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SP-A (surfactant protein A) is a membrane-associated SP that
helps to maintain the lung in a sterile and non-inflamed state.
Unlike SP-As from other mammalian species, human SP-A
consists of two functional gene products: SP-A1 and SP-A2. In
all the functions examined, recombinant human SP-A1 invariably
exhibits lower biological activity than SP-A2. The objective of
the present study was to investigate why SP-A2 possesses greater
biological activity than SP-A1 and what advantage accrues to
having two polypeptide chains instead of one. We analysed struc-
tural and functional characteristics of recombinant baculovirus-
derived SP-A1, SP-A2 and co-expressed SP-A1/SP-A2 using a
wide array of experimental approaches such as analytical ultra-
centrifugation, DSC (differential scanning calorimetry) and fluor-
escence. We found that the extent of supratrimeric assembly is
much lower in SP-A1 than SP-A2. However, the resistance to pro-

teolysis is greater for SP-A1 than for SP-A2. Co-expressed SP-
A1/SP-A2 had greater thermal stability than SP-A1 and SP-A2
and exhibited properties of each protein. On the one hand, SP-
A1/SP-A2, like SP-A2, had a higher degree of oligomerization
than SP-A1, and consequently had lower Kd for binding to
bacterial Re-LPS (rough lipopolysaccharide), higher self-associ-
ation in the presence of calcium and greater capability to aggregate
Re-LPS and phospholipids than SP-A1. On the other hand, SP-
A1/SP-A2, like SP-A1, was more resistant to trypsin degradation
than SP-A2. Finally, the importance of the supratrimeric assembly
for SP-A immunomodulatory function is discussed.
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INTRODUCTION

SP-A (surfactant protein A) is a large oligomeric extracellular
protein present in the alveolar fluid of mammals that is primarily
involved in innate lung immunity [1–3]. SP-A constitutes the
major protein component of pulmonary surfactant, comprising
approx. 3–4% of the total mass of surfactant. It is mainly associ-
ated with surfactant membranes in the alveolar fluid. SP-A’s
ability to bind to lipids (i) improves the adsorption and spreading
of surfactant membranes on to an air/liquid interface; (ii) protects
surfactant biophysical activity from the inhibitory action of serum
proteins; and (iii) allows this protein to position and concentrate
along with surfactant membranes as an initial defence barrier
against inhaled pathogens or toxins.

SP-A is able to bind not only to surfactant membranes but also to
pathogen-associated molecular patterns on micro-organisms and
receptors on cell surfaces [1–3]. The binding of SP-A to micro-
organisms results in microbial aggregation, opsonization and/or
permeabilization [1–4]. This facilitates microbial clearance. The
binding of SP-A to receptors on immune cells in the alveolus leads
to modulation of immune cell functions such as phagocytosis of
pathogens and apoptotic cells or up-regulation of cell-surface
receptor expression involved in microbial recognition [1–3].
Experiments carried out using mice genetically deficient in SP-A
have clarified the important role played by SP-A in host defence

[5]. In general, these mice have increased susceptibility to a variety
of bacterial and viral infections compared with wild-type mice.

SP-A functions depend on SP-A binding capabilities (to lipids,
carbohydrates and proteins), which in turn depend on its complex
structure. SP-A is structurally homologous with an immune
protein of the complement cascade, C1q, and belongs to the family
of innate immune defence proteins known as collectins for their
collagen-like and lectin domains [1–3,6]. Mature SP-A consists
of 18 subunits, each of which consists of four structural domains
as indicated in Figure 1. SP-A oligomerization is an intracellular
process that can be conceptualized in two parts: the folding of
monomeric subunits into trimers and the association of six trimers
into an octadecamer [6] (Figure 1). Three domains participate
in the trimerization: the neck domain, the collagen-like region
and the N-terminal segment [6–8]. Supratrimeric assembly of SP-
A would depend on interchain disulfide bonds and non-covalent
intermolecular forces in the microfibrillar N-terminal piece
[8–10].

In contrast with SP-As from other mammalian species, baboon
and human SP-As consist of two polypeptide chains, SP-A1 and
SP-A2 [11]. Both SP-A1 and SP-A2 genes are expressed in
alveolar type II cells [11]. However, only the SP-A2 gene is
expressed in tracheal and bronchial submucosal gland cells [12].
From a structural point of view, the ‘core’ differences that
distinguish mature SP-A1 and SP-A2 are located at residues 46
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Figure 1 Three-dimensional models of trimeric (right) and oligomeric (left) forms of SP-A and sequence of the N-terminal segment and the collagen-like
domain of human SP-A1 and SP-A2

The four structural domains of the human SP-A polypeptide chain are shown: (I) N-terminal segment involved in intermolecular disulfide bond formation; (II) collagen-like domain characterized by
23 Gly-Xaa-Yaa triplets with a sequence irregularity (kink), which divides the collagen-like domain into two parts: N-terminal (IIN) and C-terminal (IIC) portions (the triplet number is shown at the
top of IIN and IIC sequences); (III) neck region between the collagen and the globular domain; and (IV) C-terminal globular domain. Amino acid differences between SP-A1 and SP-A2 at residues 46,
53, 61 and 65 are shaded. Cysteine residues are shown in boldface. The letter ‘O’ represents hydroxyproline.

(13th triplet), 53 (14th triplet), 61 (17th triplet) and 65 (18th
triplet) of mature human SP-A [11], which are mostly beyond the
kink in the C-terminal portion of the collagen domain (Figure 1).
Despite the fact that there are only four amino acids that differ
among the most common SP-A1 and SP-A2 alleles [11], several
differences in their biochemical and functional properties have
been observed. In all the functions examined, recombinant human
SP-A2 invariably shows higher biological activity than SP-A1
[13–18]. For instance, recent studies show that SP-A2 is more
effective than SP-A1 in stimulating association of Pseudomonas
aeruginosa with rat alveolar macrophages and promoting its
phagocytosis, suggesting that individuals whose lungs contain
a higher amount of SP-A1 than SP-A2 allele might be more
susceptible to bacterial pneumonia caused by Ps. aeruginosa
[17,18].

The objective of the present study was to investigate why human
SP-A1 possesses lower activity than SP-A2 [13–18] and what
advantage accrues to having two polypeptide chains instead of
one. Here, we analysed the extent of supratrimeric assembly
of baculovirus-derived human SP-A1, SP-A2 and co-expressed
SP-A1/SP-A2 by analytical ultracentrifugation and native elec-
trophoresis. We also analysed their structural and functional
characteristics by CD, DSC (differential scanning calorimetry),
fluorescence, and absorption spectroscopy, as well as their sus-
ceptibility to proteolytic degradation. Furthermore, we explored
immunomodulatory properties of these proteins expressed in
insect cells in comparison with native human SP-A and trimeric
and supratrimeric forms of recombinant SP-A1 expressed in
mammalian cells.

EXPERIMENTAL

Materials

Synthetic phospholipids, DPPC (dipalmitoyl phosphatidyl-
choline) and DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-
glycerol) were purchased from Avanti Polar Lipids (Birmingham,
AL, U.S.A.). Fluorescein and FITC (isomer I) were obtained

from Molecular Probes (Eugene, OR, U.S.A.). Re-LPS [rough
LPS (lipopolysaccharide)] from Salmonella minnesota (serotype
Re-595), trypsin from bovine pancreas, PMA and PHA (phyto-
haemagglutinin) were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). SDS/PAGE molecular mass markers were
from Amersham Biosciences (Piscataway, NJ, U.S.A.). The
organic solvents (methanol and chloroform) used to dissolve lipids
were HPLC-grade (Scharlau, Barcelona, Spain). RPMI 1640
medium was purchased from Invitrogen (Breda, NL, U.S.A.).
Heat-inactivated FBS (fetal bovine serum) and LAL (Limulus
amoebocyte lysate) kit were obtained from BioWhittaker
(Walkersville, MD, U.S.A.). Serum-free Insect Express medium
was from PAA (Marburg, Germany). Gradient PAGE gels were
from Bio-Rad (Hercules, CA, U.S.A.). ELISA kit for TNFα
(tumour necrosis factor α) and IL-2 (interleukin 2) immunoassays,
anti-TGF-β1 (transforming growth factor-β1) antibody and TGF-
β1 were obtained from BD PharMingen (San Diego, CA, U.S.A.).
Macrophage-like cell line U937 and lymphocyte-like cell line
(Jurkat T-cells) were supplied by the A.T.C.C. (Manassas, VA,
U.S.A.). All other reagents were of analytical grade and obtained
from Merck.

Expression and purification of baculovirus-derived recombinant
human SP-A1, SP-A2 and co-expressed SP-A1/SP-A2

The recombinant forms of human SP-A1 (allele 6A2), SP-A2
(allele 1A0) and co-expressed SP-A1/SP-A2 (alleles 1A0/6A2)
were expressed in SF21 cells using serum-free Insect Express
medium as reported previously [19]. The cDNA for human SP-A1
and SP-A2 contained in the plasmids pMTE HS10/5 and pMTE
HS10/4 were subcloned into the EcoRI site of the baculovirus
expression vector pVL1393. Proteins were purified from the me-
dium by mannose-affinity chromatography. Endotoxin content of
recombinant proteins was in the range of 50–200 pg of LPS/mg
of SP-A as determined by LAL test. All SP-A samples were stored
in 5 mM Tris/HCl buffer (pH 7.4) (buffer A) at −20 ◦C. In some
Figures, baculovirus-derived SP-A1, SP-A2 and the co-expressed
product are referred to as A1, A2 and A1/A2 respectively.
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Expression and purification of CHO cell (Chinese-hamster ovary
cell)-derived recombinant human SP-A1 and SP-A1C6S mutant

The cloning, expression and purification of both wild-type form
of human SP-A1 (6A2 allele) and a Cys−1- and Cys6-deficient
mutant (SP-A1�AVC,C6S) was performed as described in [10]. SP-
A1 expressed in mammalian cells is referred to as SP-A1m. This
protein had supratrimeric structure and was N187-glycosylated
and prolyl-hydroxylated [19]. The cysteine-deficient mutant is
referred to as SP-A1mC6S or C6S. This protein is secreted as
hydroxylated full-length trimers by CHO cells [10]. The endo-
toxin content of SP-A1m and SP-A1mC6S was 200 and 50 pg/mg
of SP-A respectively as determined by the LAL assay. CHO cell-
derived SP-As were stored in buffer A at −20 ◦C.

Isolation of native human SP-A

Broncho-alveolar lavages from alveolar proteinosis patients were
used as a source of native human SP-A. SP-A was purified from
isolated surfactant using sequential butanol and n-octylglucoside
extractions [19]. Endotoxin content of native human SP-A was
approx. 300 pg of endotoxin/mg of SP-A as determined by LAL
test. Native human SP-A (referred to as nSP-A) was stored in
buffer A at −20 ◦C.

PAGE and Western-blot analysis

Purity and apparent molecular mass of monomeric SP-As were
determined by SDS/12%-(w/v)-PAGE under reducing conditions
(5% 2-mercaptoethanol). For native conditions, electrophoresis
was performed at 4 ◦C with a 4–20%-(w/v)-polyacrylamide
gradient gel. To determine the assembly of disulfide-linked
polypeptide chains, SP-A samples were separated on an SDS/4–
15% gradient PAGE gel under non-reducing conditions. Proteins
were visualized by silver staining. Possible contamination of
TGF-β1 in recombinant or native human SP-A preparations was
detected by Western-blot analysis. TGF-β1 was detected with
an anti-TGF-β1 antibody. Bound antibodies were visualized by
using chemiluminescence detection.

CD measurements

CD spectra were obtained on a Jasco J-715 spectropolarimeter
fitted with a 150 W xenon lamp as previously described [10,19].
The acquired spectra were corrected by subtracting the appro-
priate blanks, subjected to noise-reduction analysis, and presented
as molar ellipticities (degrees · cm2 · dmol−1) assuming 110 Da as
the average molecular mass per amino acid residue. The analysis
of thermal stability of the collagen-like domain of recombinant
human SP-As was performed as described in [10,19]. The
temperature where the collagen triple helix of SP-A was 50%
unfolded (F = 0.5) was taken as the melting temperature (Tm).
All measurements were typically performed in buffer A. SP-A
concentrations were 120 µg/ml, and quartz cells with 1 mm path
length were used.

DSC

Calorimetric measurements of SP-A were performed in a
Microcal VP differential scanning calorimeter (Microcal,
Northampton, MA, U.S.A.) [20]. SP-A (0.18 mg/ml) dissolved
in 20 mM phosphate buffer (pH 7.4) was loaded in the sample
cell of the microcalorimeter, with buffer in the reference cell.
All solutions used for DSC were degassed just before loading
into the calorimeter. Calorimetric scans were collected from each
sample between 15 and 80 ◦C at a heating rate of 0.5 ◦C/min. The

reversibility of the thermal transition was evaluated by several
cycles of heating and cooling between 15 and 65 ◦C. The standard
Microcal Origin software was used for data acquisition and
analysis. The excess heat capacity functions were obtained after
subtraction of the buffer–buffer baseline.

Analytical ultracentrifugation

To assess the degree of oligomerization of recombinant and
native SP-A, samples (0.2 mg/ml) were assayed by sedimentation
velocity. These experiments were carried out at 35000 rev./min
and 25 ◦C in a Beckman XL-I ultracentrifuge (Beckman Coulter)
with a UV–visible optics detector, using an An-60Ti rotor and
double-sector centrepieces of Epon-charcoal. Sedimentation pro-
files were registered every 5 min at the appropriate wavelength.
The sedimentation coefficient (s) distributions were calculated
by least-squares boundary modelling of sedimentation-velocity
data using the c(s) method [21], as implemented in the SEDFIT
program, from which the corresponding s values of the main
sedimenting species were determined.

Trypsin digestion

To determine SP-A susceptibility to trypsin degradation, proteins
(2 µg) were incubated with trypsin (0.13 µg) in buffer A as
described in [10,22]. The mixtures were incubated during 30 min
at 25 and 37 ◦C. The digestion was stopped by addition of reduc-
ing SDS/PAGE sample buffer [62.5 mM Tris/HCl, pH 6.8, 2%
(w/v) SDS, 25% (v/v) glycerol and 0.01% Bromophenol Blue]
containing PMSF followed by boiling. Samples were analysed by
SDS/PAGE followed by silver staining.

Fluorescence assays to determine the binding of SP-A
to FITC–Re-LPS

A fluorescent Re-LPS derivative (FITC–Re-LPS) in which the
phosphoethanolamine groups of Re-LPS were bound to FITC was
prepared as previously described [10,23]. Fluorescence measure-
ments were carried out using an SLM-Aminco AB-2 spectro-
fluorimeter with a thermostatically controlled cuvette holder
(+−0.1◦C), using 5 mm×5 mm path-length quartz cuvettes. Fluor-
escence emission spectra and fluorescence emission anisotropy
measurements of FITC–Re-LPS (4 × 10−7 M) or free fluorescein
(10−6 M) were performed in the presence and absence of SP-
A in buffer A containing 100 mM NaCl and 2 mM EDTA at
25 ◦C exactly as previously described [23]. The apparent dissoci-
ation constant (Kd) for FITC–Re-LPS–SP-A complexes was ob-
tained by analysing the time dependence of the fluorescence
change when 2 × 10−8 M FITC–Re-LPS reacted with various
concentrations of SP-A (0–250 µg/ml) at 25 ◦C [23].

SP-A self-association assay

The capability of SP-A to self-associate was determined as
previously described [22,24] by measuring the Ca2+-dependent
change in protein absorbance at 360 nm in a Beckman DU-
800 spectrophotometer. Self-association was also determined by
centrifugation at 12000 g in a Hettich microtitre centrifuge for
15 min as described in [25].

Re-LPS and phospholipid vesicle aggregation assays

LPS aggregation or DPPC/DPPG vesicle aggregation induced by
SP-A was studied at 25 ◦C by measuring the change in absorbance
at 400 nm in a Beckman DU-800 spectrophotometer as pre-
viously reported [10,19,23]. For LPS aggregation assay, final
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Figure 2 Structural characteristics of recombinant and native SP-A

(A) CD spectra of SP-A2 (dark-grey line), co-expressed SP-A1/SP-A2 (light-grey line), and native SP-A (black line) at 10 (continuous lines) and 70◦C (broken lines). (B) Melting curves were
monitored at 207 nm, while the sample temperature was raised from 10 to 70◦C, with an average heating rate of 0.2◦C/min. (C) Electrophoretic analysis of SP-A on SDS/4–16 % PAGE under
non-reducing conditions to identify disulfide-linked polypeptide chains. Proteins were visualized by silver staining. Molecular-mass markers in kDa are indicated to the right of the gel. The results
shown are from a representative one of three experiments.

concentrations of Re-LPS, SP-A, Ca2+ and EDTA were 40 µg/ml,
20 µg/ml, 2.5 mM and 5 mM respectively. For phospholipid
vesicle aggregation, final concentrations of phospholipids, SP-A,
calcium and EDTA were 100 µg/ml, 20 µg/ml, 2.5 mM and 5 mM
respectively. The potential contribution of SP-A self-association
to the light absorption at 400 nm was routinely checked under
the experimental conditions in which Re-LPS or DPPC/DPPG
vesicle aggregation assays were performed [10,23].

Cell assays

Jurkat T-cells (A.T.C.C., TIB-152), a CD4+ human lymphoblast-
oid cell line, were grown in RPMI 1640 supplemented with 10%
heat-inactivated FBS, 2 mM glutamine and penicillin G sodium
(100 units/ml)/streptomycin sulfate (100 µg/ml), and 0.25 µg/ml
amphotericin B at 37 ◦C under an air/CO2 (19:1) humidified
atmosphere as previously reported [26]. Jurkat T-cells (seeded
at 5 × 105 cells/ml) were stimulated with PMA (10 nM) and PHA
(1 µg/ml) and cultured in 24-well microtitre plates for 48 h in
the presence or absence of different amounts of SP-A prepara-
tions. Cell viability and measurement of IL-2 production were
determined as in [26]. Four different T-cell cultures were used. The
assays from each Jurkat T-cell culture were performed in triplicate,
the triplicate values were averaged, and their mean was treated
as a single point. The results are presented as the means (+−S.E.M.)
from four cell cultures.

Human monocyte-like U937 cells (A.T.C.C., CRL-1593.2)
were grown as reported previously [10,23]. U937 cells were dis-
pensed into 24-well plates at 1 × 106 cells/ml and differentiated
into macrophages by incubation with 10 nM PMA for 24 h at
37 ◦C under a 5%-CO2 humidified atmosphere. Then adhered
cells were washed with medium and, 24 h later, washed and
pretreated with different SP-A preparations for 10 min prior to
4 h Re-LPS (4 × 10−8 M) stimulation in the presence of 5% heat-
inactivated FBS at 37 ◦C. Measurement of TNFα production was
performed as in [10,23].

For statistical analysis, mean comparison between groups was
done by one-way ANOVA followed by Bonferroni post hoc
analysis; a confidence level of 95% or greater (P < 0.05) was
considered significant.

RESULTS

Structural characteristics

Recombinant human SP-A2 and co-expressed SP-A1/SP-A2 had
CD spectra comparable with those of native SP-A (Figure 2A),
as previously reported for SP-A1 [19], indicating that they have
similar secondary structure. We previously demonstrated that the
change in ellipticity of porcine SP-A during the thermal transition
from 20 to 70 ◦C can be fitted to a structural transition between
two components, which closely follows the denaturation profile
of collagen [24]. Figure 2(B) shows the thermal denaturation of
the collagen triple helix of SP-A2 and co-expressed SP-A1/SP-
A2 monitored by CD spectroscopy, along with that of nSP-A,
which has been reported recently [19]. The collagen triple helix
of recombinant SP-A2 and SP-A1/SP-A2 melted at a much lower
temperature than that of nSP-A, as was previously found for SP-
A1 [19]. This is probably because SP-As expressed in insect
cells are deficient in proline hydroxylation, and the content of
hydroxyproline is related to the Tm of collagens [27].

We previously found that the lack of prolyl hydroxylation
influences the arrangement of disulfide bonding on human SP-
A1 [19]. To determine whether the assembly of disulfide-linked
polypeptide chains was also altered in SP-A2 and SP-A1/SP-
A2, we performed electrophoretic analysis of these proteins on
gradient SDS/PAGE under non-reducing conditions. Figure 2(C)
shows that whereas native SP-A consisted mainly of large disul-
fide-linked oligomeric structures that hardly entered the gel,
recombinant SP-As consisted of a mixture of disulfide-linked
polypeptide chains. SP-A2 and co-expressed SP-A1/SP-A2
favour the formation of higher disulfide-linked oligomers than
SP-A1.

DSC of native and recombinant SP-A was used as an alternative
approach to determining the stability of their collagen-like do-
main in the context of the full molecule. The calorimetric measure-
ments were performed at neutral pH and low ionic strength to
avoid aggregation of the samples under study. Figure 3 shows
the melting curves of native and recombinant SP-A at a concen-
tration of 0.18 mg/ml. Under these conditions, the melting curves
always displayed one heat absorption peak over a temperature
range of 15–80 ◦C. The apparent Tm value for native SP-A was
48.5 +− 0.3 ◦C (n = 3). This value was identical with that obtained
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Figure 3 Thermal unfolding of recombinant and native SP-A determined
by DSC

The temperature dependence of specific heat capacity at constant pressure, Cp, was determined
at an SP-A concentration of 0.18 mg/ml in 20 mM phosphate buffer (pH 7.4) (heating rate
0.5◦C/min). Calorimetric scans were collected between 15 and 80◦C. The reversibility of the
thermal transition was evaluated by several cycles of heating and cooling between 15 and 65◦C
(broken lines). The results shown are from a representative one of two or three experiments.

by CD (Figure 2B) and was also similar to the Tm for the collagen-
like domains of C1q and MBP (mannose-binding protein) deter-
mined by DSC [28,29]. When native SP-A was submitted to
several cycles of heating and cooling over a temperature range of
15–65 ◦C, the triple-helix-to-coil transition was partially revers-
ible. The heat-capacity curves at the second, third and subsequent
scans completely overlapped. However, the transition occurred at
a reduced temperature (46 ◦C), indicating that the protein did not
completely achieve a native conformation after cooling.

On the other hand, DSC of baculovirus-derived SP-As revealed
that the triple-helix-to-coil transition occurred at the same tem-
perature for SP-A1 (42 +− 0.5 ◦C, n = 3) and SP-A2 (41.8 +− 0.3 ◦C,
n = 3). These apparent Tm values were higher than those obtained
by CD (probably because of the higher scan rate, 30 ◦C/h, utilized
in DSC), but similar to those of type I collagen under fibril-
non-forming conditions (i.e. in 0.007 M acetic acid, pH 3.0)
determined by DSC (heating rate 1 ◦C/min) [30]. The Tm of fibril-
forming type I collagen is 55 ◦C [30]. Refolding experiments
with SP-A1 and SP-A2 samples (Figure 3, dashed lines) showed
roughly similar areas under the melting curve. The reversibility of
unfolding of SP-A1 or SP-A2 collagen-like domain might reside
in the adjacent α-helical coiled-coil domain and the interchain
disulfide bonds at the N-terminus of the triple helix (Figure 1).

DSC experiments revealed that co-expressed SP-A1/SP-A2,
with an apparent Tm of 45.5 +− 0.01 ◦C (n = 3), was significantly
more stable than SP-A1 or SP-A2, indicating that the combination
of both gene products (SP-A1 and SP-A2) may be important
for reaching a fully native conformation. Refolding experiments
(Figure 3, dashed lines) revealed that in the second and third
heating scans, the transition peak for co-expressed SP-A1/SP-A2
took place at a slightly reduced temperature (42 ◦C), similar to that

Figure 4 Patterns of oligomerization of native and recombinant human
SP-A under native conditions

Samples (1 µg of each SP-A preparation) were subjected to 4–20 % gradient PAGE under native
conditions at 4◦C and visualized by silver staining. The arrows on the left indicate bands that
would be compatible with trimers (3α), hexamers (6α), nonamers (9α) etc. The results shown
are from a representative one of three experiments.

of SP-A1 or SP-A2, but the area under the curve remained roughly
the same, suggesting that the triple-helix structure was re-formed.

Supratrimeric oligomerization

We previously showed that the degree of oligomerization of SP-A
markedly influences its function [10]. Here, we studied whether
differences in the extent of oligomerization between SP-A1 and
SP-A2 might explain why SP-A1 has lower biological activity
than SP-A2 [13–18]. The relative extent of oligomerization was
first assessed by electrophoresis under native conditions (Fig-
ure 4). This electrophoresis is performed at 4 ◦C and the samples
were not treated with SDS, reducing agents, or heat. Thus pro-
teins retain their natural conformation. While in SDS/PAGE the
electrophoretic mobility of proteins depends primarily on their
molecular mass, in native PAGE the mobility depends on the
protein’s charge, size and shape. As observed in Figure 4, native
SP-A shows low mobility, consistent with its high supratrimeric
structure, whereas baculovirus-derived SP-As migrate as several
bands of different mobility, indicating that they are composed of
a mixture of oligomers of different sizes. While SP-A1 migrated
as two bands, compatible with trimers (3α) and hexamers (6α) as
previously shown [19], SP-A2 and co-expressed SP-A1/SP-
A2 were composed of a mixture of oligomers in which large
oligomeric forms were visualized. Given that CD (Figure 2)
and DSC (Figure 3) experiments indicated that baculovirus-
derived SP-A1, SP-A2 and co-expressed SP-A1/SP-A2 possessed
an intact collagen-like domain, we assumed that, under native
conditions, SP-A samples must consist of three or three-multiplied
polypeptide chains. Thus we assumed that the bands visualized
in the native gel correspond to trimers, hexamers, nonamers etc.
No monomers (one polypeptide chain) of recombinant SP-As
expressed in insect cells were visualized by native PAGE in the
absence of reducing agents, as previously shown for SP-A1 [19].

To investigate whether the patterns of oligomerization among
SP-A1, SP-A2 and co-expressed SP-A1/SP-A2 differ in solution,
the proteins were submitted to analytical ultracentrifugation. Fig-
ure 5 shows the sedimentation-coefficient distributions c(s) of
each protein. This analysis revealed that the sedimentation
behaviour of SP-A1 can be well explained if the protein is a
mixture of two main species with s values of 4.1 +− 0.2 and
5.8 +− 0.3 S (which correspond to approx. 50 and 30% of the initial
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Figure 5 Sedimentation-velocity analysis of native and recombinant human
SP-A

Data were obtained with 0.2 mg/ml SP-A subjected to centrifugation at 35 000 rev./min in
buffer A, at 25◦C. Concentration distribution versus sedimentation coefficient shows different
oligomerization states for recombinant SP-As, which would be compatible with trimers and
hexamers (for SP-A1), and higher supratrimeric assemblies (for SP-A2 and SP-A1/SP-A2).
Native human SP-A is highly oligomerized and multimerized in solution. The protein exhibited
two major species peaks with sedimentation coefficients of 12 and 17.5 S. Results are consistent
with the presence of heterogeneity. The results shown are from a representative one of two or
three experiments.

loading concentration respectively), and a third minor species
with an s value of 7.6 +− 0.3 S (which amounts to less than 8%
of the protein concentration). The two main sedimenting species
are compatible with the hydrodynamic behaviour of trimers and
hexamers of the protein, having a non-spherical overall shape
(frictional ratios of approx. 2). This would seem to be a realistic
assumption, if the sedimentation studies of related proteins, such
as MBP, are considered. Sedimentation coefficients of 3.7 and 5.5
were found for trimers and hexamers of MBP [31].

The sedimentation-velocity behaviour of SP-A2 also shown
in Figure 5 is typical of a sample highly polydisperse in size
that agrees well with the electrophoretic results described in Fig-
ure 4. In this case, the sedimentation coefficient distribution is
much more complex than the one obtained for SP-A1 and yields
a much broader distribution of s values, with the 5.0 +− 0.3 S being
the more predominant species (approx. 40%). The latter might

Figure 6 Ca2+-dependent self-association of SP-A1 and SP-A2 determined
by centrifugation

Proteins (20 µg/ml) were incubated in the absence or presence of calcium. After centrifugation
at 12 000 g for 15 min, the pellets (P) and the supernatants (S) were subjected to SDS/PAGE
and the gel was stained with Coomassie Blue. Numbers on the left denote molecular mass.

be compatible with an elongated hexamer; however, the high
polydispersity of SP-A2 in solution precludes a reliable assign-
ment of these s values to certain oligomeric species of the protein.
With respect to co-expressed SP-A1/SP-A2, its pattern of oligo-
merization was between those of SP-A1 and SP-A2. Taken to-
gether, the results indicate that the degree of oligomerization
was greater for SP-A2 and co-expressed SP-A1/SP-A2 than for
SP-A1.

On the other hand, native human SP-A is highly oligomerized
and multimerized in solution. At 35000 or 20000 rev./min, nSP-
A sedimented as two main species with s values of 12.1 +− 0.4
and 17.5 +− 0.5 S. Sedimentation coefficients of 12.5 and 14 were
reported for C1q [32] and dog SP-A [33] respectively.

SP-A self-association and SP-A-induced lipid vesicle aggregation

We previously reported that the ability of SP-A to self-asso-
ciate in the presence of calcium depends on its degree of supra-
trimeric assembly [10] and requires a structurally intact collagen
domain [19,24]. To determine whether the different degree of
oligomerization of SP-A1 and SP-A2 correlates with its capabil-
ity to self-associate in the presence of calcium, we analysed
Ca2+-dependent self-association by centrifugation at 12000 g for
15 min at 25 ◦C, a temperature below the Tm for these proteins
at which their collagen domains are correctly folded. The entire
pellet fractions and supernatants were then subjected to SDS/
PAGE under reducing conditions, followed by staining of the gels.
Figure 6 shows that native SP-A was recovered in the supernatant
fraction in the absence of calcium. However, the protein was
recovered in the pellet upon addition of Ca2+, indicating that Ca2+-
dependent self-association of native SP-A occurred. In contrast,
recombinant SP-A1 was mainly recovered in the supernatant
fraction upon addition of Ca2+, signifying that the protein did not
self-associate. Recombinant SP-A2 was partly recovered in the
pellet and the supernatant fraction, indicating that only part of
the protein self-associated in the presence of calcium. These
results indicate that small oligomeric forms of baculovirus-
derived SP-As (likely trimers and hexamers) were unable to self-
associate in the presence of calcium.

The capabilities of different SP-As to self-associate and to
induce lipid vesicle aggregation in the presence of calcium were
also studied by light absorption at 360 and 400 nm respectively
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Figure 7 SP-A self-association and SP-A-induced lipid vesicle aggregation

(A) The Figure shows kinetics of Ca2+-dependent self-association of different SP-A samples. SP-As (20 µg/ml) were added to the sample cuvette filled with buffer A. The turbidity change at 360 nm
was monitored at 25◦C at 1 min intervals. After stabilization, 5 mM Ca2+ (final concentration) was added to both the sample and reference cuvette, and the turbidity changes were monitored again.
Addition of EDTA (10 mM, final concentration) dissociated SP-A aggregates induced by Ca2+ . (B) The Figure shows kinetics of DPPC/DPPG vesicle aggregation induced by SP-A in the presence of
calcium at 25◦C. In (A, B), one representative experiment of three experiments is shown.

Figure 8 SP-A binding to LPS and LPS aggregation induced by SP-A

Binding of SP-A to Re-LPS (A, B) was monitored by changes in FITC–Re-LPS fluorescent properties. (A) The Figure shows the fluorescence emission (λex = 470) spectra of FITC–Re-LPS in the
absence (white circles) and presence of recombinant human SP-A1 (light-grey circles), SP-A2 (black circles), and SP-A1/SP-A2 (dark-grey circles) in buffer A containing 100 mM NaCl and 2 mM
EDTA. One representative experiment of three experiments is shown. (A) The Figure shows that recombinant human SP-As expressed in insect cells induce a significant increase in fluorescence
anisotropy upon binding to FITC–Re-LPS. All data points are the means +− S.D. for experiments performed in triplicate. The inset of (B) shows that the magnitude of FITC–Re-LPS anisotropy
increases as a function of SP-A1 (light grey circles) and SP-A2 (black circles) concentration and was saturable. (C) The Figure shows kinetics of Ca2+-dependent Re-LPS aggregation in the absence
and presence of different SP-A samples at 25◦C (symbols as in A). One representative experiment of three experiments is shown.

(Figure 7). The relative abilities of different SP-As to undergo
these two phenomena at 25 ◦C were as follows:

nSP-A > SP-A2 > SP-A1/SP-A2 �� SP-A1

These results indicate that the ability of different SP-As to self-
associate and to induce lipid aggregation was correlated with their
degree of supratrimeric assembly. These two processes seem to
be related phenomena, since both processes depend on the degree
of SP-A oligomerization (the present study and [10]), are parallel
inhibited by exposure of SP-A to ozone [34], and possess similar
calcium activation constants (Ka

Ca2+
) in saline buffers [22,24].

However, at least for human SP-A, while EDTA completely

reversed the calcium-mediated SP-A self-association (Figure 7A),
it partly reversed phospholipid vesicle aggregation induced by the
protein (Figure 7B).

SP-A binding to LPS, and LPS aggregation induced by SP-A

The binding of different SP-As expressed in insect cells to Re-
LPS in solution was monitored by changes in FITC–Re-LPS fluor-
escent properties such as intensity and anisotropy. These experi-
ments were performed in the presence of EDTA. Figure 8(A)
shows that addition of different SP-As produced an increase in
fluorescence emission intensity and a red-shift of the emission
maximum of FITC–Re-LPS, as previously reported for nSP-A
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Figure 9 SP-A susceptibility to trypsin degradation

The Figure shows a silver-stained 12 % reducing SDS/PAGE gel of SP-A1 (a), SP-A2 (b),
SP-A1/SP-A2 (c) and nSP-A (d) incubated in the absence (–) or presence (+) of trypsin (SP-A/
trypsin; 15:1, w/w) for 30 min, at 25 and 37◦C. Numbers on the left denote molecular masses.

[23]. The magnitude of the fluorescence change depended on the
type of recombinant SP-A, with SP-A2 and co-expressed SP-A1/
SP-A2 having a greater effect than SP-A1. For each protein, the
magnitude of the fluorescence change increased as a function of
SP-A concentration and was saturable. The apparent equilibrium
dissociation constant (Kd) for FITC–LPS–SP-A complexes,
calculated from the saturation curve, was 4.4 × 10−8 M for
native SP-A, 3.5 × 10−7 M for co-expressed SP-A1/SP-A2, 3.0 ×
10−7 M for SP-A2 and 5.6 × 10−7 M for SP-A1, considering a
molecular mass of 105 kDa for trimeric SP-A, which is the basic
oligomeric unit. Collectively, these results indicate that recombi-
nant SP-As produced in insect cells bind to LPS in a Ca2+-
independent manner and that the binding is higher for SP-A2
and SP-A1/SP-A2 than for SP-A1.

We also examined the binding of different SP-As to LPS by
measuring fluorescence emission anisotropy of FITC–Re-LPS
in the absence and presence of SP-A (Figure 8B). We found that
the formation of complexes between LPS and different SP-As
led to an increase in fluorescence emission anisotropy, indicating
that the binding of these proteins to Re-LPS caused mechanical
restrictions of the rotational mobility of the dye. The magnitude
of FITC–Re-LPS anisotropy increased as a function of SP-A
concentration and was saturable. The ability of different SP-As
to increase FITC–Re-LPS anisotropy is greater for SP-A2 and
SP-A1/SP-A2 than for SP-A1. This is consistent with results
from fluorescence intensity measurements described above.
Figure 8(C) shows that despite the fact that SP-A1 was able to bind
to Re-LPS, SP-A1 was not able to induce Re-LPS aggregation.
Taken together, these results indicate that the capability of SP-A
to induce LPS aggregation in the presence of calcium depends
not only on the protein affinity for LPS but also on the degree of
SP-A supratrimeric assembly (Figure 5).

Susceptibility to proteolytic cleavage by trypsin

Figure 9 shows that whereas the susceptibility to trypsin of native
SP-A was quite similar at 25 and 37 ◦C (temperatures below its
Tm = 48 ◦C), that of non-hydroxylated baculovirus-derived SP-
As was much lower at 25 ◦C (a temperature below their collagen
melting temperatures) than at 37 ◦C (a temperature near the Tm

of these proteins). This is consistent with previous studies that
demonstrated that SP-A is more susceptible to trypsin degradation
following incubation at temperatures close to or above its collagen
melting temperature than below it [10]. In addition, Figure 9
indicates that SP-A1 was more resistant to trypsin degradation
than SP-A2 at 37 ◦C (a temperature at which the collagen domain

Figure 10 Effect of SP-A on IL-2 production by stimulated Jurkat T-cells

Jurkat T-cells stimulated with PMA (10 nM) and PHA (1 µg/ml) were incubated for 48 h in the
absence (white bars) and presence of native SP-A (black bars), baculovirus-derived SP-As
(light-grey bars) and CHO cell-derived SP-As (dark-grey bars). Some experiments were
performed in the presence of 20 ng/ml TGF-β1 (striped bars). Supernatants were collected
after 48 h of culture and the levels of IL-2 were measured by ELISA. The results are
presented as the means ( +− S.E.M.) from four different cell cultures. Results are expressed
as percentages of the control level of IL-2 production by stimulated cells in the absence of SP-A.
*P < 0.05 compared with response elicited by PMA/PHA in the absence of SP-A. #P < 0.05,
SP-A + TGF-β1 compared with SP-A alone. Upper panel: detection of TGF-β1 in native
SP-A (supratrimeric), CHO-cell-derived SP-A1m (supratrimeric), CHO-cell-derived SP-A1C6S

(trimeric) and baculovirusderived SP-A1 (trimeric/hexameric) by Western-blot analysis using
an anti-TGF-β1 antibody. The amount of SP-A samples was 150 µg. Increasing concentrations
of recombinant TGF-β1 were also detected by Western blot to estimate roughly the amount of
TGF-β1 bound to SP-A.

of these two proteins might be partially unfolded), and the correct
folding of the collagen domain at 25 ◦C seemed to decrease the
susceptibility to trypsin. The polypeptide chains of SP-A1 and SP-
A2 contain 15 similar trypsin cleavage targets in the N-terminal
segment, neck, and globular domains. However, trypsin cleavage
sites differ in the collagen-like domain. Given that SP-A1 contains
five trypsin cleavage targets in the collagen domain, whereas SP-
A2 contains six (Figure 1), differences in protease susceptibility
between SP-A2 and SP-A1 at 37 ◦C should be attributed to the
accessibility of trypsin to an additional cleavage site (Arg65)
at the collagen domain of SP-A2. This is supported by the fact
that the presence of SP-A1 polypeptide chains in co-expressed
SP-A1/SP-A2 made this protein less susceptible to trypsin de-
gradation than SP-A2 at 37 ◦C. The collagen stability of human
SP-A may be altered in various disease states or by exposing
the lungs to environmental pollutants (e.g. ozone, SO2 or nitrogen
oxides), and SP-A2 polypeptide chains might be more susceptible
to proteolytic degradation.

Immunomodulatory properties

SP-A inhibits human T-lymphocyte proliferation and IL-2 secre-
tion in vitro [35], and this immunomodulatory activity depends
on SP-A collagen domain [36]. The results in Figure 10 illustrate
that nSP-A showed a concentration-dependent inhibitory effect
on IL-2 secretion by PMA/PHA-stimulated Jurkat T-cells after
48 h of culture. In contrast, none of the recombinant baculovirus-
derived SP-A proteins had any effect on IL-2 secretion at concen-
trations as high as 30 µg/ml. The main differences between native
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SP-A and baculovirus-derived SP-As are the state of oligomeriz-
ation, proline hydroxylation, and glycosylation. To investigate the
effect of the degree of supratrimeric assembly on SP-A immuno-
suppressive properties, we compared the effect of hydroxylated
supratrimeric SP-A1m expressed in CHO cells [10,19] with a
hydroxylated full-length mutant SP-A1m molecule (SP-A1mC6S)
that is secreted as a trimer, utilizing a CHO cell expression
system [10]. Results indicated that while SP-A1m showed a
marked dose-dependent inhibitory effect on IL-2 secretion, SP-
A1mC6S mutant had a modest immunosuppressive effect (Fig-
ure 10).

It has been recently reported that recombinant SP-A1 produced
by mammalian cells (SP-A1m) is bound to TGF-β1 present in the
culture medium and that the presence of TGF-β1 in SP-A1m pre-
parations influences immunosuppressive properties of SP-A1m
on T-lymphocytes [37]. Here, we show that SP-A1mC6S mutant,
which had a small inhibitory effect on IL-2 secretion, also con-
tained TGF-β1. Western-blot analysis revealed that the relative
amount of TGF-β1 bound to SP-A1C6S mutant seemed to be
greater than that bound to SP-A1m (Figure 10). Thus both sup-
ratrimeric and trimeric forms of SP-A1 expressed in mammalian
cells were bound to TGF-β1, but only supratrimeric SP-A1m
showed a marked inhibitory effect on IL-2 secretion. These results
clearly indicate the importance of the supratrimeric assembly
for SP-A modulation of IL-2 secretion. However, the possibility
cannot be excluded that the low thermal stability of the collagen
domain of SP-A1mC6S (Tm = 32.7 ◦C) is responsible for its low
immunosuppressive activity, since its collagen domain must be
partly unfolded at 37 ◦C. Similarly, the low immunosuppressive
activity of baculovirus-derived SP-As might be explained by their
low supratrimeric assembly and low thermal stability of their non-
hydroxylated collagen domains.

To know whether the binding of TGF-β1 to SP-A preparations
might strengthen the immunosuppressant action of SP-A, we in-
cubated TGF-β1 with different SP-As at a TGF-β1 concentration
of 20 ng/ml. At this concentration, TGF-β1 showed a modest
immunosuppressive effect on IL-2 secretion by stimulated T-
cells (Figure 10). The combination of TGF-β1 with baculovirus-
derived SP-A1 showed a small immunosuppressive effect, which
was slightly greater than that of TGF-β1 or the protein alone,
which had no effect. Similar results were found for baculovirus-
derived SP-A2 or SP-A1/SP-A2 (results not shown). However, the
combination of TGF-β1 with native SP-A, supratrimeric SP-A1m
and trimeric SP-A1mC6S had the same effect on IL-2 secretion
as adding these proteins alone. CHO-cell-derived SP-As already
contained TGF-β1. These results further support the idea that the
immunosuppressive action of SP-A on IL-2 secretion depends on
the degree of its supratrimeric structure and/or thermal stability
of the collagen domain, and that the presence of small amounts of
TGF-β1 might contribute to increase the immunosuppressive
effect of some SP-A preparations.

Finally, we compared the effects of baculovirus-derived and
native SP-A on TNFα production by macrophage-like cells
stimulated with Re-LPS. We found that SP-A1, SP-A2 and co-
expressed SP-A1/SP-A2 showed an inhibitory effect on LPS-
induced TNFα secretion without significant differences among
them (results not shown). This inhibitory effect is shown at high
protein concentrations (30 µg/ml), but not at low concentrations
(5 µg/ml), at which native SP-A has an inhibitory effect [23].
Likewise, we previously found that higher concentrations of
trimeric SP-A1mC6S mutant than that of wild-type supratrimeric
SP-A1m are required to inhibit TNFα secretion by LPS-stimul-
ated macrophages [10]. Taken together, these results indicate that
the degree of oligomerization contributes to the immunomodul-
atory properties of SP-A.

DISCUSSION

In the present study, we explore structural and functional differ-
ences between baculovirus-derived SP-A1 and SP-A2 that allow
us to understand why SP-A1 invariably presents lower biological
activity than SP-A2 [13–18]. For instance, it has been reported
that baculovirus-derived SP-A2 is more effective than SP-A1 in
inducing phospholipid vesicle aggregation [13], binding to carbo-
hydrates [14], eliciting the production of TNFα and IL-8 by
THP-1 cells [15], inhibiting ATP-stimulated phosphatidylcholine
secretion from type II cells [16], stimulating association of Ps.
aeruginosa with rat alveolar macrophages [17], and promoting
phagocytosis of Ps. aeruginosa [18]. Recombinant SP-A1 and SP-
A2 produced in insect cells provide a model for the study of vari-
ous biological functions of human SP-A, despite the lack of some
post-translational modifications (hydroxyproline and complete
N-glycosylation), which positively influence SP-A biological
functions [10,16,18,19].

SP-A1 and SP-A2 had similar structural characteristics studied
by CD and fluorescence spectroscopy [13]. CD and DSC
experiments indicated that SP-A1 and SP-A2 possessed an intact
collagen-like domain with similar thermal stability (Tm = 42 +−
0.5 ◦C for SP-A1 and 41.8 +− 0.3 for SP-A2), which was compara-
ble with that of type I collagen under fibril-non-forming condi-
tions [33]. Thus, under native conditions, SP-A1 and SP-A2
proteins must consist of three or three-multipled polypeptide
chains. SP-A supratrimeric assembly depends on interchain
disulfide bonds and non-covalent intermolecular forces in the N-
terminal portion of the collagen domain and N-terminal segment
[8–10]. We analysed whether SP-A1 and SP-A2 differ in their
degree of supratrimeric assembly by analytical centrifugation and
native electrophoresis. Our results clearly show that the extent
of supratrimeric assembly is much higher in SP-A2 than SP-A1
as well as the extent of disulfide-linked oligomers detected by
SDS/PAGE under non-reducing conditions. This explains why
SP-A properties linked with the degree of oligomerization, such
as SP-A binding to ligands (Re-LPS or carbohydrates) or SP-
A-induced ligand aggregation (such as phospholipid, LPS or
bacterial aggregation), were much higher in recombinant SP-A2
than SP-A1 expressed in insect cells. On the other hand, whereas
native SP-A completely self-associates in the presence of calcium,
we found that SP-A1 hardly self-associated and only part of SP-
A2 self-associated. Self-association of SP-A also depends on its
degree of supratrimeric assembly, and here we show that trimeric
and hexameric forms of SP-A were unable to undergo Ca2+-
dependent self-association. The biological significance of SP-A
self-association is not clearly understood, but it is thought that
SP-A protein networks stabilize large surfactant aggregates and
decrease surfactant inactivation in the presence of serum protein
inhibitors [3].

We do not know why the extent of supratrimeric oligomeriz-
ation is lower in SP-A1 than in SP-A2. The ‘core’ differences that
distinguish SP-A1 and SP-A2 are located at residues 46, 53, 61
and 65 of mature human SP-A (Figure 1). The presence of the
extra Cys65 in SP-A1 is intriguing. Cysteine, in its reduced form,
has moderate stability, and yet is never found in fibril-forming
collagens except under pathological conditions. For instance,
the human immunodeficiency associated with MBP may occur
as a consequence of the Arg23 for cysteine substitution in the
collagen-like domain that results in an almost complete failure
to form supratrimeric oligomers [29], and a human cartilage
disorder occurs as a consequence of the Arg-α1-519 for cysteine
substitution in collagen II [27]. Mutagenesis studies of Cys65 will
be necessary to understand the function of this Cys65, which is
arginine for SP-A2 and SP-As from other species.
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Although the function of Cys65 in human SP-A1 remains
obscure, we show here that one advantage of having Cys65 instead
of arginine is to increase SP-A1 resistance to trypsin degradation.
SP-A1 was less susceptible to trypsin degradation than SP-A2
at 37 ◦C. Given that SP-A1 and SP-A2 contain similar trypsin
cleavage targets in the N-terminal segment, neck, and globular do-
mains and only differ at the Arg65 trypsin-cleavage site in SP-A2,
it is reasonable to conclude that the presence of Cys65 decreases
SP-A1 susceptibility to trypsin-like proteases. Interestingly, the
development of an SP-A1 gene-specific antibody was recently
reported [38]. Using this antibody, the SP-A1 content has been
evaluated according to lung status [38]. The SP-A1/SP-A ratio
is significantly higher in cystic fibrosis patients compared with
alveolar proteinosis patients and healthy subjects, even though
SP-A1 and total SP-A decrease in cystic fibrosis relative to other
groups [38]. Cystic fibrosis is a chronic inflammatory disease
of the airways with recurrent infections and lung deterioration.
The imbalance of proteases and anti-proteases in cystic fibrosis
patients is responsible for the low SP-A levels in these patients.
The high SP-A1/SP-A ratio in cystic fibrosis in comparison with
other groups supports our conclusion that SP-A1 is less suscep-
tible to trypsin degradation than SP-A2. Both the higher SP-
A1/SP-A ratio and the reduced total SP-A content may contribute
to the impaired host defence in these patients.

SP-A1 and SP-A2 are expressed in alveolar type II cells, and
native alveolar SP-A is thought to consist of hetero-oligomers of
SP-A1 and SP-A2 [11]. To understand what advantage accrues to
having two polypeptide chains instead of one, we have compared
hetero-oligomers of co-expressed SP-A1/SP-A2 with homo-
oligomers of SP-A1 or SP-A2. DSC analyses showed greater
thermal stability of co-expressed SP-A1/SP-A2 over SP-A derived
from one gene (SP-A1 or SP-A2). This may be explained by the
fact that co-expressed SP-A1/SP-A2 contained a greater propor-
tion of disulfide-linked hexamers (6α) over trimers (3α), and inter-
chain disulfide cross-linking within the most N-terminal portion
of human SP-A substantially increases the thermal stability of SP-
A collagen-like domain [10]. Thus the combination of both gene
products seems to favour a configuration in which the collagen
stems would be closer together and shrink on cross-linking. How-
ever, baculovirus-derived SP-A1/SP-A2, as well as SP-A2 or
SP-A1, showed incomplete oligomerization as a consequence of
the lack of proline hydroxylation. The greater thermal stability
of native SP-A over co-expressed SP-A1/SP-A2 is explained
by both its high hydroxyproline content and its high disulfide-
bond cross-linking, drawing collagen stems closer together in the
microfibrillar part of the molecule.

Our results reveal that co-expressed SP-A1/SP-A2 exhibited
properties of each protein. On the one hand, co-expressed SP-
A1/SP-A2, like SP-A1, is more resistant to trypsin degradation
than SP-A2. On the other hand, SP-A1/SP-A2 exhibits a greater
degree of oligomerization, lower Kd for binding to bacterial Re-
LPS, and greater capability to self-associate in the presence of
calcium and aggregate Re-LPS than SP-A1, but less than SP-A2.
It seems that the presence of SP-A1 polypeptide chains in co-
expressed products modulates structural and functional properties
of co-expressed SP-A, which are between those of SP-A1 and
SP-A2.

Bronchial submucosal gland cells express only SP-A2 [12].
SP-A2 secreted by the submucosal glands of the conducting
airways might be effective in innate host defence, facilitating
the binding and agglutination of pathogens and particles, thus
improving their transport to the pharynx by ciliary motion.
Jack et al. [39] recently reported that the Q203K substitution
in the CRD (carbohydrate recognition domain) of mature SP-
A2 is linked with an increased risk of both meningococcal

disease and death due to meningococcal disease in British
patients. This finding is important, because it associates a new
mucosal barrier gene with this disease. On the other hand,
the presence of SP-A1 in alveolar SP-A might decrease SP-
A–ligand aggregation activity but increase SP-A resistance to
trypsin. It is unclear, however, whether the presence of SP-A1 in
alveolar SP-A holds any advantage with regard to inflammatory
responses. Our results with SP-As produced by insect cells cannot
answer this question, since the immunosuppressive activity of
baculovirus-derived SP-A1, SP-A2 or co-expressed SP-A1/SP-
A2 on T-cells is non-existent in comparison with native SP-A or
CHO-cell-derived SP-A1m, suggesting the importance of post-
translational modifications and the extent of oligomerization in
SP-A biological functions. We demonstrated here the importance
of the degree of supratrimeric oligomerization for the ability of
SP-A to inhibit IL-2 secretion from stimulated Jurkat T-cells
by comparing the activity of hydroxylated supratrimeric SP-
A1m with a hydroxylated full-length mutant SP-A1mC6S molecule
secreted as a trimer. Results indicated that while SP-A1m showed
a dose-dependent inhibitory effect on IL-2 secretion, SP-A1mC6S

mutant had a modest immunosuppressive effect, despite the fact
that both supratrimeric and trimeric forms of SP-A1 expressed
in mammalian cells were bound to TGF-β, and the presence of
TGF-β1 in SP-A preparations seems to influence SP-A immuno-
suppressive properties on T-lymphocytes [37].

We also analysed the effect of baculovirus-derived SP-As on
the anti-inflammatory activity of SP-A, which is responsible for
maintaining low alveolar inflammation in the resting lung by
causal stimuli such as low concentrations of inhaled LPS. Unlike
native SP-A or CHO-cell-derived SP-A1m, baculovirus-derived
SP-As, as well as SP-A1C6S trimers [10], showed an inhibitory
effect on LPS-induced TNFα secretion only at high but not at low
protein concentrations. Taken together, these studies strengthen
the concept that supratrimeric oligomerization is important for the
host defence function and the immunosuppressive activity of SP-
A. The extent of oligomerization of human collectins may be
altered in various disease states and can vary among individuals.
In addition, it is possible that mutations in SP-A compromise
supratrimeric oligomerization and lead to increased susceptibility
to bacterial and viral infections and/or chronic inflammation.
Leth-Larsen et al. [40] recently reported that a polymorphic vari-
ation in the N-terminal segment of SP-D (M11T) influences SP-D
oligomerization and function. The extent of oligomerization of the
recombinant and serum Met/Met11 variant is higher than that of
the Thr/Thr11 variant. The SP-D allele coding for Thr11 is associ-
ated with higher susceptibility to tuberculosis, and there is increas-
ing evidence that this relatively common Thr/Thr11 polymorphism
has important implications for innate host defence against
infection. For MBP, individuals who are heterozygous or
homozygous for (R23C) variant allele are immunocompromised
[29].

In summary, the present study shows that the extent of supratri-
meric oligomerization is lower in recombinant SP-A1 than SP-A2
expressed in insect cells. Consequently, SP-A properties linked
with the degree of oligomerization decrease in SP-A1 com-
pared with SP-A2. Co-expressed SP-A1/SP-A2 has greater
thermal stability than SP-A1 and SP-A2, and exhibited properties
of each protein. On one hand, co-expressed SP-A1/SP-A2, like
SP-A1, is more resistant to trypsin degradation than SP-A2. On the
other hand, SP-A1/SP-A2 exhibits a greater degree of oligomer-
ization, lower Kd for binding to bacterial Re-LPS and greater
capability to aggregate Re-LPS than SP-A1. Finally, the compari-
son of the immunosuppressive effect of recombinant baculovirus-
and CHO-cell-derived SP-A molecules, bound or unbound to
TGF-β1 and with different degrees of oligomerization, indicated
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the importance of the supratrimeric assembly for SP-A immuno-
modulatory function.
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