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Background: Innate immune protein surfactant protein D (SP-D) helps to protect against influenza A virus (IAV) infection.
Results: In pigs, this protein exhibits a unique sugar-binding site in its carbohydrate recognition domain.

Conclusion: Distinct interactions with viral mannose-rich glycans contribute to the profound antiviral activity of porcine SP-D.
Significance: These findings could help explain why pigs serve as mixing vessels for IAV.

Pigs can act as intermediate hosts by which reassorted influ-
enza A virus (IAV) strains can be transmitted to humans and
cause pandemic influenza outbreaks. The innate host defense
component surfactant protein D (SP-D) interacts with glycans
on the hemagglutinin of IAV and contributes to protection
against IAV infection in mammals. This study shows that a
recombinant trimeric neck lectin fragment derived from por-
cine SP-D (pSP-D) exhibits profound inhibitory activity against
IAV, in contrast to comparable fragments derived from human
SP-D. Crystallographic analysis of the pSP-D fragment com-
plexed with a viral sugar component shows that a unique tripep-
tide loop alters the lectin site conformation of pSP-D. Molecular
dynamics simulations highlight the role of this flexible loop,
which adopts a more stable conformation upon sugar binding
and may facilitate binding to viral glycans through contact with
distal portions of the branched mannoside. The combined data
demonstrate that porcine-specific structural features of SP-D
contribute significantly to its distinct anti-IAV activity. These
findings could help explain why pigs serve as important reser-
voirs for newly emerging pathogenic IAV strains.

Influenza is a highly contagious respiratory disease, esti-
mated to cause between 250,000 and 500,000 deaths worldwide
each year. Its potential to cause pandemic influenza outbreaks
in humans was illustrated recently by the swine-origin pan-
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demic flu of 2009 (1), which emphasized the importance of pigs
as animal reservoirs from which novel reassorted influenza A
virus (IAV)? strains can be introduced into the human popula-
tion. Before IAV infection of the host is established, the virus
encounters various lines of innate defenses, including an
important class of mammalian innate immune proteins, the
collagenous C-type lectins known as collectins. Lung collectins
are involved in the early pulmonary response to limit infection
and spread of IAVs and other pathogens in the airways. By now,
itis well established that among these collectins, surfactant pro-
tein D (SP-D) appears particularly important in the context of
IAV. Apart from the serum bovine collectin conglutinin, native
SP-D exhibits the strongest anti-IAV activity compared with
other collectins as indicated by various in vitro studies (2, 3),
although its protective role is underscored in studies with SP-D
knock-out mice (4, 5). SP-D-mediated protection is primarily
established by reducing the number of infectious particles via
collectin-mediated aggregation of viral particles, which pre-
vents attachment of virus to the host respiratory epithelium and
induces phagocytic responses resulting in enhanced viral clear-
ance (opsonization). In addition, SP-D is involved in control of
pulmonary inflammation in early stages of IAV infection (4 —6),
prevents deactivation of neutrophils (7), and could also bridge
the innate and adaptive immune responses by modulating the
function of dendritic cells and T cells (8).

SP-D is mainly secreted as a dodecameric four-armed struc-
ture (9, 10) in which each arm represents a trimeric oligomer,
the basic structural unit common for the collectin family mem-
bers. Within each subunit, four major domains can be distin-

“The abbreviations used are: 1AV, influenza A virus; CRD, carbohydrate recog-
nition domain; HAI, hemagglutination inhibition; hSP-D, human SP-D;
MDCK, Madin-Darby canine kidney; NCRD, neck region plus CRD; pSP-D,
porcine SP-D; RhNCRD, recombinant human SP-D-derived trimeric neck-
CRD; RpNCRD, recombinant porcine SP-D-derived trimeric neck-CRD;
RpNCRD-dNG, RpNCRD with deleted N-glycosylation site; RpSP-D, recom-
binant porcine SP-D; GSS-loop, pSP-D-specific insertion of Gly-Ser-Ser
adjacent to residue Gly-326 of the SP-D consensus sequence; SP-A, surfac-
tant protein A; SP-D, surfactant protein D; BisTris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; r.m.s.d., root mean square
deviation; PDB, Protein Data Bank; VMD, visual molecular dynamics.
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guished as follows: an N-terminal cross-linking domain; a
collagen-like triple helical domain; a neck region, and a carbo-
hydrate recognition domain (CRD). The neck region, a short
stretch of 33 amino acids, mediates formation of a triply wound
a-helical coiled-coil domain (11). The three globular C-type
lectin domains are clustered at the C terminus of each subunit
to facilitate multivalent high affinity interactions between the
ligand-binding sites of SP-D with patterns of glycoconjugates
expressed on the surface of pathogens. Prior in vitro and in vivo
studies have shown that the trimeric arrangement and carbo-
hydrate-binding characteristics of the CRD are important
structural requirements that confer the strong antiviral activity
of SP-D against IAV (4, 5, 12-14). Correspondingly, neck and
CRD domains (NCRDs) possess some measure of the antiviral
activity inherent in the full-length, more highly oligomerized
SP-D.

The CRDs of SP-D recognize high mannose glycans present
on the hemagglutinin (HA) and/or neuraminidase of AV (15,
16). The sensitivity of various IAV strains to SP-D-mediated
inhibition therefore depends largely on the degree of viral gly-
cosylation (15, 17, 18). This was also illustrated by a recent
study with pandemic 2009 HIN1 IAV that, in contrast to sea-
sonal HIN1 strains, appears to be poorly glycosylated and
therefore exhibits resistance against the inhibitory activity of
innate immune proteins like hSP-D (19).

Other modes of interaction can occur between SP-D and
IAV, independent of viral glycosylation. Our investigations into
the primary structure and biochemical properties of porcine
SP-D (pSP-D) have revealed that pSP-D is unique in that it is the
only SP-D species known to be equipped with an N-linked com-
plexsialic acid-rich glycan in its CRD (10, 20). These sialic acids
are likely to interact with the conserved sialic acid receptor,
located on the HA of all IAVs, that mediates binding of the virus
to sialoglycans expressed on the respiratory epithelium, initiat-
ing IAV infection of the lung. In vitro neutralization studies
with IAV revealed that the N-linked oligosaccharide in the CRD
of pSP-D isolated from bronchoalveolar lavage fluid adds to the
lectin-mediated interactions between pSP-D and glycans pres-
ent on the surface proteins of AV (21). As a result, this N-linked
glycan not only enhances the overall antiviral activity of pSP-D
but also broadens the range of viral strains that can be inhibited
by pSP-D, including strains that are resistant to inhibition by
hSP-D (21-23). We speculate that this distinct pSP-D activity
against IAV might be involved in the process of interspecies
transmittance of IAV strains with birds and humans that read-
ily occurs in pigs (24, 25).

To investigate the respective contributions of the CRD lec-
tin-mediated IAV interactions versus the CRD N-linked
glycosylation interactions, we initiated studies of the recombi-
nant pSP-D NCRD either retaining (RpNCRD) or lacking
(RpNCRD-dNG) the N-linked glycosylation site through site-
directed mutation (N303Q). Previous studies performed with
enzymatically N-deglycosylated pSP-D had established that the
CRD-mediated interactions between pSP-D and IAV glycans
are significantly stronger as compared with human and rat
SP-D (23); however, the mechanistic basis of this distinction
remained to be determined. Crystallographic studies provide
the three-dimensional structure of RpNCRD-dNG complexed
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with D-mannose. The thermodynamics of pig and human SP-D
complexed with or without oligomannose were characterized
through molecular dynamics simulations. The combined data
suggest that specific features of the pig SP-D lectin site region
facilitate recognition of highly branched mannose-rich oligo-
saccharides expressed on the IAV surface.

EXPERIMENTAL PROCEDURES

Construction of pSP-D-NCRD ¢cDNA—A full-length pSP-D
¢DNA clone in pCR4-TOPO vector (26) was used as a template
in a standard 50-ul PCR using proofstart DNA polymerase to
amplify the NCRD region of pSP-D starting at the codon coding
for Gly-223 (numbers according to Ref. 20) and ending 142
nucleotides downstream from the stop codon (total length, 613
bp). For subcloning purposes, the forward primer included a
Bsmbl/BamHI restriction site (PDNCRDFOR, gcgtctcggatcc
GGC ATC ACT GCT CTG AGG C; all DNA sequences
described in this study are 5’ to 3" with gene-specific sequences
in capitals), and the reverse primer contained a NotI sequence
(PSPDREV, 5'-gcggecge TGA GGG AGG CGT TCC ATA
GGC-3'). The amplified DNA fragment was gel-purified, and
3'-A overhangs were added by incubating 10 min at 72 °C in the
presence of 1 unit of TagDNA polymerase and 0.4 mm dATP.
The gel-purified product was cloned into pCR4-TOPO
sequencing vector using a TOPO T/A cloning kit (Invitrogen).
Insert-positive clones were isolated and sequenced to rule out
any errors. The resulting pSP-DNCRD construct was digested
with BsmBI/NotlI, gel-extracted, and ligated into pUPE 105.03
expression vector (U-Protein Express B.V., Utrecht, The Neth-
erlands), a modified version of the pTT3 expression vector (27)
containing an artificial cystatin signal peptide (28). No tags
were used. Subclones containing the cDNA were identified by
BamHI/NotlI restriction analysis.

Site-directed Mutagenesis—Site-directed mutagenesis was
performed on the pSP-DNCRD cDNA clone in pCR4-TOPO
vector (described above) by PCR using the Quikchange II site-
directed mutagenesis kit. To generate an N323Q (Asn-303 in
hSP-D sequence) mutation to produce the pSP-DNCRDNKO
mutant having the Asn-323-Phe-324—Thr-325 glycosylation
motif changed into a nonglycosylating sequence in its CRD, the
following primers were used: PSPDKOFOR, GAC TGA CAT
CAA GAC GGA GGG CCA GTT CAC CTA CCC CAC GGG
GGA with PSPDKOREV, CTC CCC CGT GGG GTA GGT
GAA CTG GCCCTCCGT CTT GAT GTC AGT C (mutation
codon underlined). After sequence verification, the pCR4-
TOPO insert was digested with BsmBI/Notl, gel-purified, and
transferred to pUPE105.03 as described for the pSP-DNCRD
¢DNA clone.

Recombinant Expression of Porcine and Human SP-D Tri-
meric NCRDs—Recombinant collectins were produced using
HEK293 cells stably expressing Epstein-Barr virus nuclear anti-
gen 1 (EBNA1). HEK293E cells were transiently transfected as
described previously (29). The pSP-D sequence-containing
pUPE105.03 expression plasmids were purified using an endo-
toxin-free plasmid maxi prep kit. Expression media containing
RpNCRD and RpNCRD-dNG, which has the N303Q substitu-
tion that results in a deleted N-glycosylation site in its CRD,
were harvested by centrifugation 6 days post-transfection.
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Large scale expression media were concentrated 10-fold and
diafiltrated into 5 mm Hepes, 0.9% NaCl, 5 mm EDTA, pH 7.4,
using the Quixstand Hollow Fiber System (GE Healthcare)
using a cartridge with a 10-kDa cutoff. RANCRD was produced
in Escherichia coli as described previously (30).

Purification of Recombinant Porcine and Human SP-D-
NCRDs—RpNCRD and RpNCRD-dANG were isolated from
HEK293E cell-free diafiltrated medium as described previously
for the isolation of SP-D from porcine bronchoalveolar lavage
(10) with the exception of Tris-HCIl, which was replaced by
Hepes (5 mMm, pH 7.4) in all buffers. Instead of a single overnight
incubation at 4 °C, the medium was subjected to a batchwise
overnight incubation in the presence of 5 mm calcium chloride
and mannan-agarose (5-ml bed volume/liter of medium). This
procedure was repeated twice to increase yield. Purification was
performed in the absence of Tween 80 throughout the proce-
dure. Mannan-bound RpNCRD and RpNCRD-dNG were
eluted with 5 mm Hepes, 0.9% NaCl, 5 mm EDTA, pH 7.4, fil-
trated through a 5-um filter and concentrated to ~5 ml via
ultrafiltration with Amicon Ultracel centrifugal filters (30-kDa
cutoff; Millipore). Gel filtration chromatography was per-
formed using an AKTAPurifierl0 system that was equipped
with a Hiload 16/60 Superdex200 PREP grade column. Frac-
tions were analyzed by SDS-PAGE analysis and Western blot
analysis. Pooled fractions were further concentrated by Ultracel
centrifugation and analyzed for protein content. Endotoxin lev-
els were determined with the ToxinSensor LAL assay kit (rang-
ing between 10 and 100 pg/ug SP-D). RANCRD was purified by
maltosyl-agarose chromatography followed by gel filtration
chromatography and characterized as described previously
(30). Endotoxin values of RhNCRD preparations were below
0.1 pg/mg protein. Recombinant full-length porcine SP-D
(RpSP-D) was produced and purified as described (26).

Biochemical Characterization of RpNCRDs—SDS-PAGE
analysis, Western blot analysis, and N-glycanase treatment to
determine the presence of N-linked oligosaccharides on
RpNCRD preparations were performed as described in detail
for the characterization of natural pSP-D (10). Chemical cross-
linking of RpNCRD and RpNCRD-dNG was achieved with a
BS3 cross-linker as described previously (26).

Hemagglutination Inhibition of IAV by SP-D—Inhibition of
HA activity (HAI) was performed on IAVs grown in chicken
eggs and purified on sucrose gradients as described (31) and
included the following strains: A/Philippines/82(H3N2) (Phil)
provided by Dr. E. Margot Anders (Department of Microbiol-
ogy and Immunology, University of Melbourne, Melbourne,
Australia); A2/Aichi68/H3N2 (Aichi) provided by American
Type Culture Collection; and A/Puerto Rico/8/34(H1N1)
(PR-8) provided by Dr. Jon Abramson (Department of Pediat-
rics, Wake Forest University, NC). The hemagglutination titer
of each virus preparation was determined by titration of virus
samples in PBS++ (PBS with 1 mm calcium chloride and 0.5
mM magnesium chloride) with thoroughly washed human type
O, Rh™ red blood cells as described (32). HAI was measured by
serially diluting SP-D preparations (25 ul per well) in round-
bottom 96-well plates using PBS+ + as diluent. After adding 25
ul of TAV solution (final concentration, 40 HA units/ml), the
IAV/SP-D mixture was preincubated for 15 min, followed by
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addition of 50 ul of human type O erythrocyte suspension in
PBS+ +. The minimal concentration of a collectin, required to
fully inhibit HA caused by IAV, was indicated by the formation
of a pellet of red blood cells after incubation for 2 h. The highest
collectin concentration tested was 40 ug/ml. The entire proce-
dure was carried out at room temperature. All measurements
were Ca®"-dependent because addition of EDTA reduced all
HAT activity to 0; HAI was measured in triplicate for all prepa-
rations. Statistical comparisons were performed by Student’s
paired, two-tailed ¢ test.

Collectin-mediated Protection of MDCK Cells against Infec-
tion by IAV—Fluorescent focus assays were performed to assess
the inhibitory activity of RpSP-D, RpNCRD, RpNCRD-dNG,
and RhNCRD against the Phil strain of IAV on infectivity of
MDCK cells. A fixed amount of virus was preincubated with
increasing concentrations of collectin (0—40 pg) for 30 min at
37 °C, added to confluent monolayers of MDCK cells, and incu-
bated for 45 min at 37 °C. After washing, the monolayers were
incubated for 7 h at 37°C in Dulbecco’s modified Eagle’s
medium, washed, and fixed with 80% (v/v) acetone at 4 °C.
Thereafter, the monolayers were labeled with monoclonal anti-
body against IAV viral nucleoprotein (monoclonal antibody
A-3; a kind gift of Nancy Cox, Centers for Disease Control and
Prevention, Influenza Branch, Atlanta, GA) for 30 min at 4 °C.
After three washes, the MDCK cells were incubated with FITC-
labeled goat anti-mouse IgG. The numbers of infectious foci
were counted by fluorescence microscopy and expressed as a
percentage of the number of infectious foci formed in the con-
trol incubation (IAV added to monolayer in absence of collec-
tin). Statistical comparisons were made using Student’s paired,
two-tailed ¢ test.

Crystallization Procedure and Data Collection—Crystals of
RpNCRD-dNG were grown in hanging drops by mixing protein
(12.3 mg/mlin 0.9% (w/v) sodium chloride, 5 mM EDTA, 15 mm
calcium chloride, and 20 mm b-mannose) with an equal amount
of reservoir solution (0.1 M BisTris, pH 6.5, 20% (w/v) PEG 3350,
200 mm magnesium chloride, and 15% v/v glycerol) on a sili-
conized coverslip, then inverting over a well of a 0.5-ml reser-
voir solution on a VDX plate, and equilibrating at 17 °C. Crys-
tals appeared in 3—4 days. Crystals were then soaked in a 30%
(w/v) p-mannose solution, which is cryoprotective. Crystals
were cooled to 80-100 K in a vapor nitrogen stream prior to
data collection. Diffraction data were collected on a RAXIS-IV
image plate system mounted on a Rigaku RU-300 rotating
anode. Data were indexed and processed using DENZO and
SCALEPACK.

Structure Solution and Refinement—Solution of the RpNCRD-
dNG structure was performed using molecular replacement as
implemented in Phenix (33). The search model was the B chain
from the structure of RANCRD complexed with maltotriose
(PDB code 2GGU) (34) that had been treated with the Sculptor
program within Phenix, removing the waters, ligands, and one
of the three calcium ions. The top solution was then submitted
to AutoBuild (35) in Phenix for composite-omit map rebuilding
and density modification of the molecular replacement solu-
tion. Iterative rounds of manual rebuilding and refinement
were then carried out in Phenix and Coot (36), and translation
libration screw-motion (TLS) parameters were used for B fac-
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TABLE 1

Data collection and refinement statistics of pSP-DNCRD crystal
structure

The number in parentheses is the value for reflections in the outermost shell.
Ligands are D-mannose and calcium ions. The average B factor for protein atoms is
calculated with the isotropic contribution to the B factor only, ignoring the contri-
bution of the TLS terms.

Parameter Value
Data collection
Space group P6.,
Unit cell dimensions a=b=66.024,c = 66.018 A
Resolution 15t02.2 A (2.28 t0 2.20 A)
Number of reflections 8361 (840)
Data cutoff =30
1/o(l) 419 (7.1)
Redundancy 10.5(9.1)
Completeness 99.9% (99.4%)
erge 0.045 (0.416)
Refinement
R/ Rvee 0.1989/0.2373
No. of protein atoms 1206
No. of water atoms 36
No. of ligand atoms 14
Average B factors
Protein atoms 60.2
Waters 48.3
Ligand atoms 85.0
r.m.s.d. from ideal values )
Bond lengths 0.002 A
Bond angles 0.542°
Chiral volume 0.038 A®
Ramachandran
Favored 93.1%
Allowed 6.9%
Disallowed 0.0%

tor refinement (37, 38). The protein was defined as two zones
for TLS refinement, one corresponding to the neck region (res-
idues 203-235) and the other corresponding to the CRD (resi-
dues 236 -355). These final refined coordinates, less the water
and glycerol molecules, were then used as the starting model for
a difference Fourier solution of the RpNCRD-dNG-D-mannose
complex data. Data collection and refinement statistics are
shown in Table 1. Figures were prepared using PyMOL, Swiss
PDBViewer (39), and Povray (40). Alignments were performed
in a Swiss PDBViewer.

Docking Calculations—Oligomannose models were obtained
starting from the crystal structure coordinates of Fab 2G12
bound to Man9GIcNAc2 (PDB code 10P5 (41)). This crystal
structure has nine mannoses; for the docking, one of the nonre-
ducing end mannoses was removed a priori to be accommo-
dated by Glide as described under “Results.” A small number of
starting conformations was generated by a Monte Carlo tor-
sion/low mode sampling conformational search in Macro-
model (Schrodinger, Inc.). The search was performed in an
OPLS-2005 force field using the extended search option. 1000
searches were carried out, and redundant conformations were
eliminated using a 1-A all atom r.m.s.d. cutoff.

The protein part of the RpNCRD-dNG'mannose complex
was prepared for docking calculations using the Protein Prep-
aration Wizard in Maestro (Schrodinger, Inc., New York),
which adds hydrogens, assigns charges, removes solvent mole-
cules, optimizes the hydrogen bond network, and minimizes
the starting structure.

The grid for docking was calculated using the prepared pro-
tein as described above. The grid was centered on a point about
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7 A above the plane of the side chain of Phe-335. This grid
covers the entire top of the NCRD. Because it was assumed that
the mannose bound in the lectin site would have a conserved
structure whether as a monomer, as in the crystal structure, or
as part of the oligomannose chain, positional constraints were
added to the grid in the form of 1-A spheres centered at the
positions of the C3, O3, C4, and O4 atoms of the bound man-
nose in the crystal structure. During the docking, poses that do
not position the C3, O3, C4, and O4 atoms of a specified man-
nose within the corresponding spheres were discarded. This
enforced a given mannose to the lectin site, where it was docked
in a conformation very similar to the crystal structure.

Dockings were run in Glide using the OPLS-2005 force field
on each of the generated conformations for each oligomannose
species tested. The parameters for the docking were altered
from the defaults as follows: 50,000 poses were kept for the
initial phase of docking; the scoring window was increased to
200; the expanded sampling mode was used; the best 1000 poses
were kept for energy minimization; the maximum number of
minimization steps was set to 500; and up to 10 poses were
selected for post-docking minimization and output.

After docking, the poses were clustered using XCluster
(Schrodinger Inc., New York). The top scoring clusters from
the dockings were then analyzed to determine whether the
poses were consistent with the true substrate N-linked glyco-
protein binding to pSP-D. For the docking, only the mannose
portion of oligomannose was used; the protein and the first two
GIcNAcs of the N-linked glycosylation from the glycoprotein
substrate of RpNCRD-dNG were not included in the calcula-
tion. Therefore, poses where addition of the substrate protein
or the remaining sugars of the glycosylation site to their
expected position on the docked mannoses would create severe
steric clashes with the pSP-D protein were eliminated from
further consideration.

Molecular Dynamics Simulations—Five systems, namely
RpNCRD-dNG, RpNCRD-dNG-Mang complex, RhNCRD,
RhNCRD-Mang complex, and RpNCRD-dNG-D-mannose com-
plex, were studied using molecular dynamics simulation.

Topology files of protein and sugar were generated using the
psfgen plugin of VMD (42). For systems of the RpNCRD-dNG,
RpNCRD-dNG*Mang complex, RhNCRD, RhNCRD-Man com-
plex, and RpNCRD-dNGp-mannose complex, each initial
structure was placed in a TIP3P water box at 100 mm NaCl
and neutralized using VMD (42). The simulated systems of
RpNCRD-dNG and the RpNCRD-dNG-Mang complex contain
100,782 and 100,804 atoms, respectively; the simulated systems
of unliganded RhNCRD and the RRNCRD-Mang complex con-
tain 98,524 and 103,027 atoms, respectively.

Simulations were performed using the program NAMD 2.8
(43) with the CHARMM22 force field with CMAP corrections
(44) for the protein and ions, the CHARMMS36 force field for
the sugars (45, 46), and the TIP3P water mode (47). Periodic
boundary conditions were assumed, and the particle mesh
Ewald summation method was employed for evaluating Cou-
lomb forces. The van der Waals energy was calculated using a
cutoff of 12 A; the integration time step was 1 fs; the tempera-
ture was keptat 295 K by applying Langevin forces with a damp-
ing constant of 0.1 ps~ ' (48) only to the oxygen atoms of water
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molecules. The methods mentioned were described by Phillips
and co-workers (43).

Each simulated system was first subjected to 8000 steps of
conjugate gradient minimization and then heated to 295 K in 4
ps, followed by a 500-ps equilibration with harmonic restraints
applied to all protein heavy atoms, and by a 2-ns equilibration
with no restraints under NPT ensemble conditions using Nosé-
Hoover Langevin piston pressure control (48). The resulting
equilibrated structure was used for a 65-ns production molec-
ular dynamics simulation under NVT ensemble conditions. An
analysis of molecular dynamics simulations and snapshots of
the molecular structures were made with VMD (42). Loop
region r.m.s.d. values were calculated using the heavy atoms of
residues 324 —329 for both proteins.

The atomic coordinates of the RpNCRD-dNG-D-mannose
complex were taken from the corresponding crystal structure
in this study. The complex was solvated into a TIP3 (47) water
box of dimension 82 X 64 X 104 A and was neutralized with 10
mMm NaCl using VMD (42). The final simulated system con-
tained 2375 atoms for RpNCRD-dNG'mannose and 48,530
atoms for water and NaCl. The simulation was performed using
NAMD 2.8 (43). The system was energy-minimized for 2000
steps, followed by a 0.5-ns equilibration with RpNCRD-dNG-D-
mannose complex atoms fixed and another 0.5 ns equilibration
with the RpNCRD-dNG loop region (residues Asn-324 to Asn-
330) released under NPT ensemble. Finally, a 30-ns production
simulation was performed. The temperature and pressure were
maintained at 300 K and 1 atm using Langevin thermostat with
a damping constant of 5 ps~ ' and Nosé-Hoover Langevin pis-
ton methods (48), respectively. Periodic boundary conditions
and particle-mesh Ewald summation were used for effective full
electrostatic interaction calculation. The integration time step
was 1 fs.

RESULTS

Biochemical Characterization of Recombinant SP-D NCRD
Preparations—The purification of RpNCRD and RpNCRD-
dNG from HEK293E cell medium transiently transfected with
the pSP-D NCRD sequence with or without the N323Q muta-
tion, respectively, was performed as described previously using
calcium-dependent mannan affinity chromatography followed
by gel filtration chromatography (10). Chemical cross-linking
followed by SDS-PAGE analysis showed major bands of ~65
and 55 kDa for RpNCRD and RpNCRD-dNG, respectively (data
not shown). Digestion of RpNCRD with N-glycanase resulted in
a mobility shift toward the position of RpNCRD-dNG, indicat-
ing that the difference in apparent molecular mass between
RpNCRD and RpNCRD-dNG was due to N-glycosylation of
the CRD of RpNCRD. This indicated that the N-glycosylation
sequon was successfully mutated by site-directed mutagene-
sis, yielding RpNCRD-dNG, the N-deglycosylated analog of
RpNCRD.

The RhSP-D-derived NCRD fragment (RhNCRD) was puri-
fied and characterized as described previously (30). This prep-
aration was shown to consist almost exclusively of trimers and
bound mannosyl- or maltosyl-agarose in a Ca**-dependent
manner.
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TABLE 2

HA inhibition of IAV by recombinant porcine and human SP-Ds

Values are mean = S.E. of at least three experiments. ND means not detectable (no
inhibition with highest collectin concentration tested, 40 ug/ml).

Collectin
preparation Phil” Aichi” PR-8“
RpSP-D 0.030 = 0.004 0.61 = 0.2 0.42 = 0.08
RpNCRD 0.66 = 0.2 33+09 74*3
RpNCRD-dNG 6.8 = 0.7 19.8 + 3¢ ND
RhNCRD ND ND ND

“ Strain designations are as follows: Phil, A/Philippines/82(H3N2); Aichi,
A2/Aichi/68 (H3N2); PR-8, A/Puerto Rico/34 (HIN1).

? p < 0.005 compared with RpNCRD.

¢ p < 0.05 compared with RpNCRD. Statistical comparisons were by Student’s
paired, two-tailed ¢ test.

Comparison of the Antiviral Activity of RSP-Ds against
IAV—The HALI activities of full-length pig SP-D (RpSP-D) or
pig or human NCRDs (RpNCRD, RpNCRD-dNG, and RhN-
CRD) were measured against IAV strains Phil82(H3N?2),
Aichi(H3N2), and PR-8(H1N1) (Table 2). The susceptibility to
inhibition by RpSP-D (Phil82 > PR-8 > Aichi) was generally in
agreement with what was previously found in SP-D-mediated
HAI studies on these IAV strains (23), although the PR-8 strain
tended to be less resistant (similar to Aichi strain) for inhibition
by RpSP-D compared with SP-D from porcine lung. Although
RpSP-D was shown to be highly effective against all three
strains (<1 ug/mlrequired to fully inhibit 40 HA units of virus),
substantial inhibition was also mediated by RpNCRD. The
activity of RpNCRD was shown to be dependent to a significant
extent on the presence of the N-linked oligosaccharide, as illus-
trated by the significantly lower inhibitory activity measured
for RpNCRD-dNG. It is important to note, however, that RpN-
CRD-dNG did have measurable HA inhibitory activity against
the Phil82 and Aichi strains, whereas RhRNCRD had no inhibi-
tory activity for any IAV strain with the highest concentration
tested (40 pg/ml). The lack of HA inhibitory activity of RpN-
CRD-dNG for the PR-8 strain is consistent with the
total lack of N-linked glycans on the head domain of the HA of
PR-8. Collectin-mediated protection of MDCK cells against
infection by IAV was measured using the Phil strain (Fig. 1), and
the outcome of these measurements supported the results
obtained by HA inhibition measurements. Again, the relative
neutralization activity against IAV between the four prepara-
tions was RpSP-D > RpNCRD > RpNCRD-dNG > RhNCRD.
Of note, although the N-glycan of RpNCRD plays an important
role in contributing to the neutralization activity against
Phil82(H3N?2), the N-deglycosylated variant RpNCRD-dANG
still exhibited significant inhibitory activity against IAV albeit
at higher concentrations (>5 pg/ml) compared with RpNCRD.
In contrast, no significant neutralization activity could be
measured for the human-derived analog (RhNCRD) for all con-
centrations tested (0-10 ug/ml).

Crystal Structure Analysis of RONCRD-dNG—The tertiary
structure of RpNCRD-dNG neck (residues 203-235) and CRD
(residues 236 —355) is very similar overall to that of RRNCRD as
well as the two closely related collectins surfactant protein-A
(SP-A) (49) and mannan-binding lectin (50). The RpNCRD-
dNG crystal asymmetric unit is a monomer; however, the bio-
logical trimer is defined through crystallographic symmetry,
where the helices that compose the neck domain from three
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FIGURE 1. Neutralization of IAV infectivity by RpSP-D, RoNCRD, RpNCRD-
dNG, and RhNCRD. Infectivity of IAV for MDCK cells was assessed by fluores-
cent focus formation (details under “Experimental Procedures”). The inhibi-
tory activity of increasing concentrations of RpSP-D (full-length, closed
squares) and the three neck-CRD preparations from pig (RpNCRD (closed tri-
angles) and RpNCRD-dNG (open triangles) and human (RhNCRD, open
squares) was assessed against the Phil strain. A fixed amount of virus was
preincubated with increasing concentrations of collectin for 30 min at 37 °C,
added to monolayers of MDCK cells and incubated for 45 min at 37 °C. After
washing and fixation, the monolayers were labeled with monoclonal anti-
body to IAV nucleoprotein and FITC-labeled goat anti-mouse IgG. The num-
bers of infectious foci were counted and expressed as a percentage of the
number of infectious foci formed in the control incubation (IAV added to
monolayer in absence of collectin). Values are means = S.E. of five experi-
ments. ¥, p < 0.02 versus RANCRD; **, p < 0.02 versus RANCRD or RpSP-D-dNG.
Statistical analysis was performed by two-tailed Student’s t test.

molecules form a coiled-coil structure burying 6750 A? in the
interface. The packing is analogous to that found in rat SP-A
NCRD crystals, which also crystallize in space group P6, albeit
with different unit cell dimensions (49). The RpNCRD-dANG
CRD consists of a core with seven (-sheet regions flanked by
two a-helices. Two loops on the protein, termed (as in mannan-
binding lectin (51)) as the short loop (residues 297-303 in
pSP-D) and the long loop (residues 307—331 in pSP-D), located
in the CRD distal to the trimer axis, are involved in binding the
two calcium ions observed in the structure. As shown in Fig. 2,
the long loop contains an insertion in the pig sequence com-
pared with that of the human. Fig. 2 also indicates the position
of Asn-303, the site of the N-linked glycosylation. The pSP-D
numbering is adjusted to account for these inserted residues
between 326 and 327 to match the hSP-D numbering for all
other residues.

The lectin calcium site in RpNCRD-dANG is formed from
residues on the long loop as well as residues from a nearby
B-sheet region (residues 339 -343) (Fig. 3). The calcium ion is
coordinated by six protein oxygen atoms from five amino acids
and two oxygen atoms from the ligands, creating a square anti-
prism. Mannose binds via the O3 and O4 oxygen atoms that
form the canonical vicinal equatorial diol recognized by this
type of lectin. Two of the amino acids, Glu-321 and Asn-323,
are from a consensus sequence EPN found in most C-type lec-
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FIGURE 2. Ribbon diagram of the RoNCRD-dNG trimer. One monomer is
highlighted in blue, and the residues of the insertion at residue 326 is high-
lighted in red. Calcium ions are shown as orange or gray spheres. The location
of the N-glycosylation site is indicated by an arrow.

tins that favor binding of mannose. Two other amino acids,
Asn-341 and Asp-342, are part of a consensus WND sequence
found in C-type lectins. The other amino acid is Glu-329, which
coordinates this calcium through its side chain.

A second nonlectin calcium is bound in the site between the
two loops and is thought to play a structural role. This calcium
is coordinated by five protein oxygen atoms from four protein
side chains and one backbone oxygen atom, making a square
pyramidal coordination sphere. Two of these side chains are
from the short loop Asp-297 and Glu-301, the latter of which
makes a bidentate interaction with calcium through its side
chain. Other coordination interactions are formed with resi-
dues from the long loop, i.e. the side chains of Asn-324 and
Asn-330 and the backbone oxygen atom of Glu-329.

There was clear electron density in the complex structure for
D-mannose, which contains the required equatorial vicinal diol
formed by the O3 and O4 atoms. Both of these atoms are within
coordination distance of the lectin site calcium in the crystal
structure. These oxygen atoms also make hydrogen bonds to
protein side chains, O3 with the side chain of Asn-323 and
Glu-321 and O4 with the side chain of Glu-329. The C4 and C6
atoms of the mannose ring are 3.5 A away from the backbone
carbonyl group of Asn-325, making van der Waal contacts.
However, electron density in this region is relatively weak, con-
sistent with the lack of H-bonds between the protein and this
portion of the ring.

Docking Calculations—To better delineate the biologically
relevant complex of RpNCRD-dNG bound to a glycoprotein,
docking studies were employed to extend from the mannose
present in the crystal structure to an RpNCRD-dNG-
oligomannose complex. The highly branched octamannose
(Mang), the largest oligomannose that can be accommodated
by the docking program Glide (Schrédinger Inc., New York),
was used in the calculations. Consistent with the crystallo-
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FIGURE 3. The p-mannose-liganded pNCRD-dNG lectin site structure. Wall-eyed stereo diagram showing the ribbon diagram of the pNCRD-dNG-D-man-
nose complex lectin site structure (blue) superposed onto the hSP-D-a-methyl-D-mannose complex structure (green) (PDB 3G81) (53). The calcium ions are
rendered as spheres of appropriate color. Protein side chains that coordinate calcium are also shown. The three-residue insertion in pSP-D creates an extended

binding site as can be seen.

graphic data, RpNCRD-dNG was positioned to bind to one of
the nonreducing end terminal sugars through interactions with
a vicinal equatorial diol formed by the O3 and O4 atoms of
mannose, making similar interactions in the lectin site as
observed in the crystal structure. The resulting docked struc-
ture from Glide is shown in Fig. 4. Mang has three arms, and the
terminal sugars from all three make contacts to RpNCRD-dANG
(Fig. 4, inset). The docked structure presented here was the only
terminal site where Mang was successfully docked. This specific
form of Mang corresponds to that shown in an NMR study of
ribonuclease B to be the major Mang glycoform (52), support-
ing its biological relevance. Docking runs that constrained the
terminal mannose from one of the other arms of Many in the
lectin site failed to produce any conformations with favorable
docking scores. The docked structure makes all the expected
protein-sugar interactions in the lectin site, contacting residues
Glu-321, Asn-323, Asn-325, Glu-329, Asn-341, Glu-342, and
Lys-343. The other two arms make several other contacts to
RpNCRD-dNG through mannoses farther from the lectin site.
One arm contacts the protein making several favorable interac-
tions with residues Glu-251, GIn-287, Asn-288, and Lys-289.
These residues form a bulge in the surface of RpNCRD-dNG
that the sugar chain wraps around. The last arm was
observed to make contacts to residues Gly-326 and the porcine-
specific tripeptide insertion Gly-326A, Ser-326B, and Ser-326C
(GSS-loop) which is, upon sequence alignment, located
between residues Gly-326 and Gly-327 of the hSP-D sequence.
These contacts include potential hydrogen bonds to the O3 and
O4 hydroxyls of the mannose ring; the stated residues are part
of the long loop and include the three-residue insertion that
distinguishes pSP-D from other SP-Ds. The residues form
another bulge on the surface of the RpNCRD-dNG CRD, and
the sugar chain wraps back around it to abut the mannose
against the bulge.

Molecular Dynamics Simulations—In the crystal structure of
the RpNCRD-dNG-p-mannose complex, the large loop confor-
mation is stabilized by crystal lattice contacts from an adjacent
trimer, leaving open the possibility that the loop conformation
is different in the noncrystalline environment. Therefore,
molecular dynamics simulations were performed to probe the
range of loop conformations, as well as to compare the relative
flexibility of the loops of RpNCRD-dNG and RhNCRD and to
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FIGURE 4. The docked complex of pNCRD-dNG and octamannose. The
protein is shown in surface representation. Residues of the GSS-loop are col-
ored in red to highlight the inserted residues in pSP-D as compared with
hSP-D. The lectin site and the site of attachment of octamannose to the Asn
residue in a polypeptide chain through two N-acetylglucosamines are indi-
cated. The inset contains a schematic representation of octamannose, show-
ing the connectivity of each mannose residue (green circles) and how man-
nose interacts with the lectin site and inserts into the docked structure.

determine the effect of sugar binding on the stability of the loop
regions.

Three sets of simulations were run for RpNCRD-dNG as fol-
lows: the RpNCRD-dNG-p-mannose crystallographic complex,
the same structure with the mannose removed, and the docked
Mang complex. For RANCRD, simulations started with coordi-
nates from RhNCRD (PDB code 3G83 (53), with the ligand
removed), with or without docked Mang. After 65-ns simula-
tions, the average root mean square deviations (r.m.s.d.) of the
loop regions of RpNCRD-dNG and RhNCRD are 2.69 and 2.11
A, respectively, showing that the long loop of RpNCRD-dNG is
indeed more flexible than that of RANCRD. The simulations
also suggest that the long loop of RpNCRD-dNG could adopt a
conformation similar to that observed in the crystal structure,
perhaps stabilized by sugar binding.

To determine the stabilization effect of sugar on the long
loop of RpNCRD-dNG, comparisons of dynamics of the long
loop were made with simulations with or without Mang. Fig. 5
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FIGURE 5. Analysis of RoNCRD-dNG-loop by molecular dynamics simula-
tion. Shown is the time evolution of the r.m.s.d. of the loop region of RpNCRD-
dNG (green) and the RpNCRD-dNG-Mang complex (pink) obtained from
molecular dynamics simulations. Snapshots of the RoNCRD-dNG-Mang com-
plex and of RoNCRD-dNG are presented at bottom left and right, respectively.
Calcium ions are shown as orange spheres. Two movies comparing the fluctu-
ation of the loop of RONCRD-dNG (supplemental Movie S1) and RpNCRD-
dNG-Mang complex (supplemental Movie S2) are provided.

shows that the r.m.s.d. of the long loop of the RpNCRD-
dNG-Mang complex (average r.m.s.d. = 1.79 A) is smaller than
that of RpNCRD-dNG in the absence of the sugar (average
rm.s.d. = 2.69 A). The fluctuation of r.m.s.d. also becomes
smaller when RpNCRD-dNG binds to Mang, indicating that the
loop of RpNCRD-dNG exhibits reduced flexibility upon sugar
binding. Simulations of the RpNCRD-dNG*b-mannose com-
plex gave similar results as for RpNCRD-dNG in the absence of
sugar, indicating that the larger, branched sugar is more effec-
tive than the monosaccharide at stabilizing the SP-D loop con-
formation. We also compared the flexibility of the loop of
RhNCRD (average r.m.s.d. = 2.11 A) and the loop of the
RhNCRD-Mang complex (average r.m.s.d. = 0.79 A), showing
that sugar binding also stabilizes the long loop of human SP-D
(see supplemental Fig. S1 and supplemental Movies S1 and S2).

The 30-ns trajectory of the RpNCRD-dNG loop region (res-
idue Asn-324 to Asn-330) was analyzed with Cluster from
Amber Tools (54). Similar coordinate frames from the trajec-
tory based on r.m.s.d. of backbone atoms were grouped
together, and three clusters are found with r.m.s.d. values of
representative structures about 0.7, 1.4, and 1.7 A compared
with the starting model. Their percentages in the trajectory are
38.9,39.4, and 15.7%. The lack of predominant structure in the
RpNCRD-dNG-mannose complex is underscored by the loop
r.m.s.d., which is fluctuating within the range of 2.5 A. These
data demonstrate that the monosaccharide binding to the
RpNCRD-dNG lectin site undergoes no significant interactions
with the loop.

AUGUST 3,2012+VOLUME 287+NUMBER 32

Structure of Porcine Surfactant Protein D

DISCUSSION

The emergence of the swine origin HIN1/2009 in humans
has revitalized the hypothesis that pigs are important facilita-
tors of reassortment among influenza viruses, occasionally giv-
ing rise to human pandemics (55). Both adaptive and innate
immune responses play an important role in the control of
infectious disease caused by IAV and contribute to limiting the
spread of these zoonotic pathogens from animal reservoirs to
humans. The mechanisms by which viruses evolve in one host,
cause zoonotic infection, and adapt to a new host species
remain unclear, but it is speculated that the innate immune
system, given its crucial role in early containment of IAV infec-
tion (56), could play an important role in avian-to-swine and
swine-to-human host adaptation of IAVs in pigs.

SP-D is an important component of the early host defense
mechanism against IAV, and our previous studies have shown
that in pigs this collectin exhibits distinctly strong neutraliza-
tion activity against a broad range of IAV strains (23). In this
study, we describe the structure of a recombinant trimeric frag-
ment of pSP-D that exhibits inhibitory activity against IAV. We
characterized several porcine-specific structural features of
pSP-D CRD that account for its overall high affinity binding of
viral glycans and strong neutralization activity against IAV in
pigs.

To investigate the mechanisms of interaction between the
pSP-D NCRD and IAV, we cloned and expressed two recombi-
nant truncated (NCRD) versions of pSP-D in which the Asn-
303-linked glycan was present (RpNCRD) or deleted by site-
directed mutagenesis (RpNCRD-dNG). For this purpose, we
applied the HEK293 expression system that was previously
used successfully for the production of full-length wild-type
pSP-D, wild-type hSP-D, and various h/pSP-D derivatives (26).
Biochemical characterization showed that both RpNCRD and
RpNCRD-dNG were expressed as trimeric proteins, and N-gly-
canase digestions confirmed the absence of N-linked glycans in
the RpNCRD-dANG preparation. Importantly, both prepara-
tions were extracted by Ca® " -dependent mannan-affinity chro-
matography, indicating that the two expressed porcine NCRDs
can be assigned as properly folded, functionally active collec-
tins. This expectation was confirmed for RpNCRD-dNG by
formation of the crystallographic complex with p-mannose
reported here.

The antiviral activity of both RpNCRDs was determined by
HA inhibition measured against three different IAV strains rep-
resenting two subtypes of IAV (H3N2 and H1N1, Table 2) with
varying degrees of susceptibility to SP-D-mediated neutraliza-
tion. For all strains, however, it was clearly demonstrated that
RpNCRD exhibits HA inhibitory activity, in contrast to
RhNCRD for which no activity could be measured in this assay.
Dodecameric oligomerization thus appeared to be essential for
native hSP-D to express its HA inhibitory activity, as deter-
mined previously (57, 58), driven primarily by the aggregation
properties of the fully assembled hSP-D molecule.

The neutralization activity observed for both RpNCRDs is
attributed to the relatively strong affinity expressed by their
trimeric CRDs for viral (mannose-rich) glycans. The observed
differences in antiviral activity as measured by HA inhibition
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were underlined by a neutralization of IAV (Phil strain) infec-
tivity assay (Fig. 1). A relatively strong protective effect was
shown not only for RpNCRD but also for RpNCRD-dNG,
although RhNCRD was not able to prevent infection of MDCK
cells by IAV. We therefore sought to compare the structural
features of the N-deglycosylated NCRD of pSP-D with the
NCRD of hSP-D to elucidate the basis for the functional
enhancement of lectin activity that is associated with the CRD
of pSP-D.

In cloning the cDNA of pSP-D (20), we found that, other than
the N-linked glycosylation, its CRD is unique among SP-Ds in
that it contains an insertion of three amino acids, Gly-Ser-Ser,
immediately after Gly-326 (hSP-D sequence numbering),
denoted as 326-GSS or the GSS-loop. By sequence alignment,
this insertion is shown to be on the long loop of the RpNCRD-
dNG crystal structure. Interestingly, the bovine collectin CL-43
contains a similar insertion of three amino acid residues (Arg-
Ala-Lys; RAK) near the carbohydrate-binding site, and this
insertion motif contributes to enhanced binding affinity for
mannose-rich viral glycoconjugates (14, 59). Considering the
proximal location of the GSS-loop toward the lectin-binding
site in the CRD, it is hypothesized that this aberrant loop region
could have an impact on the glycan binding characteristics of
pSP-D. Consequently, interactions between pSP-D and specific
glycans (e.g. viral sugars) could be enhanced compared with
hSP-D, as observed in the study mentioned above for RpNCRD-
dNG and similar to what was observed for the CL-43 derived
RAK insertion into the hSP-D CRD (14).

The major differences in the RpNCRD-dANG molecular
structure compared with that of RANCRD are consequences of
the greater length of the long loop in RpNCRD-dNG (Fig. 3).
Crystallographic comparison of the RpNCRD-dNG (this study)
and RhNCRD (53) complexes with b-mannose or a-methyl-p-
mannose, respectively, shows that the CRDs overall are very
similar, with r.m.s.d. fitting of 0.47—0.53 A for corresponding
residues. Calcium-binding residues in C-type lectin sites are
strictly conserved in all SP-Ds characterized thus far. Superim-
position of the lectin-binding sites of RpNCRD-dANG and
RhNCRD calculated using all atoms from calcium-coordinat-
ing residues Glu-321, Asn-323, Glu-329, Asn-341, and Asp-342
and the lectin site calcium results in an r.m.s.d. of 0.31 A. How-
ever, the mannose rings do not overlay well in the superim-
posed structures, consistent with slightly longer bond distances
between the sugar and lectin site atoms in RpNCRD-dNG. The
three additional amino acids Gly-326A—Ser-326B—Ser-326C
form a loop that protrudes away from the lectin site. The bro-
ken electron density and high temperature factors for this loop
suggest a high degree of conformational flexibility. In the crys-
tal structure, residues Gly-326A—Ser-326B—Ser-326C (GSS-
loop), Gly-327, and Ala-328 of this loop make close contacts to
residues 239 —242 from a neighboring molecule. Therefore, the
position of the loop in the crystal structure may be affected by
crystal contacts. To determine whether such contacts might
occlude a more favorable conformation in a noncrystalline
environment, molecular dynamics simulations were run on
either of the crystallographic b-mannose complexes with the
sugar either present or removed. In all cases, an ensemble of
conformations was found from these simulations, supporting
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the idea that the loop is inherently flexible and therefore free to
adopt the conformation observed in the crystal structure.

To better understand how pSP-D might interact with
branched high mannose viral glycans compared with monosac-
charides, we initiated docking studies with an appropriate
Mang (Fig. 4), for which starting crystallographic coordinates
were available (41). Mang dockings were performed such that
the terminal mannoside bound in the lectin site overlaid the
p-mannose in the crystallographic RpNCRD-dANG complex,
fixing the starting position. Invariably, the docking showed
potential for contacts between the Mang branched arms and the
flexible RpNCRD-dNG loop in the vicinity of the insertion. The
docked Mang structures showed the potential for favorable
hydrogen bonds between residues Gly-326A, Ser-326B, and
Ser-326C of pSP-D and the O3 and O4 hydroxyls of one of the
terminal mannose sugars (Fig. 4). Overlay of the docked RpN-
CRD-dNG structure and RhRNCRD demonstrates that hSP-D
would be unable to make the interactions with Mang as pSP-D
does; the long loop is too short in the RhNCRD structure and
lacks the bulge seen in RpNCRD-dNG. Amino acid substitu-
tions also may play a role in the increased affinity of pSP-D for
viral glycans. In addition to residues Gly-326, Gly-326A, Ser-
326B, and Ser-326C, there are residues Glu-251, GIn-287, and
Lys-289. In the hSP-D, these residues are Val-251, Lys-287,
and Glu-289. Thus, the potential for increased hydrogen bonds
and van der Waal contacts to the oligomannose substrate for
pSP-D from these residues could explain the observed
increased affinity of pSP-D for viral glycans compared with
hSP-D.

The additional intermolecular contacts observed in the
docking experiments led us to speculate that binding to the
larger highly branched viral glycans might stabilize the flexible
pSP-D loop. Therefore, we initiated molecular dynamics simu-
lations on the docked RpNCRD-dNG-Mang complex and com-
pared the results with that of the unliganded RpNCRD-dNG
and the crystallographic RpNCRD-dNG*D-a-mannose com-
plex structures. Simulations demonstrated that the loop struc-
ture, relative to its unliganded or monosaccharide-bound
counterparts, exhibited increased conformational stability. In
contrast, further simulations run on unliganded RhNCRD
compared with the corresponding docked Mang complex
showed no such effects because the hSP-D loop is intrinsically
less flexible to begin with. It is possible that in vivo, the longer,
more flexible loop of pSP-D allows it to make contacts with the
glycan on HA that hSP-D cannot make, resulting in higher
inhibitory activity against IAV.

In RhNCRD structures, four calcium ion sites have been
defined as follows: one in the lectin site, one in the neck region
close to the trimer axis, and two structural calcium ions bound
in between the long and short loops of the CRD (60). In the
RpNCRD-dNG structure, however, only two calcium ions were
observed, one in the lectin site and one structural calcium ion
sandwiched between the long and short loops (Fig. 3). No elec-
tron density was found in the electron density maps of
RpNCRD-dNG for either the second structural calcium or the
neck region calcium. In the case of the second structural cal-
cium site observed in RhNCRD, but not RpNCRD-dNG, the
site in the latter structure is occupied by the side chain of Arg-
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220 from a neighboring molecule in the crystal lattice. The side
chain of Arg-220 makes a salt bridge to the side chain of Glu-
301 as well as making hydrogen bonds to the backbone oxygen
atoms of Asp-297 and Ile-298. We speculate that the lack of this
second structural calcium in RpNCRD-dNG may be a factor in
allowing the more flexible pSP-D loop to adopt an optimal con-
formation for interaction with IAV.

The proper folding of the long loop in the conformation
observed in the RoNCRD-dNG crystal structure may be critical
for recognition of oligomannose substrates by pSP-D. In previ-
ous work performed with full-length recombinant hSP-D
derivatives, a Ser-Gly-Ala or “SGA”-loop (two residues shifted
toward the C terminus as regards the 326-GSS loop) was
inserted by site-directed mutagenesis at a predicted identical
location in the CRD of hSP-D based upon sequence alignment
with pSP-D. It was anticipated that this insertion would mimic
the pSP-D loop bulge and enhance antiviral activity in hSP-D.
However, in vitro IAV neutralization assays with these mutants
demonstrated that insertion of the SGA-loop completely inac-
tivated the antiviral activity of the RhSP-D mutant. Evaluation
of this insertion strategy using the crystallographic data showed
that the site of the insertion in RANCRD did not mimic the
corresponding tertiary structure of the RpNCRD-dNG loop
because the structural alignment appears to differ slightly from
the sequence alignment. In the crystal structures, superposition
of the RhNCRD and RpNCRD-dNG backbones showed that
human and porcine NCRD loop structures diverge distal to the
inserted residues between residues Asn-325 and Ala-328, i.e.
where Ala-328 of pSP-D aligns structurally with Ser-328 of
hSP-D. Therefore, on a tertiary structure level, the insertion
location is better described as residues Gly-Ser-Ser in-between
Gly-326 and Gly-327 of the hSP-D sequence (326-GSS). Taken
together, the absence of antiviral activity observed with the
SGA-containing RhSP-D mutant may result from a structural
alignment error but with the tripeptide situated closer to the
N-terminal portion of the loop; it may be in a better position to
interact with viral mannosides on the IAV, as suggested by the
docking studies.

In summary, we have explored the mechanisms underlying
antiviral activity of pSP-D and compared it with that of hSP-D.
Porcine SP-D has two distinct features in its CRD that contrib-
ute to a better anti-IAV activity. These two features are the
N-linked glycan at position Asn-303 and the long loop in the
carbohydrate-binding site. Future work is needed to determine
the structural features of the N-glycosylated pNCRD and pos-
sible synergy with the lectin site.

The strong antiviral activity of SP-D in pigs against IAV is
intriguing, because pigs serve as a reservoir of H1, H3, H5, H7,
and H9 subtype IAVs (61). Moreover, co-circulation of differ-
ent IAVs and persistence of infection readily occur in these
animals. Given these contradicting observations, it is specu-
lated that a highly effective innate immune-driven clearance of
IAV in pigs might delay or interfere with the adaptive immune
response that is known to be crucial for elimination of the virus
once an infection has been established. Within this context, it is
of interest to note that pigs transiently infected with avian IAVs
do not always generate detectable antibody responses (62, 63),
and it is known that subclinical infections frequently occur in
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pigs (64). However, we cannot exclude the possibility that the
distinct interactions between pSP-D and an exceptionally
broad range of IAV strains, including poorly N-glycosylated
strains that are not recognized by SP-D in humans as demon-
strated in vitro (22), may favor reassortment conditions in
which simultaneous uptake of these different viral strains by a
single host cell is established more easily in pigs. Taken
together, it remains to be investigated how and to what extent
pSP-D contributes to these phenomena and whether pSP-D
affects the process of transmission and/or adaptation of IAV in
pigs, an animal species that is considered as an important inter-
mediate host for reassortment of IAVs of avian and human
origin (65).
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