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Pulmonary Surfactant Protein D Binds MD-2 through the Carbohydrate Recognition
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ABSTRACT: Pulmonary surfactant protein D (SP-D) is a member of the collectin family and plays crucial
roles in the innate immunity of the lung. We have previously shown that surfactant protein A (SP-A), a
homologous collectin, interacts with MD-2 and alters lipopolysaccharide signaling. In this study, we
examined and characterized the binding of SP-D to MD-2 using a soluble form of recombinant MD-2
(sMD-2). SP-D bound in a concentration- and Ca?*-dependent manner to sMD-2 coated onto microtiter
wells. Excess mannose abolished the binding of SP-D to sMD-2. In solution, SP-D cosedimented with
sMD-2 in the presence of Ca?t. The direct binding of SP-D to sMD-2 was confirmed by BIAcore analysis.
Anti-SP-D monoclonal antibody that recognizes the carbohydrate recognition domain (CRD) of SP-D
significantly inhibited the binding of SP-D to sMD-2, indicating the involvement of the CRD for the
binding to sMD-2. Ligand blot analysis revealed that SP-D bound to N-glycopeptidase F-treated sMD-2.
In addition, the biotinylated SP-D pulled down the mutant SMD-2 with Asn?® — Ala and Asn'!'* — Ala
substitutions, which lacks the consensus for N-glycosylation. Furthermore, the sMD-2 mutant cosedimented

SP-D. These results demonstrate that SP-D directly interacts with MD-2 through the CRD.

Pulmonary surfactant protein D (SP-D)' is a member of
the collectin family along with surfactant protein A (SP-A)
and mannose binding lectin (MBL) (/, 2). The structure of
the collectin is composed of four characteristic domains: an
amino terminus involved in interchain disulfide bonding, a
collagen-like domain, a neck domain, and a C-type lectin
domain [a carbohydrate recognition domain (CRD)]. Pul-
monary collectins, SP-A and SP-D, are believed to function
as the first-line defense of the lung. Studies (/—5) with
genetic defects in mice have demonstrated that SP-A and
SP-D modulate inflammation caused by pathogen-associated
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molecular patterns (PAMPs), including lipopolysaccharide
(LPS) in the lung, and that they contribute to the clearance
of microbes from the lung.

Several endogenous ligands for SP-D have been identified.
SP-D binds to phosphatidylinositol (6, 7), a component of
surfactant. This collectin also directly interacts with various
microorganisms and their cell wall components, including
LPS (8—10). We have shown that SP-D binds to CD14 and
Toll-like receptors (TLRs) 2 and 4 (/1, 12), which are
implicated in recognizing and signaling PAMPs (/3—15).
TLR4 has been shown to be responsible for recognition and
signaling of LPS (/3). TLR4 is a type I membrane protein
containing a leucine-rich motif structure in its extracellular
domain. MD-2 is critical for LPS-induced TLR4 signaling
(16). TLR4 does not respond efficiently to LPS without MD-
2. MD-2 has been shown to bind the concave surface of the
amino-terminal and central domains of TLR4 (/7). The
TLR4—MD-2 heterodimer is believed to form the complete
recognition site for LPS (/8—217). In addition, MD-2 pos-
sesses properties that are common to a family of extracellular
lipid-binding proteins (22). Thus, MD-2 might play a more
direct and essential role in LPS binding, probably as a
coreceptor for TLR4 (23). The reduced form of MD-2 is a
20—25 kDa monomeric protein with seven cysteine residues.
Secreted MD-2 exists as heterogeneous collections of disul-
fide-linked oligomers, which can confer LPS responsiveness
directly to TLR4 on the cell surface (24). We have also found
that SP-A modulates inflammatory responses elicited by
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peptidoglycan, zymosan, and LPS by direct interaction with
TLRs and MD-2 (25—27). Because the formation of the
TLR4—MD-2 complex is critical for the initiation of LPS
signaling, it is important to determine whether SP-D directly
interacts with MD-2 in addition to TLR4. In this study, we
show that SP-D, an SP-A homologue, interacts with MD-2
through the CRD.

EXPERIMENTAL PROCEDURES

Recombinant Human SP-D. The cDNA for human SP-D,
used in this study, encoded the Thr!' polymorphic form.
Recombinant human SP-D was expressed in CHO-K1 cells
using the glutamine synthetase amplification system, as
described previously (/7). For protein purification, the cells
were incubated in serum-free EXCELL 302 medium (SAF
Bioscience, Lenexa, KS) for 3 days. The medium was then
collected and filtered with a 0.45 um filter. CaCl, was added
at a final concentration of 2 mM. The medium was finally
applied to a mannose-Sepharose column (28). The SP-D
protein was eluted with 5 mM Tris buffer (pH 7.4) containing
150 mM NaCl and 10 mM EDTA and dialyzed against 5
mM Tris buffer (pH 7.4) containing 150 mM NaCl. Purifica-
tion of recombinant SP-D by the affinity matrix on mannose-
Sepharose indicated that recombinant SP-D used in this study
retained carbohydrate binding activity. In some experiments,
LPS-stripped SP-D was used for sMD-2 binding. Endotoxin
was removed from SP-D using polymyxin B-agarose (Sigma)
as described previously (27). The endotoxin content in the
SP-D preparation was <.33 pg/ug of protein when deter-
mined by Limulus amembocyte assay.

Biotinylation of SP-D. Recombinant SP-D was biotinylated
using EZ-link sulfo-NHS-biotin (Pierce, Rockford, IL) ac-
cording to the manufacturer’s instructions.

MD-2. The 0.48 kb cDNA for human MD-2 containing a
V5 tag and a six-His tag at the C-terminal end was inserted
into pVL1392 vector. A soluble form of recombinant human
MD-2 (sMD-2) was expressed by the baculovirus—insect cell
system, and sSMD-2 was purified with a column on nickel-
nitrilotriacetic acid beads as described previously (29, 30).
In some experiments, SMD-2 was purified from the medium
using a 5 mL Ni-chelating HisTrap affinity column (GE
Healthcare) pre-equilibrated with 100 mM Hepes buffer (pH
7.4) containing 500 mM NaCl and 20 mM imidazole. The
bound proteins were then eluted with 100 mM Hepes buffer
(pH 7.4) containing 500 mM NaCl and an imidazole gradient
(from 20 to 500 mM). We also generated a mutant sMD-2
with Asn?® — Ala and Asn''* — Ala substitutions (sMD-
2N26ANLI4AY 1o eliminate the consensus for N-linked glyco-
sylation. The mutant cDNA was constructed with the
QuickChange II XL site-directed mutagenesis kit (Stratagene,
Cedar Creek, TX). sMD-2N26ANI4A wag jsolated using a 5
mL Ni-chelating HisTrap affinity column as described above.

Binding of SP-D to sMD-2. sMD-2 (100 ng/well) was
coated onto microtiter wells, and nonspecific binding was
blocked with 10 mM Hepes buffer (pH 7.4) containing 150
mM NaCl, 2 mM CaCl,, and 5% (w/v) BSA (buffer A). The
indicated concentrations (0, 1, and 5 ug/mL) of SP-D in
buffer A were added and incubated at 37 °C for 3 h. After
the incubation, the wells were washed with PBS containing
0.1% (v/v) Triton X-100 and 3% (w/v) skim milk and further
incubated with anti-SP-D polyclonal IgG (10 ug/mL) fol-
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lowed by the incubation with HRP-labeled anti-rabbit IgG.
The peroxidase reaction was finally conducted by using
o-phenylenediamine as a substrate, and the absorbance at
492 nm was measured. In some experiments, SP-D was
preincubated with anti-SP-D monoclonal antibody 7A10,
7C6, or 6B2 (31) at 37 °C for 1 h before the incubation
with the solid phase sMD-2. To examine the effect of Ca>*
on binding, we included 5 mM EDTA instead of Ca*".

The binding study was also performed in solution. The
biotinylated SP-D (200 ng) was incubated with sMD-2 (50
ng) at 37 °C for 2 h in buffer A. The mixture was further
incubated at 4 °C with anti-V5 antibody-conjugated agarose
(Sigma, St. Louis, MO) for 2 h. When streptavidin-
conjugated agarose (Invitrogen, Carlsbad, CA) was incubated
for 30 min, 2 ug of the biotinylated SP-D and 0.5 ug of
sMD-2 were used. The beads were sedimented by centrifu-
gation at 2000g for 10 s, washed three times with buffer A
containing 0.1% (v/v) Triton X-100, and suspended in SDS
sample buffer. The samples were subjected to SDS—PAGE
under reducing conditions, and the proteins on the gel were
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. The biotinylated SP-D and sMD-2 on the membrane
were detected by using HRP-bound streptavidin and anti-
V5 polyclonal antibody, respectively. The proteins were
finally visualized by a chemiluminescence reagent (Super-
Signal, Pierce).

Because the expression level of a mutant sSMD-2 was quite
low and the sSMD-2N?6ANT4A protein was somewhat unstable,
SMD-2 and sMD-2N?6ANH4A were partially purified from the
Sf900II medium (Invitrogen) culturing 7ni cells (kind gift
of Dr. Voelker) using a 5 mL Ni-chelating HisTrap affinity
column as described above. The same volumes of partially
purified sMD-2 proteins were used for the pull-down assay
with biotinylated SP-D. Biotinylated SP-D (250 ng) was
incubated with sMD-2 (250 uL) at 37 °C for 2 h in buffer
A. The mixture was further incubated with streptavidin-
conjugated agarose at 4 °C for 30 min or Ni-NTA agarose
(Qiagen, Valencia, CA) at 4 °C for 2 h. The beads were
finally sedimented by centrifugation, washed three times with
buffer A containing 0.1% (v/v) Triton X-100 instead of BSA,
and suspended in SDS sample buffer. The sedimented
proteins were visualized as described above.

BlAcore Analysis. BIAcore 3000 (BIAcore AB, Uppsala,
Sweden) was used to evaluate the interaction of SP-D with
sMD-2. SP-D in 10 mM sodium acetate (pH 5.0) was
immobilized on a C1 sensor chip (BIAcore) using an amine
coupling method according to the manufacturer’s instruc-
tions. sMD-2 in 5 mM Tris buffer (pH 7.4) containing 150
mM NaCl, 5 mM CaCl,, and 0.2 mg/mL BSA was passed
over the surface of the sensor chip, and the interaction was
monitored for 2 min. The sensor surface was then washed
with the same buffer to start the dissociation, and the chip
was finally regenerated with 10 mM EDTA at the end of
each experiment. Interaction of sMD-2 with SP-D was also
analyzed with immobilized sMD-2. To examine the effect
of the oligomeric structure of SP-D, SP-D was digested with
collagenase and the collagenase-resistant fragment (CRF),
which consists of the neck and the CRD, was obtained as
described previously (27). For the immobilization of the
protein on a C1 sensor chip, 40 uL of 25 ug/mL SP-D or
CRF or 50 uL of 50 ug/mL sMD-2 was injected.
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Recombinant Fusion Proteins of the Neck with the CRD
and the CRD. A recombinant trimeric protein consisting of
the neck with the carbohydrate recognition domain (NCRD)
and the CRD was expressed in a bacterial expression system
and purified as described previously (32).

Analysis of Epitopes for Anti-SP-D Monoclonal Antibodies.
The epitope location was determined by immunoblotting.
Briefly, recombinant proteins (100 ng/lane) of SP-D, NCRD,
and CRD were electrophoresed under reducing conditions,
and the proteins on the gel were transferred onto PVDF
membranes. The membranes were probed with anti-SP-D
monoclonal antibody (10 ug/mL) 7A10, 7C6, or 6B2.
Antibody binding was detected by using HRP-labeled anti-
mouse IgG antibody.

To determine whether monoclonal antibodies recognize
the same epitope, competition experiments with biotinylated
antibody were performed. SP-D (10 ng/lane) was electro-
phoresed under reducing conditions and transferred onto
PVDF membranes. The membranes were first incubated with
monoclonal antibody (50 ug/mL) and then incubated with
biotinylated antibody 6B2 (2 ug/mL). The binding of the
biotinylated 6B2 to reduced SP-D was finally detected by
HRP-labeled streptavidin.

Treatment of sMD-2 with N-Glycopeptidase F. sMD-2
(500 ng) was treated with N-glycopeptidase F (0.5 milliunit/
ug of protein) (Takara, Japan) at 37 °C for 17 h according
to the manufacturer’s instructions.

Lectin Blot and Ligand Blot. sMD-2 treated with N-
glycopeptidase F was electrophoresed under reducing condi-
tions and transferred onto PVDF membranes. The mem-
branes were blocked with 5% (w/v) BSA and then incubated
with Tris-buffered saline containing 0.1% (v/v) Tween 20
and 5% (w/v) BSA. The membranes were then incubated
with biotinylated concanavalin A (J-Oil Millz, Tokyo, Japan)
(4 ug/mL) at room temperature for 30 min followed by the
incubation with HRP-labeled streptavidin. The binding of
concanavalin A to the oligosaccharide moieties was detected
by using a chemiluminescence reagent.

For ligand blot experiments, the PVDF membranes were
incubated with SP-D (10 ug/mL) at 4 °C overnight after
nonspecific binding was blocked with 20 mM Tris buffer
(pH 7.4) containing 150 mM NaCl, 5 mM CaCl,, 0.5% (w/
v) BSA, and 1% (w/v) polyvinylpyrrolidone (Sigma). SP-D
binding to the membrane was detected by anti-SP-D antibody
and HRP-labeled anti-rabbit IgG antibody. The peroxidase
reaction was assessed by using a chemiluminescence reagent.

SDS—PAGE:. SP-D and sMD-2 were subjected to SDS—PAGE
under reducing and nonreducing conditions.

Antibody. Anti-SP-D polyclonal antibody was raised
against purified recombinant human SP-D. Anti-SP-D mono-
clonal antibodies (6B2, 7A10, and 7C6) were prepared and
characterized as described previously (24).

RESULTS

Electrophoretic Analysis of Recombinant Proteins. Re-
combinanthuman SP-D was analyzed by SDS —polyacrylamide
gel electrophoresis. The major form of SP-D expressed in
CHO cells appeared at 45 kDa under reducing conditions
(Figure 1, lane a), and it exhibited various degrees of
oligomerization under nonreducing conditions (Figure 1, lane
b). The preparation of recombinant SP-D used in this study
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FIGURE 1: Electrophoretic analysis of SP-D and sMD-2. Recom-
binant SP-D (lanes a and b) and recombinant sMD-2 (lanes ¢ and
d) were subjected to SDS—PAGE (5 ug/lane) under reducing (lanes
a and c¢) and nonreducing (lanes b and d) conditions. The proteins
were visualized by Coomassie Brilliant Blue staining. Lane st.
contained the molecular mass standard.

contained a minor upper band at approximately 50 kDa,
which was not seen in the previous study (/7). This may be
because the ¢cDNA used in this study encoded the Thr!!
polymorphic form which is presumably O-glycosylated.
Human SP-D is reported to contain the 50 kDa variant which
is detected in approximately half of the samples of bron-
choalveolar lavage fluids from normal subjects and is
produced by post-translational glycosylation (33). The
recombinant proteins were purified by affinity chromatog-
raphy using a column of mannose-Sepharose, indicating that
the recombinant proteins retain lectin activity. We also
expressed a soluble form of recombinant MD-2 (sMD-2) by
using the baculovirus—insect cell system. sMD-2 migrated
as bands with molecular masses of 25—28 kDa under
reducing conditions (Figure 1, lane c) and formed various
degrees of oligomers under nonreducing conditions (Figure
1, lane d). sMD-2 was biologically active since the additions
of sMD-2 and LPS elicited NF-«B activation in HEK293
cells expressing TLR4 (30).

SP-D Binds to sMD-2. We first examined whether SP-D
bound to sMD-2 coated onto microtiter wells. SP-D exhibited
a concentration-dependent binding to sMD-2 in the presence
of 2 mM CaCl, (Figure 2A). Inclusion of 5 mM EDTA
instead of Ca®t abolished the binding of SP-D to the solid
phase sMD-2, indicating that the binding of SP-D to sMD-2
is Ca*"-dependent. The effect of carbohydrate on sMD-2
binding was examined (Figure 2B). Excess mannose blocked
the binding of SP-D to solid phase sMD-2.

Because SP-D (9) and MD-2 (34) are LPS-binding
proteins, we examined the sMD-2 binding by ligand botting
with LPS-depleted SP-D. Endotoxin was separated from
sMD-2 by SDS—PAGE, and sMD-2 on the membrane was
incubated with SP-D. SP-D colocalized with sMD-2 on the
membrane (Figure 2C), indicating the direct binding of SP-D
to sMD-2. This result rules against the required formation
of a ternary complex in which SP-D and sMD-2 interact
through bound LPS.

The interaction of SP-D with sMD-2 was also examined
in solution. Biotinylated SP-D (b-SP-D) and V5-tagged
sMD-2 were incubated, and sMD-2 was immunoprecipitated
with anti-V5 antibody (Figure 3A). sMD-2 coprecipitated
SP-D in the presence of Ca’", indicating the direct binding
of sMD-2 to SP-D. SP-D was not coprecipitated with sMD-2
in the presence of EDTA. When b-SP-D was pulled down
with streptavidin-conjugated agarose in the presence of Ca’",
sMD-2 was cosedimented (Figure 3B). However, sMD-2 was
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FIGURE 2: SP-D exhibits Ca?*-dependent binding to sMD-2 coated onto microtiter wells. (A) The indicated concentrations (0, 1, and 5
ug/mL) of SP-D were incubated with sMD-2 [100 ng/well (black squares and white squares)] or BSA (gray squares) coated onto microtiter
wells in the buffer containing 2 mM Ca?" (black squares and gray squares) or 5 mM EDTA (white squares) at 37 °C for 3 h. After the
incubation, the wells were washed and further incubated with 10 ug/mL anti-SP-D polyclonal antibody, followed by the incubation with
HRP-conjugated anti-rabbit IgG. The binding of SP-D to the solid phase protein was finally detected by measuring the absorbance at 492
nm as described in Experimental Procedures. The data shown are means =+ the standard deviation from three separate experiments. An
asterisk denotes p < 0.01 when compared with the binding in the presence of 2 mM Ca?*. (B) Effect of mannose on the binding of SP-D
to sMD-2. SP-D was incubated with sMD-2 (black squares and white circles) or BSA (gray squares) coated onto microtiter wells in the
buffer containing 2 mM Ca?*t (black squares and gray squares) or 2 mM Ca?" and 200 mM mannose (white circles). An asterisk denotes
p < 0.01 when compared with the binding in the presence of 2 mM Ca?*. (C) Binding of LPS-depleted SP-D to sMD-2 by assessed with
a ligand blot. sMD-2 (500 ng) and BSA were electrophoresed and transferred onto a PVDF membrane. The binding of LPS-depleted SP-D
(10 pg/mL) to sMD-2 was performed. Binding of SP-D to the membrane was detected by anti-SP-D polyclonal antibody as described in

Experimental Procedures. The PVDF membrane was also stained with Coomassie Brilliant Blue (CBB).
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FIGURE 3: SP-D binds sMD-2 in solution. (A) Immunoprecipitation
with sMD2. V5-tagged sMD-2 (50 ng) was incubated with
biotinylated SP-D (200 ng) in the buffer containing 2 mM CaCl,
(Ca?) or 5 mM EDTA (EDTA) at 37 °C for 2 h. sMD-2 was
immunoprecipitated with anti-V5 antibody-conjugated agarose, and
the immunoprecipitates were subjected to SDS—PAGE under
reducing conditions. The Western blot was then performed by using
anti-V5 antibody for sMD-2 and HRP-conjugated streptavidin for
b-SP-D, as described in Experimental Procedures. (B) Pull-down
assay of SP-D. Biotinylated SP-D (2 ug) was incubated with sMD-2
(500 ng) in the buffer containing 2 mM CaCl, (Ca*") or 5 mM
EDTA (EDTA) at 37 °C for 2 h. Biotinylated SP-D was pulled
down with streptavidin-conjugated agarose, and the precipitates
were subjected to SDS—PAGE under reducing conditions. The
Western blot was then performed by using HRP-conjugated
streptavidin for b-SP-D and anti-V5 antibody for sMD-2, as
described in Experimental Procedures.

barely detected when EDTA was included. These results
indicate that SP-D binds sMD-2 in solution.

We further analyzed the binding of SP-D to sMD-2 by
surface plasmon resonance analysis (BIAcore). When various
concentrations of sMD-2 were applied to SP-D immobilized
on a sensor chip, concentration-dependent sensorgrams for
association and dissociation were obtained. sMD-2 did not
dissociate well once it bound to SP-D (Figure 4A), indicating
high-affinity interactions between sMD-2 and SP-D. Because

A. Immobilized SP-D  sMD-2 B. Immobilized SP-D

Wo/m) - pe.  sMD-2: 1.25 pg/ml
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0 207|m02(800c) 360 Time (sec)
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So
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FIGURE 4: BIAcore analysis. The interactions between sMD-2 and
SP-D were assessed by surface plasmon resonance analysis (BIA-
core) as described in Experimental Procedures. Sensorgrams for
the bindings of various concentrations of sMD-2 to SP-D or CRF
immobilized on a C1 sensor chip (ABE) or of SP-D to sMD-2
immobilized on a C1 sensor chip (CD) are shown. For the
immobilization of the protein on a C1 sensor chip, 40 uL of 25
ug/mL SP-D or CRF or 50 uL of 50 ug/mL sMD-2 was injected.
In panels B and D, 5 mM Tris buffer (pH 7.4) containing 5 mM
EDTA was used instead of the buffer containing 2 mM Ca?" to
monitor the interaction. RU, resonance units.

secreted MD-2 forms various degrees of large oligomers
(50—400 kDa) in solution (35), it is inappropriate to calculate
parameters for association and dissociation. When various
concentrations of SP-D were applied to immobilized sSMD-
2, high-affinity interactions were also observed (Figure 4C).
When 5 mM EDTA was used instead of 2 mM Ca?", there
was no detectable interaction (Figure 4B,D). Since SP-D
exhibits cruciform structures composed of four trimeric
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FIGURE 5: Effects of anti-SP-D monoclonal antibodies on the
binding of SP-D to sMD2. Anti-SP-D monoclonal antibody 7A10,
7C6, or 6B2 or control mouse IgG (20 xg/mL) was incubated with
biotinylated SP-D (2 pg/mL) at 37 °C for 1 h, and the mixture of
antibody and SP-D was further incubated with sMD-2 (250 ng/
well) coated onto microtiter wells at 37 °C for 5 h. The binding of
the biotinylated SP-D was finally detected by using HRP-conjugated
streptavidin, as described in Experimental Procedures.

subunits (36), CRF that lacks the amino terminus and the
collagenous domain of SP-D and does not form oligomeric
structures was also immobilized and examined for sMD-2
interaction (Figure 4E). There were significant interactions
between CRF and sMD-2. However, the dissociation of
sMD-2 from immobilized CRF appeared faster than that from
immobilized SP-D, suggesting that oligomer formation
affects the binding affinity.

Taken together, the findings demonstrate that SP-D binds
MD-2 in a Ca’>"-dependent manner.

Anti-SP-D Monoclonal Antibody Blocks the Binding of
SP-D to sMD-2. We next investigated the effect of anti-SP-D
monoclonal antibodies on the binding of SP-D to sMD-2.
Antibody 7A10, but not 7C6, significantly attenuated the
binding of SP-D to sMD-2 coated onto microtiter wells
(Figure 5). Antibody 6B2 decreased the level of binding by
approximately 45%, but this was not significant.

These results suggest that the binding to sMD-2 is epitope-
specific for anti-SP-D monoclonal antibodies, promoting a
further analysis of the epitopes for these antibodies. Antibody
7A10 recognized the recombinant CRD and NCRD (the neck
with the CRD), and antibody 7C6 bound to the NCRD but
not the CRD (Figure 6A). The data indicate that the epitopes
for antibodies 7A10 and 7C6 are associated with the CRD
and the neck region, respectively, confirming our previous
study (/7). Antibody 6B2 also recognized the CRD and the
NCRD, indicating that the epitope for antibody 6B2 is within
the CRD. We next examined whether antibodies 7A10 and
6B2 recognized the same CRD epitope. When biotiny-
lated 6B2 was used for the binding to reduced SP-D,
unlabeled 6B2 completely blocked the binding of biotinylated
6B2 to SP-D (Figure 6B). Antibody 7C6 did not alter the
binding of biotinylated 6B2 to SP-D, consistent with the
results that antibody 7C6 recognizes the neck region.
Antibody 7A10 attenuated but did not prevent binding of
biotinylated 6B2 to SP-D. The results suggest that antibodies
7A10 and 6B2 recognize different epitopes within the CRD.
The combined results demonstrate that SP-D binds to sMD-2
through the CRD and suggest that the epitope for 7A10
approximates the region of SP-D required for interaction with
sMD-2.

Binding of SP-D to N-Glycopeptidase-Treated sMD-2 and
SMD-2N?6ANTIHA - Since MD-2 has N-linked oligosaccharide
moieties, we investigated whether the sugar chains on sMD-2
were involved in SP-D binding. We first performed ligand
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7A10 7C6 6B2

Q Q Q
AR LKL D LKL

& OQ‘\o(g 0“\=°§

B. Competition with biotinylated 6B2
PC6 6B2 7A10

sP-D>| B « B

FIGURE 6: Epitope analysis of anti-SP-D monoclonal antibodies.
(A) Western blot. Recombinant proteins (100 ng/lane) of SP-D,
CRD, and NCRD (neck with the CRD) were electrophoresed under
reducing conditions, and the proteins were transferred onto PVDF
membranes. The membranes were incubated with anti-SP-D mono-
clonal antibody (10 ug/mL) 7A10, 7C6, or 6B2, and the binding
of the antibody was detected by HRP-labeled anti-mouse IgG, as
described in Experimental Procedures. (B) Competition with
biotinylated 6B2 for binding to SP-D. SP-D (10 ng/lane) was
electrophoresed under reducing conditions, and the protein was
transferred onto the PVDF membrane. The membrane was incu-
bated with anti-SP-D monoclonal antibody (50 ug/mL) 6B2, 7A10,
or 7C6, or control monoclonal antibody PC6, and was further
incubated with biotinylated antibody 6B2 (2 ug/mL). The binding
of biotinylated antibody 6B2 to SP-D was finally detected by HRP-
conjugated streptavidin, as described in Experimental Procedures.
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FIGURE 7: Binding of SP-D to glycopeptidase F-treated sMD-2.
sMD-2 was treated with glycopeptidase F (GPF) at 37 °C for 17 h.
Untreated and treated sMD-2 were electrophoresed and transferred
onto PVDF membranes. (A) Analysis of glycopeptidase F-treated
sMD-2. The Western blot (WB) for sMD-2 was performed by using
anti-V5 antibody. The oligosaccharide moieties of SMD-2 were
visualized by lectin blot using biotin-conjugated concanavalin A
(Blot: Con A). (B) Binding of SP-D to sMD-2 (GPF: + and —) or
BSA was also detected by using anti-SP-D polyclonal antibody
(Blot: SP-D), as described in Experimental Procedures. Arrowheads
indicate the positions of sMD-2 and BSA.

blot analysis of sMD-2 treated with N-glycopeptidase F
(Figure 7). Glycopeptidase-treated sMD-2 exhibited a lower
molecular mass of the protein and was faintly detected by
concanavalin A (Figure 7A). Concanavalin A evidently
bound to the upper band which is presumed to be undigested
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FIGURE 8: SP-D binds to sMD-2N20ANI4A (A) Analysis of partially
purified sMD-2. Partially purified wild-type (Wt) sMD-2 and sMD-
2N26ANII4A (Mut) (15 ul/lane) were analyzed by silver staining,
Western blotting using anti-V5 antibody to detect sMD-2, and lectin
blot using concanavalin A (Con A). (B and C) Pull-down assays
of biotinylated SP-D and sMD-2. Biotinylated SP-D (250 ng) was
incubated with partially purified sMD-2 (250 uL) at 37 °C for 2 h.
sMD-2 or biotinylated SP-D was pulled down with Ni-NTA agarose
(B) or streptavidin-conjugated agarose (C), respectively. The
precipitates were finally analyzed by Western blot by using anti-
V5 antibody and HRP-labeled streptavidin as described in Experi-
mental Procedures. Letters w and m denote wild-type sMD-2 and
mutant sMD-2, respectively.

sMD-2. Ligand blot analysis showed that SP-D bound to
the lower band of glycopeptidase-treated sMD-2 in addition
to the upper band (Figure 7B). However, the presence of
carbohydrate moieties in two bands of glycopeptidase-treated
sMD-2 cannot be excluded since the double bands seen in
binding of SP-D to glycopeptidase-treated sMD-2 (Figure
7B) appear to be similar to those in concanavalin A binding
(Figure 7A). Thus, we constructed an sMD-2 mutant in which
consensus sequences for N-linked glycosylation sites were
mutated.

The interaction of SP-D with unglycosylated sMD-2 was
further determined by using the sMD-2 mutant (sMD-
2N26ANII4AY in which the only potential sites for N-linked
glycosylation at Asn?® and Asn''* were replaced with Ala.
SMD-2N26ANTI4A wag expressed in a baculovirus—insect cell
system. Because the expression level of the mutant protein
was quite low and sMD-2N?6ANTI3A wag somewhat unstable,
SMD-2 and sMD-2N?6ANH4A were partially purified from the
medium and 250 uL of the partially purified protein
preparation was used for the experiments. sMD-2 and sMD-
2N26ANIAA were electrophoresed (Figure 8A). Silver stain and
Western blot revealed that the mutant protein exhibited a
lower molecular mass than wild-type sMD-2. Mutant sMD-2
was not detected with concanavalin A. When SP-D and
sMD-2 were incubated and pulled down with Ni-NTA
agarose, both wild-type sMD-2 and mutant sMD-2 cosedi-
mented with SP-D (Figure 8B). Furthermore, biotinylated
SP-D pulled down sMD-2N?6ANIEA a9 well as wild-type
sMD-2 (Figure 8C). sMD-2N?6ANH4A protein exhibited two
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bands on the membrane, although concanavalin A did not
recognize either of these proteins. The double bands are
attributed to limited degradation of the sMD-2N20ANII4A
protein.

DISCUSSION

In this study, we demonstrated the direct binding of SP-D
to sMD-2 by several methods. SP-D bound to sMD-2 coated
onto microtiter wells. Ligand blotting assays were used to
demonstrate that endotoxin-depleted SP-D binds endotoxin-
free sMD-2. sMD-2 and biotinylated SP-D cosedimented
each other in bead pull-down assays. BIAcore analysis
demonstrated high-affinity interactions between these pro-
teins. We subsequently focused on the mechanism of binding
of SP-D to sMD-2. Binding requires the SP-D CRD and
Ca’*. The binding of SP-D to sMD-2 was blocked in the
presence of excess mannose. SP-D bound to the sMD-2
mutant in which consensus sequences for N-linked glyco-
sylation sites were mutated.

SP-D binds to sMD-2 in the presence of Ca>*. Chelation
of Ca>* weakened binding of SP-D to sMD-2. In addition,
excess mannose blocked the binding of SP-D to solid phase
sMD-2. Because SP-D possesses a C-type lectin domain, this
finding might suggest that SP-D binds to sMD-2 by its lectin
property. sMD-2 used in this study is produced by insect
cells. Although proteins that are N-glycosylated in mam-
malian cells are generally also glycosylated in insect cells,
the carbohydrate moieties of proteins expressed by insect
cells are different. The pentasaccharide core common to
N-glycoproteins such as Man3GIlcNAc?2 is synthesized in
insect cells, but terminal modifications that lead to the
formation of more complex oligosaccharides do not occur
in insect cells (37). Thus, we examined whether SP-D
interacts with N-glycan attached on the sMD-2 protein or
with the peptide portion of the protein. The glycopeptidase-
treated sMD-2 was examined for SP-D binding. SP-D binds
the glycopeptidase-treated sMD-2, which concanavalin A
faintly recognizes (see Figure 7). This may suggest that the
presence of carbohydrate moieties on the sMD-2 protein
cannot be excluded. In addition, the complete inhibition of
binding of SP-D to the native sMD-2 coated onto microtiter
wells (see Figure 2B) raises the possibility that SP-D binds
to the glycan attached to the sMD-2 protein. We showed
that SP-D binds to sMD-2N26A/NI4A (gee Figure 8) that lacks
the consensus for N-glycosylation, indicating that the N-
glycan on the mutant protein is not required for SP-D
binding. This may suggest that SP-D binds to the mutant
protein by a protein—protein interaction since MD-2 does
not contain an O-linked glycosylation site (38). However,
this finding does not necessarily mean the direct binding of
SP-D to the peptide portion of wild-type sMD-2. It remains
a possibility that SP-D interacts with wild-type MD-2 through
the N-glycan.

Alternatively, the binding of SP-D to sSMD-2N26ANI4A gy
raise another possibility that SP-D binds to the peptide
portion of wild-type sMD-2. Inhibition of the binding of
SP-D to sMD-2 by mannose could be interpreted as follows;
the binding with excess mannose may alter the structure of
SP-D, which could prevent SP-D from interacting with the
MD-2 protein. It is possible that a region near or adjacent to
the carbohydrate recognition site of SP-D may be involved
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in the recognition of MD-2. A previous study (//) has also
shown that N-linked oligosaccharide moieties of TLR2 and
TLR4 are not required for the recognition by SP-D, although
excess carbohydrates significantly attenuate the binding of
SP-D to TLRs. In addition, the binding of SP-D to phos-
phatidylinositol is abolished in the presence of myoinositol,
but SP-D fails to bind to lysophosphatidylinositol (6). SP-D
binds to fatty acids in a Ca?*-dependent manner, and its
binding is inhibited by 30 mM glucose (39).

Anti-SP-D monoclonal antibodies 7A10 and 6B2 attenuate
the binding of SP-D to sMD-2, although the inhibition by
antibody 6B2 is not significant. Since the epitopes for
antibodies 7A10 and 6B2 are located at the CRD, the
functional domain for the interaction with MD-2 is consid-
ered to be the CRD. The competition experiments with
biotinylated 6B2 indicate that the epitopes for these antibod-
ies are within the CRD but distinct from each other. This
may explain the different inhibitory effects caused by
antibodies 7A10 and 6B2. Antibody 7A10 inhibited the
binding of SP-D to sMD-2 more strongly than antibody 6B2.
Ca’*-dependent binding of SP-D to sMD-2 supports the
conclusion that the CRD is a functional domain for sMD-2
binding.

MD-2 is an essential accessory protein for TLR4 (/6).
MD-2 directly binds to LPS (34, 38). The Cys®» — Tyr
mutation of MD-2 abolishes endotoxin-induced signaling
(40), indicating the importance of Cys® in LPS signaling. It
is unknown how MD-2 interacts with LPS. Eritoran, an
endotoxin antagonist, binds the hydrophobic pocket in human
MD-2 (/7). Because MD-2 belongs to a novel family of
proteins, the MD-2-related lipid recognition (ML) family (19, 22),
MD-2 is thought to recognize lipid A, the minimal structure
of LPS. Lipid A is composed of six Cj»-14 fatty acids linked
to a phosphorylated N-acetylglucosamine dimer. SP-D is also
a lipid binding protein, recognizing both phosphatidylinositol
and glucosylceramide (6, 41). Both a hydrophobic acyl chain
and a polar headgroup are required for lipid recognition by
SP-D. SP-D recognizes Rc and Rd LPS but does not appear
to bind lipid A (9). A recent report indicates that interactions
with the side chain of inner core heptoses provide a potential
mechanism for the recognition of diverse types of LPS by
SP-D (42). Although it is possible that SP-D and MD-2
interact with each other through LPS associated with each
protein, ligand blot analysis reveals that the LPS-depleted
SP-D binds to the electrophoresed sMD-2 on the membrane.
Under this condition, LPS is separated from the sMD-2
protein. Thus, the SP-D protein recognizes the sMD-2
protein, although the region in the sMD-2 molecule that is
involved in interaction with SP-D remains to be elucidated.

In a previous study, we showed that SP-A downregulates
smooth LPS-induced TNF-a secretion and NF-«B activation
by direct interaction with TLR4 and MD-2 (27). We have
also reported that SP-D binds to TLR4 (/17), and this study
demonstrates that SP-D interacts with MD-2. Because the
formation of the TLR4—MD-2 complex is crucial for
triggering LPS signaling (/6), the binding of SP-D to TLR4
and MD-2 could alter LPS-elicited cellular responses.
Whether SP-D similarly alters TLR4—MD-2 complex-
mediated signaling stimulated with LPS is under investigation.
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