Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/30/11

For personal use only.

Free Radical Research, April 2006; 40(4): 419-425

Taylor & Francis
Taylor & Francis Group

Oxidative damage to surfactant protein D in pulmonary diseases

VITALITY STAROSTA, & MATTHIAS GRIESE

Lung Research Group, Children’s Hospital of Ludwig Maximilians University, Munich, Germany

Accepted by Professor FJ Kelly

(Received 2 March 2005; in revised form 18 May 2005)

Abstract

Surfactant protein D is an important innate host defence molecule that has been shown to interact with a variety of pathogens
and to play a role in surfactant homeostasis. The aim of this study was to examine the influence of oxidation on surfactant
protein D in different lung diseases. Bronchoalveolar lavage fluids (BALFs) from patients with different grade of protein
oxidation were examined for changes in the primary chain and the quaternary structure of surfactant protein D. Significant
changes of quaternary surfactant protein-D (SP-D) structure were detected under oxidative conditions i vitro and in vivo.
The functional capacity of surfactant protein D to agglutinate bacteria was impaired by oxidation. We conclude that surfactant
protein D is an important target of free radicals generated in the lungs. Host defence may be impaired due to the oxidation of
surfactant protein D and may contribute to the suppurative lung diseases like cystic fibrosis (CF).
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Introduction

In patients with chronic suppurative lung diseases,
such as cystic fibrosis (CF) or chronic bronchiectasis,
the high influx of neutrophil granulocytes into the
airspaces is regularly accompanied by high levels of
elastase and other proteolytic enzymes and large
amounts of free radical species [2,35]. Reactive oxygen
species (ROS) can damage all types of biomolecules
[13] and although loss of function is very likely to
occur, not much is known about the oxidation of
specific proteins in CF or chronic bronchitis. The goal
of this study was to investigate in detail the effect of
oxidative stress on one specific protein in these disease
conditions. Pulmonary surfactant protein-D (SP-D) is
a member of the collectin family of C-type lectins that
is produced and secreted by alveolar type II cells and
nonciliated bronchial epithelial cells of the airways.
SP-D is assembled predominantly as dodecamers (12-
mers) consisting of four homotrimeric (3-mers)
subunits each [37]. SP-D is involved in the innate
immune system through its ability to recognize a broad
spectrum of pathogens and to modulate immune

functions [1,11]. Several studies have shown that
SP-D interacts with a number of viruses, bacteria and
fungi [11,30], including CF relevant organisms such
as Pseudomonas aeruginosa [8,9,31]. It is known that
SP-D can undergo structural and functional changes
after exposure to neutrophil elastase iz vitro and in vivo
[1,19,36], but the role of oxidation in the damage of
SP-D has not yet been determined. The damage of
SP-D by oxidative stress may lead to a loss of many
important functions of this molecule. Here, we
investigated the changes of the primary chain, the
quaternary structure and functional capacities of the
SP-D by oxidation iz vitro and in vivo.

Material and methods
Subjects, bronchoalveolar lavage and sample preparation

The cell free supernatant of bronchoalveolar lavage
fluid (BALF), was analysed from 6 patients with
chronic bronchitis (median age 5.8 years, range 2.5—
15.2) and 9 patients with CF (median age was 14.0,
range 7.7—20). The patients were lavaged during
clinical diagnostic work up. Aliquots of the lavages
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were stored frozen immediately at —80°C until
assay. Bronchoalveolar lavage was performed in the
right middle lobe or most affected lobes with a flexible
bronchoscope using 4ml/kg 0.9% NaCl in four
aliquots. Written informed consent was obtained
from parents and/or older children before the study.
The usage of BALF for these analytical purposes was
approved by the institutional review board.

Biochemical methods

The content of protein carbonyls was assessed as a
measure of oxidative stress in the BAL proteins by
sensitive dot-blot assay [32]. The lower limit of the
detection was 2 pmol carbonyls/pg protein.

2-D-SDS-PAGE was performed on the NuPage
2-D gels (Invitrogen, Carlsbad, CA) with modification
for protein carbonyl identification [10]. Briefly,
following sample (80 wg) in-gel rehydration and
isoelectric focussing (IEF) on the IPG strips pH 3—
10 L, 7cm for 2000 V-h strips were incubated for
15 min in 2N HCI with 10 mM 2,4-dinitrophenylhy-
drazin (DNPH, Sigma, Taufkirchen, Germany).
Afterwards, the strips were washed with 2 M Tris-
Base/30% glycerol (Plusone, Uppsala, Sweden) for
15 min. The second dimension was run on 4—-12%
Bis-Tris gels (Invitrogen). Proteins were transferred to
a PVDF membrane (Millipore, Bedford, MA), and
probed with anti-2, 4-dinitrophenyl (DNPH) anti-
bodies (Sigma, Munich, Germany) for protein
carbonyls, and anti-SP-D-antibodies (Davids Bio-
technologie, Regensburg, Germany) for surfactant
protein D. After development all X-ray films were
generally exposured for 30s, 1 min, 5 and 30 min.
After 30 min no change or further enhancement of the
signal was observed.

Preparation of human SP-D

Native SP-D was isolated by affinity chromatography
from BAL fluid of pulmonary alveolar proteinosis
(PAP) patients undergoing therapeutic BAL as
described previously [33]. The purity of the isolated
SP-D was confirmed by Coomassie-stained sodium
dodecyl sulfate (SDS) -polyacrylamide gel electro-
phoresis and Western immunoblotting. In witro
oxidation was performed using the synthetic oxidizing
agent AAPH (2,2-Azobis (2-amidinopropane)-dihy-
drochloride, Sigma, Taufkirchen, Germany). AAPH
has temperature-dependent properties and generates
a continuous flow of free radicals, thus allowing
to study well-defined dose-dependent effects of
oxidation as shown previously [17,20,26].

Gel filtration to determine the macromolecular organization
of native SP-D in BAL

The separation of SP-D isoforms was done as
described previously, using an Akta apparatus and

Superose-6-gel-chromatography column (Pharmacia,
Uppsala, Sweden) [18,21].

Agglutination assay

A clinical isolate of P aeruginosa (Ps 12, nonmucoid,
from a patient with CF), previously selected for Ca®"
and carbohydrate-dependent agglutination, was
washed three times in 50mM Tris—HCI, 150 mM
NaCl, pH 7.4, resuspended in the same buffer with
2mM CaCl, (ODgs3 nm = 2.0) and incubated on glass
cover slides with the different SP-D preparations
(5 pg/ml SP-D incubated with or without oxidizing
agent AAPH (12.5mmol/l)). Control experiments
were performed in the presence of maltose (100 mM).
After 4 min, the slides were viewed under microscope
and photographs were taken [9,19].

Statistical analysis

Statistical analysis was performed with Prism 4.02
(Graph Pad Software, San Diego, CA). Differences
among experimental groups were determined by
performing the Kruskal Wallis test with Dunn’s post
hoc test as a multiple comparison procedure. Spear-
man correlation analysis and linear regression were
performed. A P value of <0.05 was considered
significant. Values are expressed as mean = SEM.

Results

Protein carbonylation was used as a measure of
oxidation of proteins. In addition to total carbonyl
content of the lavages, carbonylation of SP-D after
separation from the other proteins by 1- and 2-D-
electrophoresis was assessed on Western blots.
Interestingly, in a number of patients who had various
degrees of overall oxidation of their proteins in their
lavages, assessed as total carbonyl content (Figure 1,
left column), no signs of carbonyl formation in the
area of SP-D were detected (Figure 1, column anti-
DNPH-immunostaining). All these patients had
SP-D in their lavages (Figure 1, column anti-SP-D
immunostaining) and other neighbouring proteins
were heavily oxidized at the same time, depending on
the overall degree of oxidation (Figure 1, column
anti-DNPH-immunostaining). This suggested that
the primary structure of SP-D was very resistant
to oxidation. No proteolytic fragments of SP-D were
found on Western blots in any sample investigated.

These results prompted us to investigate the
carbonylation of SP-D n vitro. Native purified SP-D
could be oxidized i wvitro dose-dependently, and
carbonyl formation was clearly confirmed (Figure 2).
This oxidation could be diminished by the presence of
4mM dithiothreitol (DTT) (Figure 3). Taken
together the data showed that the primary structure
of SP-D could be oxidized, albeit at high oxidative
stress i vitro.
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Figure 1. Oxidation of surfactant protein D in different lung
diseases. BALF protein samples of patients with different lung
diseases were separated by 2-D-electrophoresis (post-IEF-DNPH-
derivatisation) followed by Western blotting and immunostaining.
First carbonylated proteins were detected by anti-DNPH antibodies
(left side). Next SP-D was detected on the same blots with anti-SP-
D-antibodies (right side). Note remaining stain from DNPH
detection. SP-D spots observed were indicated by an arrow. The
insert in the right upper corner depicts the corresponding area where
SP-D was detected in detail. Carbonyl content determined in total
protein is indicated on the left side.
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We next evaluated the susceptibility to oxidation of
the quaternary structure of SP-D. The oligomeric
organisation of SP-D can be resolved by gel filtration.
After in vitro exposure of purified SP-D to different
concentrations of oxidizing agent these SP-D oligo-
mers were separated according to size and molecular
weight (Figure 4). With increasing oxidation, a
progressive change of the native macromolecular
structure of SP-D (fractions 7—9, with an apparent
molecular weight of >1000kDa) was observed.
The large SP-D polymers were depolymerised
(Figure 4) towards smaller sized molecules. Mild
oxidation led to a decrease of the peak in fractions 7—9
(containing 12-mers and higher forms) and to an
increase of the low molecular weight forms (fractions
13-14, containing mainly 6-mers and 15-16, con-
taining mainly 3-mers) [18]. Further oxidation
resulted in a complete absence of the higher molecular
forms and the accumulation of depolymerised and/or
oxidatively damaged parts of molecules (fractions
18-22, containing proteins with a molecular weight
lower than 45 kDa).

To investigate whether the quaternary structure of
SP-D was damaged by oxidation . vivo as easily as i
vitro, we assessed BAL fluid samples from patients
with high (>10pmol/pg protein) and with low
(<2pmol/pg protein) content of total carbonyls in
their BALFs. In 9 subjects (6 chronic bronchitis, 3 CF)
with little carbonyls present in their BAL fluids, the
typical pattern of SP-D with an intact macromolecular
organisation was observed (Figure 5, top and middle
panel), whereas, in samples from patients with a high
degree of oxidative stress, significant lower (p < 0.05)
amounts of multimeric SP-D (fractions 7-9, Figure 5
bottom panel) were found. The total protein carbonyl
level negatively correlated to the content of high
molecular forms of SP-D (fraction 9) (n= 15,
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Figure 2. In wvitro oxidation of purified SP-D. 2-D-electrophoresis (post-IEF-DNPH-derivatisation) followed by Western blotting and
immunostaining was performed on SP-D purified from a patient with pulmonary alveolar proteinosis (PAP). Blots were stained with anti-
DNPH-antibodies and anti-SP-D-antibodies. Relevant areas from the 2-D gel between pH 3—10 and a molecular weight 38—48 kDa are
displayed. Upper left panel: Silverstaining. Upper right panel: Western blotting and anti-DNPH-immunostaining. Lower left panel: Western
blotting and anti-SP-D-immunostaining. Lower right panel: Western blotting after in vitro oxidation with 37 mM AAPH for 2 h 37°C and anti-

DNPH-immunostaining.
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Figure 3. Dose-dependent in vitro oxidation of SP-D. Upper panel
(diagram): semi-quantitative estimation of the degree of oxidation
by densitometry. OD-optical density. Representative of two
experiments. Purified SP-D (1 pg, lane 1) after pretreatment with
reduced with NaBH, (lane 2), 10mM AAPH 2h (lane 3), 37 mM
AAPH 2h (lane 4), 74 mM AAPH 2 h (lane 5), 37 mM AAPH 2 h in
the presence of 4mM DTT (lane 6) were separated byl-D-SDS-
PAGE after pre-electrophoresis DNPH-derivatisation. Western
blotting (lower panel).

r= —0.78, p = 0.0005). In virro oxidized SP-D had
lost its capacity to agglutinate bacteria (Figure 6).

Discussion

Here, we showed that under circumstances of increased
oxidative burden in the lungs, the quaternary structure
of SP-D was altered, causing its depolymerisation.
The extent of degradation was dependent on the overall
degree of protein oxidation, used as a measure of
oxidative stress. Iz vitro mild oxidation of SP-D also led
to a depolymerisation of the macromolecular structure
of SP-D. This loss of the oligomeric organisation of
SP-D was also proportional to the extent of overall
oxidation. Importantly, both i wiwo and in wvitro
depolymerisation of SP-D was associated with a loss
ofits functional properties. In contrast, the evaluation of
the primary chain of SP-D with electrophoretic
techniques did not reveal any oxidative damage as
assessed by carbonyl formation of bronchoalveolar
lavage samples from patients with a broad range of
oxidative burden. This may indicate a resistance of
SP-D to oxidation and is in line with its antioxidative
properties previously reported by Bridges et al. [4].
Nevertheless, i vitro the primary chain of SP-D could
be oxidized in a dose-dependent manner with the free-
radical generator AAPH.

Proteins constitute one of the major targets of ROS
and it has previously been shown that oxidation can
alter protein structure and that oxidation of proteins
can lead to a loss of protein function as well as
conversion of proteins to forms that are more
susceptible to degradation by proteinases [14]. ROS
elicit a variety of modifications in amino acid residues
[14] and the formation of carbonyls is a result of the
oxidation of arginine, lysine, threonine or proline
amino acids. However, very little information is yet
available about the exact identity of lung specific
proteins targeted by ROS. It has been shown that
free radical species may contribute to surfactant
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Figure 4. Separation of purified SP-D under native, non reducing
conditions by gel filtration. Five hundred nanogram of purified SP-
D were injected onto the column, 1 ml fractions were collected and
SP-D concentration was determined in each fraction by dot-
blotting. Upper panel: untreated SP-D, middle panel: in wvitro
treatment with 12.5mM AAPH for 2h by 37°C and lower panel:
after in virro treatment by 36 mM AAPH for 2h by 37°C.
Representative of two experiments is shown.

protein damage [15,28]. For radiolabelled surfactant
protein A (SP-A) it has been shown that with storage
time and concomitant exposure to oxidizing
species, its hexameric quaternary structure was
destroyed. The SP-A polypeptides generated had
decreased binding activity [34]. Such changes of SP-A
structure under the influence of free radicals of
oxygen and nitrogen have been reported in a number
of publications [23,25,38], suggesting an impairment
of the physiological role of SP-A in acute lung injury.
The finding reported here extend the role of oxidative
damage to an additional specific protein, i.e. SP-D,
and to other chronic type of lung diseases like CF.
Very similar changes of the macromolecular
organisation of SP-D with loss of its function to
those observed here, were described previously
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Figure 5. Separation of SP-D in BAL samples from patients with
chronic bronchitis (upper panel) or CF with low (middle panel) or
high (lower panel) neutrophil count and protein carbonyls by gel
filtration under native and non reducing condition. Data are
means = SEM of the indicated subjects.

in children with gastro-esophageal reflux disease [18].
In that report a distinct relation between SP-D
depolymerisation and oxidative status was not
established, however, major effects of proteolytic
breakdown were excluded. The results presented
here extend those findings and are consistent with the
hypothesis that oxidative damage may be a major
cause for specific protein damage in a variety of lung
diseases. In line with this, CF patients with high levels
of total BALF protein oxidation had significantly less
intact multimeric forms of SP-D in their lungs than
CF patients with lower levels of BALF protein
oxidation. It must be noted that our iz vivo observed
changes of the macromolecular structure of SP-D may
not be caused exclusively by protein oxidation, but
possibly also by increased proteolysis that may
accompany states with increased neutrophil accumu-
lation. However, there were no direct evidence for the
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Figure 6. Agglutination of Pseudomonas aeruginosa (strain 12) by
native SP-D (5 pg/ml, upper panel) and lack of agglutination by
SP-D treated in vitro for 3h with 12.5 mM AAPH (lower panel).

generation of proteolytic SP-D fragments in these CF
patients, in agreement with a previous study where we
only observed immunoreactive lower molecular
weight band [36].

Our initial observation that the primary chain of
SP-D was very resistant to oxidative stress was
unexpected. Even in vitro oxidation of a sample from
BALF of a patient with PAP did not lead to significant
carbonylation of SP-D, although, the lead majority of
other visible proteins were heavily oxidized. Potential
explanations include the fact that in the epithelial
lining fluid, which contains a complex mixture of
proteins, phospholipids and other biologically active
substances, free radical reactions can progress
differently as in wvirro. It is known that SP-D arrests
low density lipoprotein (LDL) oxidation almost
instantaneously when added during the propagation
phase [4]. This suggests that the collectins may
directly interfere with lipid oxidation by inhibiting the
formation of lipid radicals, by acting as free radical
chain terminators or perform a chain termination
function through their capacity to recognize, approxi-
mate and extinguish lipid radicals [4]. Also, having the
possibility to quench lipid free radical formation and
progression in its environment iz vivo, SP-D may
become a target of radical species itself. The AAPH-
derived free radicals generated in witro produce
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a constant flow of radicals that are not recognized or
intercepted by SP-D and thus may produce persistent
oxidative damage to the protein.

Trimerisation of the collectin lectin domains leads
to an increased binding affinity for ligands, such as
complex carbohydrates, e.g. on the surfaces of
microorganism [24]. Further increase of affinity
is obtained by multimerisation of the trimeric units
to tetramers of SP-D [11]. Similarly, mere trimers of
SP-D failed to agglutinate bacteria and viruses [7,16],
whereas, multimerised SP-D was very active [6].
Thus, the functional activity of the collectins at
physiological concentrations is dependent on its
multimeric organisation. We and others showed
previously that proteolytic cleavage of the primary
chain of SP-D destroyed the carbohydrate recognition
domain (CRD) of SP-D and was associated with a
reduction or loss of its functions [19,22]. This was
demonstrated by a complete loss of the binding
capacity of SP-D to maltose-coated surfaces after
exposure to human leukocyte elastase (HLE).
In addition, the ability to agglutinate P aeruginosa
by native SP-D was lost after exposure to the
protease HLE.

Here, we demonstrated a loss of the biological
activity of the oxidized SP-D caused by the alteration
and disruption of its quaternary structure. In addition
to the impaired agglutination of microorganisms
shown here, it is likely that other functions of the
protein that depend on its macromolecular organis-
ation will be similarly altered, i.e. participation in
processes of chemotaxis [12], phagocytosis [29],
secretion of cytokines [27], function of lymphocytes
[3] and antigen presentation [5]. We also demon-
strated that alterations of functional SP-D properties
by oxidation might be relevant for chronic pulmonary
disease conditions, associated with an increased risk
for pulmonary infections.
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