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ABSTRACT

Mature SP-C peptide is a 4.2 kDa transmembrane protein which is uniquely expressed
in the alveolar type II cell. Human SP-C is generated via multistep proteolytic cleavage
of both the C-terminal and N-terminal regions of proSP-C. The function of SP-C in
vivo remains unclear, but effects of SP-C on the adsorption, spreading, and stability of
lipid films at an air/water interface have been documented in a number of in vitro
studies.

Infants with inherited deficiency of SP-B and SP-B knock-out mice show neonatal
respiratory distress syndrome. SP-B deficiency is associated with accumulation of a
processing intermediate, SP-C;, which was characterized in paper 1. The molecular
weight of SP-C;, determined by mass spectrometry, is 5458 Da. Determination of the
SP-C; covalent structure revealed a 12-residue N-terminal peptide segment, followed by
a 35-residue segment that is identical to mature SP-C. Unlike SP-C, SP-C; exhibits a
very poor ability to promote phospholipid adsorption, gives high surface tension during
cyclic film compression, and does not bind lipopolysaccharide (LPS) in vitro.

SP-C is composed of a flexible N-terminal end and an o-helical C-terminal part. In
paper II, the secondary structure and the stability of SP-C; was investigated. The
circular dichroism (CD) spectrum of SP-C; shows that the dominant structure is o-
helical. Unlike SP-C, SP-C; helix does not unfold or aggregate during several weeks of
incubation in aqueous organic solvents. Hydrogen/deuterium exchange experiments
showed that 15 amide hydrogen atoms in SP-C; are protected from exchange for at least
several weeks. This number is in agreement with the number of residues spanning the
poly-valine part. This leads to the conclusion that the polyvaline part of SP-C; is locked
in a helical conformation for weeks. However, if SP-C; is incubated in an acidic
environment, SP-C unfolds and aggregates into amyloid fibrils like SP-C.

The reasons for the reduced function and more stable o—helix of SP-C; were studied in
paper III. The NMR structure of an analogue of SP-C;, SP-C;(1-31), shows that the -
helix is extended N-terminally compared to mature SP-C. CD spectroscopy of SP-Cj(1-
31) in lipids shows a mixture of helical and extended conformation at pH 6, and a shift
to more unordered structure at pH 5. Addition in trans of a synthetic dodecapeptide
corresponding to the propeptide part of SP-C; to SP-C results in slower aggregation
kinetics, altered amyloid fibril formation, and reduced surface activity of phospholipid-
bound SP-C. These data suggest that the propeptide part of SP-C; prevents helix
unfolding by locking the conformation of the N-terminal part of the helix, and that
acidic pH results in structural disordering of the region that is proteolytically cleaved to
generate SP-C.

SP-C can recognize LPS. In paper IV, using synthetic SP-C analogues, it was shown
that the capacity of SP-C to bind LPS requires both the hydrophilic N-terminal region
and the C-terminal hydrophobic region of the peptide. Using chemically modified LPS
and synthetic lipid A analogs, we established that the phosphate residue, when present
in o-configuration, is required for the interaction. Finally, more efficient binding
between SP-C and LPS was observed in a neutral lipid environment.
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ABBREVIATIONS

Three- and one-letter codes for the twenty gene-encoded amino acids.

Amino acid Three-letter code One-letter code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamic acid Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Typ W
Tyrosine Tyr Y
Valine Val v



AB
BAL
DPC
DPPC
ER
LPS
PAP
PC
PG
POPG
PrP

SP

CBS
CD
CID
EM
HPLC
H/D
MALDI
NMR
Q-TOF

10

Amyloid B-peptide

Bronchoalveolar lavage
Dodecylphosphocholine
1,2-dipalmitoyl-sn-glycero-3-phosphocholine
Endoplasmic reticulum

Lipopolysaccharide

Pulmonary alveolar proteinosis
Phosphatidylcholine

Phosphatidylglycerol
1-palmitoyl-2-oleoyl-sn-glycero-phosphoglycerol
Prion protein

Respiratory distress syndrome

Surfactant protein

Captive bubble surfactometer

Circular dichroism

Collision-induced dissociation

Electron microscopy

High performance liquid chromatography
Hydrogen/deuterium

Matrix-assisted laser desorption ionization
Nuclear magnetic resonance

Quadrupole-time of flight



INTRODUCTION

General introduction

The pulmonary surfactant system has been studied for about 80 years since von
Neergaard discovered it in the 1920°s. Today, pulmonary surfactant is described as a
complex mixture of lipids and proteins which lines the alveolar air/water interface,

thereby preventing alveolar collapse at the end of expiration.

The overall lipid composition of surfactant isolated from a number of species is highly
conserved (1, 2). The most abundant lipids are phospholipids, which account for
approx. 80-90% of total surfactant weight. In addition, cholesterol, triacylglycerols, and
free fatty acid are present in surfactant. The most abundant phospholipid species is
phosphatidylcholine (PC), which comprises approximately 80%, about half of which is
1,2-dipalmitoyl-sn-glycero-3-phoshocholine (DPPC) (3, 4). The acidic phospholipids
phosphatidylglycerol (PG) and phosphatidylinostitol (PI) account for 8-15% of the total
surfactant phospholipids. The other phospholipids, such as phosphatidylethanolamine
(PE), phosphatidylserine (PS) and sphingomyelin, are present in small amounts (1). For
some major lipid classes, the role in surfactant has been indicated. DPPC, being
saturated and nonfluid at 37 °C, is the major component to generate low surface
tension. Unsaturated and more fluid phospholipids, for example PG and PI are
important for enhancing adsorption of lipids to the air/water interface (5). However, the

role of the minor components is less clear and requires further study.

Surfactant proteins make up about 10% (w/w) of total surfactant. So far, four surfactant
proteins, surfactant protein (SP)-A, SP-B, SP-C and SP-D have been identified (1, 2).
SP-A and SP-D are hydrophilic proteins, which are members of the collectin family
and play important roles in host defense mechanisms of the lung (6-8). They interact
with various microorganisms and pathogen-derived components in the lung. Both
hydrophobic proteins, SP-B and SP-C are believed to be involved in lowering alveolar

surface tension by promoting rapid adsorption of lipids to the air/water interface (2, 9).

Respiratory distress syndrome (RDS) is the most frequent respiratory cause of death
and morbidity in newborn infants. Deficiency of pulmonary surfactant due to
immaturity is the principal cause of the RDS in premature infants (10, 11). Recently, it

has been recognized that surfactant deficiency may develop in full-term infants due to

11



genetic abnormalities in surfactant metabolism (12, 13). RDS can be effectively treated
with surfactant preparations which contain phospholipids and hydrophobic surfactant
proteins (14). Severe RDS is associated with hereditary SP-B deficiency, which leads to
lethal respiratory failure at birth (12, 15-20). The only effective treatment for SP-B

deficiency is lung transplantation (16).

SP-C primary and secondary structures

FGIPCpa1Cpat PVHLKRLLIVVVVVVLIVVVIVGALLMGL

Figure 1. Human surfactant protein C . The peptide is 35 residues long in which residues
His9 to Gly34 (underlined) form an ordered a-helix. The length of the helix perfectly matches
the phospholipid bilayer. Two palmitoyl groups linked with Cys5 and Cys6 at the N-terminal
part of SP-C stablize the helical conformation. Figure adopted from (21)

The primary and secondary structures of SP-C are highly conserved between species
(22, 23). Normally, SP-C is composed of 35 amino acids, except dog and bovine SP-C,
which are one residue shorter at the N-terminal end. Mature SP-C is one of the most
hydrophobic peptides in mammalians. The predominant hydrophobicity of SP-C owes
to the high content of Val, Ile and Leu (above 60% of the primary structure). In
addition, SP-C is a lipopeptide in which Cys at positions 5 and 6 are acylated with
palmitoyl groups (24, 25), except for dog and mink SP-C in which one Cys is replaced
by Phe. The presence of acyl chain(s) increases SP-C hydrophobicity. However, the
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presence of positively charged residues at the N-terminal end leads to an amphipathic

nature of SP-C.

The length (37 A) of the SP-C a-helix, which covers the residues from 9 to 34,
perfectly matches the thickness of DPPC bilayer, strongly suggesting that SP-C is a
transmembrane peptide (26). Fourier transform infrared-red spectroscopy of SP-C in
DPPC/PG vesicles shows that the insertion of the SP-C in a lipid membrane is
associated with an increase of the a-helical content, and the axis of the o-helix is
oriented parallel to the lipid acyl chains. In addition, about 70% of the amide hydrogens
are hard to exchange with deuterons, indicating a hydrophobic and rigid nature of the
SP-C o-helix (27, 28). NMR spectroscopy in aqueous organic solvents of SP-C
revealed that the amide protons of residue 10-32 do not exchange during the lifetime of

the helix, further indicating that the helix of SP-C is rigid (29).

Amyloid fibril formation

The SP-C a-helix is composed essentially of a long stretch of valine residues, which are
branched at the B-carbon and therefore are over-represented in B-sheet and under-
represented in a-helix (30). In line with these properties, SP-C amino acid sequence is
predicted to form an a-helix in a lipid membrane and a B-strand in a polar environment
(31). The highly ordered SP-C a-helix is stable within a lipid membrane. In aqueous
organic solvents, the a-helix is thermodynamically unstable and irreversibly transforms
into insoluble PB-sheet aggregates and finally forms amyloid fibrils (29, 32-36).
Synthetic SP-C analogues containing a poly-valine stretch do not fold into helix
conformation, and form insoluble aggregates (37, 38). Poly-leucine segments have high
helical propensities; leucine has an a-helix/B-strand propensity ratio of 1.2, while the
same ratio for valine is 0.46 (39). Substitution by poly-leucine stretch in synthetic SP-C
analogues, such as SP-C33 or SP-CLeu, results in a stable a-helix experimentally and
by predictions, which are virtually identical to native SP-C in terms of surface activity
both in vivo and in vitro (31, 40, 41). It has been concluded that if the SP-C helix
unfolds, the high B-strand propensity will make it less able to refold to helical
conformation than to adopt the pathway of B-strand — oligomer — fibril formation

(39). In contrast, SP-C33 and SP-CLeu are stable in a-helical conformation. (31, 39)
(Fig. 2).
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The presence of palmitoyl group(s) not only increases the hydrophobicity of SP-C, but
also stabilises the helix conformation. Partial or complete removal of palmitoyl
group(s) accelerates SP-C aggregation and decreases the overall a-helical content by
about 20% (3, 32, 36, 42). The half life of o-helical dipalmitoylated SP-C is

approximately 70 hours, while it is about 35 hours for mono- and nonpalmitoylated SP-

/-

SP-C: FGIPCCPVHLKRLLIVVVVVVLIVVVIVGALLMGL
SP-C (Leu) : FGIPSSPV-LKRLLILLLLLLLILLL FILGALLMGL

SP-C(Leu)

—>
<

Figure 2. Fibril formation by SP-C. Both SP-C (red) and SP-C(Leu) (green) are in helical
conformation in their native states. Monomeric SP-C helix irreversibly converts to a non-helical
intermediate which does not refold but aggregates into B-sheet oligomers and forms amyloid
fibrils, while SP-C(Leu) refolds into a helix after unfolding. See (43)

Aggregation of SP-C is observed under the pathologic condition pulmonary alveolar
proteinosis (PAP) (32) (Fig.3). PAP has been recognized for almost half a century since
Rosen and co-workers first reported it in 1958 (44) as an excessive accumulation of
surfactant lipoprotein in the alveoli, with associated disturbance of pulmonary gas
exchange. Nonpalmitoylated or monopalmitoylated SP-C were found in the alveolar

space from PAP patients (45), in which the palmitoyl chains could have been cleaved
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by reactive oxygen species, such as hydrogen peroxide. The cleavage of palmitoyl
group(s), together with disrupted removal of surfactant by alveolar phagocytes, could
result in the accumulation of amyloid fibrils in alveolar space in PAP patients (32).

However, in healthy individuals SP-C is almost exclusively di-palmitoylated (45).

Figure 3. Amyloid fibrils composed of SP-C isolated from patients suffering from
pulmonary alveolar proteinosis (PAP). The fibrils were stained with Congo red and observed
by bright field microscopy (A) or by polarization microscopy (B). See (32)

Amyloid fibrils can be formed from different proteins and are associated with severe
diseases. So far, at least 20 diseases are found to be related to amyloid fibrils of
proteins. These proteins include the amyloid B-peptide (Ap) in Alzheimer’s disease (46,
47), the prion protein (PrP) in the spongiform encephalophaties (48), and the islet
amyloid polypeptide (IAPP) in type 2 diabetes mellitus (49, 50). Although these
proteins are completely unrelated in size, amino acid sequence, structure and function,
they all have the ability to undergo structural conversions to 3-sheet, and subsequently
form fibrils. Fibrils are morphologically very similar to each other (47). Amyloid fibrils
are unbranched and 5 to 10 nm in diameter (47, 51-54), and can be stained with the dye
Congo red and show birefringence under polarized light. X-ray diffraction analysis
suggests that the B-sheet runs parallel with the fibril axis, and the constituent B-strands
thus run perpendicular to the fibril axis (47). The mechanisms underlying the
occurrence of conformational conversion are largely unknown. Interestingly, like SP-C,

one helix each of AP and PrP are predicted to form B-sheet structure (31).
Biosynthesis, intracellular trafficking and processing of SP-C

SP-C is expressed by only one cell type, the alveolar type II epithelial cell, in lung.
Human SP-C is encoded by a single gene that spans approximately 3500 bp on the
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short arm of chromosome 8 (55, 56). The gene contains 6 exons and the sixth exon is
not translated. The mRNA, about 900 bp, is translated into a 191 or 197 amino acid
proprotein (proSP-C) depending on species (23, 56-58). The processing from proSP-C
to mature peptide (corresponding to residues 24-58 of proSP-C) includes directional
integration into the ER membrane, covalent palmitoylation in the Golgi apparatus, and
multi-step proteolytic cleavage of flanking regions from both the N- and C-terminal end

(59-62) (Fig. 4).

Type II alveolar epithelial cell

Nucleus

Translation 197

24 58
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Figure 4. Schematic diagram of SP-C biosynthesis in type II cells. Human proSP-C is
synthesized as a 197-amino acid integral transmembrane protein which is processed to the 35-
residue mature peptide within the secretory pathway. Proteolytic cleavage starts in the Golgi
apparatus and is completed in the lamellar body. Newly synthesized proSP-C in the ER
membrane orients the N-terminus to the cytosol, and the C-terminus in the ER lumen.
Trafficking of proSP-C from ER to the distal secretory pathway depends on the N-terminal
domain of proSP-C.
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ProSP-C is an integral transmembrane protein with a molecular weight of 21 kDa.
ProSP-C is positioned in ER membrane in type Il orientation, meaning that the N-
terminal end is located in cytosol and the C-terminal part localizes in the lumen (60, 63-
65). These two parts are linked together by the a-helical transmembrane region which
corresponds to the mature SP-C part (63, 65). Substitution of two positively charged
juxtamembrane residues, Lys34 and Arg35 of proSP-C, by neutral amino acids results
in complete reversal of the orientation and total abrogation of post-translational
processing, and the protein is retained in the ER (64). Like proSP-C, the partly
processed intermediate(s) of proSP-C present in distal intracellular compartments along

the biosynthesis pathway are integral membrane proteins.

Palmitoylation of two Cys residues in SP-C occurs in the Golgi apparatus during the
biosynthesis pathway, through formation of thioester bonds (66). Palmitoylated proSP-
C is transported to the lamellar body, which is a storage form of surfactant lipids and
proteins, via multi-vesicular bodies, where multi-step cleavages both at the N- and C-
terminal ends occur to generate processing intermediates. Two distinct cleavages
apparently take place in the C-terminal region to generate 16 kDa and 7 kDa
intermediates, respectively (60, 67). Then, cleavage step(s) in the N-terminal domain
form an SP-C intermediate (SP-C;) with a molecular weight of about 6 kDa (59, 60, 62,
67). The enzymes involved in these proteolytic processes in type Il cells are poorly
understood, however cathepsin H is known to be involved in the first N-terminal

cleavage in the multi-vesicular bodies (68).

The final proteolytic cleavage of proSP-C occurs in the lamellar body which is a
lysosome-like secretory granule (59, 67, 69). Fusion of multi-vesicular bodies with
lamellar bodies leads to incorporation of SP-C-containing vesicles into densely packed
lipid bilayers (69, 70). The contents of lamellar bodies, i.e. all the lipids which forms
alveolar surfactant, as well as SP-B and SP-C (1, 69, 71, 72), are excreted by exocytosis
into the alveolar space (73-76). There, the lamellar body converts into a lattice of
bilayers called tubular myelin (77, 78). Eventually tubular myelin spreads into a
monolayer film at the air/water interface, thereby lowering the alveolar surface tension
(77, 78). It is estimated that the lamellar body has an acidic internal pH of 5.5 to 6, due
to the presence of v-ATPase, which is essential to generate and maintain the acidic

environment (79, 80). The acidic subcellular compartments in the distal secretory
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pathway appears to be important for the posttranslational proteolysis, since inhibition of

proSP-C processing can be observed by inhibitors of organellar acidification (81).

Unlike SP-A and SP-B, the N-terminal region of proSP-C does not contain any classic
cleavable signal sequence. Conkright and collaborators showed, with deletion analyses
in transiently transfected PC12 cells and mouse type II cells, that the mature SP-C is
sufficient for sorting to the regulated secretory pathway, suggesting that mature SP-C
contains the targeting signal (74). The correct intracellular trafficking of proSP-C has
been reported to be dependent on the N-terminal propeptide (62, 74). Deletion of the
region from residues Metl0 to Thrl8 results in retention of the peptide in ER
compartments (62, 74). In contrast, the role of the C-terminal flanking domain remains
unclear. Truncation mutants of proSP-C which lacks the entire C-terminal region can
be directed to distal compartments in transfected epithelial cells, suggesting that the C-

terminal domain is dispensable for intracellular trafficking and secretion (74).

SP-C genetic alterations

SP-C knock-out mice

Targeted disruption of the SP-C gene in one mouse strain (Swiss black outbred mice)
results in mild abnormalities of lung function consistent with decreased stability of the
surfactant film at low lung volumes (82). However, in another mouse strain (Sv strain
mice), SP-C knock-out gives progressive inflammatory lung disease (83). These
differences suggest that the phenotype associated with SP-C deficiency may be
influenced by genetic or environmental factors. However, unlike SP-B knock-out mice,
lack of SP-C is not lethal and SP-C thus does not appear to be critical for surfactant
function (Table 1). However, since SP-B knock-out also results in almost complete lack
of mature SP-C (see further below), the individual contributions of SP-B and SP-C are
difficult to delineate.

SP-C mutations

To date, more than 20 human SP-C gene mutations leading to missense or splice
mutations have been detected in patients with interstitial lung disease (84-91). These
patients did not have respiratory symptoms at birth, and the age of disease onset is
variable (85, 86). All the mutations occur on only one allele. These mutations are
believed to affect proSP-C folding and processing (86-88, 90, 92, 93). Most of the

mutations are located in the C-terminal flanking region of proSP-C, only one mutation
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is localized in the mature peptide region, and no mutations are found in proSP-C N-

terminal flank domain (87).

Mutations in the SP-C gene can be classified depending on the involvement of the
Brichos domain. The Brichos domain consists of approximately 100 amino acids, and
was recently identified in several unrelated proteins linked to different diseases (94).
The Brichos-containing proteins include BRI, which is linked to familial British and
Danish dementia (95, 96); chondromodulin-I linked to chondrosarcoma (97); CA11
linked to stomach cancer (98); and SP-C linked to lung fibrosis. In several of these
proteins, the Brichos domain is located in the propeptide region that is removed after
proteolytic processing. It has been suggested that the role of this domain could be

related to the complex post-translational processing of these proteins (94).

SP-B deficiency SP-C deficiency
Age of onset Neonatal Variable
Typical Respiratory failure Tachypnea
symptoms Airleak and pulmonary Failure to thrive
hypertension common
Inheritance Recessive Dominant
Hydrophobic SP-B absent Abnormal aggregated
surfactant proteins Mature SP-C low proSP-C

Mature SP-C low

Pathology Lethal, RDS Interstitial lung disease

Table 1 Surfactant protein gene abnormalities and lung disease.

Residues 94-197 in proSP-C, corresponding to exons 4 and 5, contain a Brichos
domain. The majority of SP-C mutations linked to lung fibrosis map to the Brichos
domain, and these mutations are believed to affect propeptide folding and
conformation (99). For example, deletion of exon 4 results in proSP-C misfolding,
leading to formation of aggresomes, which in turn induces ER stress and cell

apoptosis (84, 85, 87, 93). Clinically, mutations in the Brichos domain result in a
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severe pulmonary phenotype (84, 87), while mutations outside this domain lead to a
milder clinical course (84, 90, 91). A recombinant C-terminal flanking domain of
proSP-C binds to SP-C peptides in B-strand conformation, but not to a-helical SP-C.
This rises the interesting possibility that the proSP-C Brichos domain works as a

scavenger of unfolded SP-C and thereby prevents -sheet aggregation (100).

Possible mechanisms underlying that SP-C mutations on one allele cause interstitial
lung disease could be that the mutations produce an aberrant proSP-C protein which
could interact with non-mutant SP-C, thereby inhibiting production of functionally
active SP-C. Alternatively, production of misfolded mutant proSP-C can not be
handled by the protein degradation pathway, and it therefore induces ER stress and

apoptosis, resulting in interstitial lung disease.

SP-B and SP-B deficiency due to genetic alterations

SP-B

Human SP-B is encoded by a single gene spanning approximately 10 kilobases on the
short arm of chromosome 2 (101). SP-B is not only expressed in alveolar type II cells,
but also in non-ciliated bronchiolar epithelial cells (Clara cells) (20). However, only in
type II cells is proSP-B processed completely to mature SP-B (9, 102) through
proteolytic removal of N- and C-terminal flanking domains (19, 73, 76, 102, 103).
Mature SP-B is a 79 amino acid polypeptide and contains about 50 % hydrophobic
amino acids. Highly conserved Cys residues in proSP-B, present in the N-terminal
flanking domain, in the mature SP-B peptide part, and in the C-terminal flanking
domain, identify SP-B and the flanking domains as members of the saposin like
(SAPLIP) family (104, 105). Other SAPLIP family members include saposins A, B, C,
and D, NK-lysin, and a pore forming peptide of Entamoeba histolytica (19). The
intramolecular disulphide bridges formed by Cys35-46, Cys8-77 and Cysl1-71
stabilize the SP-B structure. SP-B normally forms a homodimer through an
intermolecular disulfide bond involving Cys48 (106-108) which is not present in other
SAPLIPs. SP-B is always associated with surfactant phospholipids. The orientation of
SP-B in phospholipids membrane was studied by Vandenbussche and his colleagues.
Electrostatic interactions between positively charged residues of SP-B and the anionic
headgroups of PG, and the presence of small hydrophobic a-helical peptide stretches
slightly inside the bilayers, would maintain SP-B at the membrane surface (109). The
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phenotypes of SP-B-deficient human infants and SP-B knockout mice have provided
insight into the role of SP-B in the surfactant biosynthetic pathway (see below).

SP-B knock-out mice

The complete lack of SP-B causes lethal respiratory failure at birth (15, 110).
Histological analysis of such mice showed a normal lung morphogenesis and no sign of
inflammation, but decreased lung volumes and absence of residual volume at the end of
expiration was observed. In SP-B knockout mice, no mature lamellar bodies, aberrantly
processed SP-C peptides, and enlarged multi-vesicular bodies with small lipid vesicles
were observed (110, 111). All these observations suggest that SP-B has a critical role in
reduction of alveolar surface tension, maturation of lamellar bodies (possibly via
packaging surfactant phospholipids into concentric lamellae), and normal proSP-C
processing. Respiratory failure was observed in conditional SP-B knockout mice when
the SP-B concentration was reduced to <25% of normal levels (112). Decreased SP-B
levels ware associated with low alveolar content of PG, accumulation of misprocessed
proSP-C in the air-spaces, increased protein content in bronchoalveolar lavage (BAL)
fluid, and altered surfactant activity in vitro. Reduction of alveolar SP-B content thus
causes surfactant dysfunction and respiratory failure, strongly indicating that SP-B is

required for postnatal lung function as well (112).

Hereditary SP-B deficiency in humans

Infants with hereditary SP-B deficiency show neonatal RDS, which is refractory to
treatment with exogenous surfactant, and the only effective treatment is lung
transplantation (16, 113). In humans, the 121ins2 mutation accounts for about two
thirds of the mutant alleles identified to date. This mutation involves the substitution of
three bases for one in exon 4 of the gene, corresponding to codon 121 of the SP-B

mRNA (114, 115).

Lack of SP-B leads to a number of changes in the metabolism of other surfactant
components. The most striking of these is an apparent block in the processing of proSP-
C to mature SP-C. In the children with hereditary SP-B deficiency, an incompletely
processed SP-C intermediate accumulates (111). In addition, lung tissue and BAL fluid
from SP-B-deficient infants contains a reduced amount of PG compared with healthy

controls (116).
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On ultrastructural examination, the type II cells of SP-B-deficient infants contain few
normal-appearing mature lamellar bodies, only inclusions with multiple small vesicles
and poorly packed lamellae can be detected (111, 116-118). The phenotype of type II
cells in SP-B deficient children is quite similar to that in SP-B knockout mice (15, 110).
As a conclusion, SP-B is essential for the formation of lamellar bodies within type II
cells and for the normal processing of proSP-C. Partial defects in SP-B can also cause
respiratory failure in full-term infants, and decreased amounts of SP-B occur in some

term infants with RDS (119-121).

Respiratory distress syndrome

Respiratory disease remains a common cause of neonatal morbidity and mortality,
including neonatal RDS, which occurs principally in premature infants (10, 11), as well
as in full-term infants due to genetic abnormalities in surfactant metabolism (12, 13,
122). In RDS, the alveoli collapse because of deficiency of pulmonary surfactant. The
most effective treatment is replacement with surfactant preparations derived from
animal lungs. The components in these preparations are phospholipids and hydrophobic
surfactant proteins, SP-B and SP-C (123). Either SP-B or SP-C, when mixed with
phospholipids, produces a preparation that readily lowers the surface tension in vitro

(124).

SP-C(Leu): FGIPSSPV-LKRLLILLLLLLLILLLILGALLMGL
SP-C(LKS): FGIPSSPVHLKRLLILKLLLLKILLLKLGALLMGL
SP-C33: IPSSPVHLKRLKLLLLLLLLFLLL ILGALLMGL
SP-C/BR: LRIPCCPVNLKRFYAITTLVAAIAFTLYLSLLLGY
SP-C(1-21) : LRIPCCPVNLKRLLVVVVVWVWV

Figure 5. Amino acid sequences of SP-C analogues studied in this thesis. SP-C(Leu) and
SP-C33 all contain poly-Val— poly-Leu substitutions. SP-C(LKS) and SP-C33 contains Lys in
the helical part in order to avoid oligomerisation. SP-C/BR is a hybrid between SP-C residues
1-12 and the second transmembrane helix of bacteriorhodoprin. SP-C(1-21) contains the first 21
residues of porcine SP-C.

Surfactant preparations derived from animal lungs are limited in supply, and they may
carry infectious agents. Thus, synthetic surfactants are under development. Unlike SP-
C, SP-B is too big and structurally complex to be synthesized by organic chemical
methods. Synthetic SP-C analogues containing a poly-valine stretch can not fold into a

helix conformation (38). Replacement of the poly-valine region with poly-leucine
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stretch in synthetic SP-C analogues results in the formation of a stable a-helix (41), and
virtually identical surface activity in vivo and in vitro compared to native SP-C (40)
(Fig. 5). SP-C(Leu) oligomerizes into dimers, tetramers, and highly ordered oligomers,
which makes SP-C(Leu) difficult to suspend in peptide/lipid mixtures at higher
concentrations than 20mg/ml. SP-C(LKS), containing three Lys in the poly-leucine
sequence of SP-C(Leu), shows reduced oligomerisation (125), but the activity of SP-
C(LKS)/lipids mixtures in vivo is insufficient. Finally, SP-C33, with one positive
charge in the N-terminal part of the peptide compared to SP-C(Leu), circumvents the
oligomerisation problem, and SP-C33/phospholipid mixtures are comparable to

modified natural surfactant in an animal model of neonatal RDS (126).

Function of SP-C

SP-C in surfactant function

It is generally believed that SP-B and SP-C are involved in the reduction of the surface
tension at the alveolar air/water interface. Numerous in vitro studies strongly suggest
that SP-B and SP-C are involved in facilitating the rapid adsorption of phospholipids to
the interfacial monolayer from the hypophase (127), maintaining a functional
interfacial film, stabilizing the surface film at the end of expiration (128, 129), lowering
the surface tension by selective DPPC adsorption during film expansion and squeeze-
out of fluid components during film compression (thus resisting collapse when

compressed) and rapid respreading following film expansion (130-132).

SP-B appears to be the most critical protein for surfactant function, since the effects of
SP-C deficiency are less striking than those of SP-B deficiency. The surfactant
composition and pool size in SP-C knock-out mice is not significantly different from
those of wild type mice. However, SP-B deficiency in both human and animals leads to
severe changes in surfactant metabolism and composition (see above). However,
surfactant preparations, containing only SP-C and lipids, significantly improve lung
function in surfactant deficient animals (41, 133), suggesting an overlap between SP-B

and SP-C in the ability to promote and maintain a functional surface film.

SP-C is released from type Il cells embedded in a lipid bilayer and the length of the SP-
C o-helix is perfectly adopted to span a phospholipids bilayer (26). SP-C can, at least in
vitro, interact with a phospholipid monolayer and then the axis of the a-helix is tilted to

maximize the interaction with the lipids (134). By studying synthetic SP-C analogues,
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which contains different amino acid sequences in the helical part, it was concluded that
a membrane-spanning o-helix is critical for biophysical activity rather than the primary

structure (38, 41, 135).

Lipopolysaccharide (LPS) binding

Infection of the respiratory tract is a frequent cause of lung pathologies, morbidity, and
death. Thus in the respiratory tract, recognition of bacterial endotoxin (LPS) is a critical
step of the innate host defense system directed against invading pathogens. LPS,
located at the outer membrane of gram-negative bacteria, consists of three regions: lipid
A, core oligosaccharides, and O side chain. It is generally believed that SP-A and SP-D
can interact with LPS: SP-A interacts with the lipid A moiety of LPS (136), and SP-D
interacts with the oligosaccharide region of LPS (137). Recently, SP-C was found to
exhibit the capacity to bind with LPS (138). The interaction between SP-C and LPS is
saturable, temperature-dependent, and related to the concentrations of SP-C and LPS
(6, 138). SP-C, when associated with DPPC vesicles, inhibits the binding of LPS to a
macrophage cell line (RAW 254.7), the mitogenic effect of LPS on mouse splenocytes,
and the LPS-induced production of TNF-a by peritoneal and alveolar macrophages
(139). This LPS binding capacity of SP-C may represent another anti-bacterial defense
mechanism of the lung. Recently, Charby and colleagues found that CD14 binds to SP-
C and the interaction between CD14 and SP-C appears to modify the conformation of
CD14, thereby allowing CD14 to bind LPS more efficiently (140).
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SCOPE OF THE PRESENT STUDY

The proSP-C processing intermediate (SP-C;) that accumulates in SP-B
deficiency was isolated and characterized. The identity of this intermediate was
previously unknown except that its molecular mass had been estimated to be 6-
10 kDa from the electrophoretic mobility. The intermediate was analyzed
regarding structural (covalent and secondary structure as well as structural
stability) and functional properties (in vitro surface properties in combination
with phospholipids and LPS binding). This shed light on the possible
importance of this intermediate in the pathology associated with SP-B

deficiency, and on structural determinants for the stability of the SP-C a-helix.

Investigation whether the proSP-C N-terminal propeptide, except working as a
targeting signal to direct proSP-C to distal compartments in the secretory
pathway, can stabilise the SP-C helix. This was aimed to further understand the
function of this region in SP-C biosynthesis. Matrix-assisted laser desorption
ionization (MALDI) mass spectrometry was applied for analysis of SP-C
aggregation, and the effect of the propeptide on SP-C surface activity was
investigated by the captive bubble surfactometer (CBS).

SP-C; does not aggregate during at least one month in neutral aqueous organic
solvents, while acidic environment destabilizes the SP-C; o-helix and makes it
aggregate into amyloid-like fibrils within a few days. During its processing,
proSP-C is transported from neutral environments (ER and Golgi apparatus) to
an acidic environment (lamellar body). We determined an NMR structure of a
synthetic SP-C; analogue, SP-Ci(1-31), and investigated how the secondary
structure of SP-C; is influenced by pH and different phospholipid environments.

We aimed to determine what parts of SP-C and LPS are involved in their
specific interactions, and to study the role of a lipid environment for SP-C/LPS
interactions. For this purpose different analogs of SP-C were synthesized and

isolated, and their relative efficiency in binding to LPS was determined.
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RESULTS

Paper 1. N-terminally extended surfactant protein (SP) C isolated from SP-B-deficient
children has reduced surface activity and inhibited lipopolysaccharide binding

Infants with inherited deficiency of SP-B and SP-B knock-out mice show neonatal
RDS. The proSP-C processing intermediate, SP-C;, which associates with SP-B
deficiency, was characterized in this work. BAL fluid was obtained from SP-Bac mice
in which a truncated SP-B proprotein was expressed in the SP-B-/- background. The
transgene is not expressed in all type II cells of SP-B-/- mice, resulting in that SP-C; is
generated. Immunogold labeling of large aggregate fraction of alveolar surfactant
suggests that SP-C; associates with surfactant phospholipids and is secreted into the
airspaces with the biophysically active form of surfactant. SP-C; was isolated from
patients who were homozygous for the 121ins2 mutation or the ¢.479G>T mutation.
SP-C;, like SP-C, is highly hydrophobic as judged from its behaviour in reverse-phase
HPLC. The molecular weight of SP-C;, determined by MALDI and quadrupole time-
of-flight (Q-TOF) electrospray mass spectrometry, is 5458 Da. Determination of the
SP-C; covalent structure by Edman degradation and by collision-induced dissociation
(CID) experiments revealed a 12-residue N-terminal peptide segment,
SPPDYSAAPRGR, (positions 12-23 of proSP-C), followed by a 35-residue segment
that is identical to mature SP-C (Fig. 6). Two palmitoyl chains are linked to Cys17 and
Cysl8, Met45 is oxidized, and the C-terminal Leu is methylated. Like for SP-C,
oxidation at Met45 and methylation of Leud47 probably occurs during the sample
purification (41).

SP—Ci :
SPPDYSAAPRGRFGIPCpaiCpatPVHLKRLLIVVVVVVLIVVVIVGALLMGL

Figure 6: Amino acid sequence of SP-C;. The region in red corresponds to the dodecapeptide
elongation, followed by the segment which is identical in sequence to the mature peptide (in
black).

Unlike SP-C, SP-C; exhibits a very poor ability to promote phospholipid adsorption,
gives high surface tension during cyclic film compression in captive bubble
surfactometer, and does not bind LPS in vitro, which are the only two functions
described for SP-C to date. During proSP-C processing, SP-C; N-terminal

dodecapeptide segment must be proteolytically removed to generate a biologically
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functional peptide. The results of this study indicate that the early postnatal fatal
respiratory distress seen in SP-B-deficient children is combined with the near absence

of active variants of SP-C.

Paper II. The N-terminal propeptide of lung surfactant protein C is necessary for
biosynthesis and prevents unfolding of a metastable a-helix

SP-C is composed of a flexible N-terminal end and an a-helical C-terminal part. In this
study, the secondary structure and the stability of SP-C; was investigated. The circular
dichroism (CD) spectrum of SP-C; in 95% ethanol shows that the dominant structure is
a-helical, as judged by minimum at 222 nm and 208 nm and a maximum around 195
nm. However, less negative ellipticity at 208 nm was observed for SP-C; than for SP-C,
indicating less o-helix content of SP-Ci. Unlike SP-C, in which the o-helix can
irreversibly transform into B-sheet aggregates and form amyloid fibrils, the SP-C; helix
does not unfold or aggregate during several weeks of incubation in aqueous organic
solvents, as judged by hydrogen/deuterium (H/D) exchange and MALDI mass
spectrometry. H/D exchange experiments showed that about 15 amide hydrogen atoms
in SP-C; are protected from exchange for at least several weeks, while during the same
time period, SP-C(Leu) exchanges almost completely. This number of non-exchanged
hydrogens is in agreement with the number of residues in the poly-valine part. This
leads to the conclusion that the polyvaline part of SP-C; is protected in a helical
conformation for weeks. Moreover, during the first hours of H/D exchange, 10-15 more
hydrogens in SP-C; than in SP-C are partly protected. This number exceeds the number
of amide protons in the SP-C; N-terminal dodecapeptide, suggesting that the presence
of the dodecapeptide stabilises the part corresponding to mature SP-C. However, the
stability of SP-C; is pH-dependent. Incubated in an acidic environment, SP-C;, like SP-
C, unfolds and aggregates into amyloid fibrils in one week. Acidic pH may thus

weaken the interaction between the dodecapeptide and SP-C.

Paper III. Structure and influence on stability and activity of the N-terminal
propeptide part of lung surfactant protein C

It is not possible to isolate sufficient amounts of SP-C; from SP-B-deficient patients to
analyse its NMR structure. A peptide corresponding to the N-terminal 31 amino acids
of SP-C; (Fig. 7) was therefore synthesised. In this peptide, two palmitoylated Cys are
replaced by Phe, and all Val are replaced by Leu.
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SP-C;(1-31): SPPDYSAAPRGRFGIPFFPVHLKRLLILLLL
AlaSP-C;(1-31): AAAAAAAAPRGRFGIPFFPVHLKRLLILLLL

Figure 7: Amino acid sequences of SP-C;(1-31) and AlaSP-C;(1-31). In SP-Cy(1-31), two
palmitoylated Cys are replaced by Phe since dog and mink SP-C has one palmitoylated Cys
replaced by Phe. Substitution from Val to Leu is introduced to prevent B-sheet aggregation.

Figure 8: NMR structure of SP-Ci(1-31) in DPC micelles

The NMR structure of SP-C;(1-31) in dodecylphospocholine (DPC) micelles (Fig. 8)
shows a disordered segment from Serl to Glyll, a turn from Argl2 to Phel3, an
extended stretch involving Gly14 and Ile15, another turn from Prol6 to Phel8, and an
a-helix from Pro19 to Leu31. This shows that comparable N-terminal regions of SP-C;
and SP-C have different structures. The helix starts four residue N-terminally in SP-
Ci(1-31) compared to a synthetic peptide corresponding to residues 1-17 of mature SP-
C in DPC micelles (26). This result strongly indicates that the dodecapeptide extension
stabilizes the a-helix. The final cleavage site to generate SP-C from SP-C; is localized
between Argl2 and Phel3, which form a turn structure. CD spectroscopy of SP-Ci(1-
31) in microsomal or surfactant lipids shows the presence of both a-helix and B-strand
structure at pH 6, and increased random structure was observed as the pH was
decreased to 5. Replacement of the N-terminal segment SPPDYS of SP-C; with
AAAAAA (Fig. 7) results in the presence of random and helical structure in

microsomal and surfactant lipids at pH 6, and no change was detected when pH was
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lowered to 5, indicating that the secondary structure of AlaSP-C;(1-31) is independent
of pH. Incubation of a synthetic dodecapeptide (corresponding to the propeptide part of
SP-C;) with mature SP-C in 95% aqueous ethanol results in slower aggregation kinetics
than for SP-C alone. In addition, SP-C incubated with 5-fold molar excess of
dodecapeptide did not form amyloid-like fibrils, instead only amorphous aggregate
were detected after incubation for 168 hours. These data indicate that the dodecapeptide
prevents SP-C; helix from unfolding. Reduction of the surface activity of phospholipid-
bound SP-C by adding 5-fold molar excess of the SP-C; N-terminal dodecapeptide,
strongly indicates the presence of interactions between the dodecapeptide and SP-C as
well. Take together, these observations suggest that in the early secretory pathway the
N-terminal region of proSP-C not only works as a targeting signal, but also stabilises
the a-helical conformation until proSP-C gets to lamellar body, where low pH results in
structural disordering of the N-terminal region, thereby allowing proteolytic cleavage to

generate SP-C.

Paper IV. Structural basis for interactions between lung surfactant protein C and
bacterial lipopolysaccharide

SP-C can recognize LPS and the binding between SP-C and LPS is saturable,
concentration-, and temperature-dependent (138). In this study, the parts of SP-C and
LPS that interact and the role of a lipid environment for SP-C/LPS interactions were
investigated. Synthetic SP-C analogues (SP-C(1-21), SP-C(BR), SP-C(LKS), SP-
C(Leu) and SP-C(Leu)-di-palm) (Fig. 5) were used for the interaction study. SP-C(1-
21) and SP-C/BR have an identical N-terminal hydrophilic region as porcine SP-C,
while the other peptides have N-terminal regions identical human SP-C. SP-C(1-21)
has a truncated C-terminal region compared to the other peptides, and the C-terminal
helical part of SP-C/BR has a completely different amino acid sequence. Palmitoyl
groups are present in porcine SP-C, human SP-C, and SP-C(Leu)-di-palm. By
comparing the interactions between LPS and SP-C peptides, it was shown that the
capacity of SP-C to bind LPS is independent of the presence of palmitoyl groups and
requires both the hydrophilic N-terminal region and the C-terminal hydrophobic region.
On the other hand, using chemically modified lipopolysaccharides and synthetic lipid A
analogs, we established that the phosphate residue of the reducing glucosamine unit,
when present in a-configuration, is required for an interaction with SP-C. Additionally,
the N-linked fatty acyl chains present on the same glucosamine unit take part in

LPS/SP-C interactions. Finally, more efficient binding between SP-C and LPS was
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observed in a neutral lipid environment, although binding occurs also in the absence of
lipids. This may be explained by that an amphipathic lipid environment can promote an

optimal orientation of the two molecules.
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DISCUSSION

SP-C;, an incompletely processed form of proSP-C found in association with SP-B
deficiency, is secreted into the alveolar air/water interface with surfactant. The primary
structure differences between SP-C and SP-C; were investigated in I. A dodecapeptide
N-terminal extension distinguishes SP-C; from SP-C. In order to analyse the details
involved in the stability and functional change induced by the presence of the
dodecapeptide (I, II), the NMR structure of SP-Cj(1-31) in DPC micelles was
determined (III). A more structured N-terminal region of SP-C; was observed, which
consists of turn and extended segments from Argl2 to Phel8, followed by an a-helix

from Pro19 to Leu31.

The SP-C a-helix is predicted to form B-sheet due to the presence of the poly-valine
stretch (31). SP-C is metastable in solution, it converts from helical structure and forms
amyloid fibrils within a few days (29, 32, 43, 141). In contrast, an SP-C analogue
having a poly-leucine stretch instead of the poly-valine stretch does not aggregate
(142), making it likely that the o-helix/B-sheet discordance of SP-C underlies its
structural transformation and fibrillation. When SP-C; was incubated in aqueous
organic solvent for several weeks, no aggregation was observed. In H/D exchange
experiment, about 15 hydrogen atoms in SP-C; are protected during the same time
frame. Taken together with the NMR results of SP-C;(1-31), these data strongly
indicate that N-terminal dodecapeptide stabilises the o-helix in SP-C;, thereby
preventing it from unfolding. Incubation of SP-C; in acidified aqueous organic solvents,
however, results in the aggregation and formation of fibrils in a few days. This shows
that at low pH the stabilising interactions between the propeptide part and SP-C helix
are weakened. This is supported by CD experiment showing that lowering pH from 6 to
5 results in a conformational shift to a more disordered structure in SP-C;(1-31). The
shift is likely contributed by the N-terminal segment since the C-terminal unpolar a-
helix is buried in the lipid membrane. The correct intracellular trafficking of proSP-C
has been reported to depend on the N-terminal propeptide; deletion of the region from
residues Metl0 to Thrl8 of proSP-C results in retention of the peptide in ER
compartment (62, 74). AlaSP-Ci(1-31), in which the N-terminal hexapeptide
(SPPDYS) is replaced by AAAAAA, shows a combination of random and helix
structure independent of pH in CD experiments. This suggests that the helix
stabilisation is dependent on the primary structure of N-terminal dodecapeptide of SP-
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C;, This raises the possibility that the propeptide, in addition to acting as a targeting
signal, is important for stabilisation of the helix. It is notable that Asp4 in SP-C; is the
only acidic residue in the dodecapeptide, and that two positively charged residues, Lys
and Arg, are localized in the N-terminal part of the a-helix. Thus, the helix stabilization

by the propeptide could involve electrostatic interactions

The a-helix to B-sheet conversion of SP-C resembles the structural transitions that have
been reported to take place in many other proteins and peptides associated with
amyloid fibril formation and amyloid diseases, eg, Ap and PrP are both fibril-forming
proteins. Like SP-C, these two peptides contain discordant helical regions which are
predicted to form B-strand structure, residues 16-23 in AP and helix 2 in PrP (31). Other
studies indicate that these regions are important for structural conversion and fibril
formation (143, 144). The current understanding of mechanisms involved in fibril
formation includes local unfolding of the native protein, intermolecular association
leading to increased [B-sheet content, and eventually acquisition of cross-p-sheet
structure and formation of fibrils (145). Possibly, preferences to adopt [-strand
conformation make unfolded discordant helices form [-sheet via protein
oligomerisation, and then B-sheet oligomers aggregate into fibrils (43). Stabilisation of
fibril-forming segments in native conformation may thus prevent amyloid formation.
Stabilisation of transthyretin tetramer by ligands (54) and stabilisation of AP a-helix by
addition of high amount of trifluoroethanol (146) abrogates fibril formation in vitro.
Our results showing that the stabilisation of the SP-C helix by the N-terminal
dodecapeptide of SP-C; prevents fibril formation (II, III) give further support to this
possibility.

During proSP-C processing in type II cells, it is likely necessary to keep the SP-C a-
helix folded in order to prevent aggregation. In the early secretory pathway (ER and
Golgi apparatus), the helix appears to be protected by the N-terminal propeptide. In the
acidic lamellar body the final proteolytic step to generate SP-C (removal of the
dodecapeptide of SP-C;) takes place. Prevention of SP-C aggregation may thereafter
depend on stabilisation by the surrounding phospholipid bilayer. The cleavage of the N-
terminal dodecapeptide is dependent on the presence of SP-B, probably because lack of
SP-B results in abnormal lamellar bodies (9, 118). For proSP-C, both type II (65) and
type III (59) ER membrane orientation have been suggested, but most experimental

data support that proSP-C is most likely a type II integral membrane orientation, and
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palmitoylation and positively charged residues usually occur on the cytoplasmic side of
the membrane (19). With a type II orientation of proSP-C, proteases such as cathepsin
H (which was found to co-localize with proSP-C in multivesicular bodies and lamellar
bodies, but was not able to produce mature SP-C, suggesting that additional enzymes
are involved in the processing of proSP-C (68)) located in the multivesicular bodies can
access the C-terminal flanking domain of proSP-C, while the N-terminal flanking
domain is not accessible for such proteases since this part is localized on the insides of
vesicles. It is believed that SP-B associated with the multivesicular bodies promotes
vesicle fusion required to form lamellar bodies (15), which results in the exposure of
the contents of internal vesicles to the lumen of the lamellar body (147). The lysis of
multivesicular bodies and formation of lamellar bodies, depending on the presence of
mature SP-B, thus results in that the N-terminal part of SP-C; is exposed to proteases in
the lumen of the multivesicular body, which thereby can generate SP-C. Furthermore,
complete processing of proSP-C is probably inhibited by loss of an acidic environment

in the immature lamellar bodies found in SP-B deficient children or mice (116).

Both SP-B and SP-C influence the formation, refinement, and maintenance of the
surfactant film which lines the alveolar interface. Surfactant preparations containing
either SP-B or SP-C can restore lung function in surfactant-deficient animals,
suggesting an overlap in their surfactant activities (133, 148, 149). Although the
phenotype associated with SP-C deficiency is influenced by genetic and/or
environmental factors (82, 83), lack of SP-C is not lethal, indicating that SP-B alone
can promote surfactant function. SP-C; shows low surface activity and LPS binding
capacity (I). Lack of significant surface activity for SP-C;, combined with the almost
complete absence of mature SP-C, implies that SP-B deficient children lack active
forms of both SP-B and SP-C. This is apparently detrimental for respiratory adaptation
at birth, interfering with the lowering of alveolar surface tension and the creation of a
stable surfactant film. The SP-C N-terminal region has an intrinsic ability to interact
with phospholipid films, mediated by both hydrophobic and electrostatic interactions,
even in the absence of the palmitoyl chains attached to this segment in the native
protein (150-152). A peptide based on the sequence of the N-terminal segment of SP-C
can interact with and insert spontaneously into preformed phospholipid membranes.
The ability to interact properly with phospholipids may thus be blocked by the presence
of the N-terminal dodecapeptide in SP-C;. Likewise, reduced SP-C surface activity in
CBS experiments by addition of five-fold molar excess of the SP-C; N-terminal
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dodecapeptide may be caused by disruption of interactions between SP-C N-terminal
region and the phospholipids. In IV, it is shown that both the hydrophilic N-terminal
and the hydrophobic C-terminal part are required for recognizing LPS. The N-terminal
region is likely involved in peptide-LPS interactions whereas the C-terminal region is
important for correctly localizing the peptide in a phospholipid bilayer. SP-C; has
virtually no capacity to bind LPS, further supporting the importance of an unblocked
N-terminal region of SP-C for peptide/lipid interactions.
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CONCLUSIONS

e In both human and mice, SP-B deficiency is associated with accumulation of
SP-C;, a proSP-C processing intermediate, which is secreted into the alveoli as a

constituent of surfactant.

e SP-C; consists of 47 amino acid residues, corresponding to an N-terminal
dodecapeptide region (residues 12-23 of proSP-C) followed by the SP-C
peptide (residues 24-58 of proSP-C). Like SP-C, two Cys in SP-C; are
palmitoylated. The dominant secondary structure of SP-C; determined by CD

spectroscopy is a-helical.

e The NMR structure of a synthetic peptide based on the sequence of residues 1-
31 of SP-C; shows a structured N-terminal part compared to SP-C, and indicates

that the N-terminal region of SP-C; stabilises the poly-valine helix.

e In a neutral pH environment, the N-terminal dodecapeptide of SP-C; prevents
helix unfolding, while in an acidic environment, stabilising interactions are
weakened, resulting in P-sheet aggregation and formation of amyloid-like

fibrils.

e The capacity of SP-C to bind LPS requires both the N-terminal and C-terminal
region and the presence of lipid membrane makes the interaction more efficient.
Regarding LPS, the phosphate residue in a-configuration is required for the

interaction with SP-C.

e Both surface activity and LPS binding capacity of SP-C were virtually lost in
SP-C;, indicating that interactions between the N-terminal part of SP-C and
phospholipids are interfered by the presence of dodecapeptide extension in SP-

G
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METHODOLOGY

Some of the methods frequently used in this thesis are briefly presented below. For

experimental details, see the original articles.

Mass spectrometry

Mass spectrometry is now one of the most popular and powerful methods for the
protein chemist, giving quick, sensitive, and accurate data on the mass of molecules, by
ionizing, separating and detecting ions according to their mass-to-charge ratios. Mass

spectrometry is also used to determine the structure of molecules.

MALDI mass spectrometry

MALDI plate Laser

etector

Ion desorption

Sample is co-crystallised with

Laser the matrix on a target plate

Figure 9. Schematics of the MALDI mass spectrometer

MALDI mass spectrometry was introduced in the late 1980’s (153). In this method
(Fig. 9) a solid matrix is used, which absorbs light at the wavelength produced by the
laser. The matrix, a-cyano-4-hydroxy-cinnamic acid in our studies, works as a proton
donor to ionise the sample (154). The sample is mixed with a matrix solution and co-
crystallized on a target MALDI plate (155, 156). When the laser beam hits the crystals,

the matrix absorbs the laser light energy and desorbs from the plate surface carrying
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ionized sample into the gas phase (157, 158). At the time that the laser is pulsed an
electric field is applied to the target plate to accelerate the ionised sample towards a
time-of-flight mass analyzer. The time for an ion to reach the detector is measured, and

used to calculate the mass to charge ratio (m/z) (157-159).

O-TOF mass spectrometry

Electrospray ionization generates ions directly from solution. A sample is sprayed into
an electric field from a capillary with an orifice in the micrometer range. Charge
accumulates on the sample droplets which are accelerated due to an electrical potential
applied between the capillary and a counter electrode. As charged droplets are sprayed
into a high vacuum system, the solvent is rapidly evaporated and the droplets brake up
into smaller droplets when surface-coulombic forces overcome surface-tension forces

(160).

CID can provide information of the amino acid sequence of a peptide (161). After an
interesting ion is selected in the first mass analyzer, it is subjected to fragmentation by
collision with neutral gas molecules (normally argon). The cleavage commonly occurs
in peptide bonds to generate fragmented peptides. A peptide fragment retaining the
original C-terminus of the peptide is called a y-ion, while those retaining the N-
terminus are called b-ions (162-164). By comparing the mass difference between two

successive y-ions or b-ions, the primary structure of the peptide can be deduced.

H/D exchange mass spectrometry
H/D exchange mass spectrometry has become a powerful method for high-resolution
analyses of protein dynamics since its conception by Kaj Linderstrom-Lang in the

1950s (165).

Exchange of labile hydrogens is a spontaneous chemical process between a protein and
the surrounding solvent (166). Proteins contain a variety of exchangeable hydrogens:
the hydrogens located on amino acid side chains (-OH, -SH, -NH,, -COOH), and the
hydrogens found on backbone amide groups, while hydrogens bound to carbon are
unlikely to exchange due to the low polarization of the C-H bond. The intrinsic rate of

exchange for a particular hydrogen depends on several factors, including pH,
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temperature, solvent accessibility, neighbouring amino acids, and the concentration of

the exchange catalyst.

The variation in H/D exchange rate is effected by the diversity of the environment for
individual amide hydrogens. Amide hydrogens exposed to deuterated solvent (D,O)
exchange to deuterium rapidly, while the hydrogens buried in the protein interior or
involved in hydrogen bond are less likely to exchange. The exchange process is

schematically depicted below:

D,O*
e =
D,O*
D
D
D D

Figure 10. Schematic representation of H/D exchange. Amide hydrogens that are exposed to
solvent and not hydrogen-bonded readily undergo chemical exchange with deuterated water.
Those amide hydrogens that are shielded from solvent or involved in hydrogen bonds can not
exchange with deuterium.

In folded proteins, amide protons in unstructured regions rapidly exchange to
deuterium, while those buried in an a-helix or B-sheet can not exchange unless the helix
or sheet opens to expose the amide hydrogens to the solvent (167, 168). A shift from
lower to higher molecular weight induced by deuterium incorporation can be detected
by mass spectrometry. Hence, H/D exchange is an efficient method to assay for the

conformational properties of proteins.
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Circular dichroism spectroscopy

CD is the difference between the absorption of left- and right- handed circularly
polarized light, which interact differently with stereospecific L-amino acids, and is
measured as a function of wavelength. CD is measured as a quantity called mean
residue ellipticity. It has been extensively applied to the structural characterization of
peptides. It has been shown that CD spectra between 260 and approximately 180 nm
can be analyzed for the different secondary structural types (169, 170) (Fig. 11). The
application of CD for conformational studies in peptides (and proteins) can be largely
grouped into monitoring conformational changes and estimation of secondary structural

content.
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Figure 11. Circular dichroism
spectra of a-helix, -sheet and
random conformation. a-helix has
double minimum at 208 and 222
and maximum at 192, B-sheet has a

20 minimum at 217 and a maximum at
radom

195 nm, while random structure has
a minimum around 197 nm and a
maximum at 220 nm.
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Captive bubble surfactometer

CBS was introduced by Schiirch and co-workers in1989 (171). In this apparatus (Fig.
12), an air bubble is injected into a chamber filled with agarose gel. Subsequently, the
sample solution is introduced and adsorbed at the air—agarose interface. Bubble volume
is controlled by varying the pressure in the sample chamber. As bubble volume is

reduced, the surface area is reduced and the surface tension of the surfactant film at the
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bubble surface falls. The bubble shape changes depending on the surface tension, from
more spherical to an oval shape. During the process, air bubble surface area and the

surface tension calculated from the bubble shape are recorded by a computer (172).

/ e Compressed air bubble
\ ° Initial air bubble

1. Pressure tight piston

2. 1% agarose gel

3. Air bubble with surfactant on its air-liquid interface
4., Stir bar

5. Surfactant suspension in chamber

6. Stainless-steel base with inlet

7. Pressure tight plug

Figure 12. The captive bubble surfactometer. A bubble of atmospheric air 2-7 mm in
diameter at initial time, covered by a phospholipid layer, is compressed and expanded stepwise
by the changing pressure produced by the relative movement between piston and chamber, see
(172) for details.
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