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Surfactant protein D (SP-D) is an innate immune collectin
that recognizes microbes via its carbohydrate recognition
domains, agglutinates bacteria, and forms immune complexes.
During microbial infections, proteases, such as elastases, cleave
the carbohydrate recognition domains and can inactivate the
innate immune functions of SP-D. Host responses to counter-
balance the reduction of SP-D-mediated innate immune
response under these conditions are not clearly understood.We
have unexpectedly identified that SP-D could interact with pro-
tein fractions containing ovomucin and ovomacroglobulin.
Here, we show that SP-D interacts with human �2-macroglobu-
lin (A2M), a protease inhibitor present in the lungs and serum.
Using enzyme-linked immunosorbent assays, surface plasmon
resonance, and carbohydrate competition assays, we show that
SP-D interacts withA2Mboth in solid phase (KD of 7.33 nM) and
in solution via lectin-carbohydrate interactions under physio-
logical calcium conditions. Bacterial agglutination assays fur-
ther show that SP-D�A2M complexes increase the ability of
SP-D to agglutinate bacteria. Western blot analyses show that
SP-D, but not A2M, avidly binds bacteria. Interestingly, intact
and activated A2M also protect SP-D against elastase-medi-
ated degradation, and the cleaved A2M still interacts with
SP-D and is able to enhance its agglutination abilities. We
also found that SP-D and A2M can interact with each other in
the airway-lining fluid. Therefore, we propose that SP-D uti-
lizes a novel mechanism in which the collectin interacts with
protease inhibitor A2M to decrease its degradation and to
concurrently increase its innate immune function. These
interactions particularly enhance bacterial agglutination and
immune complex formation.

Microorganisms that enter the body will encounter the com-
ponents of the innate immune system, which mount the first
line of defense against pathogens. Both soluble andmembrane-
associated innate immune pattern-recognition receptors rec-
ognize the pathogen-associated molecular patterns present on
various microbes (1–4). Most microbial surfaces are coated

with an array of carbohydrates, and soluble pattern-recognition
receptors such as collectins specifically recognize those carbo-
hydrate patterns. Although each microorganism has a unique
array of structural components, collectins can recognize a vari-
ety of sugars and have the flexibility to bind different molecular
patterns present on most microbes; therefore, they work as
broad spectrum, high specificity opsonins (1, 3, 5). Recognition
results in opsonization and/or agglutination of the microbes
thereby increasing the formation of immune complexes, reduc-
ing the growth and multiplication of microbial pathogens, and
facilitating clearance (1, 4).
Surfactant protein D (SP-D)2 is a well characterized innate

immune collectin (1, 5, 6) that is present in lung surfactant and
many other mucosal surfaces (7–9). It is a hydrophilic, soluble
pattern-recognition receptor composed of a disulfide bond
forming an amino-terminal segment, a fibrillar collagen-like
region, trimerizing hydrophobic neck domain, and a globular
head that contains a carbohydrate recognition domain (CRD).
These 43-kDa SP-Dmonomers form stable trimers and further
assemble as an X or large asterisk-like oligomers (1, 3). The
CRDs of SP-D interact with a variety of carbohydrate moieties
present on the surfaces of microbes in a calcium-dependent
manner (6, 10). The oligomeric forms of the protein allow SP-D
to generate many low affinity interactions between its CRDs
and the carbohydrate structures on the surface of the patho-
gens, thereby allowing the collectin to increase its avidity to
effectively agglutinate several microbes. For example, SP-D is
able to bind to bacterial cell wall components such as pepti-
doglycan and lipoteichoic acid, which are the primary ligands
present on Gram-positive bacteria (2). SP-D also interacts with
the lipopolysaccharide present onGram-negative bacteria such
as Escherichia coli and promotes agglutination (10–13). How-
ever, during infection, proteolytic enzymes such as elastases are
secreted into the lungs both by newly recruited neutrophils (14)
and bacterial pathogens (15). These proteases cleave the CRDs
and neutralize the functions of collectins (14–16). How the
host counteracts the reduction in the innate immune functions
under these situations is not clearly understood.
During bacterial infection and lung inflammation, large

amounts of serum proteins and immune cells enter the lungs
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(17–19). �2-Macroglobulin (A2M) is present in low concentra-
tions in the normal lungs (0.09–2.02 �g/ml) (18, 19), and its
concentration increases more than 100-fold during infection
and inflammation (10.9–220 �g/ml) (18–20). The bronchoal-
veolar lavage fluid (BALF) concentration of A2M can range
between 0.03 and 8.12 �g/ml in cystic fibrosis patients (20).
Native A2M is a 720-kDa glycoprotein composed of four iden-
tical subunits linked as pairs by disulfide bonds (21–23). When
A2M interacts with thiol, serine, aspartic acid, and metallopro-
teases, it allows cleavage of its “bait region” present within the
tetrameric cage (24). The conformational change induced by
cleavage of the thiol ester bond or proteolysis traps the enzyme
within its cage (25, 26). The conformational change also ren-
ders the A2M to be recognized by the A2M receptor (LRP-1,
CD91) (27, 28). Each subunit of A2M has eightN-linked glyco-
sylation sites that decorate the surface of the protein, and the
serum collectin mannose-binding lectin recognizes the man-
nose residues present on A2M (22). However, its functional
consequences are not clearly understood.
We have serendipitously identified that SP-D could bind to

chromatographic fractions that contain ovomucin and ovo-
macroglobulin. Therefore, we hypothesized that SPD would
bind to human A2M and that A2Mwould protect the collectin
from proteolytic degradation by elastase. This study establishes
the interaction between these two proteins. Interestingly, we
have also identified that A2M enhances the function of SP-D,
particularly to agglutinate bacteria. Both intact and cleaved
A2M support this novel function. Therefore, our data suggest
that the host may have a uniquemechanism to boost the SP-D-
mediated innate immune response via A2M-SP-D interactions
during bacterial infection.

EXPERIMENTAL PROCEDURES

Reagents—All reagents were obtained from Sigma unless
otherwise stated. Custom antibodies against SP-D(GXY)8(n/
CRD) (henceforth referred to as SP-D(n/CRD) were generated
in rabbits by Cocalico Biologicals, Inc. (Reamstown, PA). Poly-
clonal rabbit IgGwas purified byNa2SO4 precipitation andpro-
tein G affinity chromatography as described by the manufac-
turer (GEHealthcare). Briefly, the IgG that bound to the affinity
column was eluted with glycine buffer (pH 2.5), and the eluate
was collected in vials containing 1 M Tris buffer (pH 7.4). Anti-
bodies were further purified by Superose 6 (10 � 300 mm; GE
Healthcare) gel filtration column chromatography in phos-
phate-buffered saline and then stored frozen in aliquots at
�20 °C.
SP-D—Native SP-D was purified from therapeutic BALF

from a pulmonary alveolar proteinosis patient as described pre-
viously (29, 30). Briefly, BALF supernatant was incubated with
maltose-agarose beads in the presence of 10mMCaCl2 (TSC: 20
mM Tris-HCl (pH 7.4), 150 mM NaCl, 10 mM CaCl2) to capture
the SP-D.Nonspecifically bound components were removed by
washing the beads with 1 M NaCl in the binding buffer (20 mM

Tris-HCl (pH 7.4), 1 M NaCl, 10 mM CaCl2). SP-D was then
eluted using a Tris buffer containing manganese chloride (20
mMTris-HCl (pH 7.4), 100mMMnCl2). SP-D was further puri-
fied using a Superose 6 (10 � 300 mm) gel filtration column on
an AKTA fast protein liquid chromatography system (GE

Healthcare) in HSE (50 mM HEPES (pH 7.4), 150 mM NaCl, 2
mM EDTA). The recombinant neck and head domain of SP-D,
SP-D(n/CRD), was expressed in E. coli and purified as
described previously (31).
Ovalbumin and A2M Purification—OVA (grade III, 500 �g)

was injected into the Superdex 200 size exclusion column (10�
300mm,GEHealthcare) on the AKTA fast protein liquid chro-
matography system in HSE buffer (50 mMHEPES (pH 7.4), 150
mMNaCl, 2mMEDTA) and fractions were collected. A fraction
eluted at 15.8 ml was further purified by injection in low salt
HEPES buffer (50 mM HEPES (pH 7.4), 25 mM NaCl, 2 mM

EDTA) into aMonoQ anion exchange column (5� 50mm;GE
Healthcare) and eluted using a salt gradient in 50 mM HEPES
and 2mM EDTA (25–1000mMNaCl, over 30 min at a flow rate
of 0.5 ml/min). Fractions from both purifications were sub-
jected to SDS-PAGEunder reducing anddenaturing conditions
and stained with Bio-Safe Coomassie Blue (Bio-Rad). Selected
bands on the gels were analyzed by mass spectrometry at the
Advanced Protein Technology Centre at the Hospital for Sick
Children.
Similarly, A2M (�98% purity; Sigma) was injected into the

Superose 6 size exclusion column (10 � 300 mm, GE Health-
care) on the AKTA fast protein liquid chromatography system
in HS buffer (50 mM HEPES (pH 7.4), 150 mM NaCl), and frac-
tions were collected. Fractions from the purification were sub-
jected to SDS-PAGEunder reducing anddenaturing conditions
and stained with Silver Stain Plus (Bio-Rad).
Co-purification of SP-D and A2M—To determine whether

SP-D and A2M interact in a physiological setting, SP-D was
purified from the BALF as described above. Samples frommul-
tiple stages of the purification (i.e. before purification, manga-
nese pool, and Superose 6 elution) were subjected to SDS-
PAGE under reducing and denaturing conditions and then
transferred to nitrocellulose membrane. The membrane was
probed for both SP-D and A2M (anti-A2M; AbD Serotec,
Planegg, Germany) followed by chemiluminescent detection.
Methylamine Cleavage of A2M—A2M (minimum 98%

purity, Sigma) (2 �g) was incubated with different concentra-
tions (100 to 10mM) of methylamine in Tris buffer (50 mMTris
(pH 8.0), 85 mM NaCl) for 2 h at room temperature to deter-
mine the optimal methylamine concentration (32). Samples
were subjected to native PAGEwithout reducing or denaturing
conditions on a 5% (w/v) discontinuous gel in Tris-glycine
buffer (25 mM Tris-base, 192 mM glycine) (33). Using the opti-
mal concentration (10mM) ofmethylamine, a larger quantity of
A2M (500 �g) was cleaved for 2 h at room temperature and
then passed through a PD10 desalting column (SephadexTM
G-25M, 1.45 � 50 mm, GE Healthcare) in HS buffer (50 mM

HEPES (pH 7.4), 150 mMNaCl) to remove excess methylamine
and to exchange the buffer.
Deglycosylation of A2M—PNGase F (0.05 units) (from Eliza-

bethkingia meningosepticum, recombinant, expressed in E. coli
(Sigma)) was added to A2M (70 �g) and reaction buffer (50mM

Tris-HCl (pH 8.0). Themixture was incubated at 37 °C for 72 h.
Binding of SP-D to OVA or A2M in Solid Phase Assays—Dif-

ferent amounts of OVA (grade III), size column-purified OVA,
size column-purified A2M, deglycosylated, or whole A2M in
sodium carbonate buffer (15mMNa2CO3, 35mMNaHCO3 (pH
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9.6)) were coated onto 96-well adsorbent microtiter plates
(Maxisorp, Nunc, Rochester, NY) starting with 20 �g/well and
following a 2-fold serial dilution. Bovine serum albumin (BSA)
was also coated as a negative control, and in some assays, man-
nan was used as a positive control. Nonspecific binding was
blocked using 5% (w/v) BSA in Tris-buffered saline with Tween
20 (Bio-Rad) andCaCl2 (TBST-Ca2�: 20mMTris-HCl (pH 7.4),
150mMNaCl, 0.05% (v/v) Tween 20, 5mMCaCl2). SP-D (0, 0.5,
and 1 �g/ml) was then added to the wells in TBST-Ca2� and
incubated for 1.5 h at 37 °C. Wells were then washed with
TBST-Ca2� buffer, and binding was detected using biotinyl-
ated anti-SP-D (1�g/ml polyclonal IgG) followedby incubation
with horseradish peroxidase-conjugated streptavidin (Pierce).
The plates were developed with 3,3�,5,5�-tetramethylbenzidine
substrate (Bio-Rad); the reaction was stopped with 0.5 M

H2SO4, and absorbance was read at 450 nm using Molecular
DevicesVersaMaxmicroplate reader and SoftMaxPro software
(Molecular Devices, Sunnyvale, CA).
Effect of Divalent Cations on SP-D-A2M Interactions—A2M

was coated onto ELISA plates at 1 �g/well in carbonate buffer
(pH 9.6), and wells were blocked as in the previous binding
assays. Wells were then washed with TBST containing 5 mM

CaCl2, MgCl2, MnCl2, or EDTA and then were incubated with
1 �g/ml SP-D in TBSTwith the corresponding buffers for 1.5 h
at 37 °C. Binding was detected as above using biotinylated anti-
SP-D and horseradish peroxidase-conjugated streptavidin in
the corresponding buffers. Similar experiments were con-
ducted to determine the optimal calcium concentration for
binding. Buffers containingCaCl2 from0 to 10mMwere used in
each step.
Carbohydrate Inhibition Assays—A fixed amount of A2M (1

�g/well) was coated onto plates as described above, and free
surfaces were blocked with BSA. SP-D (1 �g/ml) in the pres-
ence of 25 mM D-galactose, D-maltose, D-mannose, or D-fucose
was then added, and the plates were incubated at 37 °C for 1.5 h.
Detection was as in the first binding assay described above
using in TBST-Ca2� as the buffer.
Surface Plasmon Resonance (SPR)—The ProteOn XPR36

protein interaction array system (Bio-Rad) was used to evaluate
the binding between SP-D and A2M. SP-D or SP-D(n/CRD) in
acetate buffer (pH 4.5) was immobilized on a GLC chip (Bio-
Rad) at concentrations of 0, 5, 10, and 20 �g/ml SP-D or 25 and
50 �g/ml SP-D(n/CRD) via the amine coupling method, as per
the manufacturer’s instructions. A2M or methylamine-cleaved
A2Mwas passed through a PD10 desalting column to exchange
the buffer into HSC-T buffer (50 mM HEPES, 150 mM NaCl, 5
mM CaCl2, 0.005% (v/v) Tween 20) and was then passed over
the chip at concentrations of 200–0 �g/ml in a 2-fold dilution
at a flow rate of 25 �l/min for 2min and allowed to disassociate
for another 2 min by flowing HSC-T over the chip. The associ-
ation rate (on-rate; ka), dissociation rate (off-rate; kd), and the
dissociation constant (KD � ka/ kd) were calculated by the
ProteOnManager software using the Langmuir binding model
for kinetic analysis. The oligomeric molecular masses of A2M,
SP-D, and SP-D(n/CRD) were assumed to be 720, 540, and 55.5
kDa, respectively. The monomeric molecular masses for A2M,
SP-D and SP-D(n/CRD) were assumed to be 179, 43, and 18.5
kDa, respectively.

Bacterial Agglutination—E. coli Y1088 was grown on LB
agar, and then single colonieswere grownup in 4ml of LB broth
overnight at 37 °C. Bacteria were then spun down at 1000 � g
for 5min and resuspended in TS (20mMTris-HCl (pH 7.4), 150
mMNaCl) andwashed in the same buffer three times to remove
any soluble bacterial components. Bacteria were suspended in
TSC, and the absorbance at 600 nm (A600) was adjusted to 1.
Bacteriawere thenmixedwithA2M (0, 5, or 50�g/ml) for 1 h at
37 °C and then mixed with SP-D (1 �g/ml), and the A600 was
read every 15 min for 2 h. Alternatively, SP-D and A2M were
preincubated for 1 h at 37 °C before being mixed with the bac-
teria. Bacteriawere alsomixedwithA2Malone and SP-D alone.
This experiment was also repeated using identical amounts of
methylamine cleaved A2M, SP-D, and E. coli.
After the agglutination assay, the bacterial samples taken at

the 2-h incubation period were passed through a 0.1-�m filter
using aMini-Extruder (Avanti Polar Lipids, Inc., Alabaster, AL)
to effectively separate the immune complexes (aggregate) from
the free proteins (filtrate). The aggregate was then pushed
off the filter in the opposite direction using TSC. Samples were
then subjected to SDS-PAGE under reducing and denaturing
conditions and transferred to nitrocellulose membrane. After
blocking, membranes were incubated with anti-SP-D or anti-
A2M, followed by anti-rabbit IgG-horseradish peroxidase and
chemiluminescence detection.
Protease Inhibition Assays—SP-D(n/CRD) (2 �g) was incu-

bated with A2M (0–62.5 �g/ml in a 2-fold serial dilution) in
TSC buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 3 mM

CaCl2) overnight at 37 °C. Pseudomonas aeruginosa elastase
(0.5 unit; Calbiochem) was then added, and the mixture was
incubated for 2 h at 37 °C. Samples were then subjected to SDS-
PAGE under reducing and denaturing conditions, and gels
were stained with Bio-Safe Coomassie Blue. Alternatively, SP-
D(n/CRD) (5 �g) was incubated with either intact or methyl-
amine-cleaved A2M (100 �g/ml) in TSC buffer for 1 h at 37 °C
and then was incubated with elastase (0.05 unit) for another 2 h
at 37 °C. Samples were then subjected to SDS-PAGE as above.
Statistical Analysis—Themean differences were determined

by Student’s t test. When multiple means are involved, the val-
ues were comparedwith controlmean usingDunnett’s test. For
agglutination assays, nonlinear, second order polynomial
regression lines were fit by the least squares method and com-
pared by a sum of squares F-test. The data were analyzed using
Prism (GraphPad Software, La Jolla, CA).

RESULTS

SP-D Binds to Fractions Containing Ovomucin and
Ovomacroglobulin—As part of another study, we investigated
whether SP-D bound the allergen ovalbumin. We separated a
grade III OVApreparation on a size exclusion column and then
used the resulting eluate in an ELISA-style binding assay
(supplemental Fig. S1).We found that grade III OVA is not very
pure and produced more than one protein peak. SP-D did not
bind to the fractions containing the major OVA peak but did
bind avidly to early eluting fractions containing high molec-
ular weight proteins (supplemental Fig. S1, a and b). A sam-
ple from under the OVA peak of supplemental Fig. S1a (frac-
tion at 15.8 ml) was further purified via Mono Q ion
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chromatography, and a sample of pure OVA was tested for
SP-D binding (supplemental Fig. S1, c and d). SP-D can bind
to the unpurified OVA that contained minor contaminants
but not to highly purified OVA (p � 0.01). Protein bands
from supplemental Fig. S1b were analyzed via mass spec-
trometry, and the proteins in the SP-D binding fractions
were identified as ovomucin and ovomacroglobulin. Because
SP-D binds ovomacroglobulin-containing fractions, we then
examined whether the human homolog, �2-macroglobulin,
could interact with SP-D.
SP-D Binds Human A2M with High Affinity—To determine

whether SP-D binds A2M, we first performed ELISA-style
binding experiments. To be certain about the purity of A2M,

and to show that SP-D was binding only to A2M, we size-frac-
tionated a sample of A2M on a size exclusion column (Fig. 1A).
Silver staining revealed no other protein bands (Fig. 1B). Frac-
tions from the purification were tested for SP-D binding in an
ELISA-style assay. We found that SP-D specifically bound to
fractions containing A2M from under the peak (Fig. 1C).
ELISA-style binding assays further showed that SP-D (0.5
�g/ml) bound immobilized A2M in a concentration-depen-
dent manner (Fig. 2A) and that it recognizes even small
amounts of A2M (0.5 �g/well). Therefore, we consider that
SP-D binds well to A2M.
To determine the binding kinetics, we used SPR. The SPR

analysis was conducted on three different concentrations of
immobilized SP-D and six different concentrations of A2M
(Fig. 2B). The kinetic parameters for the interaction between
A2M and SP-D, assuming the multimeric forms, are as follows:
association (on-rate; ka) is 8.33 � 0.56 � 104 M�1 s�1; the dis-
sociation rate (off-rate; kd) is 6.11 � 0.26 � 10�4 s�1, and
hence, the dissociation constant (KD) is 7.33� 10�9 M. The data
indicate that these two proteins can bind to each other even in
nanomolar concentrations. The nanomolar concentrations for
SP-D and A2M correspond to 3.95 and 5.28 �g/ml, respec-

FIGURE 1. Commercial human A2M has no detectable contaminants.
A, human A2M (100 �g; Sigma) was separated on a Superose 6 size exclusion
column. There is only one protein peak present, representing the A2M. Frac-
tions of 0.5 ml were collected and then subjected to SDS-PAGE followed by
silver staining (fractions from below the horizontal line are represented in B).
B, silver-stained SDS-polyacrylamide gel showing proteins from fractions col-
lected at 8.16 ml through 12.16 ml. Each fraction was 0.5 ml. Only A2M from
under the peak is visible on the gel. C, SP-D binds only to fractions containing
A2M. Fractions from the separation (samples from every 0.5 ml of eluate,
boxed lanes in B) were coated on ELISA plates. SP-D was incubated with these
samples in the presence of calcium (5 mM), and the amounts of SP-D that
bound to these fractions were determined by standard ELISA procedure. SP-D
binding profile corresponds to the fractions containing A2M. mAU, milliab-
sorbance unit.

FIGURE 2. SP-D binds human A2M. A, SP-D binds immobilized A2M. Varying
concentrations of A2M and BSA (20 �g/ml, diluted 2-fold) were immobilized
onto microtiter plates, and SP-D binding was measured by an ELISA-style
assay (A450 nm). F, A2M; �, BSA; f, A2M � 0.5 �g/ml SP-D; Œ, A2M � 1 �g/ml
SP-D; �, BSA�1 �g/ml SP-D. SP-D binds A2M, but not BSA, in a concentration-
dependent manner. Control graphs overlap each other and lie close to the x
axis. Results are representative of three independent experiments. Error bars
indicate S.E. B, SPR analysis shows that immobilized SP-D binds A2M. Surface
plasmon resonance sensorgram shows 20 �g/ml SP-D immobilized on a GLC
chip binding to soluble A2M (200 �g/ml in a 2-fold serial dilution) in the
presence of 5 mM CaCl2. A2M was washed out at 120 s. The KD value for this
interaction is 7.33 � 10�9

M indicating interactions can occur even in the
nanomolar range. Curves were modeled using the Langmuir binding model.
Results are representative of three separate experiments.
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tively. The KD value for SP-D-mannan interaction (mannan
being a preferential binding partner of SP-D) is also in the nano-
molar range (data not shown). These results show that immo-
bilized forms of SP-D and A2M will recognize each other with
high affinity.
SP-D and A2MCo-purify from BALF—A2M is present in the

lungs and can be detected in BALF (18–20). SP-Dpresent in the
airways is routinely purified from the BALF (29, 30). Therefore,
to determine whether SP-D and A2M interact in vivo, a co-
purification of the two proteins was performed. In this proce-
dure, SP-D and SP-D�A2M complexes present in the BALF
were captured by a maltose affinity matrix in the presence of
calcium. Then, SP-D and SP-D�A2M complexes were selec-
tively eluted by manganese, which preferentially dissociate SP-
D-carbohydrate interactions. The eluate was further separated
in a gel filtration column (Fig. 3A). Western blot analyses con-
firm that SP-D and A2M were indeed co-purified from this
procedure (Fig. 3B). Notably,most of theA2Mdetected in these
fractionswas already activated and cleaved by proteases. There-
fore, we consider that SP-D and A2M interact in solution in a
physiological setting.
SP-D Binds A2M in a Calcium-dependent Manner—SP-D is

known to bindmost of its ligands in a calcium-dependentman-
ner (6). Therefore, to determine whether SP-D-A2M interac-

tions also occur in the presence of calcium, ELISA-style binding
assays were conducted. SP-D bound well to immobilized A2M
in TBST containing 5 mM CaCl2 (Fig. 4A) but not in the pres-
ence of other divalent cations (MgCl2 and MnCl2) at the same
concentrations. There was also no binding observed in the
presence of EDTA, indicating the requirement for the divalent
cation calcium (p � 0.01). Subsequently, ELISA-style binding
assays were conducted to ascertain the optimal calcium con-
centration required for SP-D-A2M interactions (Fig. 4B). Dif-
ferent concentrations of calcium (0–10 mM) were used in the
buffers, and SP-D-A2M interactions occurred and reached a
plateau at 0.625mMCaCl2. Although the values were high, sim-
ilar results were observed for SP-D-mannan interactions.
Therefore, SP-D-A2M interactions are calcium-dependent and
occur at physiological concentrations of this cation.
Carbohydrate Recognition Domain of SP-D Recognizes A2M—

TheCRDs of SP-D are known to interact with glycoproteins via
protein-protein or protein-carbohydrate interactions (31, 34).
To determine the type of interactions occurring, carbohydrate
competition assays were performed. In the presence of 25 mM

concentrations of D-mannose and D-maltose, to which SP-D
binds avidly, the binding of SP-D to A2M decreased as the con-
centration of the sugars increased (data not shown). At 25 mM

FIGURE 3. SP-D and A2M co-purify from BALF. A, SP-D present in the BALF
was captured by maltose-agarose affinity chromatography in the presence of
calcium ions, competitively eluted with manganese ion, and the proteins
present in the manganese elution pool (Mn Pool) were further separated by a
Superose 6 gel exclusion column. B, Western blot showing that SP-D and A2M
co-purify from BALF. Fractions underlined in A (from elution at 5–10 ml, 1-ml
fractions) were subjected to Western blots for SP-D and A2M. The major pro-
tein present under this peak was SP-D. Intact and cleaved A2Ms were also
detected in these fractions. Some surfactant protein A (SP-A) and gp-340 were
also seen in the same fractions (data not shown).

FIGURE 4. SP-D binds A2M in a calcium-dependent manner. A, ELISA-style
binding assay shows the requirement of calcium ions for SP-D-A2M interac-
tion. A2M was immobilized onto microtiter plates at a concentration of 1
�g/ml. SP-D (0.1 �g/well) was added to blocked wells in a buffer containing 5
mM CaCl2, MgCl2, MnCl2, or EDTA. SP-D bound A2M only in the presence of
CaCl2. Results are representative of three independent experiments. SP-D
binds well to A2M in the presence of calcium compared with magnesium,
manganese, or EDTA containing buffer conditions (*, p � 0.01). B, ELISA-style
binding assay shows the optimal CaCl2 concentration required for SP-D-A2M
interaction. A2M (2.5 �g/well), BSA (2.5 �g/well), and mannan (0.025 �g/well)
were immobilized onto microtiter plates. SP-D (1 �g/ml) was added in TBST
containing CaCl2 (0 –10 mM in a 2-fold serial dilution). SP-D bound A2M and
the positive control mannan, but not to BSA, at calcium concentrations start-
ing at 0.625 mM. Œ, mannan; F, A2M; f, BSA. Results are representative of
three independent experiments. Error bars indicate S.E.
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concentrations of mannose and maltose, there was significant
inhibition of the interactions between SP-D and A2M (Fig. 5A)
(p � 0.01). The effect was not seen as strongly with D-galactose
and is barely seen with D-fucose. SP-D does not bind well to
D-fucose, and thus this sugar was used as a negative control. As
expected, D-fucose does not compete SP-D-A2M interactions.
Therefore, these results collectively indicate that the CRD of
the SP-D is responsible for the interactions with A2M.
To further confirm the involvement of the CRD of SP-D in

recognizing A2M, SPR analysis was performed using SP-D(n/
CRD). We used two different concentrations of SP-D(n/CRD)
(25 and 50 �g/ml) and six concentrations of A2M (2-fold serial
dilution from 200 �g/ml). SP-D(n/CRD)-A2M interactions
occurred in a concentration-dependent manner (Fig. 5B),
as was seen with the full-length SP-D, but higher concentra-
tions of SP-D(n/CRD) were required for the binding to occur.
This is because the native SP-Dmolecule hasmultiple subunits,
whereas SP-D(n/CRD) only contains a trimeric subunit. These
results suggest that SP-D recognizes A2M via its globular head
domain. The ka is 2.42 � 0.30 � 104 M�1 s�1; the kd is 3.80 �
0.19 � 10�4 s�1, and therefore, the KD is 1.57 � 10�8 M (Fig.
5B). As expected, this value is 1 order of magnitude higher than
the KD value for native SP-D-A2M interactions (Fig. 2B).
SP-D Does Not Bind Well to Deglycosylated A2M—To

directly confirm that SP-D binds to the carbohydrate moieties
present on A2M, we conducted a deglycosylation experiment.
A2Mwas deglycosylated using the bacterial enzyme PNGase F,
which cleaves N-linked glycans. SP-D bound well to A2M but
not to BSA (negative control). Binding of SP-D to deglycosy-
lated A2M was significantly reduced compared with A2M that
had only been incubated in the reaction buffer for 72 h (p �
0.01) (Fig. 5C). Therefore, we infer that SP-D recognizes carbo-
hydrate moieties present on A2M.
A2M Enhances the Ability of SP-D to Agglutinate Bacteria—

SP-D is known to agglutinate bacteria (3). To show the biolog-
ical relevance of SP-D-A2M interactions, we used bacterial
agglutination assays. As expected, SP-D agglutinated the E. coli
in a time-dependent manner (Fig. 6A), but A2M alone was not
able to cause agglutination.When SP-D was preincubated with
A2M, prior to being added to E. coli, the agglutination occurred
more effectively than the SP-D alone control (Fig. 6A). Adding
A2M to the bacteria prior to SP-D addition also showed
increased agglutination (Fig. 6B), but its effect was lower, sug-
gesting that pre-formation of SP-D�A2M complexes increased
the ability of SP-D to agglutinate bacteria. Pre-agglutinating
bacteria with SP-D prior to A2M addition did not increase
agglutination (data not shown). These results showed that SP-D
avidly agglutinated Gram-negative bacteria, such as E. coli, and
that A2M increased the biological activity of SP-D.
SP-D, but Not A2M, Binds to These Bacteria—The ability of

A2M to increase the biological function of SP-D could occur via
different mechanisms. A2M could bind either to bacteria,
SP-D, or both. To determine whether A2M directly interacts
with bacteria and enhances the agglutination ability of SP-D,we
conducted Western blot analysis after separating immune
complexes from soluble proteins. When the A2M was incu-
batedwith bacteria, all the A2Mwas seen in the filtrate (Fig. 6C,
top panels), whereas all of the SP-D was present in the immune

FIGURE 5. SP-D binds A2M through its CRD in a carbohydrate-dependent
manner. A, binding of SP-D to A2M can be inhibited by competition with
mannose and maltose. A2M (5 �g/well) was coated onto microtiter plates.
SP-D (5 �g/ml) was then mixed with 25 mM sugars (galactose (Gal), fucose
(Fuc), mannose (Man), or maltose (Mal)) and added to the plates in TBST � 5
mM CaCl2. In the presence of maltose and mannose, SP-D bound significantly
less to A2M compared with the condition with no inhibitor (�) control (*, p �
0.01). This indicates that CRDs of SP-D are involved in binding to A2M. B, SPR
analysis shows that immobilized SP-D(n/CRD) binds A2M. Surface plasmon
resonance sensorgram shows 50 �g/ml SP-D(n/CRD) immobilized on a GLC
chip binding to A2M (200 �g/ml in a 2-fold serial dilution) in the presence of
5 mM CaCl2. A2M was washed out at 120 s. The KD for this interaction is 1.57 �
10�8

M. Curves were modeled using the Langmuir binding model. C, A2M was
deglycosylated using the enzyme PNGase F as per the manufacturer’s instruc-
tions at 37 °C for 72 h. Samples of A2M, A2M � PNGase F and reaction buffer,
A2M and reaction buffer alone, and BSA were coated on ELISA plates. The
ability of SP-D to bind to these samples was tested in the presence of 5 mM

CaCl2. Deglycosylation of A2M significantly reduces SP-D-A2M interactions (*,
p � 0.01), further suggesting that SP-D binds A2M via carbohydrate moieties
present on the A2M. Error bars indicate S.E.
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complexes (aggregate) (Fig. 6C, bottom panels). This indicated
that SP-D, but not A2M, significantly bound to these bacteria.
When SP-D was preincubated with A2M, or present together
with SP-D, the protease inhibitor was detected in the immune
complexes (Fig. 6C, bottompanels). These results indicated that
A2Mwould not readily recognize bacteria but recognized these
immune complexes via SP-D.
SP-D Interacts Effectively with Cleaved A2M—To determine

whether the cleaved A2M can still interact with SP-D, we first
cleaved A2M with methylamine as described previously (32).
Native polyacrylamide gels showed that themethylamine treat-
ment converted the A2M from its slow form (native) to its fast
form by cleaving the internal thiol ester bond (Fig. 7A). Binding
of SP-D to thisA2Mwas tested by SPR. Identical amounts of the
purified A2M andmethylamine cleaved A2Mwere passed over
the immobilized SP-D. The changes in SPR response were sim-
ilar; therefore, both forms of A2M bound to SP-D in a similar
manner (Fig. 7B) (KD� 8.54� 10�9M for elastase-cleavedA2M
versus 7.33 � 10�9 M for intact A2M (Fig. 2B)). These data
indicate that SP-D interacts with both forms of A2Mwith sim-
ilar kinetics.

FIGURE 6. A2M enhances the ability of SP-D to agglutinate E. coli, and
SP-D, but not A2M, binds E. coli. A, SP-D, but not A2M, is able to agglutinate
bacteria and cause a reduction in the A600 nm. A2M (50 or 5 �g/ml) or SP-D (1
�g/ml) was added to 200 �l of E. coli suspension in the presence of 5 mM

CaCl2. The addition of A2M premixed with SP-D greatly enhances the agglu-
tination of bacteria. A2M (50 or 5 �g/ml) and SP-D (1 �g/ml) were pre-mixed
for 1 h at 37 °C in the presence of 5 mM CaCl2 prior to being added to 200 �l of
bacterial suspension. F, bacteria alone; f, bacteria � 1 �g/ml SP-D; Œ, bac-
teria � 50 �g/ml A2M; �, bacteria � 5 �g/ml A2M; �, bacteria � 50 �g/ml
A2M and 1 �g/ml SP-D premixed; �, bacteria and 5 �g/ml A2M � 1 �g/ml
SP-D premixed. The bacteria and bacteria � A2M alone conditions are over-
lapping with each other on the graph. All values are significantly different
from the SP-D alone condition (p � 0.01). B, pre-mixing the bacteria with A2M
enhances E. coli agglutination by SP-D, but not as much as pre-mixing the
SP-D and A2M prior to addition to the bacterial suspension. A2M (50 or 5
�g/ml) was mixed with the bacteria suspension for 1 h at 37 °C prior to SP-D (1
�g/ml) addition in the presence of 5 mM CaCl2. F, bacteria alone; f, bacte-
ria � 1 �g/ml SP-D; Œ, bacteria pre-mixed with 50 �g/ml A2M then 1 �g/ml
SP-D; �, bacteria pre-mixed with 5 �g/ml A2M then 1 �g/ml SP-D. All values
are significantly different from the SP-D alone condition (p � 0.01). All exper-
iments were conducted at the same time but plotted separately for clarity (A
and B). Results are representative of three independent experiments. Error
bars indicate S.E. C, bacterial-SP-D�A2M immune complexes from the agglu-
tination assays were separated from the filtrate. The presence of SP-D and
A2M in these complexes was determined by Western blot analyses. A2M is
present in the filtrate (top 2 panels) and is only present in the aggregate frac-
tion when SP-D is present (bottom 2 panels), suggesting that A2M does not

bind to the bacteria but does bind to the SP-D. Conditions: A2M, 50 �g/ml;
SP-D, 1 �g/ml; *, A2M and SP-D premixed before being added to bacteria; $,
A2M and bacteria premixed prior to SP-D addition.

FIGURE 7. Cleaved A2M binds well to SP-D. A, methylamine causes thiol
ester cleavage-induced conformational changes in A2M. Incubation with
methylamine converted A2M (2 �g) from its slow form (lane 1) to its fast form
(lanes 2– 4) as can be seen via Coomassie Blue-stained native polyacrylamide
gel. Lane 1, A2M; lane 2, A2M � 100 mM methylamine; lane 3, A2M � 40 mM

methylamine; lane 4, A2M � 10 mM methylamine. B, surface plasmon reso-
nance sensorgram shows immobilized SP-D (20 �g/ml) on a GLC chip binding
to methylamine-cleaved A2M (200 �g/ml in a 2-fold serial dilution) in the
presence of 5 mM CaCl2. A2M was washed out at 120 s. The KD for this inter-
action is 8.54 � 10�9 indicating interactions will occur in the nanomolar
range. The KD for intact A2M was 7.33 � 10�9

M (Fig. 2B). Curves were modeled
using the Langmuir binding model. These results confirm that SP-D would
bind cleaved A2M similar to that of intact A2M.
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Intact andActivated A2MProtects SP-D fromElastase-medi-
ated Degradation—To determine whether A2M protects the
CRDs of SP-D against elastase-mediated cleavage, we incu-
bated SP-D(n/CRD) with different concentrations of A2M and
a fixed amount of elastase (0.5 units). A2M protected the CRDs
of the SP-D from elastase digestion in a concentration-depen-
dentmanner (Fig. 8A) with 100%protection being seen down to
concentrations of 31.25�g/ml.We also compared the effective-
ness of cleaved A2M in protecting SP-D. Both forms of A2Ms
protected SP-D (Fig. 8B). Therefore, we consider that the asso-
ciation between A2M and SP-D can help to protect SP-D from
protease degradation.
Cleaved A2M Can Also Enhance SP-D-mediated Bacterial

Agglutination—To determine whether the A2M can also
enhance the innate immune potential of SP-D after undergoing
the conformational change produced by protease cleavage, we
converted A2M to its cleaved form. Interestingly, the cleaved
A2Mwas able to support similar E. coli agglutination activity as
of the intact A2M (Fig. 9). These results showed that even the
cleaved A2M had the ability to increase the innate immune
potential of SP-D by enhancing its ability to agglutinate
bacteria.

DISCUSSION

Regulation of SP-D-mediated innate immune function in the
presence of proteases is not clearly understood. In this study,
we have investigated the interactions between the innate
immune collectin SP-D and a protease inhibitor A2M.We dis-
covered this interaction after identifying that SP-D does not
bind to ovalbumin but rather to the fractions containing con-
taminating proteins (ovomucin and ovomacroglobulin) found
in OVA preparations (supplemental Fig. S1). We found that
SP-D binds human A2M in a concentration-, calcium-, and
carbohydrate-dependent manner (Figs. 1–5). A2M protects
SP-D from proteolytic degradation (Fig. 8), and SP-D-A2M
interactions enhance the ability of SP-D to agglutinate bacteria
(Figs. 6 and 9). Notably, SP-D recognizes both cleaved and
intact A2M (Fig. 7), and both forms of this protease inhibitor
increase the bacterial agglutination ability of SP-D (Figs. 6 and
9). Therefore, we have discovered a heretofore unknown inter-
action and an intriguing biological function for A2M to

FIGURE 8. A2M protects SP-D(n/CRD) from cleavage by elastase. A, intact
A2M fully protects 5 �g of SP-D(n/CRD) from elastase (0.5 units) cleavage up
to 32.25 �g/ml within 2 h. B, methylamine cleaved A2M also protects SP-D(n/
CRD) from cleavage by elastase. SP-D(n/CRD) (5 �g) was incubated with ela-
stase (0.05 units) in the presence of either methylamine cleaved or intact A2M
(100 �g/ml). Both the intact and the cleaved A2M protect SP-D(n/CRD) from
degradation by elastase.

FIGURE 9. Cleaved A2M retains its ability to enhance SP-D-mediated E.
coli agglutination. A, SP-D, but not cleaved A2M, is able to agglutinate bac-
teria and cause a reduction in the A600 nm. Cleaved A2M (50 or 5 �g/ml) or
SP-D (1 �g/ml) was added to 200 �l of E. coli suspension in the presence of 5
mM CaCl2. The addition of cleaved A2M premixed with SP-D greatly enhances
the agglutination of bacteria. Cleaved A2M (50 or 5 �g/ml) and SP-D (1 �g/ml)
were pre-mixed for 1 h at 37 °C in the presence of 5 mM CaCl2 prior to being
added to 200 �l of bacterial suspension. F, bacteria alone; f, bacteria � 1
�g/ml SP-D; Œ, bacteria � 50 �g/ml cleaved A2M; �, bacteria � 5 �g/ml
cleaved A2M; �, bacteria � 50 �g/ml cleaved A2M and 1 �g/ml SP-D pre-
mixed; �, bacteria � 5 �g/ml cleaved A2M and 1 �g/ml SP-D premixed. All
values are significantly different from the SP-D alone condition (p � 0.01).
B, pre-mixing the bacteria with cleaved A2M enhanced E. coli agglutination
by SP-D, but not as much as pre-mixing the SP-D and cleaved A2M prior to
addition to the bacterial suspension. Cleaved A2M (50 or 5 �g/ml) was mixed
with the bacteria suspension for 1 h at 37 °C prior to SP-D (1 �g/ml) addition
in the presence of 5 mM CaCl2. F, bacteria alone; f, bacteria � 1 �g/ml SP-D;
Œ, bacteria pre-mixed with 50 �g/ml cleaved A2M then 1 �g/ml SP-D; �, bac-
teria pre-mixed with 5 �g/ml cleaved A2M then 1 �g/ml SP-D. E. coli experiments
were conducted at the same time but plotted separately for clarity (A and B). All
values are significantly different from the SP-D alone condition (p � 0.01).
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enhance SP-D-mediated innate immunity during bacterial
infection.
We have discovered through mass spectrometry analysis of

commercial ovalbumin preparations that SP-D binds fractions
of protein containing ovomucin and ovomacroglobulin
(supplemental Fig. S1). In this study, we show that SP-D inter-
actswith humanA2M in a concentration-dependentmanner to
humanA2M (Fig. 2), and the interactions occur in the presence
of nanomolar concentrations of these proteins (Fig. 2B). A2M is
present in the serum (1–2 mg/ml; 1.4–2.8 �M) (22, 23) and the
lungs (0.09–2.02 �g/ml; 0.13–2.8 nM) (18, 19). Notably, the
concentration of A2M drastically increases during lung infec-
tion, edema fluid accumulation, and inflammation (220 �g/ml;
305.5 nM) (19). SP-D concentration in the lungs is considered to
be the 1–5 �g/ml (1.9–9.3 nM) range (1). During infection,
SP-D has been reported in the range of 0.012–1.13 �g/ml
(0.022–2.09 nM) (35). In the presence of severe infections,
degraded fragments of SP-D can be detected suggesting that
a constant battle between SP-D and proteases occurs in the
lungs (14–16, 36, 37). During certain inflammatory lung
conditions, SP-D concentrations increase by a factor of
about 10 (38). Supplementing SP-D suppresses lung inflam-
mation (39). We have identified that SP-D and A2M interact
in the airway-lining fluid (Fig. 3). Therefore, we consider
interaction between SP-D and A2M is biologically relevant
to the lungs under normal conditions, as well as during infec-
tion and inflammation.
The biological function of SP-D primarily resides in the

CRDs of SP-D (1, 3). It is well established that SP-D is a C-type
lectin (6, 40) and recognizes carbohydrate ligands via its CRDs
in a calcium-dependent manner (10, 41, 42). However, SP-D
also interacts with other ligands or glycoproteins such as
immunoglobulins (43), decorin (30), gp-340 (34), and microfi-
bril-associated glycoprotein 4 (44) via protein-protein interac-
tions. Our results suggest that SP-D interacts with A2M via its
globular head domain in a calcium-dependent lectin-carbohy-
drate type interaction (Figs. 4 and 5). This mode of interaction
is possible because A2M has eight N-linked glycosylation sites
on each of its four identical subunits (45). Some of theN-linked
glycans present on A2M have been identified as oligomannose
structures (Man5–Man7), whichmake up 8% of the total glycan
pool, and the remainder of the glycans terminates with galac-
tose or sialic acid (22). SP-D binds avidly to mannose but not
well to galactose or sialic acid (2, 3). We have shown that bind-
ing of SP-D to A2M is significantly reduced when the A2M has
been deglycosylated (Fig. 5C). A recent report suggests that
mannose-binding lectin can recognize Man5–7 glycan moieties
present on A2M (22). Considering all the data, we suggest that
SP-D recognizes the oligomannose moieties of A2M via lectin-
carbohydrate interactions.
The CaCl2 concentration required for this interaction pla-

teaus at about 0.625–1.25 mM (Fig. 4B), and this value falls well
within the physiological concentration of calcium (46), suggest-
ing that the interaction between A2M and SP-D is possible in
the lungs, and we have demonstrated that SP-D-A2M interac-
tions do occur in BALF (Fig. 3). Under these physiological con-
ditions, SP-D binds avidly to terminal mannosyl residues found
in several microbes including bacteria (47). Therefore, A2M

could enhance the binding of SP-D to carbohydrates by forming
SP-D�A2M complexes. These complexes should increase the
valancy and avidity of the SP-D for the carbohydrates so that
the collectin could effectively generate bacterial immune
complexes.
SP-D has been shown to agglutinate E. coli (48), and our bac-

terial agglutination studies agreewith this notion (Figs. 6 and 9).
Interestingly, pre-mixing SP-D and A2M greatly increases the
ability of SP-D to agglutinate bacteria (Fig. 6A). SP-D associates
with the bacterial aggregate (Fig. 6C, bottom panels) but A2M
does not appear in the aggregate fraction unless SP-D is pres-
ent. SP-D is increased in rats infected with E. coli, and there is a
correlation between alveolar-capillary membrane injury and
the amount of protein found in the bronchoalveolar lavage fluid
(49). However, in some conditions SP-D could decrease as well
(35). Because both SP-D and A2M are present in the lungs
under normal conditions and during bacterial infection, these
two proteins could interact with each other to aid in the agglu-
tination of bacteria by SP-D.

FIGURE 10. Model summarizing SP-D-A2M interactions and ability of A2M
to enhance bacterial agglutinating capacity of SP-D. A, SP-D interacts with
A2M through its CRDs in a calcium- and carbohydrate-dependent mecha-
nism. A2M protects SP-D from proteolysis, and the ability of SP-D to interact
with the protease inhibitor is not affected by the activation state. B, A2M does
not bind bacteria, but both intact (A2M) and activated (cA2M) forms of A2M
enhance the agglutinating ability of SP-D. Therefore, A2M-SP-D interactions
enhance a biological function of SP-D.
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SP-D is also able to bind A2M that has been cleaved by either
methylamine (Fig. 7) or elastase (data not shown) and is pro-
tected from elastase-mediated degradation by A2M (Fig. 8).
The glycosylation status of A2M should be identical to that of
uncleaved A2M. During bacterial infection, A2M could protect
SP-D from proteases and still increase the ability of SP-D to
agglutinate bacteria; therefore, we propose that it is a novel
mechanism by which the host maintains effective defense
against bacteria when the bioavailability of SP-D is low during
high degrees of infection (Fig. 10).
In summary, the data presented here characterize A2M as a

new binding partner for SP-D and that the binding character-
istics are consistentwith the ability of SP-D to bind the protease
inhibitor via its lectin-carbohydrate interactions. The SP-D-
A2M interactions lead to efficient protection of SP-D frompro-
teases, and interestingly, such interactions increase the biolog-
ical activity of SP-D. Therefore, we have identified a heretofore
unknown function for A2M and a potential mechanism bywith
the innate immunity is boosted during infection.
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