on the mRNA levels of both SP-B and SP-C [135]. The stimulatory effect on SP-B is due

to increased transcription and increased mRNA stability, while the stimulatory effect on

SP-C is due solely to increased transcription [145].
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Local factors may also influence the rate of surfactant protein synthesis. Epidermal

growth factor and Y-interferon have been shown to stimulate SP-A production, while TGF

3 and TNF-o have an inhibitory effect [146, 147].

rafficking Of Surfact

Since lamellar bodies lack the necessary enzymes to synthesize phospholipids and

proteins, the freshly made molecules must be transported from their sites of synthesis to

these storage organelles (fig. 1). The postsynthetic fates of phospholipids and proteins in

type II cells have been traced autoradiographically after interperitoneal injection of tritiated

precursors in mice [118). When radioactive phospholipid precursors were administered,

label first accumulated in the endoplasmic reticulum, and with time, was observed to move

to the golgi apparatus. The label next accumulated in vesicles that contain both lamellae and

eccentrically distributed vesicular forms, called composite bodies, and finally passed to the

lamellar bodies. When radioactive protein precursors were administered, label also initially

accumulated in the endoplasmic reticulum and golgi apparatus, but then appeared to diverge

from the route taken by the lipid component by entering multivesicular bodies. The label

was observed to leave these multivesicular bodies and enter the composite bodies, and

ultimately, the mature lamellar bodies.

The results of these autoradiography experiments must be interpreted with caution.

The labels used were not specific for surfactant components, and in fact, the tritiated

leucine used to label newly synthesized proteins could be metabolized and incorporated into

lipid [16]. Although additional work using more specific labels will be necessary to

confirm the intracellular routes taken by the various surfactant components on their way to

the lamellar bodies, the polarized distribution of subcellular vesicles in type II cells

supports the concept that multivesicular bodies and composite bodies are lamellar body

precursors [148]. Multivesicular bodies are located close to the golgi apparatus and the

composite bodies are found in the basolateral regions of the cell, away from the site of
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secretion. The mature lamellar bodies are the most apically situated vesicular form. In

addition, the volumes of these vesicles are inversely related, further suggesting that

multivesicular bodies and composite bodies serve as early intermediates in the biogenesis of

lamellar bodies.

5. Sorting Of tant Components And Lamellar Body Assembl

The mechanisms by which surfactant phospholipids are sorted from phospholipids

destined for membrane synthesis and how these lipids are moved between cellular

compartments are not known. Lung cytosol has been shown to contain phospholipid

transfer proteins with specificity for DPPC and PG [149, 150]. These proteins may be

important in directing surfactant phospholipid to the appropriate subcellular location. The

molecular signals involved in directing the surfactant proteins to the lamellar bodies also are

not understood.

Very little is understood about how the surfactant components are physically

packaged into the lamellar bodies. In fetal mice, lamellar body forms are seen prior to the

expression of SP-A, suggesting that this protein is not a required factor [151].

E. Secretion of Surfactant

1. Routes Of Secretion

Secretion of lamellar bodies proceeds by regulated exocytosis, and at rest,

approximately 10% of the intracellular stores are secreted each hour [12, 13]. Electron

micrographs indicate that in response to appropriate stimuli, the limiting membrane of the

lamellar body fuses with the apical plasma membrane of the type II cell, thereby releasing

the lamellar body contents into the alveolar lumen [152, 153]. Since the phospholipid
composition of lamellar bodies and intraalveolar material is similar, it is believed that the

lipid components are secreted together. Based on their similar time courses of increased
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specific activity in lavage fluid after administration of labeled precursors, PC, PG, and PI

appear to be co-secreted [154-156). However, the surfactant proteins show different time

courses, even though lamellar bodies have been shown to contain SP-A, SP-B, and SP-C

[157]. This observation raises the possibility that there are multiple pathways by which the

surfactant components can be secreted, or that there is differential metabolism of the

proteins following secretion.

In labeling studies done in vivo, newly synthesized SP-A appeared in the alveolar

airspace before it could be detected in the lamellar bodies [158]. Furthermore, there is a

paucity of SP-A in the lamellar bodies compared to surfactant isolated from lavage, and

surfactant secretagogues do not increase SP-A secretion in proportion to phospholipid

secretion [159]. These observations indicate that SP-A can be secreted by pathways other

than through the regulated release of lamellar bodies. Supporting this concept is the

observation that SP-A secretion in isolated type II cells is largely constitutive [159, 1601.

Precursor forms of SP-B and the propeptides can be detected in the media of isolated type

II cells [95]. Since only fully processed SP-B can be detected in lamellar bodies, SP-B

may also be secreted by more than one pathway. In addition, the contribution of the Clara

cells to the intraalveolar pool of SP-B has not been determined. The time course of

increased specific activity in lavage fluid is slower for SP-C than for the phospholipids

[157]. Although this observation may be due to a slower rate of incorporation of the label

into SP-C, it also raises the possibility of multiple secretory pathways for this protein as

well.

2. Stimulation Of Secretion

The secretion of surfactant is enhanced by a variety of agents that activate different

intracellular signaling pathways. B-adrenergic agonists stimulate surfactant secretion in

whole lung and isolated type II cells by increasing intracellular cAMP [161-163]. The cell

surface receptor is coupled to adenylate cyclase by the stimulatory G protein, Gs. Increases
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in cAMP activate protein kinase A, which is believed to phosphorylate cytoskeletal

elements, thereby enhancing secretion [164-166]. Adenosine, acting through the A2

subtype of the P1 puronergic receptor, and prostaglandin E2 also stimulate surfactant

secretion by this mechanism [167-169].

ATP, like adenosine, is an A2 purinoceptor agonist, but also binds to P2

puronergic receptors. Binding to the P2 receptor activates phosphoinositide phospholipase

C that catalyzes the turnover of phosphatidylinositol bisphosphate to generate the second

messengers inositol triphosphate, which mobilizes internal calcium stores, and

diacylglycerol, which activates protein kinase C [170-172]. Calcium ionophores, which

increase intracellular calcium, and phorbol esters, which directly activate protein kinase C,

have been shown to stimulate surfactant secretion, demonstrating that both of these

signaling pathways may be involved in the secretory processes of type II cells [173-175].

Cholinergic agents appear to increase secretion in vivo [162, 176, 177]. However,

they probably act indirectly through catecholamines since they do not stimulate isolated type

II cells and their in vivo effect can be blocked with adrenergic antagonists [176, 177].

A number of studies have shown that lung inflation and hyperventilation stimulate

surfactant secretion [27, 178, 179]. Mechanical distortion of cultured type II cells also

stimulates secretion [180]. The mechanical stimuli appear to mobilize calcium, possibly via

stretch activated channels. However, studies with receptor antagonists suggest that more

than one mechanism is responsible for secretion in response to mechanical factors in vivo

[27].

Other agents that have been reported to stimulate surfactant secretion include

arachidonic acid metabolites, histamine, antihistamines, vasopressin, and low levels of the

microfilament disrupting agent, cytochalasin D [13]. The physiological relevance of these

agents is not known.

3. Inhibition Of Secretion
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A number of agents have been reported to inhibit surfactant secretion. These agents

include several plant-derived lectins, substance P, A1 purinoceptor agonists, colchicine,

and compound 48/80 which stimulates histamine release from mast cells [13].

SP-A is a potent inhibitor of basal and stimulated surfactant secretion [181, 182].

Although the mechanism by which it elicits this effect is unknown, SP-A is believed to act

distally in the exocytotic process since it inhibits secretion stimulated by every secretagogue

tested to date [13]. Because SP-A is a surfactant component, it may serve to negatively

feed back on further surfactant secretion after a certain concentration is attained in the

alveolar airspace. SP-A binds with high affinity and saturability to type II cells and

therefore, this feedback function may be mediated through a cell surface receptor [75, 76].

The ability of SP-A to inhibit surfactant secretion is attenuated by incubating the SP-A with

lipids, suggesting that unbound SP-A is the active species [181, 182].

F. Intraalveolar Metabolism of Surfactant

1. Intraalveolar Forms Of Surfactan

It appears that after secretion into the alveolar fluid layer, surfactant passes through

a series of morphologic forms before ultimately spreading as the surface active monolayer

at the air-water interface (fig. 1). Electron micrographs show lamellar body contents

apparently unwinding to form a bizarre lattice-like structure called tubular myelin [183

185]. The mechanism by which this transformation is brought about is not known,

although in vitro studies indicate that the process requires calcium [185, 186]. Tubular

myelin can be reconstituted in vitro from phospholipid, SP-A, SP-B, and calcium [187].

Compared to lamellar bodies, tubular myelin has a higher protein to lipid ratio, suggesting
that not all of the lamellar body components pass through this form or that protein is added
to the material extracellularly [185]. Tubular myelin is thought to be the immediate

precursor to the surface active monolayer since surfactant fractions enriched in this form
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have been shown to rapidly adsorb to an air-water interface [186, 188]. However,

conflicting observations have shown that fractions containing tubular myelin adsorbed only

slowly, and thus, the exact relationship between tubular myelin and the surface film

remains unclear [189].

Differential and density gradient centrifugation of surfactant obtained by

bronchoalveolar lavage yields fractions that are enriched in different morphological forms

[188, 190-193]. Although the phospholipid profile of these fractions is similar, they differ

in their protein composition. The most dense fractions contain SP-A, SP-B, and SP-C and

consist largely of tubular myelin and large multilamellar structures. Less dense fractions

contain SP-A and are enriched in large vesicular forms. The least dense fractions contain

very little protein and consist of small unilamellar vesicles and disks. The denser fractions

are effective surfactants in that they absorb rapidly to an air-water interface and lower

surface tension, while the lighter forms are essentially inactive.

The different forms of surfactant appear to be metabolically related. Ultraheavy,

heavy, and light forms of mouse surfactant can be prepared by isopycnic density gradient

centrifugation. When the heavier fractions are rotated in a tube, which cyclically alters the

surface area of the air-water interface, the material undergoes a transition to the light form.

This form transition is temperature sensitive, energy dependent, and seems to involve a

serine protease [191]. Studies using labeled percursors to PC synthesis also suggest that

these fractions are derived from each other. Following incorporation of the labeled

precursors into PC, the label appears sequentially from the heaviest to the lightest form

[188, 192, 193].

2. The Surface Active Monolayer

The surface monolayer is the form of surfactant that is responsible for lowering

alveolar surface tension [1]. The composition of the monolayer is uncertain because of the

difficulty of obtaining material that is not contaminated by other forms [194, 195].
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However, the in vivo properties of the monolayer have been examined directly by placing

fluorocarbons of known surface tension on the alveolar fluid layer [196]. At 90% of total

lung capacity, the surface tension was measured at about 20 dynes/cm and it decreases to

near zero at functional residual capacity [18]. Studies performed in vitro indicate that

surfactant initially reduces surface tension to about 25 dynes/cm and it is only after the

material is compressed that surface tension is reduced to near zero values (fig. 1) [1].

DPPC is the only surfactant component able to generate surface films that are stable at

extremely low surface tensions that is abundant enough to cover the entire interfacial

surface area [1]. Temperature dependent changes in the pressure-volume behavior that

have been observed in isolated lungs also suggest that the monolayer is highly enriched in

DPPC [18]. It is believed that the polar head group of DPPC associates with the water

layer, thereby satisfying the hydrogen-bonding requirements of the water molecules at the

interface, while the apolar fatty acid are oriented out into the air. As the surface area is

reduced, these saturated fatty acids are able to pack tightly together and resist further

reduction of the surface area.

Although it is able to form a monolayer that lowers surface tension to low levels,

DPPC is in the gel solid phase at physiological temperatures and absorbs very slowly to an

air-water interface. The unsaturated lipids and the proteins in surfactant have been shown

to accelerate this rate of absorption, but monolayers rich in these components cannot lower

the surface tension below a value of 25 dynes/cm. Therefore, the following model has

been proposed to reconcile this apparent paradox. During inspiration, the increase in

alveolar surface area exposes patches in the air-water interface that are essentially

surfactant-free. The surfactant in the aqueous layer, possibly in the form of tubular myelin,

rapidly adsorbs to these sites and lowers the surface tension to the equilibrium value of 25

dynes/cm. During exhalation, the unsaturated lipids and proteins are selectively squeezed

out as the surface area decreases, leaving behind a monolayer highly enriched in DPPC that

reduces surface tension to near zero values [1].
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G. Clearance and Recycling

1. Routes Of Surfactant Clearance

Over time, material leaves the monolayer and enters the aqueous subphase in a non

surface active state whose structure is unknown, but may be the protein-depleted small

unilamellar vesicles and disks. Since approximately 10% of the cellular stores of surfactant

are secreted each hour and surfactant does not accumulate in the alveolus, this "used"

surfactant, as well as components that were squeezed out during monolayer formation must

be cleared from the airspace. There are a number of potential routes by which this material

could be removed, including intraalveolar degradation, movement up the airways, entry

into the lymphatics or blood vessels, and uptake by cells [197]. The first three of these

routes are minor pathways of surfactant clearance. The bulk of the surfactant is taken up

by type II cells and alveolar macrophages where it is degraded and removed from the

surfactant system or repackaged and reused.

2. Clearance Via Alveolar Macrophages

Because of their phagocytic capacity and proximity to the surfactant material,

alveolar macrophages have been considered likely participants in the surfactant clearance

pathways, and tubular myelin, SP-A, and SP-C have been detected in the phagocytic

vesicles of these cells [197]. Alveolar macrophages take up surfactant lipids in vitro and

SP-A enhances the rate of uptake [198, 199]. However, when labeled surfactant is

instilled intratracheally, little label is associated with the macrophages [190, 200]. While

this observation suggests that alveolar macrophages contribute to surfactant clearance in a

minor way, it is possible that the internalized material is rapidly degraded and the digestion

products released into the surroundings [197]. As outlined below, only a fraction of the

surfactant cleared from the alveolar airspace is degraded. Thus, uptake of surfactant by
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macrophages, which may be quantitatively small in absolute terms, could still account for a

significant percentage of the material that is degraded.

3. Clearance Via Type II Cells

a. Uptake of surfactant components and lipid recycling

Type II cells take up radiolabeled surfactant or surfactant-like lipids administered

intratracheally or applied directly to isolated cells [201-204]. The internalized material

accumulates in the lamellar bodies, indicating that material from endocytic pathways as well

as material from secretory pathways can enter this compartment [205]. Over time, the

specific activity of the lamellar bodies and lavage fluid equilibrates, suggesting that the

cleared material is resecreted [155,202, 206-208]. Thus, the alveolar type II cell appears

to recycle the surfactant components. The efficiency of recycling is different for different

components and may vary with age. Neonatal rabbits have been reported to reutilize PC

with 90% efficiency, while estimates for adult rabbits range from 23% to 85% [209, 210].

PG and PE seems to be less efficiently recycled than PC [211, 212].

Uptake of lipids by type II cells does not require degradation since different isomers

and phospholipase resistant analogues of PC are taken up at equal rates [27]. However,

not all of the surfactant lipid taken up by type II cells is recycled intact. Isolated type II

cells have been shown to degrade internalized lipids and to incorporate the products of

degradation into newly synthesized lipids [203, 213].

b. Protein recycling

When instilled intratracheally, SP-A is taken up by type II cells by a pathway

involving coated vesicles [214]. This observation further indicates that SP-A interacts with

these cells through specific receptors. The SP-A then passes through the multivesicular

bodies before entering the lamellar bodies. Electron microscopy reveals that there are at
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least two classes of multivesicular bodies in type II cell, one electron dense and the other

electron lucent. The dense multivesicular bodies contain lysosomal enzymes, while the

lucent multivesicular bodies do not [205]. The dense multivesicular bodies may contain

material destined for degradation, while the lucent multivesicular bodies represent material

targeted for recycling (fig. 1). Phospholipid internalized by the type II cell accumulates in

both types of multivesicular bodies, while internalized SP-A accumulates only in the

electron lucent class [215]. Since a smaller percentage of PC is degraded when it is co

internalized with SP-A, SP-A may play an important role in directing internalized lipids to

the recycling pathway [216].

SP-B is internalized by type II cells by a mechanism that does not involve coated

pits, and this protein is also detected in lamellar bodies after passing through the

multivesicular bodies [217, 218). SP-C is rapidly cleared from the alveolar air space but its

intracellular fate is not known (219). The clearance of SP-D has not been investigated.

c. Regulation of recycling

The rate at which surfactant is cleared from the alveolar airspace is influenced by the

phospholipid composition. Intratracheally instilled liposomes containing PG and DPPC are

cleared at a faster rate than liposomes consisting of DPPC alone [27]. PG also stimulates

the uptake of lipid by isolated type II cells [220].

The presence of protein also alters the clearance rate of surfactant. SP-B and SP-C

enhance lipid uptake by isolated type II cells and lung fibroblasts [100]. This stimulatory

effect is not saturable, nor is it temperature dependent, and thus may be a result of protein

induced alterations in the physical form of the liposomes. SP-A stimulates lipid uptake by

type II cells and alveolar macrophages, but not lung fibroblasts [100, 216]. The

stimulation is dose-dependent, saturable, reduced at 4°C, and is substantially greater than
that measured for SP-B and SP-C. Surfactant subfractions enriched in SP-A administered

in vivo have been shown to be taken up and incorporated into lamellar bodies to a greater
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extent that SP-A depleted fractions [197]. However, other in vivo studies found that

protein-free liposomes are cleared at the same rate as natural surfactant [221, 222]. Thus,

the in vivo role of the surfactant proteins in regulating clearance from the alveolus remains

uncertain.

d. Regulation of surfactant pool size

There does not appear to be a large intracellular store of surfactant, and in fact, the

intracellular pool has been estimated to be slightly smaller than the intraalveolar pool [12].

Since turnover studies indicate that at least 10% of the intracellular store is secreted each

hour, the secretory and clearance processes must be carefully balanced. When surfactant

secretion is stimulated with known secretagogues or by increasing tidal volume, the rate of

clearance also increases [223-225]. In exercising rats, there is an increase in the amount of

surfactant recoverable by lavage [226]. After the rats stop exercising, the intraalveolar

surfactant levels quickly returned to pre-exercise values. These observations support the

idea that secretion and clearance are tightly matched to maintain a stable intraalveolar

surfactant pool size.

SP-A may play a central role in the homeostasis of surfactant pool size. After SP-A

is secreted into the alveolar subphase, it may negatively feed back on the type II cells

through specific receptor molecules to prevent further secretion. At the same time, it also

catalyses the clearance of the material that is already present, and this may also be a

receptor-mediated event since the process involves the formation of coated vesicles. Thus,

by expressing SP-A specific receptors, the type II cells may be able to monitor the

concentration of SP-A in the subphase and balance the secretory and clearance pathways to

maintain a relatively constant alveolar surfactant pool size. However, the estimated

concentration of SP-A in the alveolar subphase is far above the half-maximal concentrations

measured for inhibition of secretion and enhancement of clearance in isolated cells [227,

228]. Since the addition of lipid reduces the ability of SP-A to inhibit secretion, the lipid
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free form of SP-A may be the active agent in modulating these processes. This species

may represent only a small fraction of the total SP-A in the alveolar airspace, and thus, may

be present in reasonable concentrations to serve a regulatory role.

H. Other Functions Of Pulmonary Surfactant

1. Prevention Of Pulmonary Edema

Surfactant has been proposed to protect against the formation of pulmonary edema

[229]. Because this hypothesis is difficult to test, this proposed function of surfactant

remains largely theoretical. In the absence of surfactant, the forces of surface tension

would tend to lower the hydrostatic pressure in the lung interstitum. This hydrostatic

pressure contributes to the Starling forces acting across the lung endothelium. Reduction

of the interstitial hydrostatic pressure favors the influx of fluid from the vascular

compartment into the interstitial compartment, leading to the formation of pulmonary

edema. By reducing surface tension, surfactant helps maintain the proper balance of

Starling forces and prevents the transendothelial movement of fluid.

2. Innate Immunity

The lung is subjected to continuous immunologic challenge by inhaled foreign

material and evidence has accumulated indicating that surfactant is an important mediator of

host defense. Early studies demonstrated that lavage fluid collected from rat lungs

enhanced the killing of staphylococci by alveolar macrophages and that surfactant isolated

from lavage retained this stimulatory activity [230, 231]. Subsequently, both the protein

and lipid fractions of surfactant have been shown to be modulators of immune functions.

The phospholipid component of surfactant suppresses lymphocyte activities such as

proliferation in response to appropriate stimuli, immunoglobulin production, and natural

killer cell toxicity [232-235]. This down regulation of lymphocyte function may be
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important in vivo, since surfactant has been shown to protect against the development of

hypersensitivity pneumonitis in guinea pigs [236]. PG has been shown to have a more

potent suppressive effect than PC (237].

SP-A shares structural homology with C1q and the mannose binding protein, while

SP-D shares homology with conglutinin [31]. Since C1q is the first component of the

classical complement cascade, and mannose binding protein and conglutinin are serum

opsonins, the potential contributions of SP-A and SP-D to innate immunity have been of

great interest.

SP-A has been shown to stimulate the phagocytosis of serum-opsonized S. aureus

and non-serum-opsonized E. coli and S. aureus by rat alveolar macrophages [238,239]. It

also enhances FcR and CR1 mediated phagocytosis of opsonized RBCs, demonstrating

that SP-A can carry out some of the functions of C1q [240). SP-A is able to opsonize type

a Hemophilus influenzae and cells infected with herpes simplex virus type 1, and also

binds to gp120, a surface membrane glycoprotein of Pneumocystis carinii [241-243].

Other macrophage functions may also be regulated by SP-A. SP-A stimulates

chemotaxis in alveolar macrophages and has been reported to increase the production of

reactive oxygen species by these cells [238,244]. However, there are conflicting results

showing an inhibitory effect of SP-A on oxygen radical release [245, 246]. SP-A levels

are also increased in the lungs of patients with AIDS related pneumonias [247].

SP-D has been shown to agglutinate a number of bacteria, including E. coli,

Salmonella paratyphimurium, and Klebsiella pneumonia, and to bind to

lipopolysaccharides prepared from the cell wall of these and other gram negative species

[248]. It also aggregates influenza A virus and inhibits the hemagglutinating activity of this

virus [249]. SP-D may also bind to alveolar macrophages and stimulate the production of

reactive oxygen species by these cells [250].

The actual physiological relevance of these apparent host defense functions of the

surfactant proteins remains uncertain. In different studies, whole surfactant has been found
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to stimulate, inhibit, or have no effect on phagocytosis [237,251]. Furthermore,

conflicting results have been obtained regarding the ability of SP-A and SP-D to stimulate

the production of reactive oxygen species in macrophages [231, 251]. The reason for these

conflicting results is unclear, but may be due to the different procedures used to isolate the

surfactant material. However, additional studies will be required to elucidate the true

functions of surfactant in the host defense functions of the lung.

I. Rationale for Purifying SP-A Binding Proteins

1. Evidence for SP-A Receptors

As outlined above, there is compelling evidence that SP-A modulates the behavior

of type II cells and alveolar macrophages. These observations suggest that specific

receptors for SP-A may be expressed at the surface of these cells. SP-A binds with high

affinity (K1/2 = 5 x 10-10 to 6.4 x 10-10M) to isolate type II cells [75,76]. This binding is

calcium dependent, saturable, and can be competed with unlabeled protein. Trypsinizing

the cell surface and heat denaturation or chemical modification of SP-A reduces the binding

[76]. SP-A also binds to alveolar macrophages, and this binding is calcium dependent,

saturable, and reduced in the presence of unlabeled SP-A [77]. The K1/2 for binding to

alveolar macrophages is about three times higher than for binding to type II cells and can be

competed with C1q and type V collagen [77].

The binding of SP-A to type II cells has been directly demonstrated by electron

microscopy [251]. When SP-A was incubated with isolated type II cells at 4°C, SP-A

binding was detected in a random distribution over the surface of the cells. When the cells

were warmed, the amount of surface bound SP-A rapidly decreased and the protein

associated with thickened regions in the plasma membrane and coated pits. As the time of

incubation was increased, the SP-A was internalized via coated vesicles, then passed to
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endosomes, and finally, multivesicular bodies. Thus, the binding and internalization of

SP-A by type II cells is consistent with a receptor-mediated process.

These binding studies strongly support the presence of specific SP-A receptors on

type II cells and alveolar macrophages. Since characterization of such receptors would be

essential for fully understanding the mechanisms by which surfactant metabolism and the

host defense functions of the lung are regulated, the initial goal of the studies described

here was to identify and purify candidate receptor proteins.

2. Summary Of Results

Using a ligand blot technique, SP-A binding activity at a molecular weight of

approximately 200 kDa was consistently detected in type II cells and alveolar macrophages,

and also in lung fibroblasts and microsomes from several other organs (figs. 3 & 4). An

additional band which migrated at an approximate molecular weight of 110 to 135 kDa was

seen in the type II cells and in microsomes prepared from lung and spleen. This protein

will be referred to as the lower molecular weight protein. The binding of SP-A to these

bands was of high affinity, was calcium dependent, was reduced by coincubation with

unlabeled SP-A or anti-SP-A monoclonal antibodies, and was abolished by heat treating the

labeled SP-A at 95°C for 15 minutes. These characteristic are similar to those observed for

the binding of SP-A to alveolar type II cells and macrophages [75, 76].

Since expression of SP-A appears to be restricted to the lung, it seemed unlikely

that the more widely distributed 200 kDa protein was an SP-A receptor. The lower

molecular weight band was a more promising candidate since it was found only in type II

cells and spleen microsomes. Another member of the collectin family, the serum mannose

binding protein, shares structural homology with SP-A (fig. 2b) and is believed to function

as a mediator of innate immunity. Therefore, the binding activity detected in spleen

microsomes could have been a result of crossreactivity of SP-A with a mannose binding

protein receptor that is similar or identical to the SP-A receptor(s). Thus, this lower
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molecular weight binding activity seemed to be a reasonable candidate for an SP-A receptor

and efforts were directed towards isolating it for identification and characterization.

By employing a purification scheme centered on the ability of these proteins to bind

to an immobilized SP-A affinity matrix, it was possible to purify both the lower molecular

weight protein and the 200 kDa protein to homogeneity. These proteins were identified by

sequence analysis and immunoreactivity as the heavy chain of cellular myosin.

Subsequently, SP-A was found to bind to other forms of myosin, and the binding site was

tentatively localized to the rod-like tail domain of the myosin heavy chain. Since the

different forms of myosin share little sequence homology, but are structurally similar, it

was hypothesized that SP-A recognizes the O-helical coiled-coil motif which makes up this

rod-like domain. To test this hypothesis, other proteins containing coiled-coil structure

were examined for the ability to interact with SP-A. SP-A bound to all proteins tested, and

this binding was reduced when the proteins were denatured. Although myosin could not

be localized to the cell surface of alveolar macrophages, and therefore is probably not an

SP-A receptor, several situations were identified where the interaction between SP-A and

the O-helical coiled-coil could be of physiological importance. Since SP-A is believed to

enhance phagocytosis by alveolar macrophages, in part by acting as an opsonin, it seemed

reasonable that SP-A could bind to bacterial cell surface proteins that contain the coiled-coil

motif, especially since such proteins are known to exist and appear to act as virulence

factors in several species. Alternatively, at least one protein containing coiled-coil structure

has been shown to inhibit surfactant function, and SP-A has been shown to protect against

this effect. Thus, SP-A might ameliorate the inhibitory functions of these proteins by

directly binding to them or by promoting their uptake by alveolar macrophages.

Furthermore, the coiled-coil motif may be a structural feature of the authentic SP-A

receptor, and attractive candidates have been identified which contain this structure and may

be relevant to surfactant metabolism. Finally, the neck region of mannose binding protein
forms a triple helical coiled-coil during trimerization. Since SP-A is structurally similar to

30



the mannose binding protein, it too may contain this motif which could potentially play a

role in the higher order assembly of the mature form of SP-A and in interactions with other

collectins.
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MATERIALS AND METHODS

A. Materials

Male Sprague-Dawley rats were purchased from Charles River Laboratories

(Boston, MA). Frozen rat lungs were obtained from Pelfreeze Corp. (Rogers, AR) and

stored at -70°C until used. Reagents for sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), Bio-Gel P-6DG, Tween 20, Enzymobeads, 4-chloro-1-

naphthol, and Kaleidoscope and prestained high range molecular weight markers were

obtained from Bio-Rad Laboratories (Richmond, CA). Protogel polyacrylamide was

purchased from National Diagnostics (Atlanta, GA). DE-52 anion exchange resin was

obtained from Whatman (Maidstone, UK). Sepharose CL-4B, CNBr-activated Sepharose

CL-4B and mannose-Sepharose were purchased from Pharmacia (Piscataway, NJ).

Nitrocellulose paper (0.2 pm) was purchased from Schleicher & Schuell (Keene, NH).

Na!25I was obtained from New England Nuclear (Boston, MA), or Amersham (Arlington

Heights, IL). Sulfo-NHS-biotin, rabbit anti-mouse IgG and goat anti-rabbit IgG

conjugated to horseradish peroxidase, Excellulose GF-5 columns, MicroBCA protein assay

kit, and Iodobeads were obtained from Pierce (Rockford, IL). Rabbit anti-human cellular

myosin polyclonal IgG fraction was purchased from Biomedical Technologies, Inc.

(Stoughton, MA). ECL Western blotting detection reagents were obtained from Amersham

(Arlington Heights, IL). Nº-benzoyl-L-arg—methyl ester, TLCK, leupeptin,

phenylmethylsulfonyl fluoride (PMSF), N-glycosidase F, and DIG Glycan/Protein Double

labeling kit was purchased from Boehringer Mannheim (Indianapolis, IN). Silver stain II

kit was from Daiichi Pure Chemicals Co. (Tokyo, Japan). Lysyl endopeptidase was

purchased from Wako Pure Chemicals (Richmond, Va.). Todd Hewitt broth was obtained

from Beckton Dickinson (Cockeysville, MD). Acetone, methanol, microtiter plates, TSA

II sheep blood agar plates, and other plastic ware were from Fisher Scientific (Fairlawn,

NJ). Streptococcus pyogenes strains were from the American Type Culture Collection
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(Rockville MD). Hank's Balanced Salt Solution, Dulbecco's modified eagle medium,

Coon's F-12 medium, gentamycin, and penicillin/streptomycin were obtained from the

University of California Cell Culture Facility or Gibco-BRL (Grand Island, NY). All other

chemicals, proteins, and antibodies were obtained from Sigma (St. Louis, MO).

B. Purification Of Surfactant Proteins

SP-A was obtained from the lavage of patients with alveolar proteinosis as

previously described [216). Briefly, the surfactant material was pelleted by

ultracentrifugation and the pellet resuspended in water with a Dounce homogenizer. The

resuspended material was extracted with butanol, which removes the lipid and hydrophobic

protein content of surfactant. The butanol insoluble material, which includes SP-A, was

pelleted and resuspended in buffer containing octyl-3-D-glucopyranoside. The SP-A was

further purified by differential centrifugation and the detergent was removed by dialysis.

SP-D was isolated from the lavage of rats previously instilled intratracheally with a

slurry of silica. The calcium in the lavage was chelated with EDTA and the material was

centrifuged. The SP-D remained in the supernatant which was recalcified and

recentrifuged. SP-D was purified from the final supernatant on a maltose-Sepharose

column and eluted from the column with EDTA.

Protein concentrations were measured by a modified Lowry assay [253) or with a

MicroBCA protein assay kit and the products routinely examined on polyacrylamide gels

and western blots. Proteins were stored at -20°C until used.

C. Purification Of Recombinant Surfactant Proteins

Chinese hamster ovary (CHO) cells stably transfected with human SP-A cDNA

were provided by colleagues at Scios-Nova, Inc. Transcription of this cDNA is regulated

by the inducible metallothionein IIa gene promoter and a glucocorticoid enhancer element.

The CHO cells were grown to confluency in roller bottles in 250 ml of growth medium
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consisting of a 1:1 (v:v) mixture of Coon's F-12 medium and Dulbecco's Modified Eagle

Medium with 10% fetal calf serum and 50 pg/ml gentamycin at 37°C. The cells were

induced to express SP-A in 250 ml of a medium consisting of a 1:1 (v:v) mix of Coon's F

12 medium and Dulbecco's Modified Eagle Medium supplemented with 86.25 pig■ ml

proline, 1 pm dexamethasone, 0.25 mM ascorbic acid, 70 puM zinc chloride, 50 pg/ml

gentamycin, and 15 mM HEPES, pH 7.4. SP-A was detected in the medium by

competitive ELISA at concentrations of 3 to 5 pig■ ml. The induction medium was collected

and brought to 1 mM PMSF, 1 mM benzamidine, and 0.01% NaN3 to inhibit proteolysis

and bacterial growth.

SP-A was purified from the induction medium on a mannose-Sepharose column

equilibrated with 20 mM Tris, pH 7.8, 50 mM NaCl, 2 mM CaCl2 at 4°C. The column

was washed with 20 mM Tris, pH 7.8, 50 mM NaCl, 2 mM CaCl2, filled with one column

void volume of 100 mM boric acid, pH 10, 2 mM EDTA, and flow was stopped for 1 hr.

The column was then eluted with 100 mM boric acid, pH 10, 2 mM EDTA and fractions

were collected. Absorbance at 280 nm was read and fractions containing protein were

pooled. Protein concentrations were determined by the modified Lowry assay [253], and

the product was examined on polyacrylamide gels.

A fragment of human SP-A cDNA coding for the carboxyl terminal collagenase

resistant domain (CRD) was cloned into the paS1 derived expression vector, pCTSNcol2

and made available as a gift from K. Drickamer. This construct, pHS 86, carries the SP-A

coding sequence for residues 86 to 231 and regulatory sequences from bacteriophage

lambda. Transcription of CRD is directed by the PL promoter and the plasmid carries the

gene for ampicillin resistance. The pHS 86 construct was transfected into competent cells

of the E. coli host strain AR 68, which carries a mutant lambda lysogen encoding a

temperature-sensitive cI lambda repressor. The transfected cells were grown to an

absorbance of 1 at 650 nm in L broth containing 50 pg/ml ampicillin at 32°C in an orbital

shaker. The cultures were heated to 42°C to release cI repression, thereby permitting PL

34



directed transcription to proceed. After two hrs at 42°C, the cells were harvested by

centrifugation at 2,500 x g for 10 min and the cells were lysed in 10 mM Tris, pH 7.8, by

sonication on ice with a probe tip sonicator for 30s cycles for 5 min. The lysate was

centrifuged at 10,000 x g for 15 min and the supernatant was discarded. The pellet was

resuspended in 6 M guanidium HCl in 0.1 M Tris pH 7.0 by sonication and 3

mercaptoethanol was added at 10 pul/100 ml. The suspension was rotated for 1.5 hr at 4°C

and centrifuged at 65,000 x g for 30 min. The supernatant was dialyzed against 25 mM

Tris, pH 7.8, 1.25 MNaCl, 25 mM CaCl2. CRD was purified on a mannose-Sepharose

column as described for the recombinant full length SP-A. Yields as high as 0.75 mg CRD

per liter of bacterial culture were attained, although most preparations resulted in much

lower quantities of purified protein.

D. Labeling Of Proteins

SP-A, recombinant SP-A, CRD, rabbit skeletal muscle myosin, rabbit skeletal

muscle myosin subfragment 1, rabbit myosin light chain, and human IgG were

radiolabeled with 125I using Enzymobeads. Briefly, 150 pig of protein was added to 50 pil

of Enzymobeads and 50 pil of 5 mM Tris, pH 7.4. This mixture was added to 1 mCi of

Na!”I after which 25 pil of 2% glucose was added. The reaction was carried out at room

temperature for 20 min and the labeled protein was separated from the unreacted iodide on a

Bio-Gel P-6DG column equilibrated with 5 mM Tris, pH 7.4. The column was eluted with

5 mM Tris, pH 7.4 and fractions were tested for TCA precipitable counts. 5 pil of each

column fraction was added to 400 pil of water. 200 pil of BSA (2 mg/ml) was then added

to the tube, followed by 200 pil of 50% TCA. The tubes were incubated 15 min on ice and

spun at maximum speed in a Beckman microfuge 12 for 10 min at 4°C. The supernatant

and pellet were counted separately in a gamma counter and the ratio of counts in the pellet
to total counts was calculated. Fractions with a ratio of greater than 85% were pooled, the
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protein concentration was measured by the modified Lowry assay and the specific activity

determined.

After Enzymobeads were discontinued commercially, iodinations of SP-A and

human fibrinogen were performed using Iodobeads. Two Iodobead that had been

equilibrated with 5 mM Tris, pH 7.4 were added to 1 mci Na!25I in 100 pil of 5 mM Tris,

pH 7.4 and allowed to react for 5 min at room temperature. 500 pig of protein was added

to the reaction mixture and the reaction was allowed to proceed another 10 min. The

labeled protein was separated from the unreacted label on an Excellulose GF-5 desalting

column with a bed volume of 5 ml. Column fractions were tested for TCA precipitable

counts and pooled as before. The protein concentration was determined with the

MicroBCA protein assay kit.

Proteins were biotinylated by incubating 0.6 ml of a 1 mg/ml solution in 0.1 M

NaHCO3, pH 8.3 with 34.2 pil of 10 mM sulfo-NHS-biotin in 0.1 M NaHCO3 for 4 hrs at

room temperature. The unreacted sulfo-NHS-biotin was removed by dialysis against 10

mM sodium phosphate, 150 mM. NaCl, pH 7.4, and insoluble material was removed by

centrifugation. Protein concentrations were determined with the MicroBCA protein assay

kit.

E. SDS-PAGE And Staining

Proteins were resolved by SDS-PAGE on a Hofer Mighty Small Gel Unit. The

stacking gel was 4% polyacrylamide in 0.125 M Tris-HCl, pH 6.8 and 0.1% SDS. The

separating gel was 8%, 10%, or 15% polyacrylamide (depending on the size of the proteins

to be resolved) in 0.375 M Tris-HCl, pH 8.8, and 0.1% SDS. The electrophoresis buffer

was 0.025 M Tris, pH 8.3, 0.192 M glycine, and 0.1% SDS. Samples were prepared in

0.0625 M Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, and 50 mM dithiothreitol and heated

at 95°C for 15 min before electrophoresis. Molecular weight standards were BioFad

prestained SDS-Page high range standards or BioFad Kaleidoscope prestained standards
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and 5 pil per lane was used. Samples were applied to the gels and resolved at 30 mA per gel

and cooled with a recirculating water bath at 15°C.

Gels were stained in 0.025% Coomassie Blue R-250, 40% methanol, 7% acetic

acid for a minimum of 2 hrs at room temperature. Gels were initially destained with 50%

methanol, 10% acetic acid, then destained to clarity with 7% acetic acid, 5% methanol.

Alternatively, gels were stained using the Daiichi Silver Stain-II kit according to the

manufacturer's instructions. After staining, gels were dried on a Savant 4050 Slab Gel

Drier under vacuum at 80°C. Nitrocellulose blots were stained with India ink (100 pil of

ink in 100 ml of PBS) at room temperature on an orbital shaker. When the protein became

visible, the blots were destained with PBS.

F. Ligand Blotting With Radiolabeled SP-A

Proteins were resolved by SDS-PAGE and transferred from the gel to nitrocellulose

paper in a Hofer TE Series Transphor Electrophoresis Unit at 250 mA for 2 hrs or at 40 V

for 16 hrs cooled with a recirculating water bath at 15°C. The transfer buffer was 20 mM

Tris, 150 mM glycine, and 20% methanol.

After transfer was complete, the nitrocellulose paper was incubated with 5% nonfat

milk in 5 mM Tris, pH 7.4, 150 mM NaCl (TBS) in a glass petri dish for 1 hr at room

temperature on an orbital shaker at 40 rotations per minute (rpm). The nitrocellulose was

then incubated with TBS containing 0.1 mM CaCl2 and 0.5 to 0.75 pig per ml [125I]-SP-A,

so that 1x100 disintegrations/min per ml was attained. Blots were also performed using
[125I]-CRD in place of the radiolabeled SP-A. The incubation was carried out at 37°C for 1

hr on a shaking platform at 40 rpm. This procedure was later modified by including 3%
nonfat milk in the TBS, increasing the CaCl2 to the more physiologically appropriate

concentration of 1.5 mM, and increasing the incubation time to 1.5 hrs. These

modifications resulted in a significant reduction of background on autoradiographs.
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To test for the effects of chelation of calcium on binding, the nitrocellulose was

rinsed with TBS containing 0.2 mM EGTA or 10 mM EDTA. The blot was then incubated

with [125I]-SP-A in TBS containing 0.2 mM EGTA or 10 mM EDTA as described above.

After incubation with radiolabeled SP-A, the blot was washed 3 times with TBS

containing 0.1 mM CaCl2 for three minutes per wash. The wash buffer was later modified

to include 3% nonfat milk and 1.5 mM CaCl2. The blot was then washed twice with TBS

containing 0.1 or 1.5 mM CaCl2 and 0.1% Tween 20 for 5 min per wash. Initially, blots

incubated with [125I]-SP-A in 10 mM EDTA were washed with these buffers. When the

calcium in the wash buffers was replaced with 10 mM EDTA, a significant reduction of

background binding was observed. All washes were carried out at 37°C on a shaking

platform at 40 rpm. The nitrocellulose paper was air dried and exposed to Kodak X

OMATAR X-ray film at -70°C in a cassette with intensifying screens for a minimum of 16

hrs. -

G. Li lotting With Biotinylated Proteins

Proteins were resolved by SDS-PAGE and transferred to nitrocellulose paper as

described above. Nonspecific sites on the nitrocellulose paper were blocked by incubating

in 5% nonfat milk in TBS for 1 hr at room temperature. All other incubations and washes

were carried out at 37°C on a shaking platform at 40 rpm. The nitrocellulose paper was

then incubated in TBS containing 3% nonfat milk, 1.5 mM CaCl2, and biotinylated protein

at a concentration of 0.5 pig per ml. To test the effect of calcium chelation on binding, the

nitrocellulose paper was incubated in TBS containing 10 mM EDTA and the biotinylated

protein for 2 hrs. The nitrocellulose paper was washed three times with TBS containing
3% milk and 1.5 mM CaCl2 for 3 min per wash. The nitrocellulose paper was then

incubated with streptavidin conjugated to horseradish peroxidase diluted 1:1,000 with TBS

containing 3% nonfat milk and 1.5 mM CaCl2 for 2 hrs. All experiments included a blot

that was incubated only with the streptavidin-HRP to control for nonspecific binding. The
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nitrocellulose paper was washed three times with TBS containing 3% milk and 1.5 mM

CaCl2 for 3 min per wash and twice with TBS containing 1.5 mM CaCl2 and 0.1% Tween

20 for 5 min per wash. Binding was detected using Amersham ECL Western blotting

detection reagents according to the manufacturer's instructions and the blots were exposed

to film at room temperature in a cassette containing intensifying screens for a minimum of 6

hrs.

H. Dot Blots

Proteins or peptides were diluted to their final concentration in 100 pil of TBS,

loaded into the wells of a Schleicher & Schuell Minifold I microsample filtration manifold,

and applied to nitrocellulose paper by vacuum. The wells were washed with 200 pul/well

TBS, which was also drawn through the nitrocellulose paper by vacuum. The

nitrocellulose was then probed with [125I]-SP-A or biotinylated proteins in the presence or

absence of calcium following the procedure used for the ligand blots. For the dot blots on

the denatured coiled-coil proteins, the samples were prepared for SDS-PAGE, as described

above, and after cooling to room temperature, they were applied directly to the

nitrocellulose.

I. Western Blots

Proteins were resolved on SDS-PAGE and transferred to nitrocellulose as

previously described. All incubations and washes were carried out at room temperature on

an orbital shaker at 40 rpm. The nitrocellulose was incubated in 5% nonfat milk in TBS for

30 min, rinsed with TBS, and incubated with anti-human cellular myosin polyclonal IgG,

polyclonal or monoclonal anti-human SP-A IgG, or monoclonal anti-rabbit skeletal muscle

myosin IgG, as appropriate, diluted 1:1,000 with 3% nonfat milk in TBS for two hrs at

room temperature. The blots were washed three times with 3% nonfat milk in TBS for 3

min per wash. The nitrocellulose was then incubated with goat anti-rabbit IgG conjugated
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to horseradish peroxidase (when polyclonal primary antibodies were used) or rabbit anti

mouse IgG conjugated with horseradish peroxidase (when monoclonal primary antibodies

were used), diluted 1:1,000 with 3% nonfat milk in TBS for 2 hrs. The blot was washed

three times with TBS containing 3% nonfat milk for 3 min per wash and rinsed with TBS.

Blots were developed in a solution prepared by dissolving 60 mg of BioFad HRP color

development reagent (4-chloro-1-naphthol) in 20 ml cold methanol and adding this mixture

to 100 ml of TBS containing 60 pil of 30% hydrogen peroxide. Development was carried

out at room temperature and stopped by rinsing with distilled water. Some western blots

were developed using the Amersham ECL Western Blotting Detection Reagents.

Of SP-A To Sepharose CL-4B

A total of 1.5 mg of SP-A was coupled to 2 g of CNBr-activated Sepharose CL-4B

according to the manufacturer's directions, except that the coupling buffer was 10 mM

sodium bicarbonate, pH 8.3. The SP-A-coupled Sepharose was stored in 5 ml of 5 mM

Tris, pH 7.5, containing 1 mM NaN3.

K. Purification Of SP-A Binding Proteins

a. Method A

Fifteen rat lungs (approximately 20 g) were frozen in liquid nitrogen and ground to

a fine powder with a mortar and pestle. The powder was reconstituted in 150 ml of

homogenization buffer (150 mM NaCl, 10 mM Tris, pH 7.4,0.5% Triton X-114, 0.2 mM

PMSF, 0.001 mM pepstatin A, 0.02 mM EGTA, and 60 U/mlbacitracin), homogenized 5

times in a Dounce homogenizer, and centrifuged at 15,000x g for 10 min. The

supernatant, which will be referred to as lung homogenate, was filtered through 8 layers of

gauze and loaded on a DEAE anion exchange column prepared by equilibrating 35 g of DE
52 preswollen cellulose with homogenization buffer containing 0.1 mM CaCl2. The
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column was washed with homogenization buffer containing 0.1 mM CaCl2 and eluted with

3M NaCl, 10 mM Tris, pH 7.4. The column eluate was dialyzed exhaustively against

homogenization buffer. After addition of 0.1 mM CaCl2, the dialysate was loaded on an

SP-A-Sepharose column. The affinity column was washed with homogenization buffer

containing 0.1 mM CaCl2 and eluted in a stepwise fashion with 10 mM EDTA containing

0.5, 1, 2, and 3M NaCl. The eluted fractions were tested for SP-A binding activity in the

ligand blot assay, and positive fractions were dialyzed against water and dried under

vacuum. The dried samples were prepared for SDS-PAGE and individually resolved on

8% polyacrylamide preparative gels. On each gel, the acrylamide was excised at the levels

corresponding to the positive bands on the ligand blot using the molecular weight markers

for reference. The excised acrylamide was minced, collected in a microfuge tube, and

resuspended in 0.5 ml of water. The protein was allowed to diffuse from the acrylamide

overnight at 37°C. The tubes were spun in a microfuge at 12,000 x g for 30 s, and the

supernatant was collected and transferred to a fresh microfuge tube. The samples were

dried under vacuum and stored at -20°C.

b. Method B

After the proteins that bound [125I]-SP-A were identified as cellular myosin heavy

chain, an alternative partial purification, based in part on published methods [254, 255],

was used. Frozen rat lungs were ground to a powder as before and taken up in 10 mM

Tris, 10 mM NaH2PO4, pH 7.5,0.34 M sucrose, 2 mM EDTA, 1 mM EGTA, 2 mM

dithiotreitol, 5 mM ATP containing a cocktail of protease inhibitors (No-benzoyl-L-arg

methyl ester, TLCK, leupeptin, pepstatin, bacitracin, EGTA, PMSF, and NaN3) at 10 mg

per liter (buffer A). After homogenization with a Dounce homogenizer, the suspension

was incubated on ice for 20 min, centrifuged at 28,000 x g for 50 min, and the Supernatant

was filtered through 8 layers of gauze. The filtrate was adjusted to 0.6M NaCl and 7 mM
MgCl2 and brought to 35% saturation with ammonium sulfate and stirred on ice for 15
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min. The mixture was centrifuged at 15,000x g for 10 min. The supernatant was brought

to 65% saturation with ammonium sulfate, stirred on ice 15 min, and spun at 15,000 x g

for 10 min. The pellet was resuspended in 50 mM Tris, pH 7.5, 1 M NaCl, 2 mM EDTA,

0.5 mM EGTA, 5 mM dithiothreitol, and protease inhibitors and dialyzed against 10 mM

NaH2PO4, 10 mM imidiazole, 50 mM NaCl, 1 mM EDTA, 0.2 mM EGTA, 1 mM

dithiothreitol, and protease inhibitors. The dialysate was brought to 5 mM MgCl2, and

centrifuged at 42,000x g for 30 min. The pellet was solubilized in buffer A supplemented

with 12 mM MgCl2 and 10 mM ATP, and centrifuged at 100,000 x g for 3 hrs. The

supernatant was loaded on a Sepharose CL-4B gel filtration column and eluted with 25

mM Tris, pH 7.5,0.9 M. NaCl, 2 mM EDTA, 0.25 mM EGTA, 1 mM dithiothreitol, and

protease inhibitors. Fractions were collected and absorbance read at 280 nM. Fractions

containing protein were assayed for the presence of cellular myosin by western blotting and

the immunoreactive fractions were pooled. The pooled fractions were dialyzed against

buffer A and applied to a DEAE anion exchange column preequilibrated with buffer A. The

cellular myosin was retained on the column under these conditions, and was eluted with 10

mM Tris, pH 7.5, containing 3 MNaCl. The column eluate was dialyzed against buffer A

and stored at -20°C until used.

L. Amino Acid Sequence Analysis

The lyophilized material purified from the acrylamide gel was reconstituted in water

and precipitated with 10% TCA. The resulting pellet was solubilized in 0.1 M ammonium

bicarbonate, pH 8.0, and digested with lysyl endopeptidase (50:1, enzyme to protein, w:w)

for 16 h at 37°C. Peptides were separated on a Hewlett Packard 1090 HPLC on a Vydac
C18 reverse phase column (4.6 mm by 15 cm) and eluted with a gradient of 5 to 60%

acetonitrile containing 0.1% trifluoracetic acid. Four of the peptides were sequenced on a
473 Applied Biosystems Gas Phase Microsequencer.
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M. Competition Assays

The ability of SP-A to inhibit the binding of the anti-human cellular myosin

polyclonal IgG was tested. Approximately 1.5 mg of lung homogenate was prepared for

SDS-PAGE and resolved on 8% polyacrylamide preparative gels. The protein was

transferred to nitrocellulose paper, as described above, and the blot was incubated in TBS

containing 5% nonfat milk for 30 min at room temperature on an orbital shaker at 40 rpm.

All other incubations and washes were carried out at 37°C. The nitrocellulose paper was

cut into strips, and the strips were incubated with 0, 5, 10, 25, or 50 pg/ml SP-A in TBS

containing 3% nonfat milk and 0.1 mM CaCl2 for 1 hr. Anti-human cellular myosin

polyclonal IgG was then added to a final dilution of 1:1,000 in the continued presence of

the SP-A. The strips were incubated at 37°C overnight and then washed three times with

TBS containing 3% nonfat milk and 0.1 mM CaCl2 for 3 min per wash. The strips were

next incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase diluted

1:1,000 with TBS containing 3% nonfat milk and 0.1 CaCl2 for 2 hrs. The strips were

washed three times with TBS containing 3% nonfat milk and 0.1 mM CaCl2 and developed

as described for the ligand blot.

The ability of soluble myosin to compete for SP-A binding in the ligand blot was

examined. Approximately 300 pig of rabbit skeletal muscle myosin or rat cellular myosin

was resolved on 8% preparative polyacrylamide gels and transferred to nitrocellulose as

previously described. The nitrocellulose was cut into strips and incubated with [125I]-SP-A

in the presence of 0, 0.1, 1, 10, 100, or 500 pg/ml rabbit skeletal muscle myosin under

ligand blotting conditions. The strips were washed and exposed to film as described in the

ligand blot procedure.

N. Staining Of Glycoproteins

Glycoproteins were identified with a Boehringer Mannheim DIG Glycan/Protein

Double labeling kit which simultaneously stains glycosylated and non-glycosylated proteins
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by immunoassay. The proteins to be stained were resolved on SDS polyacrylamide gels

and transferred to nitrocellulose paper as previously described and assayed according to the

kit instructions. Because the rabbit skeletal muscle myosin is supplied in a buffer

containing glycerol which can potentially interfere with the procedure, an aliquot dialyzed

against TBS was also tested. The procedure involves the oxidation of glycoproteins on the

nitrocellulose paper with periodate followed by labeling of the oxidized sugars with a

hydrazide derivative of digoxigenin. The NH2 groups in the protein are then labeled with

fluorescein. The nitrocellulose paper is simultaneously incubated with an anti-DIG

antibody conjugated to horseradish peroxidase and an anti-fluorescein antibody conjugated

to alkaline phosphatase. The blot is then incubated in a staining solution containing

hydrogen peroxide and two color substrates, one specific for horseradish peroxidase and

one specific for alkaline phosphatase. Glycoproteins are stained blue and nonglycosylated

proteins are stained a reddish-brown. Depending on the sugar content, as little as 50 ng of

glycoprotein can be detected by this method.

O. Deglycosylation Of Proteins

SP-A was deglycosylated using a published method that does not involve

denaturation of the protein [256). Briefly, 400 pig of SP-A was diluted to 1 pg/ul with 20

mM sodium phosphate, pH 7.4, 10 mM EDTA, 6 mM 1-O-n-octyl-3-D-glucopyranoside

and digested with 16 UN-glycosidase F at 37°C for 16 hrs. The product was dialyzed

against water for 24 hrs then against 0.1 M NaHCO3 for 24 hrs in preparation for labeling

with biotin. As a control, a second sample of SP-A was treated identically, except that the

N-glycosidase F was omitted. Deglycosylation was complete as determined with the

Boehringer-Mannheim glycan/protein double staining kit.

Fibrinogen was deglycosylated by reconstituting 200 pig of protein in 200 pil of 20

mM sodium phosphate, pH 7.8, 0.1% SDS, 10 mM EDTA. The sample was heated to

95°C for 3 min, then adjusted to 1% Triton X-100. Five units of N-glycosidase F was
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added and the sample was incubated at 37°C for 16 hrs. As a positive control for

deglycosylation, asialofetuin was digested under identical conditions. Deglycosylation was

determined by increased motility on polyacrylamide gels.

Myosin was treated with N-glycosidase F by diluting 100 pig of protein in 0.5 ml of

100 mM sodium phosphate, pH 7.8, 10 mM EDTA, 1% BSA, and 0.1% 2

mercaptoethanol. Next, 20 U of N-glycosidase F was added to each tube and the sample

was digested overnight at 37°C. SP-A was digested under similar conditions as a control

glycoprotein, and deglycosylation was assessed by increased motility on polyacrylamide

gels.

P. ELISAS

An enzyme-linked immunosorbent assay was used to quantitate the binding of SP

A to myosin coated on microtiter plates. The wells were coated with skeletal muscle

myosin at 3 pg/ml in 100 pil of coating buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM

CaCl2) for 4 hrs at 37°C or 18 hrs at 4°C. Purified SP-A in concentrations ranging from

0.1 to 1000 nM was added to the wells in TBS containing 5% BSA, 0.05% Tween 20 and

5 mM CaCl2. Molar concentrations of SP-A were calculated assuming a molecular weight

of 36 kDa. After incubating for 18 hrs at 4°C, the wells were washed with TBS containing

0.05% Tween 20 and 5 mM CaCl2 (TBS-Tween) The wells were then incubated 1 hr at

room temperature with 100 pil of an SP-A monoclonal antibody diluted 1:1,000 in TBS

Tween. The wells were washed with TBS-Tween and incubated 1 hr at room temperature

with 100 pul/well of goat anti-mouse IgG conjugated to horseradish peroxidase diluted

1:1,000 with TBS-Tween. The plates were washed with TBS-Tween and developed using

3,3',4,4'-tetramethylbenzidine as substrate. Absorbance was measured at 650 nM.

SP-A concentrations were measured in a competitive ELISA. Immulon-2 microtiter

plates were coated with 100 pil/well of SP-A diluted to 10 pg/ml with 0.1 M NaHCO3, pH

9.6, overnight at 4°C. The plates were washed 4 times with PBS, 0.5% Tween 20. SP-A
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standards were prepared in PBS, 0.5% Tween, and 1% ovalbumin at 1, 2, 5, 10, 20, and

100 ng/ml. Serial dilutions of the sample to be tested were also prepared in PBS, 0.5%

Tween, 1% ovalbumin. 50 pul/well of the standards and samples were applied to the SP-A

coated plate, and 50 pul/well of rabbit anti-human SP-A polyclonal IgG, diluted 1:25,000

with PBS, 0.5% Tween 20, and 1% ovalbumin was then added to each well. The plates

were incubated at 37°C for 90 min. The plates were washed 4 times with PBS, 0.5%

Tween 20, then incubated at 37°C for 90 min with 100 pul/well of goat anti-rabbit IgG

conjugated to horseradish peroxidase diluted 1:3,000 with PBS, 0.5% Tween 20, and 1%

ovalbumin. The plates were rinsed with PBS, 0.5% Tween 20 and developed using 150

pul/well of a solution prepared by dissolving 16 mg o-phenylenediamine dihydrochloride in

30 ml of 0.1 M citric acid, pH 5, containing 16 pil of 30% hydrogen peroxide. The

reaction was stopped by adding 50 pil/well 4N H2SO4 and absorbance at 492 nm was read.

A library of anti-M protein monoclonal antibodies was screened for binding to

pepM24. Immulon-4 microtiter plates were coated with 100 pil/well pepM24 diluted to 50

pig■ ml with 0.1 M sodium carbonate, pH 9 at 4°C overnight. The plates were washed once

with 1% BSA in 0.1 M sodium carbonate, pH 9, then incubated overnight at 4°C with 200

pil/well 1% BSA in 0.1 M sodium carbonate, pH 9 to block nonspecific binding sites. The

wells were incubated with 100 pul/well of the undiluted monoclonal hybridoma fluids for

2.5 hrs at 37°C. Non-immune mouse serum diluted 1:1,000 in PBS was used as a

negative control. The plates were washed three times with PBS containing 0.2% BSA and

0.05% Tween 20. The plates were incubated with 100 pil/well goat anti-mouse polyvalent

Ig conjugated to horseradish peroxidase diluted 1:1,000 or 1:2,500 with PBS containing

0.2% BSA and 0.05% Tween 20 for 2 hrs at 37°C. The plates were washed five times

with PBS, 0.2% BSA, 0.05% Tween 20 and developed as described for the competitive

ELISA

Q. Screening Of Peptide Libraries

46



Overlapping 18 mer peptides of cardiac light meromyosin and streptococcal M5

protein were diluted to 250 pg/ml with 0.1 M sodium carbonate, pH 9, and 100 pil aliquots

were applied to Immulon-4 Removawell microtiter well strips. After incubation overnight

at 4°C, the strips were washed once with 1% BSA in 0.1 M sodium carbonate, pH 9, then

incubated overnight at 4°C with 200 pil/well 1% BSA in sodium carbonate, pH 9, to block

nonspecific binding sites. The strips were washed with TBS containing 3% nonfat milk

then incubated with 200 pil/well of this solution at 4°C overnight to further block

nonspecific binding. The strips were incubated with 100 pul/well [125I]-SP-A diluted to 1

pig per ml with TBS containing 3% nonfat milk and 1.5 mM CaCl2 for 2 hrs at 37°C. The

wells were washed 3 times with TBS containing 3% nonfat milk and 1.5 mM CaCl2 and

twice with TBS containing 1.5 mM CaCl2 and 0.1% Tween 20. The strips were broken

into individual wells and counted in a gamma counter.

ibrino

Immulon-4 microtiter Removawells were coated with 100 pil of 10 pg/ml

SP-A in PBS at 4°C overnight. The wells were rinsed once with PBS and blocked with

200 pul/ml of 5% milk in TBS at 4°C overnight. Dilutions of [125I]-fibrinogen (0, 0.1, 0.5,

1, 5, and 10 pg/ml) were prepared in TBS, 1.5 mM CaCl2 or TBS, 10 mM EDTA, and

100 pil of each sample was added to the wells. The wells were incubated for 1 hr at 37°C,

washed 3 times with TBS, 1.5 mM CaCl2, twice with TBS, 1.5 mM CaCl2, 0.1% Tween

20, and counted in a gamma counter.

S.
-

llular Myosin in Alveol vage Flui

Male Sprague-Dawley rats were lavaged 8 times to total lung capacity with 2.5 mM
Na2HPO4, 10 mM HEPES, 140 mM NaCl, 5 mM KCI, and 0.2 mM EGTA. The lavage

was spun at 400 x g for 10 min to pellet the macrophages. Two volumes of 80% acetone at

-70°C were added to one volume of the supernatant, and the mixture was vortexed for 30s
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and frozen in a bath of ethanol and dry ice. The preparation was then centrifuged at 3,000

x g for 15 min at 4°C. The supernatant was decanted and the pellet resuspended in water.

Approximately 30 pig of precipitable protein was prepared for SDS-PAGE, transferred to

nitrocellulose paper, and examined for the presence of cellular myosin by western blot.

T. Preparation Of Platelet Lysates

Expired human platelets were obtained from a local blood bank. The platelets were

lysed in 1% SDS, prepared for SDS-PAGE and heated at 95°C for 15 min. Insoluble

material was removed prior to use by centrifugation at 12,000 x g for 30s in a microfuge.

U. Co-Immunoprecipitations

10 pig SP-A, 10 pig skeletal muscle myosin, or 10 pig SP-A + 10 pig myosin were

added to 1 ml of TBS, pH 7.4, 1% Triton X-100, 0.1 mM CaCl2. The tubes were rotated

at 37°C for 2 hrs then centrifuged at 12,000x g for 2 min in a microfuge. The supernatant

was transferred to fresh tubes and anti-SP-A polyclonal IgG or anti-myosin monoclonal

IgG was added to a dilution of 1:2,500. The tubes were rotated for 2 hrs at 37°C, then 100

pil of protein A coupled to Sepharose beads (10 mg/ml) were added. Uncoupled Sepharose

beads were used as a control. The beads had been pretreated with 1% BSA overnight at

4°C. The tubes were centrifuged at 200 x g for 2 min in a microfuge, and the pellets were

washed 8 times with TBS, pH 7.4, 1% Triton X-100, 0.1 mM CaCl2. The pellets were

prepared for SDS-PAGE, resolved on 10% polyacrylamide gels and transferred to

nitrocellulose. Proteins on the nitrocellulose were detected by western blot. In some

experiments, biotinylated myosin and [125I]-SP-A, or biotinylated SP-A and unlabeled

myosin were used. Streptavidin immobilized on agarose and pretreated with lung

homogenate or 5% milk, TBS was substituted for the protein A beads.

V. Glycerol Gradients
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Linear glycerol gradients were poured in Beckman 14 x 89 mm Ultra-Clear

centrifuge tubes by infusing 6.5 ml of 15% glycerol, 5 mM Tris, pH 7.4, 1.5 mM CaCl2

into 6.5 ml of 75% glycerol, 5 mM Tris, pH 7.4, 1.5 mM CaCl2 using a Hoefer Scientific

Instruments SG 201 gradient mixer. In some cases, SP-A was added to the 15% glycerol

stock at 50 pg/ml. The gradients were warmed to 37°C and 0.5 ml of 50 pg/ml chicken

smooth muscle tropomyosin or 0.5 ml of 50 pg/ml chicken smooth muscle tropomyosin

mixed with 50 pg/ml SP-A was layered on top of the tube. As an internal control, 10 pig of

non-immune rabbit IgG was included in the samples. The tubes were centrifuged in a

Beckman SW-41 rotor at 39,000 rpm for 18 hrs at room temperature. The gradients were

collected in 0.5 ml fractions and 50 pil aliquots of each fraction were loaded in the dot blot

manifold and applied to nitrocellulose paper under vacuum. The wells were washed with

200 pil of TBS, and the blots were incubated with 5% milk, TBS for 1 hr at room

temperature. The blots were incubated with monoclonal anti-smooth muscle tropomyosin

diluted 1:2000 with 3% milk TBS overnight at room temperature. Control blots were

incubated in 3% milk TBS alone. The blots were washed 3 times for 3 min with 3% milk

TBS and incubated with rabbit anti-mouse IgG conjugated to horseradish peroxidase

diluted 1:2000 with 3% milk, TBS for 2 hrs at room temperature. The control blots were

incubated under similar conditions using goat anti-rabbit IgG conjugated to horseradish

peroxidase. The blots were washed 3 times for 3 min with 3% milk, TBS and twice for 5

min with TBS, 0.1% Tween 20. The blots were developed using the BioPad color

developer as described in the western blot protocol.

W. Isolation Of Alveolar Macrophages

Alveolar macrophages were isolated as previously described [216). Briefly, male

Sprague-Dawley rats were administered a lethal dose of sodium pentobarbital, the trachea

was cannulated, and the lungs were removed from the chest cavity. The lungs were

lavaged to total lung capacity 8 times with 2.5 mM Na2HPO4, 10 mM HEPES, 140 mM
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NaCl, 5 mM KCl, 0.2 mM EGTA, then twice with 2.5 mM Na2PO4, 10 mM HEPES, 140

mM NaCl, 5 mM KCl, 20 mM CaCl2, 1.3 mM MgSO4. The lavage fluid was spun down

at 200 x g for 10 min. The supernatant was decanted and the cell pellet resuspended in

Hank's Balanced Salts Solution with 1.3 mM calcium containing 0.1% BSA (HBSS +

0.1% BSA). Cell viability was determined by the exclusion of the vital dye, eyrthrosin b

and purity was determined by the modified Papanicolou stain. Cells averaged 93% purity

and 99% viability.

X. Biotinylation Of Macrophage Cell Surface

Alveolar macrophages were diluted to a concentration of 1 x 107 cells/ml in 10 mM

phosphate buffered saline. Sulfo-NHS-biotin was prepared in dimethyl sulfoxide at 10

mg/ml, and 10 pil was added to the cells. The cells were incubated on ice for 20 min with

intermittent mixing. The cells were centrifuged at 200 x g for 10 min and the supernatant

was discarded. The cell pellet was resuspended in 1 ml of TBS and centrifuged at 200 x g

for 10 min. This wash step was then repeated. The final cell pellet was lysed with 200 pil

of 1% SDS and 1 mM PMSF and heated at 95°C for 15 min. 20 pil of the lysate was saved

at -20°C. The remaining 180 pil was incubated with 150 pil of streptavidin coupled to

agarose beads. The beads had been incubated overnight at 4°C with lung homogenate,

then washed and resuspended with 5 mM Tris, pH 7.4, 1% Triton X-100, 1.5 mM CaCl2,

and 1 mM PMSF. The tube was rotated at 4°C for 2 hrs and centrifuged at 200 x g for 10

min. A 100 pil aliquot of the supernatant was saved and the beads were washed 10 times

with 5 mM Tris, pH 7.4, 1% Triton X-100, 1.5 mM CaCl2, and 1 mM PMSF. The

beads, the supernatant, and the lysate were prepared for SDS-PAGE and identical samples

were resolved on two different 10% polyacrylamide gels. The gels were blotted onto

nitrocellulose, and the blots were blocked with 5% milk in TBS for 1 hr at room

temperature. One blot was incubated with streptavidin conjugated to horseradish

peroxidase diluted 1:2000 with 3% milk, TBS, and 0.1 mM CaCl2 for 2 hrs at room
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temperature. The blot was washed 3 times for 3 min with 3% milk, TBS, and 0.1 mM

CaCl2, then twice for 5 min with TBS, 0.1 mM CaCl2, and 0.1% Tween 20. The blot

was developed with ECL reagents. The second blot was probed with [125I]-SP-A in a

ligand blot.

Y. Binding and Metabolism of Myosin

Alveolar macrophages were diluted to a concentration of 2.5 x 106 cells/ml with

HBSS + 0.1% BSA in microfuge tubes that had been preincubated with HBSS + 0.1%

BSA for 10 min at room temperature. To each tube, 10 pig of [125I]-skeletal muscle

myosin, 10 pig of [125I]-skeletal muscle myosin heavy chain subfragment 1, or 10pg of

[125I]-myosin light chain was added. Half the tubes received 10 pig SP-A, and the tubes

were incubated at 37°C in a shaking heat block for 1 hr. The tubes were spun at 150 x g

for 10 min. The pellet was resuspended in a drop of HBSS + 0.1% BSA and transferred

to a fresh tube. The original tube was rinsed with 1 ml HBSS + 0.1% BSA and the wash

was transferred to the fresh tube. The cells were pelleted by centrifugation at 150 x g for

10 min and the supernatant was discarded. The pellet was resuspended in 1 ml of HBSS +

0.1% BSA, centrifuged at 150 x g, and the supernatant was again discarded. Radioactivity

associated with the cell pellet was measured in a gamma counter.

To determine if myosin was degraded by alveolar macrophages in the presence of

SP-A, the production of TCA soluble radioactivity was assayed. Aliquots of 200 pil of the

initial supernatant (representing the media in which the cells were incubated) and the final

cell pellet (after resuspension in 1 ml of HBSS + 0.1% BSA) were mixed with 200 pil of

5% BSA and 200 pil of 50% TCA. The samples were incubated on ice for 30 min and

centrifuged at 12,000 x g for 10 min at 4°C. The supernatant and pellet were separated and

counted in a gamma counter. The percentage of TCA soluble radioactivity was determined

as the ratio of radioactivity in the supernatant divided by the sum of the radioactivity in the
supernatant and the pellet.
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Z. Binding And Metabolism Of Fibrinogen

Alveolar macrophages were resuspended in HBSS + 0.1% BSA at 2 x 106 cells per

ml and 1 ml aliquots were transferred to microfuge tubes which had been coated with

HBSS + 1% BSA for 1 hr at room temperature. No cell control tubes received 1 ml of

HBSS + 0.1% BSA. The tubes then received 1.25 pig [125I]-SP-A, 1.25 pig [125I]-

fibrinogen, 1.25 pig [125I]-fibrinogen + 5 pig SP-A, or 1.25 pig [125I]-fibrinogen + 10 pg

SP-A and were incubated at 37°C in a shaking heat block or at 4°C on a rotator for 2 hrs.

For some experiments, a minimal medium consisting of 5 mM KH2PO4, 5 mM KCl, 1

mM MgCl2, 10 mM NaCl, 5 mM NaHCO3, 15 mM NaH2PO4, 15 mM glucose, 25 mM

HEPES, pH 7.4, and amino acid and vitamin supplements, and 0.1% BSA was substituted

for HBSS + 0.1% BSA and incubated at 37°C for 8 hrs. To test the effects of fibrinogen

on the degradation of SP-A, tube received 1.25 pig [125I]-SP-A, 1.25 pig [125I]-SP-A +5

pig fibrinogen, or 1.25 pig [125I]-SP-A + 10pg fibrinogen and the tubes were incubated for

2 hrs at 37°C. The tubes were centrifuged at 200 x g for 10 min at room temperature.

Aliquots of 100 pil of the supernatant were collected for determination of TCA soluble

counts. In some cases, 5 pil aliquots of the media were analyzed on 15% polyacrylamide

gels by autoradiography. The remainder of the supernatant was discarded. The cell pellet

was resuspended in a drop of HBSS + 0.1% BSA and transferred to a fresh BSA coated

tube. The original tube was washed with 1 ml of HBSS + 0.1% BSA and the wash was

transferred to the fresh tube. The cells were pelleted by centrifugation at 200 x g for 10

min and the supernatant was discarded. The cells were resuspended in 1 ml of HBSS +

0.1% BSA and pelleted again. The supernatant was discarded and the cell pellet was

resuspended in 1 ml HBSS + 0.1% BSA. Cell counts and viabilities were performed and

the tubes were centrifuged at 200 x g for 10 min. The supernatant was discarded and the

tubes were centrifuged at 12,000 x g in a microfuge for 30 s. The supernatant was

discarded and the cell pellet counted in a gamma counter. The 100 pil aliquots of media
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collected at the end of incubation were brought to 400 pil with HBSS + 0.1% BSA, and

then received 400 pil of 5% BSA and 200 pil of 50% TCA. The tubes were incubated on

ice for 30 min and spun at 12,000 x g in a microfuge at room temperature. The

radioactivity in the supernatant and pellet were counted separately in a gamma counter and

the percentage of TCA soluble radioactivity calculated as the ratio of the counts in the

supernatant divided by the sum of the counts in the supernatant and pellet.

AA. Binding Of SP-A To Group A Streptococci

Group A streptococci of serotype 3, 5, and 6, and a mutant form of serotype 3

which no longer expresses the M protein were obtained from ATCC. These serotypes

preferentially infect the pharynx and are rheumatogenic. The lyophilized bacteria were

reconstituted with 0.5 ml of Todd-Hewitt broth and streaked on Trypticase Soy Agar II

plates containing 5% sheep blood. The streak plates were incubated at 37°C overnight.

Overnight cultures of the bacteria grown in Todd-Hewitt broth to an absorbance of 0.6 at

600 nm were mixed with an equal volume of 50% glycerol in Todd-Hewitt broth, frozen in

a bath of ethanol and dry ice, and stored at -70 C.

Colonies surrounded by a zone of clearing in the blood agar, indicating beta

hemolysis, were transferred with a sterile loop to 2 ml of TBS containing 2 mM CaCl2 or

0.2 mM EGTA until an absorbence of 1 at 600 nm was attained. An aliquot of 1 ml of

these cell suspensions was removed and 10 pil of 10% BSA in TBS was added. Aliquots

of 100 pil were transferred to microfuge tubes which had been incubated with 1% BSA in

TBS overnight at 4°C. The tubes next received 0, 100, 300, 500, or 1,000 ng of [125I]-

SP-A. The tubes were slowly rotated at room temperature for 40 min and then spun at

7,000x g for 15 min. The supernatant was discarded and the cell pellet was resuspended
in 100 pil of TBS containing 2 mM CaCl2 or 0.2 mM EGTA, transferred to a fresh BSA

coated tube, and respun. The Supernatant was discarded and radioactivity associated with

the bacterial cell pellet was determined in a gamma counter.

53



RESULTS

A. Purification Of SP-A Binding Activity

1. Choice Of Screening Assay

Proteins that bind SP-A were detected in microsomal preparations of isolated

alveolar type II cells and alveolar macrophages using a ligand blot technique (fig. 3). This

technique, which has been used successfully to identify receptors for lipoproteins [257

259], involves resolving material containing the receptor of interest on polyacrylamide gels,

transferring the resolved proteins to a nitrocellulose support, and incubating the

nitrocellulose with a radiolabeled ligand. Binding is detected as specific bands on

autoradiographs. This assay can then be used to screen fractions during the purification of

the receptor.

2. Choice Of Starting Material

Since the binding activity detected with this assay displayed the characteristics

expected for an SP-A receptor, efforts were undertaken to isolate the proteins mediating

this activity, especially focusing on the lower molecular weight protein because of its more

restricted distribution of expression (fig. 4). In order to purify the putative SP-A

receptor(s), an adequate amount of starting material was required. To date, alveolar type II

cells have not been successfully grown in culture. Acute isolation of large numbers of

these cells is costly and impractical, and thus, using type II cell microsomal preparations as

a starting material was not feasible. Therefore, homogenates of commercially available

frozen rat lungs were assayed for the presence of SP-A binding activity. Ligand blot

analysis of the lung homogenate revealed SP-A binding activity at 200 kDa and roughly

54



116 kDa (figs. 5b & 6b). Based on this result, this preparation was chosen as the starting

material for the purification of the SP-A binding activity.

3. Purification Scheme

Initially, the whole lung homogenate was applied to a DEAE anion exchange

column. The SP-A binding activity was retained on the column and could be eluted off the

DEAE with 3M NaCl (fig. 5). After the salt was removed by dialysis, the eluted sample

was further purified by affinity chromatography using SP-A coupled to Sepharose beads as

the matrix. Since the binding of SP-A in the ligand blot assay was calcium dependent, the

sample was brought to 0.1 M CaCl2 prior to loading onto the affinity column. The affinity

column was eluted in a stepwise manner with 0.25,0.5, 1, 2, or 3 M NaCl in 10 mM

EDTA. Ligand blotting of these fractions consistently demonstrated the presence of both

the 200 kDa and lower molecular weight binding activity, although not necessarily in the

same fractions (fig 6). The 1, 2, and 3M NaCl fractions were pooled, dialyzed against

water, dried under vacuum, and resolved on a preparative 10% polyacrylamide gel. Using

the prestained molecular weight markers as guides, the polyacrylamide was cut out at the

levels of 200 kDa and 116 kDa. This polyacrylamide was finely minced and resuspended

in water. The protein was allowed to diffuse from the polyacrylamide, and the

polyacrylamide was removed by centrifugation. Analysis of the supernatant by ligand blot

and silver stain showed single bands at 200 kDa and 116 kDa which retained SP-A binding

activity (fig. 7). This purification scheme was repeated seven times using a total of 105

lungs, and approximately 280 pig of the 200 kDa protein and 400 pig of the lower molecular

weight protein was accumulated.

B. Identification Of The SP-A Binding Proteins As Cellular Myosin

1. Sequence Analysis
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The accumulated proteins were sequenced by colleagues at California

Biotechnology, Inc. (now Scios-Nova, Inc.). The samples were treated with

trichloroacetic acid and peptides were generated by digesting the precipitable material with

lysyl endopeptidase. The peptides were isolated by HPLC and sequenced. Sequences of

peptides generated from both the 200 kDa and the lower molecular weight proteins were

obtained. One HPLC fraction yielded two separate sequences, indicating that it contained

two different peptides. The peptide sequences were compared to a database of known

protein sequences, and each peptide was found to identically match sequences contained

within the heavy chain of human cellular myosin (fig. 8).

2. SP-A Binding Proteins Cross React With Anti-Human Cellular Myosin Heavy Chain

Polyclonal Antibody

Although the molecular weight of the 200 kDa protein is consistent with the size of

myosin heavy chain, it was surprising to find sequence identity with a human protein when

rat lung homogenate was used as the starting material. It also seemed unlikely that myosin

could be an SP-A receptor. Therefore, the possibility that the preparations had been

contaminated at some point during purification or sequencing was raised. To investigate

this possibility, a polyclonal IgG antibody fraction raised against human cellular myosin

heavy chain that does not crossreact with smooth muscle or skeletal muscle myosin forms

was used to screen fractions of the purification scheme by western blots. The antibody

recognized a series of bands in these fractions, including bands with molecular weights

identical to those that exhibited SP-A binding activity (figs. 9 & 10). This result indicates

that the immunoreactive material was present during the purification procedure and that it

co-purifies with the SP-A binding activity. In addition, immunoreactive bands were

detected when different lung homogenate preparations were examined. These observations

lessen the likelihood that the cellular myosin was an inadvertent contaminant of the
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sequencing process and support the concept that the protein mediating the SP-A binding

activity and cellular myosin are in fact one and the same.

3. tes With The Anti-hum llular MVosin Hea hain Polyclon

i wer Molecular Weight Protein

To explore further the possibility that the SP-A binding activity is mediated by

cellular myosin, SP-A was tested for the ability to compete with the anti-cellular myosin

heavy chain antibody for binding to the 200 kDa and lower molecular weight bands in rat

lung homogenate. Co-incubation of the antibody with increasing concentrations of SP-A

reduced the binding of the antibody to both bands (fig. 11). Since the antibody does not

bind to SP-A, this result suggests that SP-A and the antibody bind to the same proteins.

4. SP-A Binds To Myosin In Platelet Lysate

Since cellular myosin is a ubiquitous protein [260], it is not surprising that SP-A

binding activity was detected in microsomal preparations from non-lung tissues. In fact, if

cellular myosin was indeed the mediator of the SP-A binding activity, SP-A would be

expected to bind to lysates of cells known to contain this protein in abundance, even if the

cell type would not normally interact with SP-A in vivo. Lysates of human platelets, which

are a rich source of cellular myosin [260,261], were tested for SP-A binding activity in the

ligand blot. SP-A was observed to bind at a molecular weight of 200 kDa and the anti

cellular myosin antibody also reacted with material at this level in a western blot (fig. 12).

5. SP-A Binds To Skeletal Muscle Myosin

Colleagues in the laboratory of S. Argraves found that skeletal muscle myosin

binds to 0.2-macroglobulin. Using an ELISA established in their laboratory, SP-A was

shown to bind in a calcium dependent fashion to rabbit skeletal muscle myosin immobilized

on microtiter plates (fig. 13). SP-A did not bind appreciably to wells coated with BSA.
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SP-A also bound in a calcium dependent manner to rabbit skeletal muscle myosin when

assayed in dot blots and ligand blots (fig. 14). Again, SP-A failed to bind to BSA in these

assays. The binding observed in the ligand blot was especially interesting because SP-A

bound to material in the same molecular weight range as the lower molecular weight protein

purified from the lung homogenate in addition to material at the expected molecular weight

of myosin heavy chain. These results provide definitive proof that SP-A can bind in a

calcium dependent fashion to a myosin isoform and suggested that the lower molecular

weight protein might be a proteolytically derived fragment of the 200 kDa protein.

6. Myosin Binds To SP-A Only When The SP-A Has Not Been Denatured

In order to further demonstrate the ability of SP-A and skeletal muscle myosin to

interact, reciprocal assays were performed where labeled myosin was used to probe SP-A

immobilized on nitrocellulose. Biotinylated light meromyosin, a fragment of the myosin

rod-like tail generated by limited proteolysis, failed to bind to SP-A in ligand blots (fig.

15a). However, light meromyosin did bind to SP-A in a calcium dependent manner in dot

blots (fig. 15b), indicating that under some circumstances, myosin is able to bind to

immobilized SP-A. The biotinylated light meromyosin was also found to bind to C1q and

type VII collagen and these results are discussed on p. 63. Identical results were seen

when the intact myosin molecule was biotinylated and used in these assays. Thus, the

failure of light meromyosin to bind in the ligand blots was not due to the loss of the SP-A

binding site or other alteration induced in the myosin molecule during the proteolytic

generation of this fragment.

C. Characterization Of The Interaction Between SP-A And Myosin

1. Binding Of SP-A To Myosin Is Not An Artifact Of The Labeling Procedure
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The carbohydrate recognition domain of SP-A can be obtained separate from the

rest of the protein by expressing the corresponding cDNA in E. coli and purifying the

expressed product, called CRD, on a mannose-Sepharose affinity column. In order to

show that SP-A binding in the ligand blot was not due to the presence of iodide or to

alterations of the SP-A higher order structure induced by the radiolabeling procedure, CRD

was radiolabeled under the same conditions as SP-A. This SP-A fragment failed to bind to

myosin in lung homogenate in the ligand blot assay (results not shown). Human IgG

labeled by iodination also failed to bind to myosin, further supporting that the binding was

not mediated simply by the iodide added to the protein during labeling.

SP-A labeled by biotinylation retained the ability to bind in a calcium dependent

fashion to the purified proteins (fig. 16a) and to skeletal muscle myosin in the ligand blot

and dot blot assays (fig. 17). Other biotinylated proteins did not bind in these assays,

indicating that binding was not mediated by the biotin group.

2. Bindi f SP-A To Myosin Is N Known Contamin The SP-A

Preparations

While SP-A accounts for greater than 98% of the protein in the preparations used,

minor contaminants, including IgG and serum proteins, are known to be present. These

contaminants would also be labeled during the iodination or biotinylation processes, and

thus, it was possible that the binding activity observed was due to a protein other than SP

A interacting with myosin. Furthermore, because myosin failed to bind in the ligand blot,

it could not be conclusively demonstrated that myosin was binding to SP-A and not one of

these contaminants in the dot blot assay. To address this possibility, human IgG and

bovine serum albumin were biotinylated and tested for the ability to bind to skeletal muscle

myosin in the dot blot assay. Neither of these proteins bound to myosin (fig 17b). These

proteins, as well as biotinylated IgG Fc fragment, also failed to bind to the purified 200
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kDa and lower molecular weight cellular myosin preparations in the ligand blot (fig. 16b

d).

When the recombinant human SP-A expressed in CHO cells was radiolabeled and

used in the ligand blot to probe lung microsomes, binding to the lower molecular weight

protein was observed (fig. 18). The apparent low affinity of the binding may be due to the

low specific activity of the [125I]-recombinant SP-A used or due to the fact that not all of

the recombinant protein attains the native conformation as revealed by rotary shadowing

[66, 69]. Since this material was isolated from serum-free tissue culture media, it seems

likely that it would not contain the same contaminants as the protein isolated from alveolar

lavage fluid, and that SP-A is the species that binds to myosin.

3. SP-A And Myosin Interact In Solution

The ligand blot and dot blot assays involve the immobilization of myosin to a

nitrocellulose support. Furthermore, an integral step in the purification of rat lung cellular

myosin involved its retention on an affinity matrix in which SP-A was immobilized to a

Sepharose bead. It seemed possible that the interaction between SP-A and myosin was

promoted by the immobilization of one of the proteins, so attempts were made to

demonstrate that these proteins bind in solution. This was done indirectly by a competition

assay in which lung homogenate or skeletal myosin was immobilized on nitrocellulose and

probed with labeled SP-A in the presence of increasing concentrations of soluble skeletal

myosin. The binding of SP-A to the immobilized myosin was reduced in the presence of

the soluble myosin (fig. 19).

Attempts were made to co-immunoprecipitate SP-A and rabbit skeletal muscle

myosin after the two protein were co-incubated in solution. However, conditions could not

be established where SP-A by itself was immunoprecipitated with available anti-SP-A

antibodies. In addition, the available myosin antibodies failed to immunoprecipitate

myosin. Under similar conditions, an anti-fibrinogen antibody clearly immunoprecipitated
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fibrinogen. As an alternative approach, biotinylated SP-A was incubated with unlabeled

myosin. Streptavidin-coupled agarose beads were then used to precipitate the SP-A and

any associated myosin. Although nonspecific binding of myosin to the agarose was not

completely eliminated by the blocking and washing conditions used, more myosin

associated with the beads in the presence of SP-A than in its absence [fig. 20).

The apparent interaction between SP-A and myosin observed in the co-precipitation

assay may not occur in the solution phase. SP-A could first bind to the streptavidin

agarose bead, and once immobilized, then bind myosin. Such a situation would be

analogous to the interaction of cellular myosin with the SP-A-Sepharose affinity matrix

seen during the purification procedure. In an attempt to more directly test for the interaction

of SP-A and myosin in solution, the proteins were centrifuged, individually and together,

on continuous glycerol gradients. When glycerol concentrations up to 75% were used, the

individual proteins migrated to the most dense fractions of the gradient, and it was not

possible to detect altered motility when the two proteins were added together.

4. Myosin Is Not A Glycoprotein

The binding of SP-A to myosin was reduced when calcium was chelated from the

buffer. Since SP-A is a calcium dependent lectin whose endogenous carbohydrate ligand

has not been identified, it was possible that SP-A was binding to carbohydrate moieties on

the myosin heavy chain. Myosin is generally thought to be restricted to the cytoplasm and

has not been reported to be glycosylated on asparagine residues, even though some

isoforms of myosin heavy chain contain the consensus sequence for N-linked

glycosylation. Myosin also would not be expected to undergo O-linked glycosylation,

since the enzymes that carry out these reactions are found in the golgi apparatus. However,

the possibility remained that myosin is glycosylated by a novel mechanism, or that there is

a novel extracellular form of myosin, as has been shown for other proteins previously

believed to be restricted to the cytoplasm. To test for the presence of carbohydrates on
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myosin, a kit which differentially stains glycans and proteins was used. Briefly, the

control proteins and rabbit skeletal muscle myosin were resolved on a polyacrylamide gel

and transferred to nitrocellulose. Carbohydrates were labeled by oxidation and coupling

with digoxigenin. The N-terminus of the protein was labeled with fluorescein. The

nitrocellulose was incubated with a mixture of anti-digoxigenin antibody coupled with

horseradish peroxidase and anti-fluorescein antibody coupled with alkaline phosphatase

and enzyme-specific color reagents. In this assay, glycoproteins are stained blue, while

non-glycosylated proteins are stained brown. Skeletal muscle myosin stained brown,

indicating that this protein lacks carbohydrate substitutions within the limits of detection of

this assay (fig 21a).

Myosin was also treated with N-glycosidase F, which cleaves the N-glycan linkage

between asparagine and the carbohydrate chain. After digestion, no change in migration on

polyacrylamide gels was observed and SP-A binding was retained in the ligand blot (fig.

21b). Together, these results indicate that the interaction of SP-A and myosin is not

mediated through carbohydrate substitutions on the myosin molecule.

f SP-A To Myosin Is Not Mediated BV. The

SP-A has been reported to interact with herpes simplex virus and influenza virus

through its post-translationally added carbohydrate group [256,262). SP-A was

deglycosylated with N-glycosidase F using a previously published method that does not

require denaturation of the protein. SP-A deglycosylated by this method retains at least

some of its in vitro functions [256). Deglycosylation was complete as determined by the

glycan/protein double labeling kit. The deglycosylated SP-A and control SP-A, which was

incubated under similar conditions in the absence of N-glycosidase F, were biotinylated

and tested for the ability to bind to skeletal muscle myosin and other myosin isoforms in

ligand blots. Both the deglycosylated SP-A and control SP-A retained the ability to bind to
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myosin in a calcium dependent fashion in these assays (fig. 22). Thus, binding of SP-A to

myosin does not involve the carbohydrate groups on SP-A.

6. Evidence That SP-A Interacts With The Myosin Heavy Chain Rod-Like Domain Via The

Non-Lectin Portion Of The Molecule

When biotinylated CRD was tested for the ability to bind cellular myosin in the

ligand blot, no binding activity was observed, although intact SP-A clearly bound to both

the 200 kDa and lower molecular weight proteins. (fig. 16). Although the possibility that

CRD is not properly folded complicates the interpretation, this result suggests that the

myosin binding site in SP-A is located in the non-globular tail. Since this fragment has not

been isolated from the intact molecule, an indirect approach was used to attempt to localize

the myosin binding site to this region of the molecule. The complement component C1q

has a collagen-like tail similar to SP-A and also shares overall structural homology. C1q

differs from SP-A in that its globular head group is not a calcium-dependent lectin.

Biotinylated light meromyosin bound to human C1q in the dot blot assay and the binding

was calcium independent (fig. 15b). Light meromyosin also bound to rat type VII collagen

in the dot blot assay in a calcium independent manner. These results suggest that SP-A

binds to myosin via its collagen-like domain. However, myosin failed to interact with

human SP-D, which, like SP-A and C1q, has a collagen-like tail (fig. 15b). When SP-D

was labeled, it did not bind myosin in either the ligand blot or the dot blot (fig. 23). These

results indicate that the mere presence of a collagenous domain is not sufficient to mediate

binding to myosin.

inds To Skel Muscle Myosin Hea hain Fragments Contai

ike Domai
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The intact myosin molecule consists of two heavy chains and two pairs of light

chains [263]. The light chains associate non-covalently with the globular head groups of

the myosin heavy chains. The globular head groups also bind actin and have ATPase

activity. The heavy chains dimerize through the extended rod-like domain. This domain

consists almost entirely of O-helix. The O-helices of the rod-like domains of the two heavy

chains intertwine with a defined periodicity to form an O-helical coiled-coil structural motif.

Myosin contains several protease sensitive sites which yield well defined fragments

on limited digestion (fig 24). These fragments include light meromyosin, which consists

of only the rod-like domain; heavy meromyosin, which consists of the globular ATPase

head and a portion of the rod-like domain; subfragment 1, which consists solely of the

globular head group; and subfragment 2, which consists of the portion of the rod-like

domain not contained in light meromyosin. These fragments were obtained commercially,

and SP-A was found to bind to each in a calcium dependent manner in the ligand blot

assay, even though they do not share an overlapping sequence (fig. 25a). These fragments

were also tested in dot blots and SP-A was again found to bind to all of the fragments

tested (fig. 26). The binding activity in the ligand blot was compared to western blots and

gels stained for protein, and it was found that SP-A binding in the light meromyosin and

subfragment 2 lanes corresponded to the major protein and immunoreactive band (fig. 25).

The SP-A binding activity in the subfragment 1 lane corresponded to a minor band of

higher molecular weight and did not bind at all to the major band which migrated at the

expected molecular weight for subfragment 1 (fig. 27). Although this minor band was not

isolated and sequenced, and therefore the possibility of an SP-A binding site in the globular

head domain cannot be ruled out, it seems likely that it represents an incompletely digested

contaminant that retains part of the rod-like domain.

8. SP-ADoes Not Bind To Light Meromyosin Peptides



In an attempt to further localize the SP-A binding site in the myosin molecule, a

peptide library (a gift from M. Cunningham) of human cardiac light meromyosin was

screened. This peptide library consists of a series of forty-nine 18 mers that extend

through the entire light meromyosin sequence and which overlap by five amino acids at

both the N-terminal and C-terminal ends In the dot blot assay, 38 of these peptides were

screened and no binding was detected when either biotinylated or iodinated SP-A was

used. The peptides were also applied to microtiter wells and probed with iodinated SP-A.

No binding of SP-A above background levels was detected in this assay as well. The lack

of binding could be due to the fact that there were eleven peptides missing from the library.

The missing peptides resulted in seven gaps of 8 amino acids each and one major gap of

34 amino acids, and these gaps were distributed fairly evenly throughout the molecule.

Alternatively, the 18 mers may be too small to stably generate the appropriate tertiary

structure for interacting with SP-A.

9. SP-A Binds To Other Myosin Heavy Chain Isoforms

The amino acid sequence of the peptide library corresponded to that of human

cardiac muscle myosin. Thus, the lack of binding of SP-A to these peptides could have

been due to isoform differences since SP-A had not been shown to bind to intact cardiac

muscle myosin, although binding to a 200 kDa protein in heart microsomes was detected

(fig. 4). The myosin isoforms share only about 30% sequence homology, and given this

lack of sequence similarity, it was surprising that SP-A bound to both cellular and skeletal

muscle myosin. Therefore, the cardiac and smooth muscle isoforms were tested as well.

SP-A was found to bind to both cardiac and smooth muscle myosin in the dot blot and

ligand blot assays (fig. 28).

D. Interaction Of SP-A With The O.-Helical Coiled-Coil Structural Motif
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1. SP-A Binds her Proteins Containing The Coiled-Coil Structural Motif

Light meromyosin is generated by proteolytic removal of the globular head groups

of myosin and consists almost entirely of the O-helical coiled-coil motif. Since SP-A was

shown to bind to light meromyosin, it was hypothesized that SP-A recognizes and binds to

of-helical coiled-coils. This hypothesis predicted that SP-A would bind to proteins other

than myosin that contain the O-helical coiled-coil motif. The coiled-coil is known to

contribute to the structure of a number of eukaryotic proteins and some of these proteins

consist almost entirely of this structural motif. Rabbit skeletal muscle tropomyosin,

chicken smooth muscle tropomyosin, human keratin, human fibrinogen, and keyhole

limpet paramyosin were examined for the ability to bind SP-A in ligand blots and dot blots.

Fibrinogen associates as a pair of heterotrimers and its coiled-coil domain differs from the

other proteins in that it consists of a braid of three alpha-helices. However, these proteins

will be referred to collectively as the coiled-coil proteins.

In the ligand blot assay, SP-A did not convincingly bind to any of the coiled-coil

proteins (not shown). In the dot blot assay, however, SP-A bound to each of these

proteins in a calcium dependent manner, but not to the globular bovine serum albumin

included as a control (fig. 29). The proteins tested share little homology apart from the

coiled-coil structure, and therefore, these results support the hypothesis that SP-A binds to

the coiled-coil motif.

In order to determine if the coiled-coil proteins could bind to immobilized SP-A,

and to demonstrate binding in an alternative assay to the dot blot, microtiter wells were

coated with SP-A and incubated with [125I]-fibrinogen. Fibrinogen was found to bind to

the SP-A coated wells in a dose and calcium dependent manner. (fig. 30). Fibrinogen did

not bind appreciably to uncoated wells in the presence or absence of calcium (not shown).

The coiled-coil proteins were tested for the ability to interact with SP-A in solution

on glycerol gradients. Since myosin, which has a molecular weight of around 440 kDa,

could not be resolved from SP-A on gradients with a maximal concentration of 75%
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glycerol, tropomyosin, which has a molecular weight of around 72 kDa, was used. This

protein had an additional advantage in that virtually its entire structure consists of O-helical

coiled-coil. When tropomyosin and SP-A were preincubated and loaded on the glycerol

gradients, no alteration in sedimentation was seen compared to the tropomyosin by itself

(not shown). In the dot blot assay, the affinity of SP-A appears to be lower for

tropomyosin than for myosin, and thus, any SP-A-tropomyosin complexes that formed

may have had time to dissociate during the course of the centrifugation. Therefore, SP-A

was added to the glycerol stock solutions, and gradients were generated which had SP-A

present throughout. When tropomyosin was centrifuged through these gradients where it

was constantly exposed to SP-A, its sedimentation was clearly accelerated compared to

gradients which did not contain SP-A (fig. 31). Since the migration of the non-immune

rabbit IgG included as an internal control was not altered in the presence of SP-A, this

increased motility of tropomyosin was not due to the formation of nonspecific complexes

with precipitated SP-A. This observation indicates that SP-A can interact in solution with a

protein containing an O-helical coiled-coil structural domain. Similar results have been

reported for the interaction of tenascin with fibronectin [264].

f SP-A To Proteins Containing The Coiled-Coil

Medi hydrate

Each of the coiled-coil proteins tested is thought to be restricted to the cytoplasm of

the cell, except fibrinogen which is secreted into the serum. Thus, only fibrinogen is

known to be a glycoprotein. Fibrinogen was digested with N-glycosidase F which resulted

in increased motility on SDS-polyacrylamide gels. The deglycosylated fibrinogen retained

the ability to bind SP-A in the dot blot assay (fig32b). SP-A did not bind to fibrinogen in
the ligand blot assay (fig 32 a). Since this assay should not affect the carbohydrate

domains of glycoproteins, it seems unlikely that SP-A is binding via carbohydrate groups.
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3. Evi e That Myosin Regains The Ability To Bind SP-A During The Ligand Blo

Procedure

Because higher order protein structure is disrupted by denaturation with SDS and

heat under reducing conditions in the ligand blot, the failure of SP-A to bind to the coiled

coil proteins in this assay is consistent with SP-A recognizing a structural motif. Therefore

SP-A should not bind to these proteins in the dot blot assay after they had been reduced and

denatured. Samples of the coiled-coil proteins and skeletal muscle myosin were reduced

and denatured and assayed alongside their untreated forms in the dot blot assay. A

reduction of binding to the denatured forms of all proteins tested, including myosin, was

seen (Fig. 33).

E. Physiological Relevance Of SP-A Binding To The Coiled-Coil

Structural Motif

1. i S Not A XOTCSS ll C

Although myosin has not been reported to be associated with the cell membrane, it

was possible that a novel form of myosin or a closely related protein was expressed at the

type II cell or alveolar macrophage cell surface where it could act as a receptor for SP-A.

To investigate this possibility, the cell surface of acutely isolated alveolar macrophages was

labeled with biotin. The cells were lysed and the biotinylated proteins were collected by

incubating the cell lysate with streptavidin-coupled agarose beads. Although the

biotinylated proteins clearly associated with the beads, none of these proteins displayed SP

A binding activity in ligand blots (fig. 34). SP-A binding activity was detected in the cell

lysate and in the supernatant after the biotinylated proteins were cleared with the

streptavidin-agarose beads, indicating that the myosin mediating this binding was not at the

cell surface where it could be labeled.
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ize SP- ellular Myosin Withi

Because myosin is considered to be a cytoplasmic protein and SP-A is targeted to

the secretory pathway in type II cells during its synthesis and the endocytic pathway in the

type II cell and alveolar macrophage during its clearance, it is difficult to envision an

intracellular interaction between these two proteins. However, evidence suggests that there

may be multiple pathways of SP-A secretion, and therefore, attempts were made to address

the possibility that the subcellular distribution of these proteins overlapped in some

unexpected way. In collaboration with Leland Dobbs, the subcellular distribution of

myosin was investigated at the light microscopic level using anti-human cellular myosin

polyclonal antibody and rat lung slices fixed and prepared by established means. Using a

fluoresently labeled secondary antibody, binding of the anti-cellular myosin antibody to

type II cells was not seen, although signal was observed in alveolar macrophages. This

signal appeared to be due to nonspecific binding of the secondary antibody. At the

recommendation of Dr. Dobbs, these studies at both the light and electron microscopic

levels were not pursued. Thus, it cannot be ruled out that SP-A and myosin co-localize and

interact somewhere within the cell, but the appropriate reagents to conclusively address this

possibility are currently not available.

3. ion i The Alveol bph

Since an intracellular interaction between SP-A and myosin could not be

demonstrated, the possibility that these proteins interact extracellularly was investigated.

SP-A is secreted with the other surfactant components into the fluid layer lining the

alveolus. Cellular myosin could also enter this alveolar subphase after cellular injury or if a

novel secretory form exists. Since serum proteins are known to enter the alveolar lining

layer, cardiac muscle myosin released into the serum after myocardial infarction and
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skeletal muscle myosin released after crush injury could also find their way to this location.

Thus, SP-A and myosin may be able to interact in the alveolar subphase.

In order to detect the presence of cellular myosin in lung lavage, the protein in

lavage fluid was precipitated with cold acetone and collected by centrifugation. The

precipitable material was examined for the presence of cellular myosin in a western blot

using the anti-human cellular myosin heavy chain polyclonal antibody. Immunoreactivity

was seen at 200 kDa, consistent with the cellular myosin heavy chain (fig. 35). No attempt

was made to determine whether the presence of cellular myosin was a result of mechanical

damage during the lavage process or was present prior to manipulation.

4. SP-A Promotes The Uptake And Degradation Of Myosin Heavy Chain. By Alveolar

r CS

Since it catalyzes the uptake of surfactant lipids by isolated type II cells and alveolar

macrophages and also stimulates phagocytosis of bacteria by alveolar macrophages, SP-A

appears to promote the entry of extracellular material into endocytic pathways in these cells.

Because cellular myosin was detected in lung lavage fluid, SP-A could promote the

association of this protein with alveolar macrophages, thereby providing a pathway by

which myosin in the alveolar airspace could be cleared. Approximately twice as much

radiolabeled skeletal muscle myosin associated with isolated alveolar macrophages in the

presence of SP-A than in its absence (fig. 36). A two-fold increase in cell associated

radioactivity in the presence of SP-A was also seen when radiolabeled myosin subfragment

1 was used. Interpretation of this finding is complicated by the observation that in the

ligand blot, SP-A binds only to a minor contaminating fragment that may retain part of the
coiled-coil domain, as mentioned above.

The association with macrophages was specific for the heavy chain of myosin since no

increase in cell associated radioactivity was seen in the presence of SP-A when radiolabeled

myosin light chain was used (not shown).
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Macrophages have been reported to secrete products of degradation into the

surrounding medium [265,266). Degradation of a radiolabeled protein will result in an

increase in the percentage of radiolabel that is soluble upon precipitation with trichloroacetic

acid. When the media was examined after incubation of radiolabeled myosin with alveolar

macrophages in the presence or absence of SP-A, a time-dependent increase in the

percentage of trichloroacetic acid-soluble radioactivity was seen when SP-A was present in

the incubation (fig 37). This result suggests that the myosin associated with the alveolar

macrophages in the presence of SP-A is being internalized and degraded.

5. SP-A Promotes The Association Of Fibrinogen With Alveolar Macrophages

a. Fibrinogen inhibits surfactant function

Serum proteins have been shown to have deleterious effects on surfactant function.

To date, there is no report that myosin can act as a surfactant inhibitor which would provide

a physiological relevance for the SP-A stimulated uptake of myosin by alveolar

macrophages. However, the capacity of myosin to serve as a surfactant inhibitor can be

readily tested with established techniques. Because these experiments require specialized

equipment which is not locally available, these studies will be pursued through

collaboration.

The deposition of fibrin in the alveolar air space is a common feature following lung

injury. As opposed to myosin, fibrinogen has clearly been shown to inhibit surfactant

function and is believed to be an important mediator of adult respiratory distress syndrome

[267-273). There is evidence suggesting that this deleterious effect on surfactant function

is, in part, due to sequestration of surfactant lipids during fibrin polymerization [272].

Thus, there is a teleologic rationale for the lung to develop a mechanism by which

fibrinogen can be removed from the subphase.
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b. SP-A promotes the association offibrinogen with alveolar macrophages

SP-A has been shown to reverse the inhibitory effects of fibrinogen on the surface

tension reducing properties of surfactant in vitro, although the mechanism is not known

[271]. Because SP-A binds to fibrinogen and deglycosylated fibrinogen in the dot blot

assay (fig. 32), direct binding to fibrinogen may be part of the mechanism by which SP-A

exerts its protective effect. Since SP-A promoted the uptake and degradation of myosin by

alveolar macrophages, but not proteins lacking the coiled-coil motif, it seemed likely that

SP-A would also stimulate uptake and degradation of fibrinogen. SP-A promoted the

association of [125I]-fibrinogen with alveolar macrophages in a dose dependent manner

(fig. 38). This affect was temperature dependent since the amount of [125I]-fibrinogen

bound to the cells was reduced when the incubations were carried out at 4°C (fig. 39).

c. Fibrinogen associated with alveolar macrophages does not appear to be degraded

To determine if the fibrinogen associated with the alveolar macrophages was being

degraded, the percentage of trichloroacetic acid-precipitable radioactivity was measured in

the media. No decrease in the percentage of precipitable radioactivity was seen, implying

that the cell-associated fibrinogen was not being degraded, even though the cells clearly

degraded the [125I]-SP-A control (fig. 40). No degradation of fibrinogen was observed

when the time of incubation was extended to 8 hrs (not shown).

During normal fibrinolytic processes, fibrin degradation proceeds through a series

of well defined fragments which are stable enough to be isolated. Thus, it was possible

that the alveolar macrophages were degrading the fibrinogen, but the digested products

were large enough to remain acid precipitable. When the media was resolved on

polyacrylamide gels and examined by autoradiography, no discernible differences were

observed between media incubated with macrophages and the cell-free controls, suggesting
that fibrinogen was not being degraded into acid precipitable peptides (fig. 41a). The bulk

of the fibrinogen associated with the cells appeared to be intact as well (fig. 41b). This
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figure also clearly illustrates the dose-dependent effect of SP-A on the association of

fibrinogen with alveolar macrophages.

Since SP-A promotes the association of fibrinogen with alveolar macrophages, and

since the macrophages degraded SP-A, but apparently not fibrinogen, the effects of

fibrinogen on SP-A degradation were investigated. Even at the highest concentrations

used, fibrinogen had no effect on the degradation of SP-A by alveolar macrophages (fig.

42)

6. SP-A Binds To Group A Streptococcal M Protein

a. The M protein

The most thoroughly studied non-eukaryotic coiled-coil protein is the M protein of

Streptococcus pyogenes [274]. S. pyogenes is an important pathogen of the skin and

pharynx. Pharyngeal infection can lead to rheumatic fever (RF), a post-infectious

complication that can cause cardiomyopathy and damage to the heart valves, probably due

to cross reaction of antibodies against the streptococcus with tissue epitopes. The serum of

patients with rheumatic fever contains antibodies against the streptococcal M protein, and

these antibodies have been shown to cross react with a number of heart proteins, including

myosin (275-277). Thus, the M protein and myosin appear to share some degree of

structural homology.

The M protein acts as a virulence factor by promoting adhesion of the bacterium to

epithelial cells and by impeding phagocytosis by macrophages and neutrophils [278]. It

has a molecular weight of roughly 75 kDa and is essentially a coiled-coil dimer extending

from a short segment associated with the cell wall (fig. 43) [274]. The M protein consists

of a short non-helical N-terminus followed by a hypervariable domain, a variable domain,

and a constant domain before ending in the cell wall associated segment. As a result of

variations in the amino acid sequence of these domains, more than 80 serotypes of S.
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pyogenes, have been identified. However, the M protein of these different serotypes are all

believed to be structurally homologous [274].

Group A streptococci infecting the pharynx are in a position to be aspirated into the

lower respiratory tract. As previously mentioned, SP-A has been shown to promote the

association of a variety of bacteria with alveolar macrophages. Since SP-A binds to

proteins that contain the O-helical coiled-coil motif and can direct them to alveolar

macrophages, and since the extracellular domain of the bacterial M protein consists almost

entirely of the coiled-coil structure, attempts were made to determine whether SP-A can

bind to the streptococcal M protein and enhance phagocytosis of the bacteria via this

interaction.

b. SP-A binds to an M protein fragment

The M protein has a protease sensitive site which, when cleaved, releases a 19 kDa

fragment corresponding to the N-terminus of the intact protein (fig. 43) [279]. This

fragment consists largely of O-helical coiled coil. Attempts were made to isolate this

fragment by digesting serotype 5 group A streptococci with pepsin at suboptimal pH. This

serotype preferentially infects the pharynx and is known to cause rheumatic fever. The

preparations yielded a major protein band at the expected molecular weight (not shown).

Both biotinylated and radiolabeled SP-A failed to bind to this preparation in the dot blot

assay. However, the preparation also failed to react in immunoblots with a panel of

monoclonal IgM antibodies raised against streptococci, streptococcal cell walls, or M

protein peptides. Since a sample of known pepM5 to use as a positive control in these

immunoblots was not available, it cannot be ruled out that the antibody titers used were too

dilute. However, these results raise the possibility that the 19 kDa band seen in these

preparations is not pepM5. Since the reagents required to prove that the 19 kDa protein

was indeed pepM5 were lacking, the failure of SP-A to bind to the preparation could not be

interpreted in a meaningful way. The pepsin fragment isolated from serotype 24
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streptococci (pepM24) was obtained as a gift from J. Dale. Streptococcal serotype 24 also

preferentially infects the pharynx and is rheumatogenic. Therefore pepM24 seemed to be a

reasonable alternative to pepM5. The ability of SP-A to bind to pepM24 was tested in the

dot blot assay and SP-A was found to bind pepM24 in a calcium dependent manner (fig

29). SP-A failed to bind to a peptide library of the serotype 5 M protein in the dot blot

assay. This library was similar to the light meromyosin library in that it consisted of

overlapping 18 mers. These results are again consistent with SP-A recognizing the coiled

coil structural motif rather than an amino acid sequence, per se.

c. SP-A binds to group A streptococci in the absence of M protein

To demonstrate that SP-A binds to the M protein as it exists on the bacterial cell

surface, different serotypes of group A streptococci (all of which are known to be

rheumatogenic) were incubated with radiolabeled SP-A. Calcium dependent binding of

SP-A was seen with all serotypes tested (fig. 44). However, SP-A bound equally well to a

mutant strain that does not express the M protein (M-strain). This result is not surprising

since there are a number of other components to which SP-A could bind, including the cell

wall carbohydrate, lipotechoic acid, other coiled-coil proteins known to be expressed at the

cell surface, and a recently detected protein that cross reacts with anti-myosin antibodies

[58, 59, 71].
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DISCUSSION

A. General Overview

Because SP-A binds to and modifies the behavior of type II cells and alveolar

macrophages, it has been hypothesized that these cells express SP-A specific receptors at

their surfaces. Candidate proteins were detected in rat lung homogenate and purified by

their ability to interact with SP-A. The proteins were identified as rat cellular myosin heavy

chain on the basis of a number of criteria, including amino acid sequence homology and

immunoreactivity with anti-cellular myosin antibody. Myosin could not be detected at the

cell surface of macrophages and is unlikely to be the SP-A receptor. However, myosin

was found in alveolar lavage and SP-A enhanced the uptake and degradation of myosin by

macrophages, providing a potential mechanism by which this protein can be cleared from

the alveolus. Since SP-A bound to a fragment derived from the rod-like tail of myosin and

also to other forms of myosin which share little sequence homology, it was hypothesized

that SP-A interacts with the O-helical coiled-coil structural motif. SP-A bound other

proteins containing this motif, including fibrinogen, which is a known surfactant inhibitor,

and a fragment of M protein, which is a virulence factor of group A streptococci. Thus,

this interaction between SP-A and the coiled-coil motif may play an important role in the

clearance of surfactant inhibitors or in the host defense mechanisms of the lung. A number

of receptors containing coiled-coil structure have been described and this may be a

structural feature of the true SP-A receptor. SP-A itself possibly contains a coiled-coil

motif, and this structure could play a role in determining the higher order structure of SP-A

and also promote interactions with other collectins.

B. Identification Of SP-A Binding Proteins As Cellular Myosin
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teins Share Amino Acid Sequence Homology With Hum

Myosin And React With An Anti-Cellular Myosin Antibody

In this study, proteins were identified in lung cell microsomes and whole lung

homogenate that bound SP-A in a calcium dependent manner with specificity and high

affinity. Because of its characteristics, the binding activity was hypothesized to be

mediated by the SP-A receptor or receptors believed to be expressed by type II cells and

alveolar macrophages. Since SP-A modulates the behavior of these cells, an understanding

of the SP-A receptor(s) is critical for fully understanding the regulation of surfactant

metabolism and the innate immune functions of the lung. Therefore, the SP-A binding

proteins detected here were purified to homogeneity for identification and characterization.

Both the 200 kDa and lower molecular weight proteins yielded peptides with sequences

identical to the heavy chain of human cellular myosin. In addition, both proteins reacted

with a polyclonal IgG raised against human cellular myosin heavy chain. These findings

were surprising since rat lung was used as a source material. However, myosin heavy

chains of a given isoform share greater than 90% sequence homology among different

species [260]. The rat myosin heavy chain amino acid sequence should therefore be highly

homologous with the human sequence and, as a result of this homology, could possibly

cross react with antibodies raised against the human protein. Since the immunoreactivity

co-purifies with the SP-A binding activity, and because it was detected in all lung

homogenates tested, the cellular myosin is not likely to be a contaminant of the purification

procedure.

2. SP-A Competes With The Anti-Cellular Myosin Antibody For Binding To The Purified

Proteins

SP-A competed for binding of the anti-cellular myosin polyclonal IgG to the

purified proteins, providing further evidence that cellular myosin is the mediator of the SP

A binding activity. However, this competition was not complete. Since a polyclonal
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antibody was used, it was possible that the antibody recognized epitopes on the myosin

molecule outside of the SP-A binding site. Alternatively, the antibody may have a higher

affinity for myosin than does SP-A. It is also possible that SP-A was binding to

contaminating proteins that migrated at the same molecular weights as myosin, and that the

binding of SP-A to these proteins sterically interfered with binding of the antibody to

myosin. However, the observation that SP-A reduced antibody binding to both the 200

kDa and lower molecular weight proteins, and that no contaminants were detected during

sequencing make this interpretation less likely.

SP-A has a tendency to aggregate at high ionic strengths, at high calcium

concentrations, and when the protein is present in high concentrations. In the competition

assay, it is possible that the SP-A aggregated as its concentration was increased and that the

anti-myosin antibody was nonspecifically precipitated during aggregate formation. To

control for this possibility, the competition assay could be repeated using a protein which

does not bind SP-A, such as BSA. Failure of SP-A to compete for the binding of an anti

BSA antibody would indicate that the reduced binding of the anti-myosin antibody was a

result of direct competition of SP-A for sites on the myosin molecule and not a result of

nonspecific precipitation of the antibody.

ellular MVosin ion And Ration er Experim

Based on the sequence data, the immunoreactivity with an anti-cellular myosin

antibody, the finding that SP-A binding activity and anti-myosin immunoreactivity overlap

in platelet lysates, and that SP-A binds to purified skeletal muscle myosin in ELISA and

ligand blot assays, it is concluded that the 200 kDa protein purified here is the rat cellular

myosin heavy chain. Myosin heavy chains are known to have protease sensitive sites that

give rise to discrete fragments when cleaved. Since the abundance of the lower molecular

weight protein increased when the time of the purification procedure was increased, this

.!
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protein likely represents a fragment of the cellular myosin heavy chain generated by

proteolysis.

Cellular myosin has been identified in most non-muscle tissues where it is believed

to participate in force generation for cell movement, cell division, cytoplasmic streaming,

and secretory events [280]. The cellular form of myosin is organized similarly to muscle

myosin, consisting of a pair of heavy chains and two pairs of light chains [263]. Unlike

muscle myosin, cellular myosin does not form stable arrays, but instead forms filaments

which can be assembled or disassembled to meet the varying requirements of force

production in non-muscle cells. Filament assembly and ATPase activity is regulated by º |

phosphorylation of the light chains [281]. In the dephosphorylated monomer state, the . .
molecule appears to bend at two sites in the rod-like domain, to form a compact, folded º
molecule that cannot associate as filaments. In response to increases in intracellular º
calcium, a calcium/calmodulin dependent myosin light chain kinase phosphorylates one of * !
the light chain pairs, after which the myosin monomer unfolds to an extended, assembly- * * *

competent conformation that can interact with actin. Thus, cellular myosin can be recruited -
from an inactive cellular pool to meet increased demands for the generation of mechanical ... '" !

ºt |

*.* tº
* * *force [263]. The heavy chains of cellular myosin can also be phosphorylated, and in

invertebrates, heavy chain phosphorylation reduces filament formation and inhibits ATPase * * * : , ,

activity [282). It is not clear if this regulatory mechanism applies to mammalian cellular

myosins.

Since alveolar macrophages are motile cells, and type II cell secrete surfactant and

divide to replenish type I cells after lung injury, it was not surprising that cellular myosin

was present in the microsomes prepared from these cells. However, this protein has not

been shown to be present at the cell surface and it seemed unlikely to be the receptor for

SP-A. The intracellular distribution of these proteins also may not overlap, since cellular

myosin is thought to be restricted to the cell cytoplasm, while SP-A is directed to secretory
pathways. Thus, the relevance of the interaction between SP-A and myosin was not clear.
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Although the association of SP-A with myosin may have been an artifact of the assays

used, it remained possible that a novel membrane-associated form of myosin is expressed

in the lung and serves as an SP-A receptor. Alternatively, characterizing the interaction

between SP-A and myosin could give clues to the nature of the authentic SP-A receptor,

since the binding characteristics to this molecule were similar to the binding of SP-A to type

II cells and alveolar macrophages. Therefore, these studies were further pursued.

C. The Interaction Between SP-A and Myosin Is Not Unique To The

Ligand Blot Assay

1. SP-A Labeled By Different Methods Retains The Ability To Bind Myosin In A Variety

Of Different Assays

The interaction between SP-A and myosin does not appear to be an artifact of the

ligand blot technique. Binding to myosin was preserved in dot blots and ELISA assays

and was retained when the SP-A was labeled by different methods. Since the labeling

techniques modify different amino acids, introduce different sized substitutions into the

protein, and were performed under different conditions, they would not be expected to

induce identical alterations in the conformation of SP-A. It seems more likely that the gross

conformation of SP-A is maintained after the labeling procedure and that a structural

alteration is not required for binding. Binding was retained when myosin was labeled and

SP-A was unlabeled, further indicating that the binding of SP-A to myosin is not due to

alterations of the higher order structure of SP-A by the labeling process.

2. Myosin Binding Is Not Mediated By Known Contaminants Of The SP-A Preparations

Known contaminants of the SP-A preparations failed to bind to myosin, while

recombinant SP-A binds to an appropriate band in microsomes. As mentioned, the

apparent low affinity of the binding of the recombinant protein could be due to the low
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specific activity of the [125I]-recombinant SP-A used or due to the fact that not all of the

recombinant protein is correctly folded [66, 69]. Technical difficulties in expressing the

recombinant protein have currently prevented more detailed studies from being carried out.

However, the recombinant protein is obtained in a very different manner than the proteins

purified from alveolar lavage and it is unlikely that they contain the same contaminants.

Therefore, contaminating proteins in the SP-A preparations are unlikely to be mediating the

binding observed in the ligand blot assay.

D. Characterization Of The Interaction Between SP-A And Myosin

1. SP-A Myosin Interact In Solutio

SP-A and myosin appear to interact in solution, since soluble myosin reduced the

binding of SP-A to myosin immobilized on nitrocellulose paper. Like SP-A, myosin can

aggregate under certain conditions. Thus, this competition assay is subject to the same

caveats as the competition assay discussed above. In this case, the unbound myosin could

have formed aggregates, and in the process, nonspecifically removed the SP-A from

solution, thus preventing it from interacting with the myosin on the nitrocellulose.

When biotinylated SP-A and myosin were incubated with streptavidin-conjugated

beads, the two proteins appeared to co-precipitate. While this result suggests that SP-A

and myosin can bind when they are free in solution, the SP-A may have first bound to the

streptavidin-agarose, and only after it was immobilized did it bind myosin. It is difficult to

envision appropriate controls to address this possibility. Therefore, to more directly test

for a solution interaction between SP-A and myosin, these proteins were examined on

glycerol gradients for alterations in sedimentation when the proteins were incubated

together. Migration on these gradients is a function of the molecular weight and shape of a

molecule and on the gradient density. At the concentrations of glycerol used, SP-A and

myosin displayed similar migratory behavior, sedimenting to the more dense regions of the
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gradient. At no time was a visible pellet seen, and the immunoglobulin added as an internal

control remained in the less dense region of the gradient, indicating that the presence of the

protein in the dense regions of the gradient is not due to the formation of high molecular

weight aggregates. Under these gradient conditions, it was not possible to detect a shift in

motility when SP-A and myosin were co-incubated compared to when they were

centrifuged by themselves. Although higher concentrations of glycerol could be used, the

viscosity of such solutions makes the generation of gradients and the collection of fractions

difficult. To avoid technical problems, the smaller tropomyosin was substituted for

myosin, and the results of these experiments, as well as the rationale for this substitution,

will be discussed below.

2. SP-A And Myosin Do Not Interact Via Carbohydrate Substitutions On Either Molecule

SP-A is a calcium-dependent carbohydrate binding protein whose endogenous

ligand has not been identified. In the presence of EDTA, the binding of SP-A to myosin

was reduced in both the ligand blots and the dot blots, suggesting that SP-A was binding to

myosin as a function of its lectin activity. When EDTA was included in the incubation

buffer, but omitted in the wash buffers, SP-A binding was reduced, but not completely

eliminated. Thus, it was possible that SP-A binds to myosin partially through a calcium

independent mechanism. Since the SP-A was not preincubated with the EDTA, and

because calcium was present in the wash buffers used, enough residual calcium may have

been present to allow for low levels of binding to take place. Consistent with this

possibility was the finding that SP-A binding was virtually eliminated when EDTA was

included in the wash buffers.

Although it is generally considered to be a cytoplasmic protein, no definitive study

reporting that myosin is not glycosylated could be found. Treatment of myosin with N

glycosidase F, which specifically removes N-linked carbohydrates at the level of the amino

acid, did not affect SP-A binding. Furthermore, carbohydrate was not detected on myosin
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using methods that clearly labeled the control glycoproteins, indicating that myosin does

not undergo O-linked glycosylation, nor is it glycosylated by a novel mechanism. It is

concluded that within the limits of detection of the techniques used, myosin is not a

glycoprotein and therefore, SP-A was not binding to myosin as a function of its lectin

activity. Since deglycosylation of SP-A did not affect binding, myosin also was not

functioning as a lectin.

It has recently been found that monoclonal antibodies raised against a cytokeratin

peptide recognized not only cytokeratin, but also N-acetyl-3-D-glucosamine [283, 284].

Thus, it is possible that there are epitopes in the protein chain of myosin that mimic

carbohydrates that could be recognized by the lectin domain of SP-A.

3. The Interaction Between SP-A And Myosin May Involve Recognition Of Structural

Domains

In addition to cellular myosin, SP-A bound to all other myosin isoforms tested.

Within a given species, skeletal muscle, smooth muscle, cardiac muscle, and cellular

myosin heavy chains share less than 30% sequence homology. In spite of this lack of

sequence homology, the muscle and cellular myosins are structurally homologous. As

evidenced by its failure to bind to members of the light meromyosin peptide library, SP-A

may not bind to myosin solely by recognizing a specific amino acid sequence. Thus, it was

hypothesized that SP-A recognizes features conserved in the three-dimensional

conformations of the myosin isoforms.

Myosin failed to bind to SP-A in the ligand blot, where the SP-A was reduced and

denatured, but did bind to SP-A in the dot blot, where the native conformation of SP-A is

probably better maintained. The interaction between SP-A and myosin was calcium

dependent, and the binding of calcium appears to induce a conformational change in SP-A.

These observations suggest that the binding process depends on the maintenance of the

native higher order organization of SP-A.
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4. Localization Of The Myosin Binding Site In SP-A To The Collagen-like Tail

a. CRD fails to bind myosin

The recombinant SP-A fragment CRD, which corresponds to the carbohydrate

recognition domain of SP-A, failed to interact with myosin. This result suggests that the

carbohydrate recognition domain of SP-A is not by itself sufficient for myosin binding and

raises the possibility that the myosin binding site is located outside the globular region of

the SP-A molecule. However, CRD may not accurately reflect the functions of this domain

in the intact molecule since it lacks the adjacent neck domain which appears to be necessary

for the proper folding of the carbohydrate recognition domain of the structurally

homologous mannose binding protein. Since a substantial amount of the expressed CRD

failed to bind carbohydrate in the presence of calcium, CRD may not refold to a functional

conformation during purification from the E. coli lysate. In addition, fully oligomerized

SP-A has multiple carbohydrate recognition domains, and this multivalency is not retained

in CRD. Because the failure of CRD to interact with myosin may be a result of misfolding

or a lack of multivalency, the results of the ligand blots using CRD must be interpreted

cautiously.

b. Myosin binds to collagen and C1q in dot blots

The collagen tail of SP-A has not been isolated from the intact molecule. Thus, it

was not possible to directly test this domain for binding to myosin. To indirectly assess the

role of this region of the SP-A molecule, other proteins that contain collagenous domains

were examined for the ability to interact with myosin. Biotinylated myosin bound to the

complement component C1q and to type VII collagen. Myosin continued to bind to C1q

and collagen in the absence of calcium. Both collagen and C1q have been shown to bind

calcium, and the assembly and stability of the C1 complement complex is calcium

*** *
tº

ºf u.

its s i■

! : |
". . . .
... "u u
* * : . . .

l: ,
n is

u■
t i

it i■
as it ; :

* 1

84



dependent. In the presence of EDTA, however, no changes are seen in the sedimentation

coefficient or CD spectrum of C1q, suggesting that the conformation of this molecule is not

altered when calcium is bound. This retention of the native conformation in the absence of

calcium may account for the calcium independence of the interaction between myosin and

C1q.

c. Myosin does not interact with SP-D

The ability of myosin to bind C1q and collagen suggests that the myosin binding

site of SP-A is located in its collagen-like domain. However, SP-D, which also contains a

collagen-like domain, failed to bind to myosin in ligand blots, indicating that the mere

presence of a collagen-like sequence is not sufficient for myosin binding. Because no

positive control for SP-D binding in the ligand blot was available, it was possible that this

protein loses the ability to bind myosin when it is biotinylated. However, biotinylated

myosin failed to bind to unlabeled SP-D in the dot blot assay, where it clearly bound to SP

A, C1q, and type VII collagen. Thus, the failure of SP-D to interact with myosin does not

appear to be due to disruption of the conformation of SP-D during the labeling process.

Since the higher order structure of SP-D is significantly different from that of SP-A and

C1q, the structural context in which the collagen-like domain is presented may be an

important determinant of myosin binding.

d. Previous studies have not definitively identified the domains of SP-A that interact with

type II cells and alveolar macrophages

Currently, there is controversy in the literature as to which part of the SP-A

molecule is involved in the binding of SP-A to the cell surface. It has been reported that

binding to type II cells was not reduced when the SP-A was preincubated with

mannosylated proteins or when the plant lectin concanavilin A was included in the assay
[285]. SP-A was also found to inhibit surfactant secretion in the presence of mannose
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[286]. These results suggest that the lectin domain of SP-A is not involved in binding to

type II cells. However, a monoclonal antibody whose epitope has been mapped to the

carbohydrate recognition domain has been shown to inhibit the binding of SP-A to type II

cells [287). Furthermore, a fragment of SP-A which has had the collagen-like domain

removed enzymatically by digestion with collagenase retains the ability to inhibit surfactant

secretion and can compete with the intact protein for binding to type II cells [287]. These

observations suggest that the lectin domain is responsible for the interaction of SP-A with

type II cells.

Similar conflicting results are seen for the binding of SP-A to alveolar

macrophages. The ability of C1q and soluble collagen to inhibit SP-A binding indicates

that SP-A interacts with the macrophage cell surface via the collagenous tail [77].

However, mannosylated-BSA inhibited the binding of SP-A-gold particles to alveolar

macrophages, suggesting that the carbohydrate recognition domain mediates binding to

these cells [288].

The conflicting nature of these findings may be a result of the limitations inherent in

the competition assays used. For example, the inhibitors may be binding to the SP-A and

removing it from solution, or sterically interfering with the true receptor binding site.

Thus, what appears to be competition may be a nonspecific effect. In any case it is not

currently possible to conclusively identify the receptor binding and myosin binding

domains in SP-A. The location of these sites may be definitively mapped in the future

using chimeric proteins that are currently being generated in a number of laboratories.

These chimeras consist of various combinations of the functional domains of the collectins.

Chimeras of SP-A and SP-Din which the collagenous domains and carbohydrate

recognition domains are swapped would be of particular interest, since SP-D does not bind

myosin.

5. Localization of the SP-A Binding Site in Myosin to the Rod-Like Tail Domain
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a. SP-A binds to myosin fragments that contain the rod-like tail domain

Proteolytic fragments of skeletal myosin were used in an attempt to determine the

site of SP-A binding in the myosin heavy chain. While SP-A clearly bound to light

meromyosin and subfragment 2, which consist solely of the rod-like domain, it also bound

to myosin subfragment 1. Since SP-A bound to this preparation, which should contain

only the myosin head group, there may be SP-A binding sites in the globular region of the

myosin molecule in addition to the one detected in the rod-like domain. However, the

binding activity observed in the subfragment 1 preparation did not co-migrate on

polyacrylamide gels with the major protein band, which was of the expected molecular

weight for subfragment 1. Thus, SP-A may have been binding to incompletely digested

contaminating fragments that retain a portion of the rod-like domain. Since these fragments

were not directly shown to contain rod domain sequences, the possibility that there are

multiple SP-A binding sites in the myosin heavy chain molecule or that the SP-A binding

site overlaps the region where the rod-like domain joins the globular head cannot be ruled

Out.

b. SP-A does not bind to individual peptides of a light meromyosin peptide library

SP-A failed to bind to an overlapping peptide library of human cardiac light

meromyosin. Since SP-A was found to bind to rat cellular myosin, rabbit skeletal muscle

myosin, chicken smooth muscle myosin, and porcine cardiac muscle myosin, it seems

unlikely that the lack of binding to the peptide library was a result of species or isoform

differences. Eleven peptides were missing from this library, resulting in seven gaps of

eight amino acids each and one major gap of 34 amino acids, and these gaps were

distributed fairly evenly throughout the molecule As mentioned, the isoforms of myosin
heavy chains share little sequence homology, even though they are structurally very
similar. Since SP-A bound to all isoforms tested, it was hypothesized that SP-A
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recognizes a structural motif rather than a specific amino acid sequence and the peptides of

the cardiac light meromyosin library may be too small to stably generate this motif. This

hypothesis was pursued prior to completing the examination of the peptide library because

of the cost involved in synthesizing the missing peptides.

E. The O-Helical Coiled-Coil

1. Determinants And Features Of The Q-Helical Coiled-Coil Structural Motif

The rod-like domain of myosin heavy chain consists of two intertwined o-helices

[263]. This interaction between the two helices has a stabilizing effect on the protein

structure since an isolated O-helix is usually not maintained in an aqueous environment

[289]. The assembly of this coiled-coil structure is promoted by a heptad repeat where the

first and fourth amino acids are nonpolar. This heptad repeat generates a hydrophobic

"surface stripe" along the length of the helix that winds around the helical axis. Two

helices wrap around each other by interacting through their hydrophobic stripes. As long

as the basic criteria of the heptad repeat are met, the generation of the O-helical coiled-coil

structural motif can be brought about by widely divergent amino acid sequences. Thus, the

myosin isoforms, which share little sequence homology, are able to generate similar

conformations partly for this reason.

2. SP-A Binds To Proteins Containing The Q-Helical Coiled-Coil Structural Motif

Since SP-A bound to the light meromyosin fragment of skeletal muscle myosin and

to all other myosin isoforms tested, it was hypothesized that SP-A recognizes the coiled

coil structural motif shared by these molecules. This hypothesis predicted that SP-A would

bind to other proteins that contained the O-helical coiled-coil, but were otherwise unrelated.

In dot blot assays, SP-A was found to bind to all proteins which contained significant
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amounts of coiled-coil structure, but not to BSA, ovalbumin, hemoglobin, IgG or myosin

light chain which do not contain appreciable quantities of this motif.

3. Proteins Containing The O-Helical Coiled-Coil Structural Motif Do Not Bind SP-A

After They Have Been Denatured

SP-A failed to bind to the coiled-coil proteins in the ligand blot assay and also in the

dot blot assay when the proteins were denatured prior to their application to the

nitrocellulose. These observations support the hypothesis that SP-A recognizes the coiled

coil motif rather than a specific amino acid sequence. In the dot blot assay, the proteins

were denatured in the presence of detergent, and the detergent could have interfered with

the binding of the proteins to the nitrocellulose. Thus, the observed reduction of SP-A

binding may have been due simply to reduced adherence of the denatured proteins. When

the nitrocellulose was stained with India ink after application of the proteins, no difference

was observed between the blots of the native proteins and the blots of the denatured

proteins.

The binding of SP-A to myosin in the dot blot assay was also reduced when the

myosin was denatured. This result was unexpected, since SP-A binds to myosin in the

ligand blot where the myosin was denatured under similar conditions. It is speculated that

myosin undergoes some degree of refolding during the ligand blot procedure to the point

that the ability to bind SP-A is recovered, although it is not clear why the other coiled-coil

proteins would not undergo a similar refolding process. Furthermore, it is difficult to

envision how this potential refolding of myosin could be detected. Perhaps antibodies

which recognize only the native or denatured forms could be used, but interpretation of the

results would be complicated by the probability that the myosin is unlikely to fully renature
to the native state when bound to nitrocellulose.

F. SP-A Binds The Coiled-Coil Proteins With Less Affinity Than Myosin
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1. Myosin May Contain Multiple SP-A Binding Sites

SP-A bound to the other coiled-coil proteins more weakly than to myosin. The

reason for this reduced affinity is not known. As mentioned, SP-A may bind to a site in

the myosin head group as well as to the coiled-coil domain. Thus, the other coiled-coil

proteins may bind less SP-A simply because they lack this second binding site. Since SP

A bound to light meromyosin more readily than to the other coiled-coil proteins, this

explanation seems unlikely. Alternatively, the coiled-coil proteins may possess structural

domains that sterically interfere with the binding of SP-A to the coiled-coil domain.

However, the amino acid sequence of tropomyosin consists entirely of the heptad repeat

and contains no structural features other than O-helical coiled-coil. SP-A bound weakly to

this protein as well.

Coiled-Coil

SP-A bound to lower molecular weight bands in many of the ligand blots

performed on skeletal muscle myosin. Binding to bands of molecular weights less than 70

kDa was rarely observed, although there was clearly material that reacted with anti-myosin

antibodies below this molecular weight (fig. 25b). The lower molecular weight protein

eluted from the SP-A affinity column at lower concentrations of NaCl than the 200 kDa

protein, and although it was generally retained on the column, it was also often found in the

affinity column wash. These observations suggest that the lower molecular weight protein

binds to the column less avidly than the 200 kDa protein. Thus, the length of the coiled

coil domain may be a determinant of binding affinity. The validation of this hypothesis will

require that the relative affinities of these proteins for SP-A be determined and correlated

with their coiled-coil content. However, the apparent low affinity of SP-A for keratin,
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which contains a considerable amount of coiled-coil structure, suggests that coil length may

not be a major determinant of SP-A binding.

An alternative explanation for the lack of binding to lower molecular weight

fragments of myosin could be a loss of stability of the coiled-coil motif. Light meromyosin

reacts with antibodies that recognize denatured but not intact myosin [290]. Thus, the light

meromyosin fragment appears to have lost some degree of the native structure. Further

proteolytic cleavage may result in additional loss of normal conformation until SP-A no

long binds. To test this hypothesis, the binding affinity of intact M protein could be

compared with that of the pepM24 fragment.

3. The Apparent High Affinity of Myosin for SP-A Binding May Be Due To Retention Of

More Protein On The Nitrocellulose

It is also possible that SP-A binding is enhanced by some structural or sequence

subtlety which is shared among the myosins, but is absent from the other coiled-coil

proteins. On the other hand, equimolar concentrations of the proteins were not used,

which complicates the assessment of the true relative affinities. Although less myosin was

applied to the nitrocellulose by weight, the actual amount of coiled-coil structure may have

been greater than for the other proteins. Furthermore, the proteins used in these assays

may bind to nitrocellulose with different efficiencies. Since the amount of protein adhering

to the nitrocellulose was not determined, the apparent higher affinity of myosin for SP-A

binding may actually be due to relatively more of the protein being retained on the

nitrocellulose. All these possible explanations are speculative, and the actual reason for the

reduced affinity of SP-A for coiled-coil proteins other than myosin is not clear at this time.

G. Possible Relationship Between Myosin And The SP-A Receptor

1. Known Receptors May Be Immunologically Related To Myosin
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Although cellular myosin was originally detected in microsomal preparations, a

membrane associated form of this protein has not been identified. Recent data suggest that

myosin can bind phospholipid and this interaction could account for its association with the

microsomal fractions and also raises the possibility that myosin could be associated with

the cell surface membrane. Alternatively, myosin may be associated with other insoluble

cytoskeletal elements in the microsomal preparations.

The possibility that the SP-A receptor is structurally homologous to myosin or even

that the receptor is a membrane-associated form of myosin could not be ruled out.

Myasthenia gravis is an autoimmune disease in which antibodies are directed against the

nicotinic acetylcholine receptors on skeletal muscle. Monospecific antibodies from these

patients have been shown to cross react with myosin [291]. Furthermore, antibodies raised

against the nicotinic receptors cross react with myosin and antibodies raised against myosin

cross react with the acetylcholine receptor [291]. Thus, there is at least one example of a

receptor which shares immunoreactive epitopes with myosin, indicating structural

similarities.

2. Myosin Was Not Detected At The Cell Surface Of Alveolar Macrophages

To test the possibility that lung cells express a novel membrane-associated form of

cellular myosin capable of acting as an SP-A receptor, the surfaces of acutely isolated

alveolar macrophages were biotinylated under conditions that minimize internalization of

the label. Proteins were clearly biotinylated by this procedure and could be isolated on

streptavidin-coupled agarose beads. Although SP-A binding activity was present in the

original cell lysate, the biotinylated proteins subsequently gathered failed to bind SP-A in

the ligand blot. SP-A binding activity remained in the supernatant after the biotinylated

proteins were cleared with the streptavidin-agarose beads. Thus, myosin does not appear
to be present at the cell surface of alveolar macrophages where it could interact with SP-A.
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Type II cells have not yet been examined for the presence of myosin at their cell

surface. Based on the differences in affinities with which SP-A binds to these different cell

types, it is possible that the type II cells and macrophages express different receptors and

that only the type II cell receptor is structurally homologous to myosin. This possibility

can be investigated by biotinylating the cell surface of isolated type II cells, and by

competing for SP-A binding to isolated type II cells with myosin, keeping in mind the

limitations inherent in these competition assays.

3. The O-Helical Coiled-Coil Motif Is A Structural Feature Of Known Receptors

a. FCERII/CD23

Because SP-A bound to proteins containing the O-helical coiled-coil, this motif may

be a structural feature of the authentic SP-A receptor. A number of cell surface receptors

containing O-helical coiled-coil stalks have been identified, including a subfamily of

membrane-bound proteins that contain a calcium-dependent carbohydrate recognition

domain homologous to that of SP-A. This sub-family includes the low affinity IgE

receptor, FceRII/CD23, which is expressed in a number of cell types, including

macrophages [292]. The binding of IgE is not dependent on the lectin activity of this

receptor, but rather, involves the recognition of the protein moiety of the immunoglobulin

[293]. Receptor binding requires that the Fc portion of the IgE be dimerized and that the

CD23 be oligomerized, suggesting that the interaction between these two proteins is subject

to structural constraints as is the interaction between SP-A and myosin (293). Since IgE

binding is abolished when the coiled-coil stalk of CD23 is removed, the coiled-coil domain

appears to play a functional role in ligand binding, although the location of the IgE binding
site within CD23 remains to be determined [292]. Among the number of functions

believed to be mediated by CD23 is the internalization and subsequent presentation of

antigen (294]. Thus, this receptor appears to direct internalized material away from
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degradative pathways to be cycled back to the cell surface, similar to the recycling of

surfactant components. The interaction between CD23 and IgE is clearly of interest

because of these intriguing parallels to the interaction between SP-A and myosin, and lends

credence to the speculation that the true SP-A receptor contains coiled-coil structure.

b. Macrophage scavenger receptors

The type I and type II macrophage scavenger receptors are trimeric glycoproteins

that contain an extracellular fibrous stalk consisting of an O-helical coiled-coil domain

followed by a collagen-like domain [295, 296). The two types of scavenger receptors are

identical except that the type I receptor has a cysteine-rich globular domain at the

extracellular carboxyl terminus [297, 298]. In spite of this difference, the receptors display

very similar binding characteristics, indicating that the ligand binding site is located within

the fibrous stalk. The scavenger receptors have unusually broad ligand specificities,

binding oxidized low density lipoproteins, chemically modified proteins, and other

polyanions [295, 296,299]. Although the collagen-like domain has been shown to

mediate the binding of some ligands, there appears to be different binding sites in the

fibrous stalk for different ligands, and some of the specificity could be determined by the

O-helical coiled-coil motif [300]. The physiological functions of the macrophage scavenger

receptor are not certain. However, they have been implicated in the clearance of modified

low density lipoprotein and in the formation of atherosclerotic plaques [295, 296).

Furthermore, these receptors may participate in host defense by clearing pathogens [295].

Alveolar macrophages have been shown to express the scavenger receptors [297, 298].

Thus, it is attractive to postulate a role for these protein in the clearance of surfactant, which

is also a lipoproteinaceous substance. In the airspace, the surfactant lipids and proteins

could become oxidized with time, becoming suitable ligands for the scavenger receptor.

Alternatively, SP-A could direct surfactant to the alveolar macrophages by binding to the
coiled-coil domain of the scavenger receptors. In addition to forming an O-helical coiled
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coil, the sequence of this domain also contains a "skip" residue that may introduce a hinge

in the fibrous stalk of the scavenger receptor [297]. The presence of this skip residue is

interesting because such a residue is also present in myosin. Because of this structural

similarity with myosin and their potential roles in host defense functions and lipoprotein

metabolism, the scavenger receptors expressed by alveolar macrophages are extremely

attractive candidates for the role of SP-A receptors in these cells.

Since the low affinity IgE receptor and scavenger receptors have properties that are

intriguing from the point of view of surfactant biology, it seems reasonable to hypothesize

that the authentic SP-A receptor may be a similar molecule and contain an O-helical coiled

coil as a structural feature. It is currently not possible to take advantage of this possibility

by screening genetic libraries for proteins containing coiled-coils due to the amino acid

sequence variability that this structure can accommodate. However, since proteins

containing coiled-coil structure tend to be multimers, and often heteromeric multimers,

future attempts at isolating the SP-A receptor should employ protein purification or

expression cloning strategies which take this possibility into account.

H. Possible Intracellular Interactions Between SP-A And Myosin

For technical reasons, the intracellular distributions of SP-A and myosin in type II

cells were not determined. Thus, the possibility that these proteins interact inside the cell

cannot be dismissed. A speculative model would be the rod-like domain of myosin

interacting with SP-A packaged in the lamellar bodies and the head group of myosin acting

as a molecular motor for the directional secretion of the lamellar bodies. This model would

be consistent with the observations that surfactant secretion requires actin filaments [301]

and that calcium stimulates surfactant secretion, since increases in intracellular calcium also

activate cellular myosin [302]. Thus, the subcellular distributions of SP-A and myosin are

still of interest, but adequate reagents for pursuing these studies are currently lacking.
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I. Physiological Relevance Of The Interaction Of SP-A With Coiled-Coil

Proteins.

1. SP-A Promotes The Uptake And Degradation Of Myosin By Alveolar Macrophages

In addition to the possibility that the coiled-coil structural motif is found in the

putative SP-A receptor, several situations where the interaction between SP-A and the

coiled-coil structure may be physiologically relevant have been identified. Cellular myosin

was detected in alveolar lavage. Since myosin is released from damaged myocytes after

myocardial infarction [303], it seems reasonable to hypothesize that cellular myosin may be

released by lung cells during injury as well. Alternatively, myosin may enter the alveolar

subphase from the serum, especially during times of increased permeability of the lung

epithelium, or may be derived from another source, such as platelets during hemostatic

processes in the lung. In any case, the myosin in the alveolar airspace would be spatially

situated to interact with SP-A.

SP-A promotes the uptake of opsonized particles by alveolar macrophages and also

surfactant lipids by alveolar macrophages and type II cells [77,218, 238,241]. It was

hypothesized that SP-A may bind to myosin as part of the mechanism by which this

material is cleared from the lung. SP-A stimulated the association of myosin and myosin

subfragment 1, but not myosin light chain, with alveolar macrophages. It has been shown

that incubating iodinated serum low density lipoproteins results in an increase in TCA

soluble material in the media and that this material represents degradation products of the

lipoprotein. An increase in TCA soluble material was seen when radiolabeled myosin was

incubated with alveolar macrophages in the presence of SP-A. Although the nature of these

TCA soluble products was not further examined, it is likely that this material is generated

by the degradation of the labeled myosin.

rinogen With Alveolar Macroph
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a. Fibrinogen is a known inhibitor of surfactant function

While cellular myosin can be found in the alveolar subphase and its interaction with

SP-A may provide a mechanism by which it can be cleared from the lung, it is not know if

myosin has detrimental effects on the surface tension regulating function of surfactant. Of

the other coiled-coil proteins, fibrinogen is known to inhibit surfactant function in vitro

[267-272). Since fibrin deposits are commonly found in the alveolar airspace after lung

injury, this inhibitory function is believed to be physiologically significant. The

mechanism by which fibrinogen alters the surface-active properties of surfactant is not

clear. Although the polymerization of fibrinogen to fibrin has been shown to entrap .
surfactant lipids [269], fibrinogen seems to exert a direct inhibitory effect as well [271]. In :
previous studies, the addition of SP-A to the surfactant mixture was found to counter

fibrinogen-induced inhibition. The binding of SP-A to fibrinogen may be an important

component of the mechanism by which this protective function is mediated. While the
1.binding of SP-A to fibrinogen may block sites within the fibrinogen molecule that interact 'i

with surfactant material, SP-A does not appear to be required in equimolar quantities to

exert its protective effect [271]. It is possible that SP-A binds more than one fibrinogen !
molecule or the amount of SP-A used in these studies lowered the concentration of free

fibrinogen below inhibitory levels. Alternatively, the ability of SP-A to counter fibrinogen

induced surfactant inhibition may involve another mechanism in addition to or instead of

direct binding, and may in fact be exerted on the surfactant lipids.

b. The association offibrinogen with alveolar macrophages is temperature dependent

When radiolabeled fibrinogen was incubated with alveolar macrophages, the

addition of SP-A clearly enhanced the association of fibrinogen with the cells. The amount

of radiolabel associated with the cells was decreased at 4°C, suggesting that the fibrinogen

is internalized and not merely binding to the cell surface when the incubations are carried
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out at 37°C. However, the amount of radiolabeled control SP-A associated with the cells

was also decreased at 4°C, contradicting a previous study which showed a greater amount

of cell-associated SP-A at 4°C than at 37°C [77]. In this previous study, the difference in

SP-A binding was speculated to be due to temperature effects on SP-A aggregation, or to

the rapid metabolism of SP-A once it was internalized. However, SP-A was also degraded

by the alveolar macrophages here and similar concentrations of SP-A were used. In the

earlier study, the cells were allowed to adhere to tissue culture plates prior to the addition of

the labeled SP-A. When this procedure was repeated here, the macrophages failed to

degrade SP-A, as well as fibrinogen. The explanation for these different results is not

known at this time.

c. Fibrinogen associated with alveolar macrophages does not appear to undergo

degradation

Although SP-A promoted the association of fibrinogen with alveolar macrophages,

no increase in TCA soluble material was seen, suggesting that the fibrinogen was not being

degraded. Cell viability was not significantly decreased during the 2 hr incubation and the

cells clearly degraded the radiolabeled SP-A included as a control. When the incubation

time was extended to 8 hrs, no changes were observed, although cell viability still remained

greater that 90%. This apparent lack of degradation of fibrinogen was unexpected given

the clinical observation that hemorrhage in the lungs is rapidly cleared. It is possible that

SP-A interfered with the degradation of fibrinogen by sterically blocking protease sensitive

sites. However, fibrinogen has no effect on the metabolism of SP-A, indicating that the

proteins may not remain together after associating with the alveolar macrophages. Thus, it

seems unlikely that the lack of degradation of fibrinogen was due to the protection of

protease-sensitive sites by SP-A.

d. Fibrinogen associated with alveolar macrophages may be sequestered at the cell surface
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In a published study, acutely isolated peritoneal macrophages were shown by

immunoflouresence to have fibrinogen bound to the cell surface [304]. Two staining

patterns were seen, a punctate "speckled" pattern and a mesh-like "net" pattern. Since the

number of cells displaying the net pattern is reduced by the administration of anticoagulants

prior to isolating the cells, the authors hypothesized that the net pattern represented bound

fibrinogen which has been polymerized to form a fibrin meshwork on the cell surface and

that the speckled pattern represented unpolymerized fibrinogen. The surface bound

fibrinogen/fibrin has been proposed to function in the adhesion of the peritoneal

macrophages to the mesothelium.

The results of these immunoflouresence studies on peritoneal macrophages raise the

possibility that the fibrinogen associated with the alveolar macrophages in the presence of

SP-A was not being internalized and may in fact have been polymerized at the cell surface.

Although the increase in cell associated fibrinogen seen at 37°C suggests that at least some

of the fibrinogen is entering the cell, this same result would be seen if the ability of SP-A or

fibrinogen to bind to the alveolar macrophages was reduced at 4°C due to temperature

induced changes in the proteins. Since fibrinogen did not affect the metabolism of SP-A by

alveolar macrophages, it is possible that these proteins are segregated by an unknown

mechanism after associating with the cells, and the fibrinogen could remain at the cell

surface. This possibility could easily be tested by repeating the immunoflouresence studies

on alveolar macrophages after they had been incubated with fibrinogen and SP-A. If the

fibrinogen was being sequestered at the cell surface, this might explain the lack of observed

degradation.

e. Fibrinogen is not being degraded extracellularly

Alveolar macrophages are known to have procoagulative effects since they can

promote the conversion of fibrinogen to fibrin via the extrinsic clotting pathway [305,

306]. These cells also have fibrinolytic activities which act to degrade deposited fibrin.
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Thus, the alveolar macrophages could possibly act as foci for fibrin formation and

subsequent degradation, thereby removing fibrinogen from the alveolus and protecting the

surfactant from its inhibitory effects. By directing the fibrinogen to the alveolar

macrophages, SP-A could enhance the efficiency of this process.

The fibrinolytic activity of alveolar macrophages is mediated primarily by the

secretion of urokinase [305]. This protein enzymatically converts plasminogen to plasmin

which then binds to and degrades fibrin and fibrinogen. Thus, the degradation of these

proteins does not require that they be internalized by the macrophages. During plasmin

mediated fibrinolysis, fibrin and fibrinogen are converted to a series of well defined

fragments due to the presence of distinct plasmin-sensitive sites in the molecules [307].

Since these fragments have molecular weights ranging from 50 kDa to 250 kDa and are

stable enough to be isolated, they are likely to be TCA precipitable. Therefore, if the

fibrinogen were being degraded by this pathway in the assays done here, it would not be

detected by the methods used. When the media and cells were examined by

autoradiography no fragment pattern consistent with plasmin-mediated fibrinolysis was

observed. Since the cells were incubated in the absence of serum and plasminogen-free

fibrinogen was used, it is possible that the fibrinogen was not degraded because there was

no plasminogen present in the assay. This possibility could be addressed by simply adding

exogenous plasminogen to the assay.

f Alveolar macrophages have been shown to internalize and degrade fibrin/fibrinogen

complexes

In the assays performed here, the fibrinogen was not proven to be bound to the cell

surface, and therefore the material may have been internalized [308]. Rabbit macrophages

have previously been shown to take up and degrade soluble fibrinogen/fibrin monomer

complexes. In these experiments, degradation was independent of plasmin, and instead

was mediated by cathepsin B and a second cathepsin B-like enzyme present in the
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lysosomes of these macrophages. Degradation by these enzymes resulted in an increase in

TCA soluble radioactivity in the media. In this study, the incubations were carried out in

20% fetal calf serum, and the cells had been activated by intravenously administering

complete Freund's adjuvant to the rabbit several weeks before the cells were isolated. In

addition, the soluble fibrin complex used has been shown to bind to peritoneal

macrophages more readily than fibrinogen alone, and did not require the addition of SP-A

to associate with the cells. While these differences may account for the failure to observe

degradation in the assays done here, they also show that alveolar macrophages have the

capacity to internalize and degrade fibrin and fibrinogen, at least under some conditions. It

would be of interest to examine the rat alveolar macrophages for the presence of cathepsin

B, since this enzyme was believed to be mediating the degradation in the rabbit

macrophages. Thus, lysates of the rat cells could be incubated with fibrinogen to determine

if these cells possess enzymes capable of degrading this protein.

g. SP-A could potentially interfere with the polymerization offibrin

Fibrinogen is cleaved to fibrin monomer prior to polymerization, and the coiled-coil

motif is retained in this fibrin monomer. This raises the possibility that SP-A could bind to

the fibrin monomer and sterically interfere with polymerization. As mentioned, the

polymerization of fibrin appears to adversely affect surfactant function, possibly by

sequestering the lipid component. Assays in which changes in absorbance or light

scattering are measured as fibrin polymerizes could readily be established, and it may be

possible to detect changes in the time course of polymerization in the presence of SP-A by

using this approach.

3. Host Defense

a. Proteins containing the O-helical coiled-coil are expressed by microorganisms
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The potential role of SP-A in innate host defense has become an exciting area of

surfactant research. Since SP-A enhanced the association of myosin and fibrinogen with

alveolar macrophages, it seemed possible that the interaction between SP-A and the coiled

coil motif might contribute to the mechanism by which SP-A promotes the phagocytosis of

microorganisms. The coiled-coil motif was originally thought to be restricted to eukaryotic

proteins. It is becoming clear that this motif is a widely distributed structural feature of

bacterial and viral proteins as well [309]. Proteins with coiled-coil motifs have been found

in a number of pathogens including salmonella species, E. coli, S. aureus, group A

streptococci, influenza virus, and Coxsackie virus [310-313], and these proteins have been

implicated as virulence factors in a number of cases. It is also believed that many more

microbes will be shown to express proteins containing this structure [274, 309].

b. The M protein of group A streptococci is the best described prokaryotic coiled-coil

protein

The most thoroughly studied non-eukaryotic coiled-coil protein is the M protein of

Streptococcus pyogenes [274]. S. pyogenes is classified as a group A streptococcus on the

basis of its cell wall carbohydrate and is an important pathogen of the skin and pharynx.

Group A streptococci are clinically significant not only for their ability to cause severe

infections and tissue necrosis, but also for the post infectious sequelae of

glomerulonephritis and rheumatic fever. Rheumatic fever (RF) most commonly follows a

pharyngeal infection and can cause fatal cardiomyopathy and severe damage to the heart

valves. No bacteria can be isolated when the symptoms of RF are manifested, and it is

believed to be caused by cross reaction of antibodies against the bacteria with normal host

tissues. The serum of patients with rheumatic fever contains antibodies against the

Streptococcal M protein, and it was discovered that these antibodies cross react with a

number of heart proteins, including myosin (275-277). Antibodies directed against the M

protein are protective against infection. Using these antibodies, over 80 serotypes have
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been detected as a result of variation in the M protein amino acid sequence. However, the

M protein of these different serotypes are all thought to be structurally homologous [274].

Group A streptococci infecting the pharynx are likely to be aspirated into the lung.

However, group A streptococci are rarely a cause of pneumonia even in

immunocompromised patients. Thus, the lung may have an innate defense against these

bacteria. Since SP-A has been shown here to promote the association of myosin and

fibrinogen with alveolar macrophages, it seemed reasonable to hypothesize that SP-A

interacts with the coiled coil-rich M protein, thereby enhancing the phagocytosis of group A

streptococci reaching the lower airway.

c. SP-A binds to an M protein fragment but also to intact streptococci that do not express

the M protein

As previously discussed, SP-A bound in a calcium dependent fashion to a fragment

of the M protein generated by pepsin digestion of whole bacteria. Since the intact M

protein could not be obtained, SP-A was tested for the ability to bind to different strains of

S. pyogenes and was found to bind to all strains tested. However, SP-A bound equally

well to a streptococcal mutant strain that is incapable of expressing the M protein. This

result is not surprising since there are a number of other components to which SP-A could

bind, including the cell wall carbohydrate, lipotechoic acid, other coiled-coil proteins

known to be expressed at the cell surface, and a recently detected protein that cross reacts

with anti-myosin antibodies [314-316].

In order to quantitate the contribution of the M protein to total binding, attempts

could be made to compete for the binding of SP-A to serotype 24 streptococci with

pepM24, or preferably, the intact M protein. Alternatively, an antibody specific for the M

protein could be used to block the binding of SP-A. A panel of anti-M protein monoclonal

IgM antibodies was screened for binding, and several of these antibodies bound very

weakly to pepM24 in an ELISA assay. These antibodies were provided as unpurified

*
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hybridoma fluid, and it is not know if the weakness of binding is due to low antibody titer,

low affinity for pepM24, or both. These antibodies have not been tested for the ability to

bind whole streptococcal cells, but are unlikely to be suitable reagents for these proposed

competition assays. The contribution of M protein to total SP-A binding may be negligible.

Thus, even with the appropriate reagents, it may not be possible to demonstrate an M

protein dependent component of SP-A binding.

Recently, SP-A has been shown to stimulate the phagocytosis of a variety of

bacteria, including clinical isolates of group A streptococci. Since group A streptococcal M

(-) strains appear to bind SP-A to the same extent as M(+) strains, it would not be

surprising if the M (-) bacteria were phagocytosed as efficiently as those expressing the M

protein. If this is indeed the case, it would be difficult to prove that the interaction of SP-A

with M protein contributes to the immune mechanisms defending against this organism. A

potential approach that circumvents some of the problems associated with using whole

streptococci would be to couple M protein to a bead which does not bind SP-A. If SP-A

stimulated phagocytosis of beads coated with M protein but not of uncoated beads, it would

provide evidence that the interactions between SP-A and M protein can potentially

contribute to the mechanism by which SP-A stimulates phagocytosis of group A

streptococci. However, the recent observations that SP-A acts as a broad spectrum

opsonin makes it unlikely that binding to the M protein alone is a major factor in the

regulation of phagocytosis.

The antiphagocytic activity of the M protein is believed to be due to its ability to

interfere with the alternate pathway of the complement cascade [317]. M protein binds

factor H, which is an inactivator of the C3 convertase of the alternate pathway. Thus, less

C3b is generated and deposited on the surface of streptococci expressing the M protein than

on mutant streptococci which have lost the ability to express the M protein. Since C3b acts

as an opsonin, the M (+) bacterial strains would be less readily phagocytosed. SP-A could

be examined for the ability to compete with H factor to immobilized M protein.
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Alternatively, it could be determined whether incubation with SP-A increases the amount of

C3b deposited on the surface of streptococci expressing M protein.

4. The Neck Domain Of Collectins Forms A Triple-Helical Coiled-Coil

A fragment of the human mannose binding protein that consists of the carbohydrate

recognition domain and the adjacent neck domain has been recombinantly expressed, and

this fragment trimerizes in solution. Trimerization requires the presence of the neck

domain, since fragments consisting only of the carbohydrate recognition domain formed

only non-physiological dimers. Recently, this fragment has been crystallized and the

structure solved. The neck domains associate to form a triple O-helical coiled-coil [318].

This motif determines the spatial orientation of the carbohydrate recognition domains,

which are arranged 45 Å apart, by interactions between hydrophobic residues in the coiled
coil and hydrophobic residues in an adjacent carbohydrate recognition domain [318]. A

similar triple-helical coiled-coil has been found in SP-D by NMR, and thus, this motif may

be common to all the collectins [68]. The possible presence of this structure in SP-A is

intriguing and may explain the interaction between SP-A and the coiled-coil proteins.

Myosin may bind to SP-A by competing for sites in the carbohydrate domain that normally

interact with the neck region. Alternatively, myosin could bind directly to the coiled-coil,

since this motif promotes multimerization in other proteins.

The failure of CRD to bind myosin, even though it should contain the residues that

interact with the coiled-coil motif of the neck domain could be a consequence of misfolding

of this fragment, which might render these residues inaccessible. Alternatively, the

residues may be more exposed when freed of the neck domain and subject to modification

and inactivation by the labeling processes used. The failure of SP-D to bind to myosin

could be a result of sequence or affinity differences from SP-A, or, because its higher order

structure is different, the appropriate sites may not be accessible to myosin.
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If myosin and the other coiled-coil proteins can be shown to interact through the

potential coiled-coil domain of SP-A, it is possible that this interaction could inhibit the

normal functions of SP-A and other collectins. Although myosin and fibrinogen do not

appear to inhibit the interaction of SP-A with alveolar macrophages, cellular responses,

such as chemotaxis and production of oxygen radicals, were not examined. Nor were the

coiled-coil proteins examined for their affects on the ability of SP-A to modulate type II cell

functions. It is therefore possible that the unregulated interactions between SP-A and the

coiled-coil proteins might be detrimental to the host.

During the course this study, SP-A was found to bind SP-D in dot blots,

confirming earlier work demonstrating an interaction between these two proteins [319). It

is possible that this interaction is mediated by the coiled-coil motif in the neck domain of

these molecules. SP-A and SP-D have different carbohydrate-binding affinities and

different higher order structures. It would not be surprising if SP-A and SP-D were found

to bind different microorganisms and thus, the interaction between SP-A and SP-D might

be relevant for innate host defense. For example, SP-D could function as an adapter

molecule to broaden the spectrum of microorganisms susceptible to SP-A-stimulated

phagocytosis by alveolar macrophages. It is provocative that the serum contains an

analogous pair of collectins in the mannose binding protein and conglutinin or CL-43.

Thus, the interaction between cruciform-shaped and bouquet-shaped collectins may be of

fundamental significance in the innate immune response in different compartments of the

body.

J. Summary

To summarize, cellular myosin from rat lung homogenate was purified on the basis

of its ability to bind SP-A. The binding was calcium dependent, but was independent of

carbohydrate on either SP-A or myosin. The interaction is possibly mediated by the rod
like domain of myosin and the non-globular domain of SP-A. SP-A was found to bind to
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other types of myosin which differ in amino acid sequence but are structurally

homologous. It was hypothesized that SP-A recognizes the coiled-coil structural motif in a

generic sense and SP-A bound to all proteins tested which contained coiled-coil domains.

SP-A stimulates the association of myosin and fibrinogen with alveolar macrophages and

also bound to a fragment of a bacterial protein with coiled-coil structure that is expressed at

the cell surface.

Thus, SP-A was demonstrated to bind proteins that contain the O-helical coiled

coil. Although cellular myosin and the other proteins tested are not likely to be SP-A

receptors, the authentic receptor may have the coiled-coil motif incorporated in its structure.

Alternatively, the significance of the interaction between SP-A and the O-helical coiled-coil

may be related to the clearance of surfactant inhibitors or the host defense functions of SP

A. Finally, the O-helical coiled-coil may play a structural role within the SP-A molecule

and promote interactions with other collectins.
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Figure 1 legend

Schematic representation of surfactant metabolism. Surfactant components are synthesized

at the rough endoplasmic reticulum (RER) and smooth endoplasmic reticulum (SER) of the

alveolar type II cell. The surfactant components leave the ER and enter the golgi

compartment. The lipid fraction exits the golgi and enters the growing composite body

which contains both vesicular and lamellar structures. The protein fraction of surfactant

passes through electron-lucent multivesicular bodies (l-mvb) before being incorporated into

the composite body. The composite body is believed to be the immediate precursor to the

lamellar body, which is the intracellular storage form of surfactant. The lamellar body is

released by regulated secretory processes and the lamellar body contents enter the alveolar

lining layer, or subphase, where they pass through a series of morphological forms. Most

dramatic of these forms is the lattice-like tubular myelin. Tubular myelin is thought to

rapidly adsorb to regions of high surface tension at the air-water interface. The surface

tension (Y) is initially lowered to an equilibrium value of about 20-25 dynes/cm. During

expiration, the monolayer is compressed and material is selectively squeezed out into the

subphase, leaving a monolayer highly enriched in disaturated phospholipid at the interface.

This monolayer reduces surface tension to near zero values. Eventually, material leaves

this monolayer due to its slow collapse. This material and the material that was previously

Squeezed out are cleared from the subphase. Some material is internalized and degraded by

alveolar macrophages, but the major route of clearance is via reuptake by the type II cells.

Some of the surfactant components are endocytosed via coated pits. The material

internalized into the type II cell can enter electron-dense multivesicular bodies (d-mvb) or l

mvbs. The d-mvbs appear to direct the surfactant components to degradative pathways,

while material in the 1-mvbs is repackaged into lamellar bodies and recycled.

109



N-linked

carbohydrate

º: r
N-terminal collagen-like neck carbohydrate

domain domain domain binding domain
(24 repeats of collagen triplet)

SP-A Monomer

B

SP-A C1q Mannose SP-D
binding
protein

Figure 2

A. Schematic representation of the functional domains of the SP-A monomer.

B. Schematic representation of the higher order structure of the collectins. SP-A and

mannose binding protein share structural homology with the complement

component C1q. Note that C1q is not a collectin. The cruciform structure of SP-D

is shared by conglutinin and CL-43, two collectins not included in this figure. The

circles represent the carbohydrate binding domain and the bars represent the

collagenous tails.
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Figure 3

Ligand blot of type II cell (TII), alveolar macrophage (MAC), and lung fibroblast (FIB)

microsomes using [125I]-SP-A. Each lane contains 30 pig cellular protein. Molecular

weights are indicated to the left.
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Figure 4

Ligand blot of microsomes prepared from different organs using [125I]-SP-A. Lanes

contain 30 pig cellular protein. Molecular weights are indicated to the left.
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Figure 5

A. Silver stain of SDS-PAGE gel of lung homogenate prepared by method 1 as

described in materials and methods and sequential fractions collected from the

DEAE column.

Ligand blot using [125I]-SP-A of fractions in panel A. Molecular weight standards
are indicated to the left.
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Figure 6

A. Silver stain of SDS-PAGE gel of lung homogenate prepared by method 1 as
described in materials and methods and sequential fractions collected from the

SP-A-Sepharose affinity column.

B. Ligand blot using [125I]-SP-A of fractions in panel A. Molecular weight standards
are indicated to the left

114



i§ i # i
■ º 116— **

77–

46—

A. Silver Stain B. Ligand Blot

Figure 7

A. Silver stain of purified proteins eluted from polyacrylamide and subsequently

sequenced. Upper = 200 kDa protein, Lower = lower molecular weight protein.

B. Ligand blot using [125I]-SP-A of purified proteins eluted from polyacrylamide.

Upper = 200 kDa protein, Lower = lower molecular weight protein. Molecular

weight standards are indicated to the left
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A.

Peptide Sequence

H-5 NMALK

H-4 NENARQQLERQN
L-23 ALELDSNLYRIG

L-16 KFDQLLAEEK
L-1 YAEERDRAEAEA

L-23 ANLQIDQDNADL

B.

QEFRQRYEILTPNSIPKGFMDGKQACVLMIKALELDSNLYRIGQSKVFFRAGVLAHLEEERDL
KITDVIIGFQACCRGYLARKAFAKRQQQLTAMKVLQRNCAAYLKLRNWQWWRLFTKVKPLLQ V
SRQEEEMMAKEEELVKVREKQLAAENRLMEMETLQSQLMAEKLQLQEQLQAETELCAEAEELRA
RLTAKKQELEEICHDLEARVEEEEERYQHLQAEKKKMOQNIQELEEQLEEEESARQKLQLEKVTTEA
KLKKLEEEQIILEDQNCKLAKEKKLLEDRIAEFTTNLTEEEEKSKSLAKLKNKHEAMITDLEERLRRE
EKQRQELEKTRRKLEGDSTDLSDQIAELQAQIAELKMQLAKKEEELQAALARVEEEAAQKNMAL
KKIRELESQISELQEDLESERASRNKAEKQKRDLGEELEALKTELEDTLDSTAAQQELRSKREQEVN
ILKKTLEEEAKTHEAQIQEMRQKHSQAVEELAEQLEQTKRVKANLEKAKQTLENERGELANEVKVL
LQGGRDSEHKRKKVEAQLQELEVKFNEGERVRTELADKVTKLQVELDNVTGLLSQSDSKSSKLTK
DFSALESQLQDTQELLQEENRQKLSLSTKLKQVEDEKNSFREQLEEEEEEAKHNLEKQLATLHAQVA
DMKKKMEDSVGCLETAEEVKRKLQKDLEGLSQRHEEKVAAYDKLEKTKTRLQQELDDLLVDLDH
QRQSACNLEKKQKKFDQLLAEEKTISAKYAEERDRAEAEAREKETKALSLARALEEAM
EQKAELERLNKQFRTEMEDLMSSKDDVGKSVHELEKSKRALEQQVEEMKTQLEELEDELQATEDA
KLRLEVNLQAMKAQFERDLQGRDEQSEEKKKQLVRQVREMEAELEDERKQRSMAVAARKKLEM
DLKDLEAHIDSANKNRDEAIKQLRKLQAQMKDCMRELDDTRASREEILAQAKENEKKLKSMEAEM
IQLQEELAAAERAKRQAQQERDELADELANSSGKGALALEEKRRLEARIAQLEEELEEEQCNTELIND
RLKKANLQIDQINADLNLERGHAQKNENARQQLERQNKELKVKLQEMEGTVKSKYKA
SITALEAKIAQLEEQLDNETKERQAACKQVRRTEKKLKDVLLQVDDERRNAEQYKDQADKASTRL
KQLKRQLEEAEEEAQRANASRRKLQRELEDATETADAMNREVSSLKNKLRRGDLPFVVPRRMAT
KGAGDGSDEEVDOKADGAEAKPAE

Figure 8
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Figure 8 legend

A. Single letter amino acid sequences obtained from peptides generated by lysyl

endopeptidase digestion of the purified proteins. Hindicates that the peptide was derived

from the 200 kDa protein. Lindicates that the peptide was derived from the lower

molecular weight protein. H-4 matches human cellular myosin residues 1063-1073. H-5

matches residues 386-391. L-23 matches residues 32–43, L-16 matches residues 732-741,

L-1 matches residues 747-759, and L-23 matches residues 1042-1053. Note that the L-23

preparation yielded two independent sequences.

B. Single letter amino acid sequence of human cellular myosin from reference 320. The

locations of the sequenced peptides are indicated by the bold-faced type. The bold-faced,

underlined proline marks the junction between the amino terminal globular head and the

carboxyl terminal rod-like tail.
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Figure 9

A. Ligand blot using [125I]-SP-A. Lane 1 = 30 pil lung homogenate, Lane 2 = 30 pil

DEAE 3 Meluate. Molecular weights are indicated to the left.

B. Western blot using anti-human cellular myosin polyclonal IgG at 1:1000 dilution.

Binding of the antibody was detected using goat anti-rabbit IgG conjugated with

horseradish peroxidase and BioFad HRP color developing reagent as described in

the materials and methods. Lane 1 = 30 pul lung homogenate, Lane 2 = 30 pil DEAE

3 Meluate. Molecular weights are indicated to the left.
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Figure 10

Western blot of 30 pil aliquots of lung homogenate, DEAE column flow through and wash,

and SP-A-Sepharose affinity purified fractions probed with anti-human cellular myosin

diluted 1:1000. Binding of the antibody was detected with goat anti-rabbit IgG conjugated

with horseradish peroxidase and BioFad HRP color developing reagent. Molecular weight

standards are indicated to the left.
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Figure 11

Inhibition of anti-human cellular myosin polyclonal IgG binding to lung homogenate by

SP-A. 30 pig of lung homogenate was resolved on an 8% preparative polyacrylamide gel

and transferred to nitrocellulose. The nitrocellulose was cut into strips and coincubated

with the antibody and increasing concentrations of SP-A as described in the materials and

methods. Molecular weights are indicated to the left.
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Figure 12

A. Ligand blot on platelet lysate using [125I]-SP-A. Lane 1 = lysate of 30 pil packed

human platelets, Lane 2 = 30 pig lung homogenate.

B. Western blot on platelet lysate using anti-human cellular myosin polyclonal IgG

diluted 1:1000. Antibody binding was detected with goat anti-rabbit IgG

conjugated with horseradish peroxidase and BioFad HRP color developing reagent.

Lane 1 = lysate of 30 pil packed human platelets, Lane 2 = 30 pig lung homogenate.

Molecular weights are indicated to the left.
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Figure 13

Solid phase binding assay of SP-A and myosin. Rabbit skeletal muscle myosin (closed

circles) was plated on microtiter wells, which were then washed and incubated with SP-A.

Bound SP-A was detected with a monoclonal anti-SP-A antibody as described in the

materials and methods. Control wells (open circles) were coated with an equivalent amount

of BSA.
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0.1 1 5 Pig 0.1 1 5 pig

myosin O O º º

BSA ty º

Figure 14

A. Ligand blot on skeletal muscle myosin using [125I]-SP-A. 4 calcium indicates that
the blot was incubated in the presence of 100 puM CaCl2. - calcium indicates that

the blot was incubated in the presence of 10 mM EDTA. In both blots, Lane 1 = 5

pig BSA, Lane 2 = 5 pig rabbit skeletal muscle myosin.

Dot blot on skeletal muscle myosin using [125I]-SP-A. The amount of myosin or

BSA indicated was applied to the nitrocellulose. + calcium indicates that

the blot was incubated in the presence of 100 puM CaCl2. - calcium indicates that

the blot was incubated in the presence of 10 mM EDTA.
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SP-A

C1q

SP-D

collagen

IgG

Figure 15
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+ calcium calcium

A. Ligand blot on SP-A using biotinylated light meromyosin. Binding was detected

using streptavidin conjugated with horseradish peroxidase and Amersham ECL

reagents. Lane 1 = 10 pig SP-A, Lane 2 = 10 pig BSA.

B. Dot blot using biotinylated light meromyosin. 5 pig SP-A, 10pg C1q, 10 pig

SP-D, 1 pig type VII collagen, and 10 pig rabbit IgG were applied to the

nitrocellulose. + calcium indicates that the blot was incubated in the presence of

100 piM CaCl2. - calcium indicates that the blot was incubated in the presence of

10 mM EDTA.
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Figure 16

Ligand blot on the purified 200 kDa protein and lower molecular weight protein. In each

blot, Lane 1 = 5 pig lower molecular weight protein, Lane 2 = 5 pig 200 kDa protein. A =

blot was probed with biotinylated SP-A, B = blot was probed with biotinylated CRD, C =

blot was probed with biotinylated IgG, D = blot was probed with biotinylated Fc fragment

of IgG. Binding was detected using streptavidin conjugated with horseradish peroxidase

and BioFad HRP color developing agent. Molecular weights are indicated for each blot.
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Biotin-IgG Biotin-BSA

1, , , 1 2
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biotin-sp-A O

Biotin-SP-D

Biotin-IgG

Biotin-BSA

Figure 17

A. Ligand blot on rabbit skeletal muscle myosin using biotinylated SP-A, biotinylated

IgG, or biotinylated BSA as indicated. For each blot, Lane 1 = 5 pig skeletal

muscle myosin, Lane 2 = 5 pig BSA. Binding was detected with streptavidin

conjugated with horseradish peroxidase and Amersham ECL reagents.

B. Dot blot on rabbit skeletal muscle myosin using biotinylated SP-A, biotinylated

SP-D, biotinylated IgG, or biotinylated BSA as indicated. For each blot, Column

1 = 5 pig skeletal muscle myosin, Column 2 = 5 pig BSA. Binding was detected

with streptavidin conjugated with horseradish peroxidase and Amersham ECL

reagents.
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Figure 18

Ligand blot on 30 pg lung microsomes using [125I]-recombinant human SP-A. Molecular

weight standards are indicated on the left.
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Figure 19

Competition for the binding of SP-A to immobilized skeletal muscle myosin with soluble

skeletal muscle myosin. 100 pig skeletal muscle myosin was resolved on 8% preparative

polyacrylamide gels and transferred to nitrocellulose. The nitrocellulose was cut into strips

and incubated with [125I]-SP-A in the presence of increasing quantities of skeletal muscle

myosin. Myosin concentrations were tested in duplicate. a = 0 pig skeletal muscle myosin,

b = 0.1 pg/ml skeletal muscle myosin, c = 1 pig■ ml skeletal muscle myosin, d = 10 pg/ml

skeletal muscle myosin, e = 100 pg/ml skeletal muscle myosin, f = 500 pg/ml skeletal

muscle myosin. Molecular weights are indicated to the left.
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Figure 20

Co-precipitation of biotinylated SP-A and unlabeled myosin. 10pg of biotinylated SP-A

and skeletal muscle myosin were incubated alone or together then precipitated with

streptavidin immobilized on agarose beads or uncoupled control beads. Panel A represents

a blot of material associated with the beads using streptavidin conjugated with horseradish

peroxidase to identify precipitated biotinylated SP-A. Lane 1 = SP-A + agarose, Lane 2 =

SP-A + streptavidin-agarose, Lane 3 = SP-A + myosin + agarose, Lane 4 = SP-A +

myosin + streptavidin-agarose, Lane 5 = myosin + agarose, Lane 6 = myosin +

streptavidin-agarose. Panel B represents a blot of the same material probed with a

monoclonal anti-skeletal myosin IgG to identify precipitated myosin. Binding of this

antibody was detected using goat anti-mouse IgG and BioFad color agent. Lane 1 =

myosin + agarose, Lane 2 = myosin + streptavidin-agarose, Lane 3 = SP-A + myosin +

agarose, Lane 4 = SP-A + myosin + streptavidin-agarose, Lane 5 = SP-A + agarose, Lane

6 = SP-A + streptavidin-agarose.
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Figure 21

A. Staining of myosin for carbohydrate with Glycan/protein labeling kit (Boehringer)

as described in materials and methods, Glycoproteins stain blue, while

nonglycosylated proteins stain brown. Lane 1 = 3 pig fetuin (positive control), lane

2 = 3 pig creatinase (negative control), lane 3 = 3 pig skeletal muscle myosin.

Molecular weights are indicated to the left.

Ligand blot on N-glycanase treated skeletal muscle myosin using [125I]-SP-A.

Lane 1 = 5 pig N-glycanase treated myosin, Lane 2 = 5 pig untreated myosin.

Molecular weight markers are indicated.
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Figure 22

Ligand blot on myosin isoforms using biotinylated SP-A or biotinylated deglycosylated

SP-A. Binding of the biotinylated proteins was detected with streptavidin conjugated with

horseradish peroxidase and Amersham ECL reagents. For both figures, Lane 1 = 5 pig

BSA, Lane 2 = 5 pig rabbit skeletal muscle myosin, Lane 3 = 5 pig porcine cardiac muscle

myosin, Lane 4 = 5 pig chicken smooth muscle myosin. Molecular weights are indicated

at the left of each figure.
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Figure 23

A. Ligand blot on myosin isoforms using biotinylated SP-D. Binding of biotinylated

SP-D was detected with streptavidin conjugated with horseradish peroxidase and

Amersham ECL reagents. Lane 1 = 5 pig rabbit skeletal muscle myosin, Lane 2 =

5 pig porcine cardiac muscle myosin, Lane 3 = 5 pig chicken smooth muscle

myosin, Lane 4 = 2.5 pig biotinylated SP-D.

Dot blot on skeletal muscle myosin using biotinylated SP-A or biotinylated SP-D.

Binding of biotinylated proteins was detected with streptavidin conjugated with

horseradish peroxidase and Amersham ECL reagents. Column 1 = 5 pig rabbit

skeletal muscle myosin, Column 2 = 5 pig BSA.
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Figure 24

Schematic representation of myosin (light chains not shown). Subfragments generated by

proteolytic digestion are not drawn to scale, but their locations within the intact myosin

molecule are indicated. Molecular weights are approximate.
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Figure 25
A. Ligand blot on fragments of rabbit skeletal muscle myosin using [125I]-SP-A. 10

pig of protein was used in each lane, except for the lung homogenate, where 30 pig
was used. Lane 1= lung homogenate, Lane 2 = skeletal myosin, Lane 3 = myosin
heavy chain, Lane 4 = subfragment 1, Lane 5 = subfragment 2, Lane 6 = heavy
meromyosin, Lane 7 = light meromyosin.

B. Western blot using rabbit anti-human skeletal muscle myosin polyclonal IgG. Ten
micrograms protein per lane was used except for 30 pig of lung homogenate. Lane
1 = lung homogenate, Lane 2 = rabbit skeletal muscle myosin, Lane 3 = myosin
heavy chain, Lane 4 = subfragment 1, Lane 5 = subfragment 2, Lane 6 = heavy
meromyosin, Lane 7 = light meromyosin. Binding was detected using goat anti
rabbit IgG conjugated to horseradish peroxidase and BioFad developing agent.
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Figure 26

Dot blot on myosin fragments using [125I]-SP-A. 2.5 pig of each myosin fragment or 10

pig BSA was applied to the nitrocellulose.
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Comparison of ligand blots using [125I]-SP-A and corresponding Coomassie blue stained
gels of myosin fragments. In each panel, 1 = ligand blot and 2 = Coomassie stain. 10 pig

of protein was used in each lane. A = skeletal myosin, B = light meromyosin, C =

subfragment 1, and D = BSA
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Figure 28

A. Ligand blots on myosin isoforms using [125I]-SP-A. 4 calcium indicates that the

blot was incubated in the presence of 100 puM CaCl2. - calcium indicates that the

blot was incubated in the presence of 10 mM EDTA. In each blot, Lane 1 = 10 pig

BSA, Lane 2 = 2.5 pig chicken smooth muscle myosin, Lane 3 = 2.5 pig porcine

cardiac myosin, Lane 4 = 2.5 pig rabbit skeletal muscle myosin. Molecular weight

standards are indicated to the left of each blot.

B. Dot blot on myosin isoforms using [125I]-SP-A. 2.5 pig of myosin isoform or 10

pig BSA per well was used
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Figure 29

skeletal muscle myosin

skeletal muscle tropomyosin

smooth muscle myosin

fibrinogen

keratin

paramyosin
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BSA

+ EDTA

º
tº

:
Dot blot on proteins containing the O-helical coiled-coil structural motif using [125I]-SP-A.

2.5 pig myosin, 15 pig of coiled-coil proteins, 15 pig BSA, or 50 pig pepM24, was used. +

calcium indicates that the blot was incubated in 1.5 mM CaCl2. -- EDTA indicates that the

blot was incubated in 10 mM EDTA.
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Figure 30

Binding of [125I]-fibrinogen to SP-A immobilized on microtiter wells. Immulon-4

microtiter wells were coated with 1 pig of SP-A and incubated with dilutions of [125I]-

fibrinogen (0, 0.1, 0.5, 1, 5, and 10 pg/ml) in the presence or absence of calcium.

Radioactivity associated with the well was then measured. Results are the mean of three

experiments +/- standard deviation.

+ p < .05 by unpaired t-test

++ p <.01 by unpaired t-test

.:
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Figure 31

Dot blots on glycerol gradient fractions. 50 pil of each gradient fraction was applied to the

nitrocellulose. 15% and 75% indicate glycerol concentrations at each end of the strip and

the smaller numbers indicate fraction number. The strips labeled tropomyosin represent

fractions of gradients where tropomyosin was centrifuged in the absence of SP-A. The

strips labeled tropomyosin + SP-A represent fractions of gradients where tropomyosin was

centrifuged in the continuous presence of SP-A. In both cases rabbit IgG was included as

an internal control. In panel A, the strips were incubated with an anti-tropomyosin

monoclonal antibody to determine the position of tropomyosin on the gradient. Antibody

binding was determined with a goat anti-mouse polyvalent Ig conjugated with horseradish

peroxidase and BioFad color agent. In panel B, the strips were incubated with a goat anti

rabbit IgG conjugated with horseradish peroxidase to determine the position of the rabbit

IgG. Antibody binding was visualized with BioFad color developing reagent.

º
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Figure 32

A. Ligand blot using [125I]-SP-A. Lane 1 = 5 pig skeletal muscle myosin, Lane 2 = 10

pig fibrinogen, Lane 3 = 10 pig deglycosylated fibrinogen.

B. Dot blot on fibrinogen using [125I]-SP-A. a = 5 pig or 10 pig fibrinogen, b = 5 pig

or 10 pig deglycosylated fibrinogen.

-
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A. Dot blot using [125I]-SP-A on 10 pig myosin, light meromyosin, skeletal muscle

tropomyosin, fibrinogen, keratin, or BSA.

B. Dot blot using [125I]-SP-A on 10 pig myosin, light meromyosin, skeletal muscle

tropomyosin, fibrinogen, keratin, or BSA which were solubilized in 0.0625 M

Tris, pH 6.8, 2% SDS, 20% glycerol, and 50 mM dithiothreitol and heated to

95°C for 15 min prior to use.

t
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Figure 34

The cell surface of alveolar macrophages was labeled with biotin, the cells were lysed, and

the biotinylated proteins were precipitated with streptavidin-agarose beads. The resulting

pellet and supernatant were examined for the presence of biotinylated proteins and SP-A

binding activity. Panel A represents material probed with streptavidin conjugated with

horseradish peroxidase to identify biotinylated proteins. Lane 1 = supernatant (material not

associated with the streptavidin-agarose beads), Lane 2 = pellet (material associated with

the streptavidin-agarose beads). Panel B is a ligand blot of equal amounts of the same

material using [125I]-SP-A.
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Figure 35

Western blot of acetone-precipitated proteins from alveolar lavage using anti-human cellular

myosin polyclonal IgG. Binding of the antibody was visualized with goat anti-rabbit IgG

conjugated with horseradish peroxidase and BioFad HRP color developing reagent. 30 pig

of lung homogenate was used as a positive control. The migration of molecular weight

standards is indicated on the left.
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Figure 36

Effect of SP-A on alveolar macrophage binding/uptake of [125I]-skeletal muscle myosin.

Alveolar macrophages were incubated with 10 pig of [125I]-skeletal muscle myosin or 10

pig of [125I]-subfragment 1 and 10 pig of SP-A for 1 hr at 37 C. Cells were washed as

described in the Materials and Methods and radioactivity counted. Counts were normalized

so that the binding in the absence of SP-A was 100% (control). The average amount of

binding/uptake in control was 286 ng. Values are mean +/- the standard error for three to

five experiments. * = significantly greater than control, P × 0.01 by unpaired t test.
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Figure 37

Time dependent degradation of myosin. Alveolar macrophages were incubated with 10 pig

of [125I]-labeled skeletal muscle myosin and 10 pig of SP-A for various lengths of time at

37°C. Media was collected and the distribution of radioactivity in TCA-soluble and

insoluble fractions was determined.
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Figure 38

Effect of SP-A on the association of fibrinogen with alveolar macrophages. Alveolar

macrophages were incubated with 1.25 pg [125I]-fibrinogen and 0, 5, or 10 pg of SP-A

for 2 hrs at 37°C, washed as described in the materials and methods, and the cell

associated radioactivity was measured. Results represent the mean of four experiments +/-

standard deviation.
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figure 39

Effects of temperature on the association of [125I]-SP-A and [125I]-fibrinogen with alveolar
macrophages. The cells were incubated with 1.25 pig [125I]-SP-A or 1.25 pig [125I]-

fibrinogen + 10 pig SP-A at 4°C or 37°C for 2 hrs. The cells were washed as described in

materials and methods and the cell associated radioactivity was counted. The results

represent the mean of three experiments +/- the standard error.
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Percentage Trichloroacetic
Acid Precipitable

Radioactivity

Without Cells With Cell

:k

[125I]-SP-A 81.2 + 0.7% 71.1 + 0.6%

[125I]-Fibrinogen 85.1 + 0.4% 83.7 ± 0.7%

[125I]-Fibrinogen
+ 84.4 + 0.6% 82.1 + 1.2 %

5 pig SP-A

[125I]-Fibrinogen
+ 83.7 H- 0.3% 82.4 + 0.7%

10 pig SP-A

* p < 0.01

Figure 40

Degradation of radiolabeled proteins by alveolar macrophages. Alveolar macrophages were

incubated with 1.25 pig [125I]-SP-A, 1.25 pig [125I]-fibrinogen, 1.25 pig [125I]-fibrinogen

+ 5 pig SP-A, or 1.25 pig [125I]-fibrinogen + 10 pig SP-A at 37°C for 2 hrs. Control tubes

without cells were prepared and incubated concurrently. The cells were pelleted by

centrifugation and aliquots of the media were collected for precipitation with trichloroacetic

acid as described in the materials and methods. The percentage of trichloroacetic acid

precipitable radioactivity was calculated by dividing the radioactivity in the pellet by the

sum of the radioactivity in the pellet and supernatant and multiplying by 100. Results are

the mean of three experiments +/- the standard deviation.
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Figure 41
i

A. Autoradiograph of the media after [125I]-fibrinogen was incubated with
macrophages and increasing concentrations of SP-A. 5 pil of the media,
representing approximately 5,000 dpm, was loaded on the gels. Lane 1 = media
from the incubation of 1.25 pig [125I]-fibrinogen with macrophages, Lane 2 = no
cell control for lane 1, Lane 3 = media from the incubation of 1.25 pig [125I]-
fibrinogen with 5 pig SP-A and macrophages, Lane 4 = no cell control for lane 3,
Lane 5 = media from the incubation of 1.25 pig [125I]-fibrinogen with 10 pig SP-A
and macrophages, Lane 6 = no cell control for lane 5, Lane 7 = [125I]-fibrinogen
control.

Autoradiograph of the alveolar macrophages after incubation with [125I]-fibrinogen
and increasing concentrations of SP-A. Approximately 1.5 x 106 cells were loaded
on the gel. Lane 1 = cells from the incubation of 1.25 pig [125I]-fibrinogen with
macrophages, Lane 2 = no cell control for lane 1, Lane 3 = cells from the
incubation of 1.25 pig [125I]-fibrinogen with 5 pig SP-A and macrophages, Lane 4
= no cell control for lane 3, Lane 5 = cells from the incubation of 1.25 pig [125I]-
fibrinogen with 10 pig SP-A, and macrophages, Lane 6 = no cell control for lane 5,
Lane 7 = [125I]-fibrinogen control.
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Figure 42

Degradation of [125I]-SP-A by alveolar macrophages in the presence of increasing
concentrations of fibrinogen. Alveolar macrophages were incubated with 1.25 pig of

[125I]-SP-A and 0, 5, 10, or 20 pig of fibrinogen at 37°C for 2 hrs. Controls with no cells

were incubated concurrently. The cells were pelleted by centrifugation and aliquots of the

media were collected for precipitation with trichloroacetic acid as described in the materials

and methods. The percentage of trichloroacetic acid precipitable radioactivity was

calculated by dividing the radioactivity in the pellet by the sum of the radioactivity in the

pellet and supernatant and multiplying by 100. Results are the mean of two experiments

+/- the Standard deviation.
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Figure 43

Schematic representation of the streptococcal M protein. The molecule consists largely of

the O-helical coiled-coil structural motif, but can be divided into subdomains on the basis of

the frequency of amino acid variance within the domain. The hypervariable and variable

domains of a given serotype share little sequence homology with other serotypes. The

conserved regions of M protein are more similar across serotypes. The pepsin-sensitive

site is marked and the portion released as pepM is indicated
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Figure 44
Binding of [125I]-SP-A to group A streptococci. Bacteria were incubated with 0, 100,
300, 500, or 1000 ng of [125I]-SP-A with or without calcium for 40 min at room
temperature and the amount of cell-associated radioactivity was measured.

153



REFERENCES

10.

11.

12.

Goerke J. and J.A. Clements. Alveolar surface tension and lung surfactant. In

Macklem, PT, Mead J (eds): Handbook of Physiology - The Respiratory System.

Washington, DC, American Physiological Society, 247-261, 1986.

Von Neergaard, K. Neue auffassungen uber einen grundbegriff der atemmechanik.

Die retractionskraft der lunge, abhangig von der oberflaechenspannung in den

alveolen. Z. Gesamte. Exp. Med. 66:373-394, 1929.

Gruenwald, P. Surface tension as a factor in the resistance of neonatal lungs to

aeration. Am. J. Obstet. Gynecol 53:966, 1947.

Mead, J., J.L. Whittenberger, and E.P. Radford, Jr. Surface tension as a factor in

pulmonary volume-pressure hysteresis. J. Appl. Physiol. 10:191-196, 1957.

Pattle, R.E. Properties, function, and origin of the alveolar lining layer. Nature

175: 1125-1127, 1955.

Clements, J.A. Surface tension of lung extracts. Proc. Soc. Exp. Biol. Med. 95:

170–172, 1957.

Avery, M.E. and J. Mead. Surface properties in relation to atelectasis and hyaline

membrane disease. Am. J. Dis. Child 97: 517-523, 1959.

Farrell, P.M. and M.E. Avery. Hyaline membrane disease. Am. Rev. Respir.

Dis. 111: 657-688, 1975.

Lewis, J.F. and A. Jobe. Surfactant and the adult respiratory distress syndrome.

Am. Rev. Resp. Dis. 147: 218-233, 1993.

Jobe, A. Pulmonary surfactant therapy. N. Engl. J. Med. 328: 861-868, 1993.

Jobe, A. and M. Ikegami. Surfactant for the treatment of respiratory distress

syndrome. Am. Rev. Respir. Dis. 136: 1256-1275, 1987.

Wright, J.R. and J.A. Clements. Metabolism and turnover of lung surfactant.

Am. Rev. Respir. Dis. 135: 426-444, 1987.

154



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wright J.R. and L.G. Dobbs. Regulation of pulmonary surfactant secretion and

clearance. Annu. Rev. Physiol, 53: 395-414, 1991.

King, R.J. and J.A. Clements. Surface active material from dog lung. I. Method

of isolation. Am. J. Physiol. 223: 707-714, 1972.

King, R.J. and J.A. Clements. Surface active material from dog lung. II.

Composition and physiological correlations. Am. J. Physiol. 223: 715–726, 1972.

Rooney, S.A., S.L. Young, and C.R. Mendelson. Molecular and cellular

processing of lung surfactant. FASEB J. 8:957-967, 1994.

Shelley, S.A., J.E. Paciga, and J.U. Balis. Lung surfactant phospholipids in

different animal species. Lipids 19: 857-862, 1984.

Clements, J.A. Functions of the alveolar lining. Am. Rev. Respir. Dis. 115:67

71, 1977.

Hallman, M. and L. Gluck. Phosphatidylglycerol in lung surfactant. III. Possible

modifier of surfactant function. J. Lipid Res. 17: 257-262, 1976.

Benson, B.J., J.A. Kitterman, J.A. Clements, E.J. Mescher, and W.H. Tooley.

Changes in phospholipid composition of lung surfactant during development in the

fetal lamb. Biochim. Biophys. Acta 753: 83-88, 1983.

Hallman, M. and B.L. Epstein. Role of myoinositol in the synthesis of

phosphatidylglycerol and phosphatidylinositol in the lung. Biochem. Biophys. Res.

Commun. 92: 1151-1159, 1980.

Beppu, O.S., J.A. Clements, and J. Goerke. Phosphatidylglycerol-deficient lung

surfactant has normal properties. J. Appl. Physiol. 55: 496-502, 1983.

Liau, D.F., C.R. Barrett, A.L.L. Bell, and S.F. Ryan. Normal surface properties

of phosphatidylglycerol-deficient surfactant from dog after acute lung injury. J.

Lipid Res. 26: 1338–1344, 1985.

Hallman, M., G. Enhorning, and F. Possmayer. Composition and surface activity

of normal and phosphatidylglycerol-deficient lung surfactant. Pediatr. Res. 19:

155



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

286–292, 1985.

King, R.J., C. Carmichael, and P.M. Horowitz. Reassembly of lipid-protein

complexes of pulmonary surfactant. Proposed mechanism of interaction. J. Biol.

Chem. 258: 10672–10680, 1983.

King, R.J. Lipid-protein interactions in surfactant studied by reassembly. Exp.

Lung Res. 6:237-253, 1984.

Oyarzun, M.J., J.A. Clements, and A. Baratussio. Ventilation enhances

pulmonary alveolar clearance of radioactive dipalmitoyl phosphatidylcholine in

liposomes. Am. Rev. Respir. Dis 121: 709–721, 1980.

Hawgood, S. and K. Shiffer. Structures and properties of the surfactant

associated proteins. Annu. Rev. Physiol. 53:375-394, 1991.

Kuroki, Y. and D.R. Voelker. Pulmonary surfactant proteins. J. Biol. Chem. 269:

25943-25946, 1994.

Weaver, T.E. and J.A. Whitsett. Function and regulation of expression of

pulmonary surfactant-associated proteins. Biochem. J. 273:249-264, 1991.

Day A.J. The C-type carbohydrate recognition domain (CRD) superfamily.

Biochem. Soc. Trans. 22: 83-88, 1994.

Holmskov, U., R. Malhotra, R. B. Sim, and J. C. Jensenius. Collectins:

collagenous C-type lectins of the innate immune defense system. Immunol. Today

15: 67-74, 1994.

Kogishi, K., M. Kurozumi, Y. Fujita, T. Murayama, F. Kuze, and Y. Suzuki.

Isolation and partial characterization of human low molecular weight protein

associated with pulmonary surfactant. Am. Rev. Respir. Dis. 137: 1426-1431,

1988.

Emrie, P.A., J.M. Shannon, R.J. Mason, and J.H. Fisher. cDNA and deduced

amino acid sequence for the rat hydrophobic pulmonary surfactant associated

protein, SP-B. Biochim. Biophys. Acta 994: 215-221, 1989.

156



35.

36.

37.

38.

39.

40.

41.

42.

43.

O'Brien, J.S., K.A. Kretz, N. Dewji, D.A. Wenger, F. Esch, and A.L. Fluharty.

Coding of two sphingolipid activator proteins (SAP-1 and SAP-2) by same genetic

locus Science 241: 1098-1101, 1988.

Morimoto, S., B.M. Martin, Y. Yamamoto, K.A. Kretz, and J.S. O'Brien.

Saposin A: second cerebrosidase activator protein Proc. Natl. Acad. Sci. U.S.A.

86: 3389-3393, 1989.

Patthy, L. Homology of the precursor of pulmonary surfactant-associated protein

SP-B with prosaposin and sulfated glycoprotein 1. J. Biol. Chem. 266:6035

6037, 1991.

Sueishi, K. and B.J. Benson. Isolation of a major apolipoprotein of canine and

murine pulmonary surfactant. Biochemical and immunochemical characteristics.

Biochim. Biophys. Acta 665:442-453, 1981.

Hawgood, S., B.J. Benson, and R.L. Hamilton, Jr. Effects of a surfactant

associated protein and calcium ions on the structure and surface activity of lung

surfactant lipids. Biochemistry 24; 184-190, 1985.

Bruns, G., H. Stroh, G.M. Veldman, S.A. Latt, and J. Floros. The 35 kD

pulmonary surfactant associated protein is encoded on chromosome 10 Hum.

Genet. 76: 58–62, 1987.

Fisher, J.H., F.T. Kao, C. Jones, T. White, B.J. Benson, and R.J. Mason. The

coding sequence for the 32,000 dalton pulmonary surfactant-associated protein A is

located on chromosome 10 and identifies two separate restriction length

polymorphisms. Am. J. Hum. Genet. 40: 503-511, 1987.

Benson, B., S. Hawgood, J. Schilling, J. Clements, D. Damm, B. Cordell, and

R.T. White. Structure of canine pulmonary surfactant apoprotein: cDNA and

complete amino acid sequence. Proc. Natl. Acad. Sci. U.S.A. 82: 6379-6383,

1985.

Floros, J., R. Steinbrink, K. Jacobs, D. Phelps, and R. Kriz. Isolation and

157



44.

45.

46.

47.

47.

49.

50.

51.

52.

characterization of cDNA clones for the 35-kDa pulmonary surfactant-associated

protein. J. Biol. Chem. 261:9029-9033, 1986.

White, R.T., D. Damm, J. Miller, K. Spratt, J. Schilling. Isolation and

characterization of the human pulmonary surfactant apoprotein gene. Nature 317:

361-363, 1985.

Floros, J., D. S. Phelps, S. Kourembanas, H. Taeusch. Primary translation

products, biosynthesis, and tissue specificity of the major surfactant protein in rat.

J. Biol. Chem. 261: 828-831, 1986.

Fisher, J.H., P.A. Emrie, J. Shannon, K. Sano, B. Hattler, and R.J. Mason. Rat

pulmonary surfactant protein A is expressed as two differently sized mRNA species

which arise from differential polyadenylation of one transcript. Biochim. Biophys.

Acta 950: 338-345, 1988.

Boggaram, V., K. Quing, and C.R. Mendelson. Major apoprotein of rabbit

pulmonary surfactant J. Biol. Chem. 263:2939-2947, 1988.

Korfhagen, T.R., S.W. Glasser, M.D. Bruno, M.J. McMahan, J.C. Clark, and

J.A. Whitsett. Isolation and analysis of the murine surfactant protein A genomic

locus. Am. Rev. Respir. Dis. 141: A696, 1990.

Phelps, D.S. and J. Floros. Localization of surfactant protein synthesis in human

lung by in situ hybridization. Am. Rev. Resp. Dis. 137: 939-942, 1988.

Phelps, D.S. and J. Floros. Differential localization of surfactant protein mRNAs

in rat and human lung. Am. Rev. Resp. Dis. 141, A694, 1990.

Williams, M.C., S. Hawgood, D.B. Schenk, J. Lewicki, M.N. Phelps, and B.

Benson. Monoclonal antibodies to surfactant proteins SP 28-36 label canine type II

and nonciliated bronchiolar cells by immunofluorescence. Am. Rev. Resp. Dis.

137: 399-405, 1988.

Walker, S.R., M.C. Williams, and B. Benson. Immunocytochemical localization

of the major surfactant apoproteins in type II cells, Clara cells, and alveolar

158



53.

54.

55.

56.

57.

58.

59.

60.

61.

macrophages of rat lung. J. Histochem. Cytochem. 34: 1137-1148, 1986.

Weaver, T.E., V.K. Sarin, N. Sawtell, W.M. Hull, and J.A.Whitsett.

Identification of surfactant proteolipid SP-B in human surfactant and fetal lung. J.

Appl. Physiol. 65:982–987, 1988.

Benson, B., S. Hawgood, J. Schilling, J. Clements, D. Damm, B. Cordell, and

R.T. White. Structure of canine pulmonary surfactant apoprotein, cDNA and

complete amino acid sequence. Proc. Natl. Acad. Sci. U.S.A. 82: 6379-6383,

1985.

Ross, G.F., J. Meuth, B. Ohning, Y. Kim, and J.A. Whitsett. Purification of

canine surfactant-associated glycoprotein A. Identification of a collagenase

resistant domain. Biochim. Biophys. Acta 870: 267-278, 1986.

Persson, A., D. Chang, K. Rust, M. Moxley, W. Longmore, and E. Crouch. CP4:

a pneumocyte-derived collagenous surfactant protein. Evidence for heterogeneity

of collagenous surfactant proteins. Biochemistry 27: 8576–8584, 1988.

O'Reilly, M.A., L. Nogee, and J. Whitsett. Requirement of the collagenous

domain for carbohydrate processing and secretion of a surfactant protein SP-A.

Biochim. Biophys. Acta 969: 176-184, 1988.

Drickamer, K. Two distinct classes of carbohydrate-recognition domains in animal

lectins. J. Biol. Chem. 263: 9557-9560, 1988.

Munakata, H., R.B. Nimberg, G.L. Snider, A.G. Robins, and H. Van Halbeek.

The structure of the carbohydrate units of the 36K glycoprotein derived from the

lung lavage of a patient with alveolar proteinosis by high resolution "H-NMR

spectroscopy. Biochem. Biophys. Res. Commun. 108: 1401-1405, 1982.

Whitsett, J.A., W. Hull, G. Ross, and T. Weaver. Characteristics of human

surfactant-associated glycoproteins A. Pediatr. Res. 19:501-508, 1985.

Katyal S.L. and G. Singh. Analysis of pulmonary surfactant apoproteins by

isoelectric focusing. Biochim. Biophys. Acta 794:411–418, 1984.

159



62.

63.

64.

65.

66.

67.

68.

69.

70.

Weaver, T.E., K.L. Kropp, and J.A. Whitsett. In vitro sulfation of pulmonary

surfactant-associated protein-35. Biochim. Biophys. Acta 914: 205-211, 1987.

Phelps, D.S., H.W. Taeusch, Jr., B. Benson, and S. Hawgood. An

electrophoretic and immunochemical characterization of human surfactant

associated proteins. Biochim. Biophys. Acta 791: 226-238, 1984.

Whitsett, J.A., T. Weaver, W. Hull, G. Ross, and C. Dion. Synthesis of

surfactant-associated glycoprotein A by rat type II epithelial cells. Primary

translation products and posttranslational modification. Biochim. Biophys. Acta

828: 162-171, 1985.

King, R.J., D. Simon, and P.M. Horowitz. Aspects of secondary and quaternary

structure of surfactant protein A from canine lung. Biochim. Biophys. Acta 1001:

294-301, 1989.

Voss, T., H. Eistetter, K.P. Schafer, and J. Engle. Macromolecular organization of

natural and recombinant lung surfactant protein SP 28-36. J. Mol. Biol.

201: 219–227, 1988.

Haagsman, H., R.T. White, J. Schilling, K. Lau, B.J. Benson, J. Golden, S.

Hawgood, and J.A. Clements. Studies of the structure of lung surfactant protein

SP-A, Am. J. Physiol. 257: L421-L429, 1989.

Hoppe, H.J., P.N. Barlow, and K.B. Reid. A parallel three stranded alpha-helical

bundle at the nucleation site of collagen triple-helix formation. FEBS Lett. 344:

191-195, 1994.

Voss, T. K. Melchers, G. Scheirle, and K. P. Schafer. Structural comparison of

recombinant pulmonary surfactant protein SP-A derived from two human coding

sequences: implications for the chain composition of natural human SP-A. Am. J.

Respir. Cell \Mol. Biol. 4: 88-94, 1991.

King, R.J. and M.C. MacBeth. Physicochemical properties of

dipalmitoylphosphatidylcholine after injection with an apolipoprotein of pulmonary

160



71.

72.

73.

74.

75.

76.

77.

78.

79.

surfactant. Biochim. Biophys. Acta 557: 86-101, 1979.

King, R.J., M.C. Phillips, P.M. Horowitz, and S.C. Dang. Interaction between

the 35 kDa apolipoprotein of pulmonary surfactant and saturated

phosphatidylcholines. Effects of temperature. Biochim. Biophys. Acta 879: 1-13,

1986.

Ross, G.F., R.H. Notter, J. Meuth, and J.A. Whitsett. Phospholipid binding and

biophysical activity of pulmonary surfactant-associated protein (SAP)-35 and its

non-collagenous COOH-terminal domains. J. Biol. Chem. 261: 14283-14291,

1986.

Haagsman, H.P., T. Sargeant, P.V. Hauschka, B.J. Benson, and S. Hawgood.

Binding of calcium to SP-A, a surfactant associated protein. Biochemistry 29:

8894–8900, 1990.

Haagsman, H.P., S. Hawgood, T. Sargeant, D. Buckley, and R.T. White. The

major lung surfactant protein, SP 28-36, is a calcium dependent carbohydrate

binding protein. J. Biol. Chem. 262: 13877-13880, 1987. *

Kuroki,Y., R. J. Mason, and D. R. Voelker. Alveolar type II cells express a

high-affinity receptor for pulmonary surfactant protein A. Proc. Natl. Acad. Sci.

USA 85: 5566–5570, 1988.

Wright, J. R., J. D. Borchelt, and S. Hawgood. Lung surfactant apoprotein

SP-A (26-36 kDa) binds with high affinity to isolated alveolar type II cells. Proc.

Natl. Acad. Sci. USA 86: 5410–5414, 1989

Pison, U., J. R. Wright, and S. Hawgood. Specific binding of surfactant protein

SP-A to rat alveolar macrophages. Am. J. Physiol. 262: L412-L417, 1992.

Persson, A., D. Chang, K. Rust, M. Moxley, W. Longmore, and E. Crouch.

Purification and biochemical characterization of CP4 (SP-D), a collagenous

surfactant-associated protein. Biochemistry 28: 6361-6367, 1989.

Crouch, E., K. Rust, R. Veile, H. Donis-Keller, and L. Grosso. Genomic

161



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

organization of human surfactant protein D (SP-D). SP-D is encoded on

chromosome 10q22.2-23.1. J. Biol. Chem. 268: 2976–2983, 1993.

Lu, J., A.C. Willis, and K.B.M. Reid. Purification, characterization and cDNA

cloning of human lung surfactant protein D. Biochem. J. 284: 795-802, 1992.

Fisher, J.H. and R. Mason. Expression of pulmonary surfactant protein D in rat

gastric mucosa. Am. J. Respir. Cell Mol. Biol. 12:13-18, 1995.

Crouch, E., K. Rust, W. Marienchek, D. Parghi, D. Chang, and A. Persson.

Developmental expression of pulmonary surfactant protein D (SP-D). Am. J.

Respir. Cell Mol. Biol. 5: 13-18, 1991.

Voohout, W.F., T. Veenendaal, Y. Kuroki, Y. Ogasawara, L.M.G. van Golde,

and H.J. Geuze. Immunocytochemical localization of surfactant protein D (SP-D)

in type II cells, Clara cells, and alveolar macrophages of rat lung. J. Histochem.

Cytochem. 40: 1589-1597, 1992.

Crouch, E., D. Chang, K. Rust, A. Persson, and J. Heuser. Recombinant

pulmonary surfactant protein D. Posttranslational modifications and molecular

assembly. J. Biol. Chem. 269: 15808-15813, 1994.

Crouch, E., A. Persson, D. Chang, and J. Heuser. Molecular structure of

pulmonary surfactant protein D (SP-D). J. Biol. Chem. 269: 17311-17319, 1994.

Crouch, E.C., A. Persson, J. Heuser, and D. Chang. Molecular structure of

surfactant protein D (SP-D). FASEB J. 6: A1160, 1992.

Strang, C.J., H.S. Slayter, P.J. Lachmann, and A.E. Davis. Ultrastructure and

composition of bovine conglutinin. Biochem. J. 234: 381-389, 1986.

Lim, B.L., J. Lu, and K.M.B. Reid. Structural similarity between bovine

conglutinin and bovine lung surfactant protein D and demonstration of liver as a site

of synthesis of conglutinin. Immunology 78: 159-165, 1993.

Thiel, S. and K.M.B. Reid. Structures and functions associated with the group of

mammalian lectins containing collagen-like sequences. FEBS Lett. 250: 78-84,

162



1989.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Kuroki, Y., M. Shiratori, Y Ogasawa, A. Tsuzuki, and T. Akino. Characterization

of pulmonary surfactant protein D: its copurification with lipids. Biochim.

Biophys. Acta 1086: 185-190, 1991.

Persson, A.V., B.J. Gibbons, J.D. Shoemaker, M.A. Moxley, and W.J.

Longmore. The major glycolipid recognized by SP-D in surfactant is

phosphotidylinositol. Biochemistry 31: 12183-12189, 1992.

Ogasawara, Y., Y. Kuroki, and T. Akino. Pulmonary surfactant protein D

specifically binds to phosphatidylinositol. J. Biol. Chem. 267: 21244-21249,

1992.

Persson, A., D. Chang, and E. Crouch. Surfactant protein D is a divalent cation

dependent carbohydrate-binding protein. J. Biol. Chem. 265: 5755-5760, 1990.

Pilot-Matias, T.J., S.E. Kister, J.L. Fox, K. Kropp, S.W. Glasser, and J.A.

Whitsett. Structure and organization of the gene encoding human pulmonary

surfactant proteolipid SP-B. DNA 8: 75-86, 1989.

O'Reilly, M.A., T.E. Weaver, T.J. Pilot-Matias, V.K. Sarin, A.F. Gazdar, and

J.A. Whitsett. In vitro translation, posttranslational processing and secretion of

pulmonary surfactant protein B precursors. Biochim. Biophys. Acta 1011: 140

148, 1989.

McCormack, F.X. Molecular biology of the surfactant apoproteins. Sem. Respir.

Crit. Care Med. 16:29-38, 1995.

Vandenbussche, G., A. Clercx, M. Clercx, T. Curstedt, J. Johansson, H.

Jornvall, and J.M. Ruysschaert. Secondary structure and orientation of the

surfactant protein SP-B in a lipid environment. A Fourier transform infra-red

spectroscopy study. Biochemistry 31: 9169-9176, 1992.

Glasser, S.W., T.R. Korfhagen, T.E. Weaver, T. Pilot-Matias, J.L. Fox, and J.A.

Whitsett. cDNA and deduced amino acid sequence for the rat hydrophobic

163



99.

100.

101.

102.

103.

104.

105.

106.

pulmonary surfactant-associated proteolipid SPL (Phe). Proc. Natl. Acad. Sci.

U.S.A 84: 4007-4011, 1987.

Hawgood, S., B.J. Benson, J. Schilling, D. Damm, J.A. Clements, and R.T.

White. Nucleotide and amino acid sequences of pulmonary surfactant protein SP 18

and evidence for the cooperation between SP 18 and SP 28-36 in surfactant lipid

absorption. Proc. Natl. Acad. Sci. U.S.A. 84: 66-70, 1987.

Curstedt, T, J. Johansson, J. Barros-Soderling, B. Robertson, G. Nilsson, M.

Westberg, and H. Jornwall. Low molecular mass surfactant protein type I. Eur. J.

Biochem. 172: 521-525, 1988.

Rice, W.R., V.K. Sarin, J.L. Fox, J. Baatz, S. Wert, and J.A. Whitsett.

Surfactant peptides stimulate uptake of phosphatidylcholine by isolated cells.

Biochim. Biophys. Acta 1006: 237-245, 1989.

Suzuki, Y., Y. Fujita, and K. Kogishi. Reconstitution of tubular myelin from

synthetic lipids and proteins associated with pig pulmonary surfactant. Am. Rev.

Resp. Dis. 140: 75-81, 1989.

Cochrane, C.G. and S.D. Revak. Pulmonary surfactant protein B (SP-B):

structure-function relationships. Science 254: 566-568, 1991.

Nogee, L.M., D.E. deMello, L.P. Dehner, and H.R. Colten. Deficiency of

pulmonary surfactant protein B in congenital alveolar proteinosis. N. Engl. J.

Med. 328: 406-410, 1993.

Fisher, J.H., P.A. Emrie, H.A. Drabkin, T. Kushnik, M. Gerber, T. Hofmann,

and C. Jones. The gene encoding the hydrophobic surfactant protein SP-C is

located on 8p and identifies an EcoR1 RFLP. Am. J. Hum. Genet. 43:436–441,

1988.

Glasser, S.W., T.R. Korfhagen, T.E. Weaver, J.C. Clark, T. Pilot-Matias, J.

Meuth, J.L. Fox, and J.A. Whitsett. cDNA deduced polypeptide structure and

chromosomal assignment of human pulmonary surfactant proteolipid, SPL (pVal).

164



107.

108.

109.

110.

111.

112.

113.

114.

J. Biol. Chem. 263: 9-12 1988.

Fisher, J.H., J.M. Shannon, T. Hofmann, and R.J. Mason. Nucleotide and

deduced amino acid sequence of the hydrophobic surfactant protein SP-C from rat:

expression in alveolar type II cells and homology with SP-C from other species.

Biochim. Biophys. Acta 995: 225-230, 1989.

Liley, H.G., R. Ertsey, L.W. Gonzales, M.W. Odom, S. Hawgood. L.G. Dobbs,

and P.L. Ballard. Synthesis of surfactant components by cultured type II cells from

human lung. Biochim. Biophys. Acta 961: 86-95, 1988.

Shannon, J.M., P.A. Emrie, J.H. Fisher, Y. Kuroki, S.D. Jennings, and R.J.

Mason. Effect of a reconstituted basement membrane on expression of surfactant

apoproteins in cultured adult rat alveolar type II cells. Am. J. Respir. Cell. Mol.

Biol. 2: 183-192, 1990.

Korfhagen, T.R., S.W. Glasser, S.E. Wert, M.D. Bruno, C.C. Daugherty, J.D.

McNeish, J.L. Stock, S.S. Potter, and J.A. Whitsett. Cis acting sequences from a

human surfactant protein gene confer pulmonary-specific gene expression in

transgenic mice. Proc. Natl. Acad. Sci. U.S.A. 87: 6122-6126, 1990.

Farrell, P.M., J.R. Bourbon, R.H. Notter, L. Marin, L.M. Nogee, and J.A.

Whitsett. Relationships among surfactant fraction lipids, proteins, and biophysical

properties in the developing rat lung. Biochim. Biophys. Acta 1044: 84-90, 1990.

Warr, R.G., S. Hawgood, D.I. Buckley, T.M. Crisp, J. Schilling, B.J. Benson,

P.L. Ballard, J.A. Clements, and R.T. White. Low molecular weight human

pulmonary surfactant protein (SP5): isolation, characterization, and cDNA and

amino acid sequences. Proc. Natl. Acad. Sci. U.S.A. 84: 7915-7919, 1987.

Keller, A., H.R. Eistetter, T. Voss, and K.P. Schafer. The pulmonary surfactant

protein C (SP-C) precursor is a type II transmembrane protein. Biochem. J. 277:

493-499, 1991.

Curstedt, T., J. Johansson, P. Persson, A. Eklund, B. Robertson, B. Lowenadler,

165



115.

116.

117.

118.

119.

120.

121.

122.

and H. Jornwall. Hydrophobic surfactant-associated polypeptides: SP-C is a

lipopeptide with two palmitoylated cysteine residues, whereas SP-Blacks

covalently linked fatty acyl groups. Proc. Natl. Acad. Sci. U.S.A. 87: 2985-2989,

1990.

Tanaka, Y., T. Takei, T. Abia, K. Masuda, A. Kiuchi, and T. Fujiwara.

Development of synthetic lung surfactants. J. Lipid Res. 27:475-485, 1986.

Pastrana, B., A.J. Mautone, and R. Mendelsohn. Fourier transform infra-red

studies of secondary structure and orientation of pulmonary surfactant SP-C and its

effect on the dynamic surface properties of phospholipids. Biochemistry

30: 10058-10064, 1991.

Vandenbussche, G., A. Clerck, T. Curstedt, J. Johansson, H. Jornwall, and J.M.

Ruysschaert. Structure and orientation of the surfactant-associated protein C in a

lipid bilayer. Eur. J. Biochem. 203: 201-209, 1992.

Chevalier, G. and A.J. Collet. In vivo incorporation of choline-3H, leucine-3H,

and galactose-3H in alveolar type II pneumocytes in relation to surfactant synthesis.

A quantitative radiographic study in mouse by electron microscopy. Anat. Rec.

174: 289-310, 1972.

Rooney, S.A. The surfactant system and lung phospholipid biochemistry. Am.

Rev. Respir. Dis. 131:439-460, 1985.

Den Breejen, J.N., J.J. Batenburg, and L.M.G. van Golde. The species of acyl

CoA in subcellular fractions of type II cells isolated from adult rat lung and their

incorportion into phosphatidic acid. Biochim. Biophys. Acta 1002: 277-282, 1989.

Haagsman, H.P. and L.M.G. van Golde. Synthesis and assembly of lung

surfactant. Annu. Rev. Physiol. 53:441-464, 1991.

Schlame, M., B. Rustow, D. Kunze, H. Rabe, and G. Reichmann.

Phosphatidylglycerol of rat lung. Intracellular sites of formation de novo and acyl

species pattern in mitochondria, microsomes, and surfactant. Biochem. J. 240:

166



123.

124.

125.

126.

127.

128.

129.

130.

131.

247-252, 1986.

Possmayer, F. Biochemistry of pulmonary surfactant during fetal development and

in the perinatal period. In Pulmonary Surfactant. B. Robertson, L.M.G. van

Golde, and J.J. Batenburg, eds. Elsevier Science Publishers, Amsterdam. 295

355, 1984.

Mendelson, C.R., J.M. Johnston, P.C. MacDonald, and J.M. Snyder.

Multihormonal regulation of surfactant synthesis by human fetal lung in vitro. J.

Clin. Endocrinol. Metab. 53: 307-317, 1981.

Sharma, A.K., L.W. Gonzales, and P.L. Ballard. Hormonal regulation of

cholinephosphate cytidylyltransferase in human fetal lung. Biochim. Biophys. Acta

1170: 237-244, 1993.

Xu, Z. X., D.A. Smart, and S.A. Rooney, Glucocorticoid induction of fatty-acid

synthetase mediates the stimulatory effect of the hormone on choline-phosphate

cytidylyltransferase activity in fetal rat lung. Biochim. Biophys. Acta 1044: 70-76,

1990.

Rooney, S.A., D.A. Smart, P.A. Weinhold, and D.A. Feldman. Dexamethasone

increases the activity but not the amount of choline-phosphate cytidylyltransferase

in fetal rat lung. Biochim. Biophys. Acta 1044: 385-389, 1990.

Smith, B.T. Lung maturation in the fetal rat: acceleration by injection of fibroblast

pneumonocyte factor. Science 204: 1094-1095, 1979.

Snyder, J.M., K.J. Longmuir, J.M. Johnston, and C.R. Mendelson. Hormonal

regulation of the synthesis of lamellar body phosphatidylglycerol and

phosphatidylinositol in fetal lung tissue. Endocrinology 1.12: 1012-1018, 1983.

Mendelson, C.R. and V. Boggaram. Hormonal control of the surfactant system in

fetal lung. Annu. Rev. Physiol. 53:415-440, 1991.

Thakur, N.R., M. Tesan, N.E. Tyler, and J.E. Bleasdale. Altered lipid synthesis in

type II pneumonocytes exposed to lung surfactant. Biochem. J. 240; 679–690,

167



1986.

132.

133.

134.

135.

136.

137.

138.

139.

140.

McMillan, E.M., G.M. King, and I.Y.R. Adamson. Sex hormones influence

growth and surfactant production in fetal lung explants. Exp. Lung Res. 15: 167–

179, 1989.

King, R.J., J. Ruch, E.G. Gikas, A.C.G. Platzker, and R.K. Creasy. Appearence

of apoproteins of pulmonary surfactant in human amniotic fluid. J. Appl. Physiol.

39: 735-741, 1975.

Snyder, J.M., J.E. Kwun, J.A. O'Brien, C.R. Rosenfeld, and M.J. Odom. The

concentration of the 35-kDa surfactant apoprotein in amniotic fluid from normal and

diabetic pregnancies. Pediatr. Res. 24: 728-734, 1988.

Liley, H.G., R.T. White, R.G. Warr, B.J. Benson, S. Hawgood, and P.L.

Ballard. Regulation of messenger RNAs for the hydrophobic surfactant proteins in

human lung. J. Clin. Invest. 83: 1191-1197, 1989.

Whitsett, J.A., B.L. Ohning, G. Ross, J. Meuth, and T. Weaver. Hydrophobic

surfactant-associated protein in whole lung surfactant and its importance for

biophysical activity in lung surfactant extracts used for replacement therapy.

Pediatr. Res. 20:460–467, 1986.

Acarregui, M.J., J.M. Snyder, M.D. Mitchell, and C.R. Mendelson.

Prostaglandins regulate surfactant protein A (SP-A) gene expression in human fetal

lung in vitro. Endocrinology 127: 1105-1113, 1990.

Odom, M.J., J.M. Snyder, and C.R. Mendelson. Adenosine 3',5'-monophosphate

analogs and B-adrenergic agonists induce the synthesis of the major surfactant

apoprotein in human fetal lung in vitro. Endocrinology 121: 1155-1163, 1987.

Whitsett, J.A., T. Pilot, J.C. Clark, and T. Weaver. Induction of surfactant protein

in fetal lung; effects of cAMP and dexamethasone on SAP-35 RNA and synthesis.

J. Biol. Chem. 262: 5256-5261, 1987.

Mendelson, C.R., C. Chen, V. Boggaram, C. Zacharias, and J.M. Snyder.

168



141.

142.

143.

144.

145.

146.

147.

Regulation of the synthesis of the major surfactant apoprotein in fetal rabbit lung

tissue. J. Biol. Chem. 261: 9938–9943, 1986.

Whitsett, J.A., T.E. Weaver, J.C. Clark, N. Sawtell, S.W. Glasser, T.R.

Korfhagen, and W.M. Hull. Glucocorticoid enhances surfactant proteolipid Phe

and pVal synthesis and RNA in fetal lung. J. Biol. Chem. 262: 15618-15623,

1987.

Boggaram, V., M.E. Smith, and C.R. Mendelson. Regulation of expression of the

gene encoding the major surfactant protein (SP-A) in human fetal lung in vitro.

Disparate effects of glucocorticoids on transcription and on mRNA stability. J.

Biol. Chem. 264: 11421-11427, 1989.

Odom, M.J., J.M. Snyder, V. Boggaram, and C.R. Mendelson. Glucocorticoid

regulation of the major surfactant associated protein (SP-A) and its messenger

ribonucleic acid and of morphological development of human fetal lung in vitro.

Endocrinology 123: 1712-1720, 1988.

Boggaram, V., M.E. Smith, and C.R. Mendelson. Posttranslational regulation of

surfactant protein-A messenger RNA in human fetal lung in vitro by

glucocorticoids. Mol. Endocrinol. 5:414–423, 1991.

Warr, R.G., S. Hawgood, D.I. Buckley, T.M. Crisp, J. Schilling, B.J. Benson,

P.L. Ballard, J.A. Clements, and R.T. White. Low molecular weight human

pulmonary surfactant protein (SP5): Isolation, characterization, cDNA and amino

acid sequences. Proc. Natl. Acad. Sci. U.S.A. 84: 7915-7919, 1987.

Whitsett, J.A., T.E. Weaver, M.A. Lieberman, J.C. Clark, and C. Daugherty.

Differential effects of epidermal growth factor and transforming growth factor-3 on

synthesis of Mr = 35,000 surfactant-associated protein in fetal lung. J. Biol.

Chem. 262: 7908-7913, 1987.

Ballard, P.L., H.G. Liley, L.W. Gonzales, M.W. Odom, A.J. Ammann,

B. Benson, R.T. White, and M.C. Williams. Interferon-gamma and synthesis of

169



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

surfactant components by cultured human fetal lung. Am. J. Respir. Cell. Mol.

Biol. 2: 137-143, 1990.

Young, S.L., E.K. Fram, and B.L. Craig. Three-dimensional reconstruction and

quantitative analysis of rat lung type II cells: a computer-based study. Am. J. Anat.

174: 1-14, 1985.

Lumb, R.H. Phospholipid transfer proteins in mammalian lung. Am. J. Physiol.

257; L190-L194, 1989.

Read, R.J. and J.D. Funkhouser. Acyl-chain specificity and membrane fluidity.

Factors which influence the activity of a purified phospholipid-transfer protein from

lung. Biochim. Biophys. Acta 794:9-17, 1984.

Slavkin, H.C., R. Johnson, P. Oliver, P. Bringas, and G. Don-Wheeler. Lamellar

body formation precedes pulmonary surfactant apoprotein expression during

embryonic mouse lung development in vivo and in vitro. Differentiation 41: 223

236, 1989.

Kliewer, M., E.K. Fram, A.R. Brody, and S.L. Young. Secretion of surfactant by

rat alveolar type II cells: morphometric analysis and three-dimensional

reconstruction. Exp. Lung Res. 9: 351-361, 1985.

Williams, M.C. Uptake of lectins by pulmonary alveolar type II cells: subsequent

deposition into lamellar bodies. Proc. Natl. Acad. Sci. U.S. A. 81; 6383-6387,

1984.

Hass, M.A. and W.J. Longmore. Surfactant cholesterol metabolism of the isolated

perfused rat lung. Biochim. Biophys. Acta 573:166-174, 1979.

Jobe, A., E. Kirkpatrick, and L.Gluck. Labeling of phospholipids in the surfactant

and subcellular fractions of rabbit lung. J. Biol. Chem. 253: 3810-3816, 1978.

King, R.J., H. Martin, D. Mitts, and F.M. Holmstrom. Metabolism of the

apoproteins in pulmonary surfactant. J. Appl. Physiol. 42:483-491, 1977.

King, R.J. Metabolic fate of the apoproteins of pulmonary surfactant. Am. Rev.

170



158.

159.

160.

161.

162.

163.

164.

165.

166.

Respir. Dis. 115. 73-79, 1977.

Ikegami, M., J.F. Lewis, B. Tabor, E.D. Rider, and A.H. Jobe.Surfactant

metabolism in preterm ventilated lambs. Am. J. Physiol. 262: L765-L772, 1992.

Froh, D., L.W. Gonzales, and P.L. Ballard. Secretion of surfactant protein A and

phosphatidylcholine from type II cells of human fetal lung. Am. J. Resp. Cell Mol.

Biol. 8: 556-561, 1993.

Rooney, S.A., L.I. Gobran, T.M. Umstead, and D.S. Phelps. Secretion of

surfactant protein A from rat type II pneumocytes. Am.J. Physiol. 265: L586–

L590, 1993.

Dobbs, L.G. and R.J. Mason. Pulmonary alveolar type II cells isolated from rats.

Release of phosphatidylcholine in response to beta-adrenergic stimulation. J. Clin.

Invest. 63: 378-387, 1979.

Brown, L.A.S. and W.J. Longmore. Adrenergic and cholinergic regulation of

lung surfactant secretion in the isolated perfused rat lung and in the alveolar type II

cell in culture. J. Biol. Chem. 256: 66-72, 1981.

Chander, A. and A.B. Fisher. Regulation of lung surfactant secretion. Am. J.

Physiol. 258: L241-L253, 1990.

Rice, W.R., W.M. Hull, C.A. Dion, B.A. Hollinger, and J.A. Whitsett. Activation

of cAMP dependent protein kinase during surfactant release from type II

pneumocytes. Exp. Lung Res. 9:135-149, 1985.

Whitsett, J.A., W. Hull, C. Dion, and J. Lessard. cAMP dependent actin

phosphorylation in developing rat lung and type II epithelial cells. Exp. Lung Res.

9:191-209, 1985.

Rooney, S.A., L.I. Gobran, and M. Griese. Signal transduction mechanisms

mediating surfactant phospholipid secretion in isolated type II cells. Prog. Resp.

Res. 27: 84-91, 1994.

171



167. Gilfillan, A.M. and S.A. Rooney. Purinoceptor agonists stimulate

phosphatidylcholine secretion in primary cultures of adult rat type II pneumocytes.

Biochim. Biophyys. Acta 917: 18–23, 1987.

Gilfillan, A.M. and S.A. Rooney. Functional evidence for adenosine A2 receptor

regulation of phosphatidylcholine secretion in cultured type II pneumocytes. J.

Pharmacol. Exp. Ther. 241:907-914, 1987.

Marino, P.A. and S.A. Rooney. The effect of labor on surfactant secretion in

newborn rabbit lung slices. Biochim. Biophys. Acta 664: 389-396, 1981.

Griese, M., L.I. Gobran, and S.A. Rooney. ATP-stimulated inositol phospholipid

metabolism and surfactant secretion in rat type II pneumocytes. Am. J. Physiol.

260: L586-L593, 1991.

Rice, W.R., C.C. Dorn, and F.M. Singleton. P2-purinoceptor regulation of

surfactant phosphatidylcholine secretion. Relative roles of calcium and protein

kinase C. Biochem. J. 266: 407-413, 1990.

Warburton, D., S. Buckley, and L. Cosico. P1 and P2 purinergic receptor signal

transduction in rat type II pneumocytes. J. Appl. Physiol. 66:901-905, 1989.

Pian, M.S., L.G. Dobbs, and N. Duzgunes. Positive correlation between cytosolic

free calcium and surfactant secretion in cultured rat alveolar type II cells. Biochim.

Biophys. Acta 960: 43–53, 1988.

Sano, K., D.R. Voelker, and R.J. Mason. Effects of secretagogues on cytoplasmic

free calcium in alveolar type II cells. Am. J. Physiol. 253: L679-L686, 1987.

Dobbs, L.G. and R.J. Mason. Stimulation of secretion of disaturated

phosphatidylcholine from isolated alveolar type II cells by 12-O-tetradecanoyl-13

phorbol acetate. Am. Rev. Respir. Dis. 118: 705–713, 1978.

Massaro, D., L. Clerch, and G.D. Massaro. Surfactant secretion: evidence that

cholinergic stimulation of secretion is indirect. Am. J. Physiol. 243: C39-C45,

168.

169.

170.

171.

172.

173.

174.

175.

176.

1982.

172



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Corbet, A.J.S., P. Flax, and A.J. Rudolph. Role of autonomic nervous system

controlling surface tension in fetal rabbit lungs. J. Appl. Physiol. 43: 1039–1045,

1977.

Nicholas, T.E. and H.A. Barr. Control of release of surfactant phospholipids in the

isolated perfused rat lung. J. Appl. Physiol. 51:90-98, 1981.

Nicholas, T.E. and H.A. Barr. The release of surfactant in rat lung by brief periods

of hyperventilation. Respir. Physiol. 52: 69-83, 1983.

Wirtz, H.R. and L.G. Dobbs. Calcium mobilization and exocytosis after one

mechanical stretch of lung epithelial cells. Science 250: 1266-1269, 1990.

Dobbs, L. G., J. R. Wright, S. Hawgood, R. Gonzalez, K. Venstrom, and J.

Nellenbogen. Pulmonary surfactant and its components inhibit secretion of

phosphatidylcholine from cultured rat alveolar type II cells. Proc. Natl. Acad. Sci.

USA 84: 1010-1014, 1987.

Rice, W. R., G. F. Ross, F. M. Singleton, S. Dingle, and J. A. Whitsett.

Surfactant-associated protein inhibits phospholipid secretion from type II cells.

J. Appl. Physiol. 63: 692-698, 1987.

Williams, M.C. Conversion of lamellar body membranes into tubular myelin in

alveoli of fetal rat lungs. J. Cell Biol. 72: 260-277, 1977.

Williams, M.C. Ultrastructure of tubular myelin and lamellar bodies in fast-frozen

adult rat lung. Exp. Lung Res. 4:37-46, 1982.

Sanders, R.L., R.J. Hassett, and A.E. Vatter. Isolation of lung lamellar bodies and

their conversion to tubular myelin figures in vitro. Anat. Rec. 198: 485-501, 1980.

Benson, B.J., M.C. Williams, K. Sueishi, J. Goerke, and T. Sargeant. Role of

calcium ions in the structure and function of pulmonary surfactant. Biochim.

Biophys. Acta 793: 18-27, 1984.

Suzuki, Y., Y. Fujita, and K. Kogishi. Reconstitution of tubular myelin from

synthetic lipids and proteins associated with pig pulmonary surfactant. Am. Rev.

173



188.

189.

190.

191.

192

193

194.

195.

196.

197.

198.

Resp. Dis. 140: 75-81, 1989.

Magoon, M.W., J.R. Wright, A. Baritussio, M.C. Williams, J. Goerke,

B.J.Benson, R.L. Hamilton, and J.A. Clements. Subfractionation of lung

surfactant. Implications for metabolism and surface activity. Biochim. Biophys.

Acta 750: 18–31, 1983.

Massaro, D., L. Clerch, and G.D. Massaro. Surfactant aggregation in rat lungs:

influence of temperature and ventilation. J. Appl. Physiol. 51: 646–653, 1981.

Wright, J.R., B.J. Benson, M.C. Williams, J. Goerke, and J.A. Clements. Protein

composition of rabbit alveolar surfactant subfractions. Biochim. Biophys. Acta

791: 320–332, 1984.

Gross, N.J. and R.M. Schultz. Requirements for extracellular metabolism of

pulmonary surfactant: tentative identification of a serine protease. Am. J. Physiol.

262: L446-L453, 1992.

Gross, N.J. and K.R. Narine. Surfactant subtypes in mice: characterization and

quantitation. J. Appl. Physiol. 66:342-349, 1989.

Gross, N.J. and K.R. Narine. Surfactant subtypes in mice: metabolic relationships

and conversion in vitro. J. Appl. Physiol. 67: 414–421, 1989.

Manabe, T. Freeze-fracture study of alveolar lining layer in adult rat lungs. J.

Ultrastruct. Res. 69: 86-97, 1979.

Untersee, P., J. Gil, and E.R. Weibel. Visualization of extracellular lining layer of

lung alveoli by freeze-etching. Respir. Physiol. 13: 171-185, 1972.

Schurch, S, J. Goerke, and J.A. Clements. Direct determination of surface tension

in the lung. Proc. Natl. Acad. Sci. U.S.A. 73: 4698-4702, 1976.

Wright, J.R. Clearance and recycling of pulmonary surfactant. Am. J. Physiol.

259: L1-L12, 1990.

Miles, P.R., Y.C. Ma, and L. Bowman. Degradation of pulmonary surfactant

disaturated phosphatidylcholines by alveolar macrophages. J. Appl. Physiol. 64:

174



199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2474-2481, 1988.

Wright, J. R. and D. C. Youmans. Degradation of surfactant lipids and

surfactant protein A by alveolar macrophages in vitro. Am. J. Physiol.

12: L772-L780, 1995.

Pettenazzo, A.M., S. Ikegami, S. Seidner, and A. Jobe. Clearance of surfactant

phosphatidylcholine from adult rabbit lungs. J. Appl. Physiol. 64: 120-127, 1988.

Geiger, K., M.L. Gallagher, and J. Headly-Whyte. Cellular distribution and

clearance of aerosolized dipalmitoyl lecithin. J. Appl. Physiol. 39:759-766, 1975.

Hallman, M., B.L. Epstein, and L. Gluck. Analysis of labeling and clearance of

lung surfactant phospholipids in rabbit. Evidence of bidirectional surfactant flux

between lamellar bodies and alveolar lavage. J. Clin. Invest. 68: 742-751, 1981.

Chander, A., W.D. Claypool, Jr., J.F. Strauss, III, and A.B. Fisher. Uptake of

liposomal phosphatidylcholine by granular pneumocytes in primary culture. Am. J.

Physiol. 245: C397-C404, 1983.

Morimoto, Y. and Y. Adachi. Pulmonary uptake of liposomal phosphatidylcholine

upon intratracheal administration to rats. Chem. Pharm. Bull. 30: 2248-2251,

1982.

Williams, M.C. Uptake of lectins by pulmonary alveolar type II cells: subsequent

deposition into lamellar bodies. Proc. Natl. Acad. Sci. U.S.A. 81; 6383-6387,

1984.

Baritussio, A., M.W. Magoon, J. Goerke, and J.A. Clements. Precursor-product

relationship between rabbit type II cell lamellar bodies and alveolar surface active

material. Surfactant turnover time. Biochim. Biophys. Acta 666:47-57, 1981.

Young, S.L., S.A. Kremers, J.S. Apple, J.D. Crapo, and G.W. Brumley. Rat

lung surfactant kinetics: biochemical and morphometric correlation. J. Appl.

Physiol. 51: 248-253, 1981.

Jacobs, H., A. Jobe, M. Ikegami, and S. Jones. Surfactant phosphatidylcholine

175



at it

*in n
*"

111 it!■ Hil

-a i 18°11: ...
* til
** at It!

!" tit º,■ . th:

-lºatin It!

ºust til it■

|!. tº |
gº■ º, 44 |
*
** 11

Hisint in 11

wa■ at tº "

l■ º

tº
-i is

i i t .
|| |

ill

|■ ill
is a

|



209.

210.

211.

212.

213.

214.

215.

216.

217.

source, fluxes, and turnover times in 3-day-old, 10-day-old, and adult rabbits. J.

Biol. Chem. 257: 1805–1810, 1982.

Jacobs, H., A. Jobe, M. Ikegami, and D. Conaway. The significance of

reutilization of surfactant phosphatidylcholine. J. Biol. Chem. 258:4156-4165,

1983.

Jacobs, H.C., M. Ikegami, A.H. Jobe, D.D. Berry, and S. Jones. Reutilization of

surfactant phosphatidylcholine in adult rabbits. Biochim. Biophys. Acta 837: 77

84, 1985.

Jacobs, H.C., D.M. Lima, J.M. Fiascone, and M.R. Mercurio. Reutilization of

surfactant phosphatidylglycerol and lysophosphatidylcholine by adult rabbits.

Biochim. Biophys. Acta 962: 227-233, 1988.

Jacobs, H.C., A.H. Jobe, M. Ikegami, and S. Jones. Reutilization of

phosphatidylglycerol and phosphatidylethanolamine by the pulmonary surfactant

system in 3-day-old rabbits. Biochim. Biophys. Acta 834; 172-179, 1985.

Chander, A., J. Reicherter, and A.B. Fisher. Degradation of dipalmitoyl

phosphatidylcholine by isolated rat granular pneumocytes and reutilization for

surfactant synthesis. J. Clin. Invest. 79: 1133-1138, 1987.

Ryan, R.M., R.E. Morris, W.R. Rice, G. Ciracolo, and J.A. Whitsett. Binding

and uptake of pulmonary surfactant protein (SP-A) by pulmonary type II epithelial

cells. J. Histochem. Cytochem. 37: 429–440, 1989.

Young, S.L., E.K. Fram, E. Larson, and J.R. Wright. Cellular uptake and

processing of surfactant lipids and apoprotein SP-A by rat lung. J. Appl. Physiol.

66: 1336–1342, 1989.

Wright, J. R., R. E. Wager, S. Hawgood, L. Dobbs, and J. A. Clements.

Surfactant apoprotein Mr = 26,000-36,000 enhances uptake of liposomes by type II

cells. J. Biol. Chem. 262: 2888-2894, 1987.

Breslin, J.S. and T. Weaver. Binding, uptake, and localization of surfactant protein

176



* {4t

2

º

11 it
■ . lak

it: .
* til
at it tº

!" tit º,
|siºn it.

hi is is tº

Hisuilt it

!...alsº v ii.

*£, 4. 1.

*istus it
saint in 11

What at tº "

| || jº
|s

tº
l, , !!!
t |

ji | ul
is | ºl
It || #1
* , i■ "
º "
g ! || i■ '
|a

" ■ il
t

i

| || Hil
* | * *

º
| || #!

ºl
* "
* *
t

111;

*I tº
it is

... tº
1||

ilit

|
| ini

|



218.

219.

220.

221.

222.

223.

224.

225.

226.

B in isolated rat alveolar type II cells. Am. J. Physiol. 262: L699-L707, 1992.

Young, S. L., J. R. Wright, and J. A. Clements. Cellular uptake and processing of

surfactant lipids and apoprotein SP-A by rat lung. J. Appl. Physiol. 66: 1336–

1342, 1989.

Baritussio, A., A. Pettenazzo, M. Benevento, A. Alberti, and P. Gamba.

Surfactant protein C is recycled from the alveoli to the lamellar bodies. Am. J.

Physiol. 263: L607-L611, 1992.

Bates, S.R., P.B. Ibach, and A.B. Fisher. Phospholipids co-isolated with rat

surfactant protein C account for the apparent protein-enhanced uptake of liposomes

into lung granular pneumocytes. Exp. Lung Res. 15: 695-708, 1989.

Oguchi, K., M. Ikegami, H. Jacobs, and A. Jobe. Clearance of large amounts of

natural surfactants and liposomes of dipalmitoylphosphatidylcholine from the lungs

of rabbits. Exp. Lung Res. 9: 221-235, 1985.

Pettenazzo, A., A. Jobe, M. Ikegami, and S. Seidner. Clearance of treatment doses

of surfactant. effect of lipid extraction and aggregate sizes. Biol. Neonate 53: 23

31, 1988.

Fisher, A.B., C. Dodia, and A. Chander. Degradation and reutilization of alveolar

phosphatidylcholine by rat lungs. J. Appl. Physiol. 62: 2295-2299, 1987.

Fisher, A.B., C. Dodia, and A. Chander. Secretagogues for lung surfactant

increase lung uptake of alveolar phospholipids. Am. J. Physiol. 257: L248-L252,

1989.

Fisher, A.B., C. Dodia, and A. Chander. B-Adrenergic mediators increase

pulmonary retention of instilled phospholipids. J. Appl. Physiol. 59: 743-748,

1985.

Nicholas, T.E., J.H.T. Power, and H.A. Barr. Surfactant homeostasis in the rat

lung during swimming exercise. J. Appl. Physiol. 53: 1521-1528, 1982.

177



i■ tº

*ital in

**** If
11 it

■ º tºº,

it: ;

* til

■ .
*1st H1 tº

!...al1st v ii'

º, ■ !!

("
tº wit tº

maint ºu lº

ºat at tº "

| |
} |

i

| || *I'
|| ||

ºl| ■ tºl

ºl
| #!

| || 4.

114;

fits
-i is

| | | 1
■ u■ '

int

|
|



227.

228.

229.

230.

231.

232.

233.

234.

235.

Wright, J.R., R.E. Wager, R.L. Hamilton, M. Huang, and J.A. Clements.

Uptake of lung surfactant subfractions into lamellar bodies of adult rabbit lungs. J.

Appl. Physiol. 60: 817-825, 1986.

Kuroki, Y., R.J. Mason, and D.R.Voelker. Pulmonary surfactant apoprotein A

structure and modulation of surfactant secretion by rat alveolar type II cells. J. Biol.

Chem. 263: 3388-3394, 1988.

Guyton, A.C., D.S. Moffatt, and T.H. Adair. Role of alveolar surface tension in

transepithelial movement of fluid. In Pulmonary Surfactant. B. Robertson, L.M.G.

van Golde, and J.J. Batenburg, eds. Elsevier Science Publishers, Amsterdam. 171

186, 1984.

LaForce, F.M., W.J. Kelly, and G.L. Huber. Inactivation of staphylococci by

alveolar macrophages with preliminary observations on the importance of alveolar

lining material. Am. Rev. Respir. Dis. 108:784-790, 1973.

Juers, J.A., R.M. Rogers, J.B. McCurdy, and W.W. Cook. Enhancement of

bactericidal capacity of alveolar macrophages by human alveolar lining material. J.

Clin. Invest. 58: 271-275, 1976.

Ansfield, M.J., H.B. Kaltreider, B.J. Benson, and J.L.Caldwell.

Immunosuppressive activity of canine pulmonary surface active material. J.

Immunol. 122: 1062–1066, 1979.

Ansfield, M.J., H.B. Kaltreider, B.J. Benson, and M.R. Shalaby. Canine surface

active material and pulmonary lymphocyte function studies with mixed-lymphocyte

culture. Exp. Lung Res. 1: 3-10, 1980.

Ansfield, M.J. and B.J. Benson. Identification of the immunosuppressive

components of canine pulmonary surface active material. J. Immunol. 125: 1093

1098, 1980.

Sitrin, R.G., M.K. Ansfield, and H.B. Kaltreider. The effect of pulmonary

surface-active material on the generation and expression of murine B- and T

178



it tº

*** i■
41 it

inst lak

it!!!
* til
+1 at tº

!" ut it.f..." tº

*141*1 tº

Hisuilt it

fl. 1
(""* * 4| !!
**[.
*t is it tº

ºnal 11:11 º'

wa■ a tº ''

|

| |

tº

ºl
, ºr
| ºl

| al

º
ºl

| ºt
ºn

i■ i■

| || til

| ||
tº

! tºl
a

| al

ºl

111?

sits
-i is

11 it
111’

ill

*11,|
ti

|



236.

237.

238.

239.

240.

241.

242.

243.

244.

lymphocyte effector functions in vitro. Exp. Lung Res. 9: 85-97, 1985.

Richman, P.S., S. Batcher, and A. Catanzaro. Pulmonary surfactant suppresses

the immune lung injury response to inhaled antigen in guinea pigs. J. Lab. Clin.

Med. 116:18-26, 1990.

Pison, U., M. Max, A. Neuendank, S. Weissbach, and S. Pietschmann. Host

defence capacities of pulmonary surfactant: evidence for 'non-surfactant' functions

of the surfactant system. Eur. J. Clin. Invest. 24: 586-599, 1994.

van Iwaarden, F., B. Welmers, J. Verhoef, H.P. Haagsman, and L.M.G. van

Golde. Pulmonary surfactant protein A enhances the host-defense mechanism of rat

alveolar macrophages. Am. J. Respir. Cell Mol. Biol. 2:91-98, 1990.

Manz-Keinke, H., H. Plattner, and J. Schlepper-Schafer. Lung surfactant protein

A (SP-A) enhances serum-independent phagocytosis of bacteria by alveolar

macrophages. Eur. J. Cell Biol. 57: 95-100, 1992.

Tenner, A.J., S.L. Robinson, J. Borchelt, and J.R. Wright. Human pulmonary

surfactant protein A (SP-A), a protein structurally homologous to C1q, can enhance

FcR- and CR1-mediated phagocytosis. J. Biol. Chem. 264: 13923-13928, 1989.

van Iwaarden, J.F., J.A.G. van Strijp, M.J.M. Ebskamp. A.C. Welmers, J.

Verhoef, and L.M.G. van Golde. Surfactant protein A is an opsonin in the

phagocytosis of herpes simplex virus type 1 by rat alveolar macrophages. Am.

J. Physiol. 21: L204-L209, 1991.

McNeely, T.B. and J.D. Coonrod. Aggregation and opsonization of type A but not

type B Hemophilus influenzae by surfactant protein A. Am. J. Respir. Cell Mol.

Biol. 11: 114-122, 1994.

Zimmerman, P.E., D.R. Voelker, F.X. McCormack, J.R. Paulsrud, and W.

Martin, II. 120-kD surface glycoprotein of Pneumocystis carinii is a ligand for

surfactant protein A. J. Clin. Invest. 89: 143-149, 1992.

Wright, J. R. and D. C. Youmans. Pulmonary surfactant protein-A stimulates

179



titt

*

*it is
114% If

■ º it.■ º ul

tº:
* 11,
at it tº

■ º at 11
tº its tº

histºl tº

Hisuilt tº

!...al*** * *
g"º, u"
**
*t is, it is

maintº "

wa■ a “*”

| | | |

| t
| | º

|
| thl

º

º'
| | *
| || º
| || 4.

4

*
nº
! al

a

| 1 #!

| || #!

1114

*111
-it

intº
i■

it."

*h,|
11 :

|



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

chemotaxis of alveolar macrophages. Am. J. Physiol. 264: L338-L344, 1993.

Weber H., P. Heilmann, B. Meyer, and K.L. Maier. Effect of canine surfactant

protein A (SP-A) on the respiratory burst of phagocytic cells. FEBS Lett. 270:90

94, 1990.

Hayakawa, H., Q.N. Myrvik, and R.W. St. Clair. Pulmonary surfactant inhibits

priming of rabbit alveolar macrophages. Evidence that surfactant supresses the

oxidative burst of alveolar macrophages in infant rabbits. Am. Rev. Respir. Dis.

140: 1390–1397, 1989.

Phelps, D.S. and R.M. Rose. Increased recovery of surfactant protein A in AIDS

related pneumonia. Am. Rev. Resp. Dis. 143: 1072-1075, 1991.

Kuan, S.F., K. Rust, and E. Crouch. Interactions of surfactant protein D with

bacterial lipopolysaccharides. J. Clin. Invest. 90:97-106, 1992.

Hartshorn, K.L., E.C. Crouch, M.R. White, P. Eggleton, A.I. Tauber, D. Chang,

and K. Sastry. Evidence for a protective role of pulmonary surfactant protein D

(SP-D) against influenza A viruses. J. Clin. Invest. 94: 311-319, 1994.

van Iwaarden, J.F., H. Shimizu, P.H. van Golde, D.R. Voelker, and L.M.G. van

Golde. Rat surfactant protein D enhances the production of oxygen radicals by rat

alveolar macrophages. Biochem. J. 286:5-8, 1992.

Wright, J.R. Immunomodulatory functions of surfactant. Sem. Respir. Crit. Care

Med. 16: 61-68, 1995.

Ryan, R. M., R. E. Morris, W. R. Rice, G. Ciraolo, and J. A. Whitsett. Binding

and uptake of pulmonary surfactant protein (SP-A) by pulmonary type II epithelial

cells. J. Hstochem. Cytochem. 37: 429–440, 1989.

Lees, M. B. and S. Paxman. Modification of the Lowry procedure for the

analysis of proteolipid protein. Anal. Biochem, 47: 184-192, 1972.

Pollard, T. D. Purification of non-muscle myosins. Meth. Enzymol. 85:331-356,

1982.

180



| | *
*ital n
11 º' if

11 it
aul lak

it: ".
* til
zi at tº

!" lºt. º
Assiºn tº

Masul tº

| -4 tw |
*"4. 4; !!
**
*I suit is

maint is "

wa■ at tº ''

|

ºil
, ºr
|| ".
| in
nº

ºl
| 4

i■

Hil

ºl
ºl

º'
1. +!

nº
| al

nº

titº
, is

ill

|
11.

|

ill

|
|



Trotter, J. A. and R. S. Adelstein. Macrophage myosin: regulation of the actin

activated ATPase activity by phosphorylation of the 20,000-dalton light chain. J.

Biol. Chem. 254: 8781-8785, 1979.

van Iwaarden, J. F., J. A. van Strijp, H. Visser, H. P. Haagsman, J. Verhoef, and

L. M. G. van Golde. Binding of surfactant protein A (SP-A) to herpes simplex

virus type I-infected cells is mediated by the carbohydrate moiety of SP-A. J. Biol.

Chem. 267: 25039-25043, 1992.

Daniel, T. O., W. J. Schneider, J. L. Goldstein, and M. S. Brown.

Visualization of lipoprotein receptors by ligand blotting. J. Biol. Chem.

258: 4606–4611, 1989.

Graham, D. L. and J. F. Oram. Identification and characterization of a high

density lipoprotein-binding protein in cell membranes by ligand blotting. J. Biol.

Chem. 262: 7439–7442, 1987.

Fernandez-Pol, J. A. Immunoautoradiographic detection of epidermal growth factor

receptors after electrophoretic transfer from gels to diazo-paper. FEBS Lett. 143:

86-92, 1982.

Korn, E. D. and J. A. Hammer III. Myosins of nonmuscle cells. Ann. Rev.

Biophys. Biophys. Chem. 17: 23-45, 1988.

Pollard, T. D., K. Fujiwara, R. Handin, and G. Weiss. Contractile proteins in

platelet activation and contraction. Ann. N. Y. Acad. Sci. 218-239, 1975

van Iwaarden, J. F., C. A. Benne, J. A. G. van Strijp, J. Verhoef, L. M. G. van

Golde, and C. A. Kraaijeveld. Surfactant protein A (SP-A) prevents

infection of cells by influenza A virus. Am. Rev. Resp. Dis. 147: A145, 1993.

Citi, S. and J. Kendrick-Jones. Regulation of non-muscle myosin stucture and

function. Bioessays. 7: 155-159, 1987

Lightner, V.A. and H.P. Erickson. Binding of hexabrachion (tenascin) to the

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

extracellular matrix and substratum and its effect on cell adhesion. J. Cell Sci.

181



it it

** if
ºf it

itri tº

| | ºl
º

tº ■ t
* , ; "
it. | º

If tº
in tº t º
It i■ º
º | º

º | 1 º
* | || ,-
º

a
º

* | || ºl

g | #!
! | 4.

| #!
t ºl
º

| || 4|
º

inf

it!
, is

t is lsºItº it

* 11;
141 it tº

yºut º,
Assiºn tº

*144 is: it

simulit tº

l. ** |
{{...,'is tº
**
*t is it tº

maint a "

What at tº ''

ulti
111

\l|
tilt

|



265.

266.

267.

268.

269.

270.

271.

95: 263-277, 1990.

Basu, S.K., J. L. Goldstein, R. G. W. Anderson, and M. S. Brown. Degradation

of cationized low density lipoprotein and regulation of cholesterol metabolism in

homozygous familial hypercholesterolemia fibroblasts. Proc. Natl. Acad. Sci.

U.S.A. 73: 3178–3182, 1976.

Goldstein, J. L. and M. S. Brown. Binding and degradation of low density

lipoproteins by cultured human fibroblasts. Comparison of cells from a normal

subject and from a patient with homozygous familial hypercholesterolemia. J. Biol.

Chem. 219:5153-5162, 1974.

Holm, B. A., G. Enhorning, and R. H. Notter. A biopysical mechanism by which

plasma proteins inhibit lung surfactant activity. Chem. Phys. Lipids 49:49-55,

1988.

Venkitaraman, A. R., J. E. Baatz, J. A. Whitsett, S. B. Hall, and R. H. Notter.

Biophysical inhibition of synthetic phospholipid-lung surfactant apoprotein

admixtures by plasma proteins. Chem. Phys. Lipids 57:49-57, 1991.

Seeger, W., C. Thede, A. Gunther, and C. Grube. Surface properties and

sensitivity to protein-inhibition of a recombinant apoprotein C-based phospholipid

mixture in vitro - comparison to natural surfactant. Biochim. Biophys. Acta.

1081: 45–52, 1991.

Keough, K. M. W., C. S. Parsons, P. T. Phang, and M. G. Tweeddale.

Interactions between plasma proteins and pulmonary surfactant: surface balance

studies.Can. J. Physiol. Pharmacol. 66: 1166-1173, 1988.

Cockshutt, A. M., J. Weitz, and F. Possmayer. Pulmonary surfactant-associated

protein A enhances the surface activity of lipid extract surfactant and reverses

inhibition by blood proteins in vitro. Biochemistry 29: 8424–8429, 1990.

182



it it

*ital in
* If

ºf it
■ º I-k

it: ".
* til

1st it is

tº it,
|siºn tº

nian ill it

slau■ it tº

!.
** |

g"■ º, 44 11
*“... 11

waist-in "

Rain" tº ''

º'

"
| || º

| | |
"

"
| || Pl

"
| ||

tº

i

t | ill
a

|| ".
| | *

ºl
| 1 al

*

■ la■

intº
-it

11th
111

it!"

|
ti

|

-
~



272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Seeger, W., A. Elssner, A. Gunther, H. J. Kramer, and H. O. Kalinowski. Lung

surfactant phospholipids associate with polymerizing fibrin: loss of surface activity.

Am. J. Respir. Cell Mol. Biol. 9: 213-220, 1993.

Seeger, W., A. Gunther, and C. Thede. Differential sensitivity to fibrinogen

inhibition of SP-C- vs. SP-B-based surfactants. Am. J. Physiol. 261: L286-L291,

1992.

Fischetti, V. A. Streptococcal M protein: molecular design and biological

behavior. Clin. Microbiol. Rev. 2: 285-314, 1989.

Dell, A., S. M. Antone, C. J. Gauntt, C. A. Crossley, W. A. Clarke, and M. W.

Cunningham. Autoimmune determinants of rheumatic carditis: localization of

epitopes in human cardiac myosin. Eur. Heart J. 12:158-162, 1991.

Stollerman, G. H. Rheumatogenic streptococci and autoimmunity. Clin. Immunol.

Immunopath. 61: 131-142, 1991.

Cunningham, M. W. and R. A. Swerlick. Polyspecificity of antistreptococcal

murine monoclonal antibodies and their implications in autoimmunity. J. Exp. Med.

164: 998-1012, 1986.

Wang, J. R. and M. W. Stinson. M protein mediates streptococcal adhesion to

HEp-2 cells. Infect. Immun. 62:442-448, 1994.

Manjula, B. N. and V. A. Fischetti. Studies on group A streptococcal M-proteins:

purification of type 5 M-protein and comparison of its amino terminal sequence

with two immunologically unrelated M-protein molecules. J. Immunol.

124; 261-267, 1980.

Clarke, M. and J.A. Spudich. Nonmuscle contractile proteins: the role of actin and

myosin in cell motility and shape determination. Ann. Rev. Biochem. 46: 797-822,

1977.

Kendrick-Jones, J. and J.M. scholey. Myosin-linked regulatory systems. J.

Muscle Res. Cell Motil. 2: 347–372, 1981.

183



at it

*ital n
1111" if

11 it
■ . lak

it: .
* til
11 at 14

■ . * hsº it; t■ .
hiºn ºn tº

*1st ■ it ■ t

al. ** |
1 at4. 4! ■

**
*I suit it

saint 41 º'

wa■ at tº º'

| |
| |

tº
| | ||

a
| #|

| || #!

III,

*It'
- i.

ji tº
1||

iii!

||
is

|



282.

283.

284.

285.

286.

287.

288.

289.

290.

Rieker, J.P., H. Swanljung-Collins, J. Montibeller, and J.H. Collins. Brush

border myosin heavy chain phosphorylation is regulated by calcium and

calmodulin. FEBS Lett. 212: 154-158, 1987.

Shikhman, A. R. and M. W. Cunningham. Immunological mimicry between N

acetyl-3-D-glucosamine and cytokeratin peptides: Evidence for a microbially driven

anti-keratin antibody response. J. Immunol. 152:4375-4387, 1994

Shikhman, A. R., N. S. Greenspan, and M. W. Cunningham. A subset of mouse

monoclonal antibodies cross-reactive with cytoskeletal proteins and group A

streptococcal M proteins recognizes N-acetyl-3-D-glucosamine. J. Immunol. 151:

3902-3913, 1993.

Thorkelsson, T., G.M. Ciraolo, G.F. Ross, J.A. Whitsett, and R.E. Morris.

Lectin activity of the major surfactant protein (SP-A) may participate in, but is not

required for binding to rat type II cells. J. Histo. Cytochem. 40. 643-649, 1992.

Kuroki, Y., R.J. Mason, and D.R. Voelker. Chemical modification of surfactant

protein A alters high affinity binding to rat alveolar type II cells and regulation of

phospholipid secretion. J. Biol. Chem. 263: 17596-17602, 1988.

Murata, Y., Y. Kuroki, and T. Akino. Role of the C-terminal domain of pulmonary

surfactant protein A in binding to alveolar type II cells and regulation of

phospholipid secretion. Biochem. J. 291: 71-76, 1993.

Wintergerst, E., H. Manz-Keinke, H. Plattner, and S. Schlepper-Schafer. The

interaction of a lung surfactant protein (SP-A) with macrophages is mannose

dependent. Eur. J. Cell Biol. 50: 291-298, 1989.

Cohen, C. and D. A. D. Parry. O-helical coiled coils - a widespread motif in

proteins. Trends Biochem. Sci. 11; 245–248, 1986.

Vashishtha, A. and V. A. Fischetti. Surface-exposed conserved region of the

streptococcal M protein induces antibodies cross-reactive with denatured forms of

myosin. J. Immunol. 150: 4693-4701, 1993.

184



111t

*ital is - º | || fººl

114% If ■ º 11th
11 it! ly | || tº *II*■ º I-1 1. | | , i■

■ tiž. * 11 - ||--- i. | i. t ºl 111

* it! It 1 y iii."

as at it a i■ ºl |
■ º º | º | || ■ º º |
lsº it! tº: | 4 || || ºl lili

misumi "." | | a |til ii

Rust ■ it tº 11 *

| * th14 tº | * ºl |
■ 1 - | " '' .is tº !! | | * |
** | || ºl
***** * " |

wa■ 111. " , , , a
wa■ at tº *



291.

292.

293.

294.

295.

296.

297.

298.

299.

Mohan, S., R. J. Barohn, and K. A. Krolick. Unexpected cross reactivity between

myosin and a main immunogenic region (MIR) of the acetylcholine receptor by

antisera obtained from myasthenia gravis patients. Clin. Immunol. Immunopathol.

64; 217-226, 1992.

Beavil, A.J., R.L. Edmeades, H.J. Gould, and B.J. Sutton. O-Helical coiled-coil

stalks in the low-affinity receptor for IgE (FceRII/CD23) and related C-type lectins.

Biochemistry 89: 753-757, 1992.

Vercelli, D., B. Helm, P. Marsh, E. Padlan, R.S. Geha, and H. Gould. The B-cell

binding site on human immunoglobulin E. Nature 338: 649–650, 1989.

Kehry, M.R. and L.C. Yamashita. Low-affinity IgE receptor (CD23) function on

mouse B cells: role in IgE-dependent antigen focusing. Proc. Natl. Acad. Sci. 86:

7556-7560, 1989.

Krieger, M., J.M. Abrams, A. Lux, and H. Steller. Molecular flypaper,

atherosclerosis, and host defense: structure and function of the macrophage

scavenger receptor. Cold Spring Harb.Symp. Quant. Biol. 57:605-609, 1992.

Krieger, M. and J. Herz. Structures and functions of multiligand lipoprotein

receptors: macrophage scavenger receptors and LDL receptor-related protein (LRP).

Annu. Rev. Biochem. 63: 601-637, 1994.

Kodama, T., M. Freeman, L. Rohrer, J. Zabrecky, P. Matsudaira, and M.

Krieger. Type I macrophage scavenger receptor contains O-helical and collagen-like

coiled coils. Nature 3443: 531-535, 1990.

Rohrer, L., M. Freeman, T. Kodama, M. Penman, and M. Krieger. Coiled-coil

fibrous domains mediate ligand binding by macrophage scavenger receptor type II.

Nature: 343: 570-572, 1990.

Zhang, H., Y. Yang, and U.P. Steinbrecher. Structural requirements for the

binding of modified proteins to the scavenger receptor of macrophages. J. Biol.

Chem. 268: 5535-5542, 1993.

*
'■

§

k

185



attº

*** i■
ºf it:

■ . ul.

- 1 *it?!"
!" til
** it tº
gºut h

■ . tº.

missisi tº

Hisuilt it!

!. ** |
gº."º, u"
*
**** it.

waist-in "

wa■ a “”

| || ■ t
| || ||

| | |
| in
|

r
tº a

ºl

| ■ t
tº| 4|

ºl
ºl

nº

114

it.
sit

-it
111

ill

'll,|
lili

|



300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

Doi, T., K. Higashino, Y. Kurihara, Y. Wada, T. Miyazaki, H. Nakamura, S.

Uesugi, T. Imanishi, Y. Kawabe, H. Itakura, Y. Yazaki, A. Matsumoto, and T.

Kodama. Charged collagen structure mediates the recognition of negatively charged

macromolecules by macrophage scavenger receptors. J. Biol. Chem. 268:

2126-2133, 1993.

Zimmerman, B. Secretion of lamellar bodies in type II pneumocytes in organoid

culture: effects of colchicine and cytochalasin B. Exp Lung Res 15: 31-47, 1989.

Sellers, J. R. Regulation of cytoplasmic and smooth muscle myosin. Curr. Opin.

Cell Biol. 3: 98-104, 1991.

Leger, J.O., C. Larve, T. Ming, C. Calzolari, P. Gautier, C. Mouton, R. Grolleau,

P. Louisot, P. Puech, and B. Peperstaete. Assay of serum cardiac myosin heavy

chain fragments in patients with acute myocardial infarction: determination of infarct

size and long-term follow-up. Am. Heart J. 120: 781-790, 1990.

Colvin, R. and H.F. Dvorak. Fibrinogen/fibrin on the surface of macrophages:

detection, distribution, binding requirements, and possible role in macrophage

adherence phenomena. J. Exp. Med. 142; 1377-1390, 1975.

Chapman, Jr., H.A., P. Bertozzi, and J.J. Reilly, Jr. Role of enzymes mediating

thrombosis and thrombolysis in lung disease. Chest : 1256-1263, 1988.

Sitrin, R.G., P.G. Brubaker, J.E. Shellito, and H.B. Kaltreider. The distribution

of procoagulant and plasminogen activator activities among density fractions of

normal rabbit alveolar macrophages. Am. Rev. Respir. Dis. 133: 468-472, 1986.

Doolittle, R.F. Fibrinogen and Fibrin. Ann. Rev. Biochem. 53: 195-229, 1984.

Bang, N.U., M.L. Chang, L.E. Mattler, P.J. Burck, R.M. Van Frank, R.E.

Zimmerman, C.A. Marks, and L. J. Boxer. Monocyte/macrophage-mediated

catabolism of fibrinogen and fibrin. Ann. N.Y. Acad. Sci. 370: 568-587, 1981.

Cohen, C. and G. N. Phillips, Jr. Spikes and fimbriae: 0-helical proteins form

surface projections on microorganisms. Proc. Natl. Acad. Sci. USA 78:

186



i■ it

2

&

º,

s
º

º

*ital n
**** If

11 it
■ º

■■■

tº: ".
* it!

■ . º º,º
*1st H1 tº

| ºf tw |
4. ºt |is tº
**
*t is is tº

maint is tº

wa■ at it º'

| | |

| 1
|
|
| in

| ºl
|al

| "
| ºl

º, ºil

|| ||
|| ||

| *
| 4

| ■ t
ºl

|

114

*1■ t
sits

alth
|■ '

tfit

'll,|
tii i

|



3.10.

3.11.

3.12.

3.13.

3.14.

3.15.

316.

3.17.

5303-5304, 1981.

Casaregola, S., V. Norris, M. Goldberg, and I. B. Holland. Identification of a 180

kD protein in Escherichia coli related to a yeast heavy-chain myosin. Mol.

Microbiol. 4: 505-511, 1990.

Cunningham M. W., S.M. Antone, J. M. Gulizia, B. M. McManus, V. A.

Fischetti, and C. J. Gauntt. 1992. Cytotoxic and viral neurtalizing antibodies

crossreact with streptococcal M protein, enteroviruses, and human cardiac myosin.

Proc. Natl. Acad. Sci. U.S.A. 89: 1320–1324, 1992.

Niki, H., A. Jaffe, R. Imamura, T. Ogura, and S. Hiraga. 1991. The new gene

mukB codes for a 177 kD protein with coiled-coil domains involved in

chromosome partitioning of E. coli. EMBO J. 10: 183-193, 1991.

Koski, P., H. Saarilahti, S. Sukupolvi, S. Taira, P. Riikonen, K. Osterlund, R.

Hurme, and M. Rhen. A new O-helical coiled coil protein encoded by the

Salmonella typhimurium virulence plasmid. J. Biol. Chem. 267: 12258-12265,

1992.

Barnett, L. A. and M. W. Cunningham. A new heart-cross-reactive antigen in

Streptococcus pyogenes is not M protein. J. Infect. Dis. 162: 875–882, 1990.

Kil, K. S., M. W. Cunningham, and L. A. Barnett. Cloning and sequence analysis

of a gene encoding a 67-kilodalton myosin-cross-reactive antigen of Streptococcus

pyogenes reveals its similarity with class II major histocompatibility antigens.

Infect. Immun. 62: 2440-2449, 1994.

Kostrzynska, M., C. Schalen, and T. Wadstrom. Specific binding of collagen

type IV to Streptococcus pyogenes. FEMS Microbiol. Let. 59: 229-234, 1989.

Horstmann, R. D., H. J. Sievertsen, J. Knobloch, and V. A. Fischetti.

Antiphagocytic activity of streptococcal M protein: Selective binding of complement

control protein factor H. Proc. Natl. Acad. Sci. USA 85: 1657-1661, 1988.

187



if it

*ital in

*"
11 it!■ . tº

■ tiž!!!,
* til
41 at 14

sºut º,■ . th.

his is. It

!. tw |
! st4. |■
"*tual it.

maint is tº

wa■ at tº *"

| |
| |

| | | |

tº
| | ||

| | |

| in

t ºl
| all

| | *
| | fit

i■ #||

| || |
| || 1

| ■ º
| || #||

a
ºl

| +

114;

titº
, is

- it
III'

itrº

|a.|
it i

|



3.18.

3.19.

320.

Sheriff, S., C.Y. Chang, and R.A.B. Ezekowitz. Human mannose-binding protein

carbohydrate recognition domain trimerizes through a triple O-helical coiled-coil.

Struct. Biol. 1: 789-794, 1994.

Oosting R.S.and J.R. Wright. Characterization of the surfactant protein A receptor:

cell and ligand specificity. Am. J. Physiol. 267: L165-L172, 1994.

Saez, C.G., J.C. Myers, T.B. Shows, and L.A. Leinwand. Human nonmuscle

myosin heavy chain mRNA: generation of diversity through alternative

polyadenylylation. Proc. Natl. Acad. Sci. U.S.A. 87: 1164-1168, 1990.

188



44th

t

*ital in

**** If
11 in

■ º tak

..si ti"it:::: la■

* til
zº at 11:

■ .
th º,gº ºn tº

hits 141 it!

fl.
tº |

(''"* * * !!
**
*t suit it

Baiji ºn 1

wa■ at 1 º'

ºl
ºl

tº a
| 4 |

ºl
ºl
ºf

1111

■ its
.ii

a
111"

|

|

2407 R < *



it it

*ital ti

*"
11 it!

lui lil

11 is "it!º it.

* tu
41 it is
* * It■

ls; t■ tº:
*111111 tº

| || ||

| | it'
| || ºl

|

is

t! º

| | "
"
º

| || ill

tº

º

R

sistint tº

1. ** |
■ ' -- |is tº
**
*t init is

maint is "

wa■ at " ''

| || ºil
i■ ºl

lº
| | *

t ■ º
1 #|

l tº

1111

it tº
-it

jit■
111

ill

|



º

º

*ial n

*"
11 *.

■ . uk

it?!
!" hi
it it º'

gi al R■ . th.

alsº ui º

Risint tº

|1. il'
jit{{. 4; ■
*
*1111t tº
saintº 14

Rain" (" !"

*
[…] & -º ---, -º º vº;

– *

9, -rl S- … º. sº 'o, ■ -r] sº
gº, - * -y * * -

º * -

| TI ... --' s (■ ( ■ ºlº sºon … […] s - C2 c * } º 2 - ( ) º
* 72 º * N. f +. * º4. Nº !, sº * 4 - -1 -** *

/*7 2- W. ------- º º, 71/11/ / //?” (J. 2.-- * - - - - - - º, S. ly'■ ºf
27 ( ~ sº, cºcº sº, Cº. //? y & Cºncºco º cº,

- ~ º
-

º º & Sº 'º.
º, {} - e * * } a- º * * *

+, * º, )
* - - * -

y sº ”, Ll B RARY sº --r º t / !- sº ”, LIBRARY sº -º-, *: *** ,
~ -- J < * L. ‘o _*- __j - C L. º

_^
---

o, --r- s? *, S-
-

*o —r- -
º O

~ *
-

L. .* **. |
º - ** L.

* C |
S \ºvº. 9 in º. * “I■

º % -- sº ºvºi g in 4. º■ C %2 –* º -º, ~ t º * * t *-*.** tº 1, -> - ºcºpiº■ /ºC, "os Q'. - - - *º dºi/11///? º, sº : - * >
\ is *. ºn, QTJ sº º

-
sº Sºme■ º .5 &A- ■ º

* -º- º *. º .* º
>. º º, _º º o º ** º **º, ...) ) º º °, L! B RA R_Y º - r º, tº / ~ sº °, L■ B RA R_Y sº ---■ * -

|--
º ■ T w * *

--y - -

º, T T º o 2.8†, –J & */ & -* ,
º, […] sº o, -r-, -º

-

| | --*. __J & ATS vº; 9 |T| º º
º sº º *

a- (C 2. – º Aº Vug 1.1 °. is a ,º, s º, -º º * ...S. ”, -º- ~y “C
-

Z, S * * f f , º & Sº ºf 77/7' ■ ■ ºjº 2 º' *

-- a--- *. dºi/11///?"C 2. .. - - - - - - +. 0.2, ºut■ º 2.
-A ■ t O Nº %. * º *z,

- *- . A■ 7 17/1. ■ º () Nº. &
- * sº º, * ..". ..

º º, 3.

()
º, * Cº - r = ~ ze º •o

-

* - C º, ■ ºlº Aºvº. 9 IT * -- TAC º, ■ ºls sºon º, --**

* º 7, º

-S- 42. Dyn A- º º -S- ** o º
- * -* * Q- *.. / l 3 º, _-ºr sº fºr lº *** - sº […] º, L. BRARY is fir-i º t sº […] º, L. B RA,_s o – º º 9

- *-

º -b- º

-
*º dº ■ ºn (D "os" W. - - - ** cº■ ºro ºsyº/7 incº sº, Yº sº, c\,://nwtºo sº, ~ *-* -t. º sº** ** º * - -*-

* -

Lif RA R_Y º r-- º, 0/2_ s º, L■ B RA R_Y º —r- º, O) n sº
~A. > -

_º | | º, * & º […] 4- wº | | º, *** A-2 - *- […
- º

-o -r- , , ºf º, [- c º, _* º […] º2 L J sº - * I L & * -- s º, .* - -
T º, º (■ C %, – sº AT5 vº 9 IT º, º (/C %, –– sº AT& vº

'.. * º S.
s

º, sº (). y’; }l/11/////? º º Nº Ç
-

º, sº * * * * * * * * ,*S* sº *— , W, ºf C1■ o º º
-

4-
-

º sº C ºncº sº 4. '•'- *:::tº º -

-
tº

-:
º

•

º ( ) º ºe º º º, s º * 7
º º, L. BRARY sº [-r] ‘º. O) 4–2 º' º, LIBRARY s º, O

As a

sº --- -
º —r- ** ‘o. º º, -- 2& *

L. º
~ f | | ** -

| | º | | ** C. |
sº ºvº an *. - (C %. – sº ºvºgri º s — (C * [ ]12. Sº º, Jº º, -S.cºpiº■ º º, º sº C■ .

-, -- ºut■ º to Sº * - * *
-

S ** º/rºn CAT0 º JJ). !/? A- sº cºncº to sº ºº/ ! º º * **, O) º *o , sº
º, tº lº […] °, L1B RARY sº | || ”, 4- l 5 s [...] º, Lib RARY_s = -- * *** J *

(2. […] & –– •o —r- > O […] & º > ---º, --- º ~ º L. J sº º º, ~~ º
-

°º [...] sº c-f *

º Mºvº gº º is cº !C º'-'º ºvº gº º
º7, º

-
* S. º

*
-

º, Nº" 1 º 4. Nº *

º ly'■ 71/1" / / / 2 < º - - - *.S º out■ º O 2 < - * ---cºlºur//l/r/C sº º/ºncº º, º ■ º, º /.../-S- A. *S 3. s" *. º º
* e º, o - º .** º -

ºr sº -- } º, ...) le sº […] º, L. B. RA R_Y º --- º, O) le sº […] °, L. B. R tº
O.o […] _º –– o, | || & L. º, […] _º o, rº-- * * * º * º ºf * , º, ºr c º Lºl

> ~/ C %, –– º Aºivº. 9 in º, sº TúC %, º A R v º■ º iT º,*/ sº 'a. Sº º º • *

y * -- * * º/?
■ *2 Sº

-
* > 0 }} }//? ///?"Q 2.8-)d///7.7/10, Co & 6, cº,J//? l/? sº C■ º fº/lc■ , ■ o s

* t - *& *** * *sº º º %
- ºz _º f * * se º

º L■ B RARY sº tºº. O/ le tº LIBRARY sº L. J º, O/ le º [...]
o•o > C. cº sº O- &

ºf º o * ~ º *

T º, L. sº -: /C I & AQ#vº G 11 º, L. J
º
s -: /C * [I] Aº- º

* º dº --> º º->Sº tººl■
º ºsº C■ .

*
º, sº dº mº■ º *...* C■ .7 inciº º,* … f - * *- - - !- - * º a- * / y -

/ (■
- º

43. º/rºncº º *. y | sº &/71/1■ º sº
ºwº

* ** º sº
-

ºsº [- º, tºº tºº. J/2 sºtº tºº tº º, J.-
º

o
c º & O *

sº ºvº gº º Lºlº - C - […] sº A 8vº. 9 in *. L. s ~/C º [...]
º, 7

&

º
º

sº !,
* * * -* -- º

* * * º/Cºd & 4,
-> * ,*o

7, ** **Yºu ■ ºn() ºs
º * ~ 0.101.71/11///? (C) "o.cº 4/º * * Sººncº

& º

wº sº
º

L! B RARY º: Il
&

º %.
Li BRARY sº *

* * g – º

º | T] *.º -- fº.

A

O/] sºS- º

tº […] *,-*- –– º



tº RARY sº […] º, J//~ &r--, -, - BRARY sº [-r] *, */~ * [...] ”,sº Cº. Q- sº º

LO sº ~/C & Cº. sº º […] AQ#vº■ g in
sº %, sº |

(Dr Not to be taken
-

º s 0.2%21/11/
-

N ar ~ * -- º w ■ ºS. //7.1/10, C9 s &; from the room. 1C.CO º
*

*.-->

■ º º Z. sº 4%. 4

~ ºo o º o e O
º […]”, Li BRARY is [...] º reference RY_s […]” º& | sº Oc *

-Rivº Q nº. DC s -(C * - S ºvugin º. º -: (C %. sº
s -

”, s
a 6435898 ”, sº

*
*…**/º Sºciº "Ill º º■ ºvº º

n º “º |||||||||||||| 9 º' § "…
0/1 s [...] %. L! B RARY * - 3 1378 90543 5

- -

gº [...] º B RARY Sº [...] º,* tJ *

& Vo > L-,-] Qe * 29
!. [] s Aºvº g in %. […] sº ~ (C º Jºvº. 3 IT º s -/C

* * ***

º sº *”s ºn % = ºº - f f agº ºf lº■■ ºtº º, cºnciº **,
**

º
-

sº *o © <e
->

sº do *
** º º º ~ ~ º 1. A.tº 22- tº tºº tº 22- ºr-- tº

C—f
o O & Oe sº °o º

ºC *c. […] sº Jºvº G 11 %, Lºlº -:/C % CT * Jºvº■ G 11 * -- &º -

^o % º sºº º *7, º ~ -12 w

*z, * }}'}}//?? / / /l/?? %2 Sº º *z, *s ºn 7 º/* 12 Sºº/rancisco $% cºlour. wº > * C■ º 77/10. Co sº, cººl/lº1/7/?Sº s”. {º, º O sº ties sº Onº º
- - º º *. A-

- ~ 2. º ºl.sº [] º gº [...] °o sº [] 'o. 3° […] º> Oe ■

º, Lº! sº º■ C & Cº. sºariº. Fºlsº ~/C * […] AQ#vº G 11
-
3. o sº º, º £1. N

sº cºpiº º % Nº º ºut 1/º
&a. *

sº % * A

72 sº º
12 º' C■ .

- ? -- º --~~~~~ +.& 4, ºf 7.1/10, CO … º!/7 anci■ co sº a
N '■ º, sº º

s' *, º %. L. BRARY & º 0/2-tº ºthº,
sº

~cº
>

sº tº*. LIBRARY º L. °. 0/2_ oc a º *

A ºvºi g 17 ”, [...] º ~/C *2. [...] sº ºvuginº, Cºlºs ~/C % […] s
º ºnº■ º ”, sº * sº ºf 71/1. %. Sº * º\"",

--
2.

*- * -- ** J//?? / / ///ºf 22 a *.

! Sº sº cºnciº sº cºpi, u■ º sº C■ .!!/7 u■ ici■ co sº º
sº z º

*3
-

3. º te sº tº 1.

O) sº Fº Li BRARY sº […] º, 0/2- .* tiº, L■ Bº [...] º,
-

& •o sº Oc o
º * * º o * * 3.2[...] ■ ºvº gº º Fºls * (IC 4, º Mºvº gº º, […] - (Cº, Nº. -7 - -

º 712. Sº
-

42. Sº º, sº 4. Nº

*S ºut/º 2.* C■ . * *-r-, -, -º %.S. cººl■ ■ º º C■ . -*.*.*.
| sº º,

*
§ 4. ºf 7.1/■ ci.■ co sº %, ~~! sº %, ■ ?/t/7′ºcº■ .

• L_l º, O/1– sº- º LIBRARY sº Cº. O)2– sº, LIBRARY* [I] sº sº...”. […] sº * Ciscº,” Cºls* (IC º'-s' ºvºgn º' º■ C º is ºvºi gin º. º
o º, º &

º º -7 & *
-

*/ Sº
*Y *

42, sº a yº %, sº
a *z, * 1/?? / / /l/?? 42 SºYºuncisco sº, ºut■ º sº cºnciº º, ºnSº

tiºnary sº-■ º Q/) sº, º lja RARY sº º, 07 sº's [] * … […] *. as [] "… sº […]”.
C C} o O S.

* LC sº * (IC * Tº sº. Fºlsº º/C * Isºon
º º £, S 72

-
4. S.

Y º sº º *z, Sº
-

º 42 sº C■ . ~~~% %, Sº J//?' ■ ■ ºsº ºnci■ co º º■ º s”, ºfranci■ co sº, cºpi■ t/ .
S 3. & º *S "3, sº ºt.

sº […]”. LIBRARY s º, O) 2 : sº [+º, L1 BRARY s [...] º, O) le
> * º [...] Oe º' *o [...] º Q- […]

*
C C -sºon”. –- gº º■ C * […] s &vagin º'º -/C *-ºsº, sº º, sº

-

*... sº * Sº

Wijl■ º 1// Sº %.S. C■ .
* -- 4. S ºut■ º 2.S - **** º

-
º *, 4/t/?dºcI.CO sº %. sº %, ■ ººf ■ ºciºco sº °,O)1. *——º Lt R R A ■ º ºr sº º, D/ l– sº-º. Lip "A R Y ºr º,






