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Abstract  

 

Surfactant protein-A (SP-A) and Toll-like receptor-4 (TLR4) proteins are recognized as 

pathogen-recognition receptors. An exaggerated activation of TLR4 induces inflammatory 

response, while SP-A protein downregulates inflammation. We hypothesized that SP-A-TLR4 

interaction may lead to inhibition of inflammation. In this study, we investigated interaction 

between native baboon lung SP-A, and baboon- and human-TLR4-MD2 proteins by co-

immunoprecipitation/immunoblotting and microwell-based methods. The interaction between 

SP-A and TLR4-MD2 proteins was then analyzed using a bioinformatics approach. In the in 

silico model of SP-A-TLR4-MD2 complex, we identified potential binding regions and amino 

acids at the interface of SP-A-TLR4. Using this information, we synthesized a library of human-

SP-A-derived peptides that contained interacting amino acids. Next, we tested if the TLR4-

interacting SP-A peptides will suppress inflammatory cytokines. The peptides were screened for 

any changes in the TNF-α response against lipopolysaccharide (LPS) stimuli in mouse JAWS II 

dendritic cell line. Different approaches employed here in this study suggested binding between 

SP-A and TLR4-MD2 proteins. In cells pre-treated with peptides, 3 out of 7 peptides increased 

TNF-α production against LPS. However, two of these peptides (SPA4: 

GDFRYSDGTPVNYTNWYRGE and SPA5: YVGLTEGPSPGDFRYSDFTP) decreased the TNF-

α production in LPS-challenged JAWS II dendritic cells; SPA4 peptide showed more 

pronounced inhibitory effect than SPA5 peptide. In conclusion, we identify a human-SP-A-

derived peptide (SPA4 peptide) that interacts with TLR4-MD2 protein and inhibits the LPS-

stimulated release of TNF-α in JAWS II dendritic cells.  
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Introduction  

 

The pathogen-pattern recognition receptors (PPRRs) are important components of innate 

immunity that sense the pathogenic stimuli and regulate host immune responses. The surfactant 

protein-A (SP-A) and Toll-like receptor-4 (TLR4) are identified as important PPRRs (Hoebe et 

al., 2006; Kawai and Akira, 2007; Kuroki et al., 2007; Pastva et al., 2007). The TLR4 is 

expressed as transmembrane receptor, and is known as “Signalling-PPRR” (Kawai and Akira, 

2007). On the other hand, SP-A is synthesized by type II lung epithelial cells and secreted in the 

alveoli as a component of surfactant. SP-A is known as “Secretory-PPRRs” (Pastva et al., 

2007). SP-A constitutes the majority of SPs and plays a critical role in the clearance of 

pathogens and downregulation of the inflammatory response. On the other hand, TLR4 

recognizes pathogen or pathogen-derived ligands and endogenous stress proteins, and induces 

the inflammatory and adaptive immune responses. In a number of diseases including lung 

inflammatory conditions, an exaggerated activation of TLR4 has been found associated with 

NF-κB and pro-inflammatory cytokine response (Guillot et al., 2004; He et al., 2009; Lv et al., 

2009; Villar et al., 2010). 

 

Published reports suggest that the bronchoalveolar lavage pools (extracellular pools) of SP-A 

are significantly reduced in lungs of infected patients and animal models (Alcorn et al., 2005; 

Kajikawa et al., 2005). In contrast, the TLR4 expression is increased (Awasthi et al., 2008; 

Chang et al., 2006; Gagro et al., 2004; Kajikawa et al., 2005). The reduction in the amounts of 

SP-A, and simultaneous increase in TLR4 expression corroborates well with the clinical 

condition of patients having fulminant infection and inflammation, respectively. In these clinical 

scenarios, the introduction of SP-A should facilitate clearance of pathogens and attenuate 

inflammation. However, currently-available clinical surfactants do not contain SP-A or SP-D. 
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Thus, a great need has been felt for designing a shorter fragment of SP-A and re-formulating 

the surfactant.  

 

Interestingly, recently published reports suggested that SP-A directly binds to TLR4 (Guillot et 

al., 2002; Yamada et al., 2006). The in vivo evidence of such an interaction has been lacking, 

and its functional relevance has not been fully elucidated. In this study, we determined the 

binding of SP-A to TLR4-MD2 in non-infected, normal baboon lung tissues by co-

immunoprecipitation/ immunoblotting, and in vitro by a microwell-based method. Next, we used 

bioinformatics approach to examine interaction between SP-A and TLR4-MD2 proteins. In 

conjunction, potential binding regions were identified in an in silico model of SP-A-TLR4-MD2 

complex. Based on the information obtained from bioinformatics analysis, an SP-A-derived 

peptide library was synthesized. Studies were further extended to investigate functional 

relevance of SP-A-TLR4 interaction in a dendritic cell system. Our aim was to investigate if one 

property of SP-A, its interaction with TLR4, can be mimicked by an SP-A-derived peptide. We 

found that similar to native SP-A, an SP-A-derived peptide (SPA4) binds to TLR4-MD2 protein 

and inhibits the release of TNF-α in response to the most potent TLR4-ligand: Gram-negative 

bacteria-derived lipopolysaccharide (LPS).  

 

Methods 

    

Animals 

 

The animal studies were approved by the Institutional Animal Care and Use and Institutional 

Biosafety Committees at the University of Oklahoma Health Science Center (OUHSC), 

Oklahoma City, OK. Baboons (Papio anubis) were maintained at the Baboon Research 

Resource, OUHSC, Oklahoma City, OK. At the time of necropsy, lung tissue or bronchoalveolar 
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lavage fluid specimens were obtained from normal healthy adult baboons. Gross and 

microscopic examinations of major viscera as well as the lung tissue specimens from these 

baboons showed no signs of inflammation or infection. 

 

Preparation of baboon lung tissue homogenate  

 

The frozen lung tissue samples were homogenized in a buffer containing 1% Igepal CA630, 

0.1% sodium dodecyl sulfate, and protease inhibitors (1 µM leupeptin, 1 mM ethylenediamine 

tetraacetic acid, 0.7 mg/L pepstatin and 0.2 mM phenylmethyl sulphonyl fluoride; Sigma-

Aldrich, MO) at a concentration of 100 mg tissue/ml buffer (Awasthi et al., 1999; Awasthi et al., 

2001). The tissue homogenates were centrifuged to remove cell debris, and total protein 

concentration was measured in supernatants using the MicroBCA protein estimation kit 

(Pierce, IL). 

 

Western blotting  

 

In our earlier studies, we recognized the cross-reactivity of anti-human-SP-A- and anti-human-

TLR4-antibodies with respective antigens in baboons, and studied the expression of SP-A and 

TLR4 in lung tissue homogenates of fetal and adult baboons, and neonate baboons having 

Bronchopulmonary dysplasia (Awasthi et al., 1999; Awasthi et al., 2008). Here, using western 

blotting, first we confirmed the immunoreactivity of these antibodies with respective antigens 

in baboon lung tissue homogenates to ensure the integrity of the antigens. Lysates of HEK-

293 cells stably-transfected with human-TLR4-cDNA (provided by Invivogen, CA), and purified 

human- and baboon-lung SP-A proteins served as positive controls. 
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The protein samples were prepared in SDS-PAGE sample buffer without dithiothreitol (DTT) + 

no heating (non-reducing), without DTT + heating at 100ºC for 5 min (partially-reducing) or with 

DTT + heating at  100ºC for 5 min (reducing). The samples were loaded and separated on a 

SDS-PAGE gel (8% running and 5% stacking gel or Novex 4-20% Tris-glycine gel, Invitrogen, 

CA). Separated proteins were then electro-transferred overnight onto a nitrocellulose 

membrane. The nonspecific sites were blocked by incubating the membrane in 7% skim milk 

diluted in tris-buffered saline containing 0.4% Tween 20 (TBST). The membranes were then 

incubated with anti-human-SP-A polyclonal antibody (Awasthi et al., 1999; Awasthi et al., 2001) 

or TLR4 antibody (eBioscience, CA) (Awasthi et al., 2008), diluted 1:1000 in TBST, for 1 h at 

room temperature. The membrane was washed and then incubated with horseradish 

peroxidase (HRP)-conjugated-anti-mouse or anti-rabbit IgG antibody (1:1000 diluted in TBST; 

Sigma-Aldrich, MO). The immunoreactive bands were detected by Supersignal West Pico or 

Femto chemiluminescent substrate (Pierce, IL).  

 

Immunoprecipitation of lung-SP-A or TLR4 and cross-immunoblotting 

  

After confirming the reactivity of the antibodies and the integrity of TLR4 and SP-A proteins in 

baboon lung tissue homogenates, the physical binding between the two proteins was examined 

by immunoprecipitation/cross-immunoblotting. The SP-A and TLR4 proteins were 

immunoprecipitated from baboon lung tissue homogenates and cross-immunoblotted with anti-

human-TLR4 and SP-A antibodies, respectively. The SP-A (IP-SP-A) and TLR4 (IP-TLR4) were 

immunoprecipitated using Primary Seize Immunoprecipitation kit (Pierce, IL) as per the 

manufacturer’s instructions. Approximately 200 µg of anti-human-TLR4 or SP-A antibody 

(Awasthi et al., 2001; Awasthi et al., 2008) was conjugated to the AminoLink plus coupling gel 

column at 4ºC overnight.  Five hundred µg to 1 mg of total lung tissue homogenate protein was 

loaded into the columns and the immunoprecipitation reaction was performed overnight at 4ºC. 
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The IP-SP-A and IP-TLR4 were eluted from the antibody-bound column using ImmunoPure 

elution buffer. No Calcium was added to the immunoprecipitation reaction at any step. Also, 

none of the buffers in the kit contained calcium.  

 

Various amounts of IP-TLR4 and IP-SP-A were run on SDS-PAGE gels. The separated proteins 

were then transferred on nitrocellulose membrane using the i-Blot system (Invitrogen, CA). For 

cross-immunoblotting, IP-SP-A and IP-TLR4 were immunoblotted with anti-TLR4 and anti-SP-A 

antibodies, respectively, as described above. Positive controls included lung tissue homogenate 

protein, purified human SP-A and lysate-protein of HEK-293 cells-transfected with full-length, 

human-TLR4-cDNA. Negative controls included IP-SP-A and IP-TLR4 immunoblotted with a 

non-specific antibody, and immunoprecipitates from columns where the lung tissue homogenate 

or the primary antibody had been omitted.  

 

Purification and characterization of native Baboon SP-A 

 

We purified SP-A from bronchoalveolar lavage fluid of an adult baboon by a modification of the 

procedure described previously (Yang et al., 2005). The bronchoalveolar lavage fluid was 

collected from an adult baboon lung by instilling endotoxin-free, sterile normal saline (endotoxin-

free 0.9% NaCl, 1.9-2 L with approximately 90% recovery). The lavage fluid was centrifuged, 

and the supernatant was concentrated using a tangential flow filtration technique (10 kDa hollow 

fiber filter; GE Healthcare Bio-Sciences Corp, NJ). The surfactant lipids were removed using 

isobutyl alcohol (1:5 ratio, lavage: isobutyl alcohol). The delipidated protein was centrifuged at 

5000 x g for 15 min at room temperature, dried under nitrogen gas, and subsequently 

completely dried in a lyophilizer (Labconco, MO). The dried lavage residue was rehydrated in 

extraction buffer (25 mM Tris, pH 7.5, 0.15 M NaCl, and 20 mM octyl-β-D-glucoside) overnight 

at 4°C. Rehydrated surfactant was extracted six times with extraction buffer by vortex mixing 
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and centrifugation at 20,000 x g for 30 min at 4°C. Insoluble SP-A was then suspended in 

solubilization buffer (5 mM HEPES, pH 7.5, 0.02% sodium azide) and dialyzed for 72 h against 

four changes of the solubilization buffer. Insoluble protein was removed by centrifugation at 

50,000 x g for 30 min at 4°C, and supernatant was adjusted to 20 mM CaCl2 and 1 M NaCl to 

re-precipitate SP-A. Precipitated SP-A was pelleted by centrifugation at 50,000 x g for 30 min at 

4°C, and washed two times in 5 mM HEPES pH 7.5, 20 mM CaCl2 and 1 M NaCl. The SP-A 

was suspended in 5 mM HEPES, 5 mM EDTA, pH 7.5 and dialyzed for 72 h against four 

changes of the solubilization buffer to remove EDTA. The purified SP-A was dialyzed against 

four changes of the endotoxin-free, highly-purified water (Invitrogen, CA) for 72 h to remove any 

remaining EDTA or salts (CaCl2 and NaCl). Finally, purified SP-A was lyophilized completely 

and resuspended in endotoxin-free Dulbecco’s phosphate buffered saline. The purified protein 

was filter-sterilized using a 0.2 μm low-protein binding, HT Tuffryn membrane filter (Pall Life 

Sciences, NY) and stored frozen at -80°C. The protein concentration of purified SP-A was 

measured by microBCA method (Pierce, IL).  

 

All the purification steps were performed under aseptic conditions using endotoxin-free solutions 

and reagents. The endotoxin concentration was measured using the End-point chromogenic 

Limulus Amebocyte Lysate (LAL) assay (Charles River Laboratories, MA). The purity of the SP-

A protein was confirmed by SDS-PAGE and Western blotting using the procedures described 

above.  

 

Interaction between purified baboon lung SP-A, SP-A-peptides and TLR4-MD2 proteins 

using a microwell-based method 

 

The binding between the purified baboon lung SP-A, SP-A-peptides and recombinant TLR4-

MD2 and MD2 proteins was studied in vitro using a microwell-based method (Awasthi et al., 
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2004). The soluble, recombinant TLR4-MD2 protein (R&D Systems, MN) consisted of a mixture 

of recombinant human-TLR4 and MD2 proteins. The recombinant extracellular domain of 

human TLR4 protein (Glu 24–Lys 631 amino acids), was joined with a DNA sequence encoding 

the signal peptide from human CD33 and a 10X histidine tag at the C-terminus (Accession # 

O00206). For MD2 protein, a DNA sequence encoding the signal peptide from human CD33 

was joined with the mature region of human MD-2 (mature region, Glu 17–Asn 160 amino acids) 

and a 10X histidine tag at the C-terminus (Accession # Q9Y6Y9). The chimeric proteins were 

expressed in a mouse myeloma cell line, NS0 (R&D Systems, MN). The proteins were obtained 

from the manufacturer in carrier-free condition and reconstituted in PBS containing 0.1% low-

endotoxin BSA (MP Biomedicals, OH). The MD2, an adaptor molecule for TLR4, is expressed 

by immune cells, and is known to bind TLR4 in a non-covalent manner (Jain et al., 2008). Thus, 

the binding of SP-A to the recombinant MD2 protein (R&D Systems, MN) was also studied. 

 

For the binding assay, microwell ultra-high-protein binding Immunolon 4HBX strips (Thermo 

Scientific, MA) were coated with soluble recombinant-TLR4-MD2 protein or MD2 protein (R&D 

Systems, 250 ng per well, diluted in 0.1 M NaHCO3, pH 9.6), overnight, at room temperature. 

The plates were washed three times, and non-specific sites were blocked for 2 h at room 

temperature using phosphate buffered saline containing 0.1% triton-X 100 and 3% nonfat milk 

(Buffer A). The wells were washed and incubated for 3 h at 37 ºC with purified baboon lung SP-

A (0.125-10 μg), SPA4 peptide (2-20 μg) or adult baboon lung tissue homogenate protein (10-

100 μg) diluted in 20 mM Tris (pH 7.4) buffer containing 0.15 M NaCl, 5 mM CaCl2 or equal 

amount of bovine serum albumin (BSA) protein. The wells were washed with Buffer A and 

incubated with anti-human SP-A antibody (1:1000 diluted in Buffer A) for 2 h at room 

temperature followed by HRP-conjugated secondary antibody. The immune-complex was 

detected using 3,3’,5,5’-tetramethylbenzidine (TMB) substrate system (Sigma-Aldrich, MO). The 
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reaction was stopped with 2 N H2SO4 and read at 405 nm and/or 450 nm spectrophotometrically 

(Molecular Devices, CA). 

 

JAWS II dendritic cell culture  

 

The JAWS II dendritic cell line is an immortalized cell line derived from bone marrow of C57BL/6 

mice (ATCC, Manassas, VA). The cells were maintained in Alpha-modified minimum essential 

medium (Sigma, St Louis, MO) supplemented with 20% fetal bovine serum (FBS), 4 mM L-

glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 50 µg/ml gentamicin (Invitrogen, Grand 

Island, NY) and 5 ng/ml  of recombinant murine granulocyte macrophage-colony stimulating 

factor (Peprotech, Rocky Hill, NJ) (Awasthi and Cox, 2003). The culture medium was replaced 

with fresh medium every 48 h. 

 

LPS treatment of JAWS II dendritic cells with and without SP-A peptides  

 

Based on the results of bioinformatics analysis (described in Results section), we synthesized 

SP-A peptides (SPA1-SPA7). The amino acid sequences were derived from the c-terminal 

Carbohydrate recognition domain (CRD) of human SP-A corresponding to the TLR4-interacting 

sites identified in the in silico model of SP-A-TLR4-MD2 complex (Figure 1). The 20mer 

peptides were synthesized by Genscript Corp, NJ; and Mass Spectroscopy and HPLC analyses 

confirmed the characteristics and purity of synthesized peptides, respectively (data not shown). 

LAL test (Charles River Lab, MA) confirmed the absence of endotoxin in the peptide samples.  

 

In a separate investigation, we found that short-pulsing of baboon lung dendritic cells with 

purified lung SP-A and recombinant TLR4-MD2 protein leads to inhibition of TLR4-induced 

cytokine release against E. coli (unpublished data, manuscript communicated). Thus, we 
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questioned if the SP-A-derived peptides from the TLR4-interacting regions will demonstrate 

similar effect. The JAWS II dendritic cells (1 million) were treated with SP-A peptides (1 or 10 

μM) with or without E. coli derived LPS (75 ng/ml, highly purified, low protein, Calbiochem, CA). 

In order to observe the anti-inflammatory properties of the SP-A peptides, we treated the cells 

with peptides for 1h prior to addition of LPS (pre-LPS treatment) or after 4h incubation with LPS 

(Post-LPS treatment). The incubation was continued for a total period of 5h. Control cells were 

treated with vehicle, LPS (75 ng/ml), SP-A peptides (1 and 10 µM) for a period of 5h. The cell-

free supernatants were collected and stored at -80°C for further analysis. 

 

Cytokine (TNF-α) measurement 

 

The TNF-α levels were measured in cell-free supernatants of JAWS II dendritic cells treated 

with LPS with or without SP-A peptides by enzyme linked immunosorbent assay (ELISA) as 

described earlier (Awasthi and Cox, 2003).  

 

Statistical analysis  

 

The results were analyzed by Student t-test or ANOVA for statistical significance using Prism 

software (Graphpad, San Diego, CA). At p<0.05, the null hypothesis was rejected. 

 

Results 

 

The TLR4 and SP-A are co-immunoprecipitated from baboon lung tissue homogenates.  

 

We have earlier shown that human-SP-A and TLR4-specific antibodies react with baboon-SP-A 

and TLR4 proteins, respectively (Awasthi et al., 1999; Awasthi et al., 2001; Awasthi et al., 
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2008). Using the same antibody clones, we confirmed the integrity of SP-A and TLR4 in baboon 

lung tissue homogenates. We identified the immunoprecipitation of specific proteins by 

immunoblotting the IP-SP-A and IP-TLR4 eluates from adult baboon lung tissue homogenates 

using SP-A- and TLR4-specific antibodies, respectively (Figure 2A). The SDS-PAGE gel run of 

concentrated IP-SP-A shows additional protein bands besides SP-A, suggesting a number of 

SP-A-binding proteins (Figure 2B). The lung tissue homogenate protein, lysate protein of 

HEK293 cells stably-transfected with full-length TLR4, and purified SP-A protein were run 

simultaneously as positive controls to confirm the identity of the IP-SP-A and IP-TLR4. The 

sizes of the TLR4 and SP-A protein bands corresponded to the respective proteins in baboon 

lung tissue homogenates, as published earlier (Awasthi et al., 1999; Awasthi et al., 2001; 

Awasthi et al., 2008). Neither SP-A nor TLR4 was immunoprecipitated when a nonspecific 

antibody was used in the column (data not shown). 

 

Next, we hypothesized that if the SP-A and TLR4 proteins interact with each other, the two 

proteins may exist together in the lung and may be co-immunoprecipitated from lung tissue 

homogenates. The cross-immunoblotting results indicate that SP-A and TLR4 are co-

immunoprecipitated from baboon lung specimens (Figure 2C). A major protein band of >100 

kDa was identified in both IP-TLR4 and IP-SP-A when the IP-eluates were separated on a 

partially-reducing SDS-PAGE gel and cross-immunoblotted. Protein bands of 34 kDa (similar to 

SP-A monomer) and 66 kDa (SP-A dimer) were identified when IP-TLR4 was separated on 

reducing SDS-PAGE gel and immunoblotted with anti-SP-A antibody (Figure 2C). A protein 

band of 55 kDa (TLR4) was recognized when IP-SP-A was separated on reducing SDS-PAGE 

gel and immunoblotted with anti-TLR4 antibody (Figure 2C). The specificity of the 

immunoprecipitation reaction was validated using appropriate negative controls (Figure 2D). 

These results suggested that the IP-TLR4- and IP-SP-A-eluates did not contain any non-specific 

protein or antibody fractions.  
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Characterization of purified native baboon lung SP-A 

  

To further elucidate the interaction between SP-A and TLR4, first we purified the native SP-A 

protein from bronchoalveolar lavage fluid specimens of a normal, healthy adult baboon (Awasthi 

et al., 1999; Awasthi et al., 2001). The solubility of purified baboon lung SP-A was 51% (Stenvall 

et al., 2005). The purity and identity of the native baboon lung SP-A was confirmed by SDS-

PAGE and western blotting (Supplemental data 1). Under partially-reducing conditions (heating 

and no DTT), SP-A separated as an oligomer, 90 kDa-100 kDa trimer, and a 66 kDa dimer on 

the SDS-PAGE gel. Under reducing condition (heating + DTT), purified SP-A ran mainly as 26 

kDa monomer and 66 kDa partially reduced dimer. The purified baboon lung SP-A protein was 

also immunoblotted with SP-A antibody which identified the SP-A-specific protein bands (34 

kDa and 66 kDa). The SP-A exists in non-glycosylated (26 kDa) and glycosylated (31-36 kDa) 

forms. Earlier, we have shown that the antibody recognizes 34 kDa protein band (Awasthi et al., 

1999). Overall results indicate that only a minor population of glycosylated form of SP-A (34 

kDa) interacts with TLR4, and the majority of the SP-A (26 kDa) is either not involved in SP-A-

TLR4 interaction or not detectable by this antibody (Supplemental data 1). Since the TLR4-MD2 

proteins are less abundant in biological system and distributed throughout, it is difficult to obtain 

native TLR4-MD2 protein in sufficient quantity. Thus, we included recombinant human-TLR4-

MD2 protein (RnD Systems, MN).  

 

Since TLR4 is a potent receptor for endotoxin, the presence of endotoxin can significantly 

influence the results. We prepared all the solutions and reagents in endotoxin-free water and 

performed all the assays in an aseptic environment. We measured the endotoxin concentration 

in the purified baboon SP-A preparation and in the reconstituted TLR4-MD2 and MD2 proteins 

by chromogenic LAL method. The endotoxin concentration was negligible in purified baboon 
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SP-A (0.0003 ng/µg protein) and in recombinant TLR4-MD2 and MD2 protein suspensions (< 

0.006 ng/µg protein). 

 

Lung SP-A and recombinant TLR4-MD2 proteins interact in vitro. 

 

The immobilized TLR4-MD2 protein showed binding with purified baboon lung SP-A and SP-A 

protein present in native form in lung tissue homogenate (Figures 3A and 3B). Purified baboon 

lung SP-A was also found to bind to immobilized MD2 protein (Figure 3C). In comparison, BSA 

(negative control) showed negligible binding to the TLR4-MD or MD2 protein. 

 

Protein-protein docking and prediction of interacting amino acids at the interface of SP-

A-TLR4-MD2 protein complex: 

 

In previous sections, we experimentally characterized the interaction between SP-A and TLR4-

MD2 proteins. In this section, we describe the bioinformatics approaches used to examine the 

interaction. We first describe how we obtained our data for bioinformatic analyses, then we 

describe the in silico docking of SP-A with the TLR4-MD2 and finally, the rendering of the 

docking interface.  

 

SP-A structure: Under physiological conditions, SP-A exists as an octadecamer comprising of 6 

x trimer units (Palaniyar et al., 2000), and TLR4-MD2 as a dimer (Park et al., 2009). The trimeric 

crystal structure of neither the human SP-A nor the baboon SP-A is available in the protein data 

bank (PDB, http://www.rcsb.org/pdb) (Berman et al., 2000). Head et al, solved the crystal 

structure of the trimeric carbohydrate recognition domain/neck domain of SP-A (Head et al., 

2003). However, the PDB file and X-ray structure in protein data bank were available for the 

monomeric subunit of rat SP-A  (PDB ID: 1R13) (Head et al., 2003). Using bioinformatics 
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approaches, it is possible to obtain the structure of trimer by docking three monomers to form a 

single complex. We used SymmDock (Schneidman-Duhovny et al., 2005a; b), an automated 

server that deduces the structure of homomultimer with cyclic symmetry when the structure of a 

monomeric subunit is available, for above task. SymmDock server returned 100 possible trimer 

complexes that differed in the arrangement of monomers, accompanied by a priority score. Of 

all the configurations returned by the server, only the top scoring complex was identical to 

structure of the trimer shown in (Head et al., 2003; Palaniyar et al., 2000), and the rest had 

different arrangements.  

 

TLR4-MD2 structure: For TLR4-MD2 proteins, the amino acid sequences and dimer crystal 

structure of human TLR4-MD2 complex are available in PDB bank (PDB ID: 3FXI). Although, 

the TLR4 and SP-A proteins are considered highly conserved proteins, we checked the SP-A, 

TLR4 and MD2 sequence homology between the respective animal species using CLUSTALW 

multiple alignment program (Protein Information Resource, Georgetown University Medical 

Center, Washington DC). Only partial sequences were available for baboon SP-A and TLR4 

and there was no information available on baboon MD2. The alignment results suggest that the 

SP-A, TLR4 and MD2 proteins are highly conserved among different species (including mouse, 

rat, macaca, baboon and human) (Supplemental data 2). 

 

Protein-protein docking: Next, the protein-protein docking was carried out using Global Range 

Molecular Matching (GRAMM-X) methodology (Tovchigrechko and Vakser, 2006) on a public 

web server by submitting the PDB files (trimer assembly of SP-A and dimer receptor-adaptor 

molecule complex of TLR4 and MD2). GRAMM-X represents a new implementation of original 

GRAMM methodology that uses a smoothed Lennard-Jones potential on a fine grid during the 

global search Fast Fourier Transformation stage, followed by refinement optimization in 

continuous coordinates and rescoring with several knowledge-based potential terms 
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(Tovchigrechko and Vakser, 2006). We examined the top 100 docked configurations to select 

most plausible configurations. Results from published studies (Yamada et al., 2006) and our 

laboratory data were considered to set the inclusion and exclusion criteria for the selection of 

the most plausible model of SP-A-TLR4-MD2 complex. First, we discarded 90 configurations 

that did not show the MD2 adaptor molecule interacting with SPA in the SP-A-TLR4-MD2 

complex, because the microwell-based assay results indicated binding between SP-A and MD2 

adaptor molecule (Figure 3). However, identification of in vitro interactions between purified SP-

A and recombinant MD2 protein does not ensure that the SP-A binds to the MD2 present as a 

TLR4-MD2 complex in lung. In the remaining 10 configurations, some were same configurations 

with the SP-A docked to a different monomer of the TLR4-MD2 dimer. Finally, only three distinct 

configurations remained. Of these three configurations, we chose the configuration that had the 

highest area of contact between the molecules, which also happened to be the configuration 

ranked ‘one’. It is a model in which the c-terminal portion of SP-A binds to the extracellular 

domain of TLR4 and MD2 (Figure 4).  

 

Identification of amino acids at the interface of in silico model of SP-A-TLR4-MD2 protein 

complex: To examine the binding interface of the complex and identify the amino acids at the 

SP-A-TLR4 and SP-A-MD2 interfaces, we input the structures into another server called 

Knowledge-based FADE and Contacts (KFC; comprised of Fast Atomic Density Evaluator (K-

Fade): shape specificity features and K-Con: biochemical contacts such as intermolecular 

hydrogen bonds and atomic contacts) (Darnell et al., 2007). The server predicts the binding 

hotspots and the associated prediction confidence based on the shape specificity features and 

biochemical contact features of the residues at the interface. The predicted docking 

configuration of the SP-A-TLR4-MD2 complex with high confidence (K-Fade > 0.9 or K-Con > 

0.9) have been highlighted in Figures 5 and 6 using Van der Waals representation. The 

rendering was carried out using Visual Molecular Dynamics program (Humphrey et al., 1996). 
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The amino acids (SP-A: Asn162-Asn163-Tyr164; MD2: Ser141-Pro142-Glu143) in the selected 

docked configuration were highlighted using a Van der Waals representation (Figure 5). In the 

illustration (Figure 5), the other parts of the complex (two chains of SP-A and TLR4) are 

rendered transparent to focus on the SP-A-MD2 interaction site. According to the prediction 

from the KFC server, the SP-A and TLR4 proteins interact at four different places (Figure 6). 

The amino acids involved at the interface of TLR4 and SP-A (K-Fade >0.9 or K-Con>0.9) are 

listed in the Table 1. 

 

Functional Screening of SP-A library reveals a peptide (SPA4) that reduces LPS-induced 

TNF-α secretion. 

 

Based on the in silico observations and homology to respective SP-A regions between rat and 

humans, the SP-A peptides derived from C-terminal CRD of human SP-A were synthesized. 

SP-A peptides were tested for purity by mass spectrometry (Genscript, CA) and for endotoxin 

contamination by LAL test.  

 

Since an exaggerated activation of TLR4 is directly linked to secretion of pro-inflammatory 

cytokine (TNF-α) and SP-A in downregulating TLR4-induced TNF-α in lung dendritic cells 

(unpublished data, manuscript communicated), SP-A peptides were screened for any changes 

in LPS-induced TNF-α cytokine secretion in JAWS II dendritic cells. We included pre-LPS and 

post-LPS inflammation models in this study to investigate if the peptides affect the LPS-

mediated responses, prophylactically or therapeutically. We found that in pre-LPS model, the 

SPA2, SPA3 and SPA7 peptides increased the TNF-α secretion against LPS-challenge, rest of 

the peptides did not show any effect. On the other hand, in post-LPS model, two peptides 

(SPA4 and SPA5 peptides) significantly inhibited the secretion of TNF-α at both 1 and 10 µM 

concentrations (Figure 7). However, the SPA4 peptide had more distinct effect on LPS-induced 
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TNF-α than SPA5 peptide (mean values 6448 versus 8284 pg/ml at 1 µM concentration, and  

6101 versus 6319 pg/ml at 10 µM concentration). Coincidently, the SPA4 peptide contains most 

of the amino acids recognized at the interface of SP-A and TLR4 in the in silico model of SP-

A-TLR4-MD2 complex, and SPA5 peptide contains first 10 amino acids of SPA4 peptide.  

 

SPA4 peptide binds to TLR4 and blocks the LPS-induced TLR4 expression.  

 

Next, we confirmed the binding of the SPA4 peptide with recombinant TLR4-MD2 protein by in 

vitro microwell-based binding assay. The binding results show that similar to purified native SP-

A, the SPA4 peptide binds to TLR4-MD2 protein (Figure 8). Binding of the SPA4 peptide to 

TLR4-MD2 protein was observed as less efficient than the whole native SP-A protein which 

exists as octadecamer (composed of six trimers). The SPA4 peptide, however, represents a 

small portion of the TLR4-interacting region of SP-A derived from a monomer. Since a 

polyclonal antibody was utilized to detect the binding of SP-A and SPA4 peptide with TLR4-MD2 

proteins, the epitope detection may differ depending on whether it is a fragment (SPA4 peptide) 

or a full-length protein (purified baboon lung SP-A). 

 

Discussion  

 

In lung, SP-A is synthesized by type II lung epithelial cells, and is secreted in alveoli as a 

component of surfactant (King and Clements, 1972). SP-A plays a critical role in pathogen-

opsonization, clearance, downregulation of inflammation, and maintenance of lung function. 

Thus, it is reasonable to imagine that administration of SP-A should enhance clearance of 

pathogens and inhibit inflammation. Unfortunately, currently available surfactants do not contain 

SP-A, because it is a large and hydrophilic protein and cannot be mixed efficiently with 
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surfactant lipids. It is important to search for smaller fragments of SP-A. Unavailability of such 

an SP-A-derived fragment has been associated with the lack of an appropriate model to mimic 

such a complex scenario.  

 

Since the discovery of TLR4 as a pathogen-recognition receptor that is mainly expressed by the 

antigen-presenting cells (Basu and Fenton, 2004), it is now established that an exaggerated 

expression and activity of TLR4 leads to deleterious inflammatory response. A basal activity is 

however important for antigen-presentation and adaptive immunity. Reduction in SP-A and 

simultaneous increase in TLR4 expression, have been reported in different models of lung 

infection and inflammation (Alcorn et al., 2005; Chang et al., 2006; Gagro et al., 2004; Kajikawa 

et al., 2005). The reduction in SP-A amounts and concomitant increase in TLR4 expression 

corroborates with the clinical condition of patients with lung infection where reduced pathogen-

clearance is observed with robust inflammation.  

 

A number of SP-A-binding proteins and receptors have been recognized {reviewed in 

(Chroneos et al., 2010)}; however their functions and expression by cell type remain unexplored 

(Gil et al., 2009; Stevens et al., 1995; Strayer et al., 1993; Wissel et al., 1996). The binding of 

SP-A to the TLR4 protein has also been recently shown to occur under in vitro condition 

(Yamada et al., 2006); however, the in vivo evidence had been lacking and functional relevance 

remained largely unexplored. The anti-inflammatory effects of SP-A have been established, 

however the mechanism is not known. We believe that downregulation of the inflammatory 

response may be via interaction between SP-A and TLR4. Thus a smaller fragment of SP-A 

belonging to TLR4-interacting region should inhibit the TLR4-mediated inflammatory response 

while maintaining the basic functions of antigen-presenting cells. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 15, 2010 as DOI: 10.1124/jpet.110.173765

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


    JPET #173765 

21 
 

In this study, we found that SP-A and TLR4 proteins are co-immunoprecipitated from baboon 

lung tissue homogenates. This is the first report where such an interaction between SP-A and 

TLR4 has been shown to exist in the lung by immunoprecipitation/immunoblotting and 

microwell-based methods using lung tissue homogenates and purified lung SP-A. Earlier, 

interaction between SP-A and TLR4 was studied with purified or recombinant forms of proteins 

by ligand-blot, microwell-based binding assay and BIAcore methods (Chroneos et al., 2010; 

Yamada et al., 2006). Bioinformatics simulation studies further support the interaction between 

SP-A and TLR4-MD2 protein. Although several aspects of TLR4 and SP-A binding are not 

clearly understood, it is clear that the lung microenvironment may significantly influence their 

interaction. It should be noted that in the antibody-based methods employed here, the kinetics 

and characteristics of binding between the two proteins depend on the antigen-antibody affinity. 

The specific binding sites of both the SP-A and TLR4 proteins and the kinetic parameters of the 

native-SP-A-TLR4 interaction needed further investigation. It is important to note that the native 

SP-A molecule (ligand) is quite large (octadecamer) because of the oligomerization of trimers 

(Pastva et al., 2007), and TLR4 protein is a homomer and associates with other adaptor (MD2) 

and signaling receptors for its activity (Re and Strominger, 2002). Moreover, we also found that 

SP-A can bind to the TLR4 adaptor molecule MD2 as well. Thus, we considered computer 

modeling of SP-A-TLR4-MD2 complex; an in silico model of SPA-TLR4-MD2 complex was 

obtained where the binding features fitted best with the results from immunobiochemical assays 

(Figures 2, 3). The selected in silico model was analyzed further to identify potential binding 

sites and amino acids.  

 

As identified earlier, the functional significance of such an interaction is very difficult to assess in 

vivo. The functional relevance of such an interaction can be better examined under in vitro 

conditions in a controlled environment using cell culture system and the appropriate dosage of 

effector molecules. Thus, we used the JAWS II dendritic cell system, established in our lab to 
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investigate the effects of SP-A peptides derived from TLR4-interacting region on cytokine 

response against a well-known inflammatory stimuli: LPS. We found that SPA4 peptide encodes 

most of the amino acids belonging to TLR4-interacting region in in silico model, binds to TLR4-

MD2 protein and reduces LPS-induced TLR4 expression and cytokine response.  

 

These results suggest that SP-A blocks the TLR4-MD2-mediated intracellular signaling and 

cytokine release against infectious stimuli. Recently in human monocytes culture system, 

Henning et al. found that SP-A did not affect TLR4 expression, but it downregulated the TLR4-

mediated signaling against LPS (Henning et al., 2008). However, based on the information on 

the interacting amino acids at the SP-A-TLR4 interface in the computer-simulated SP-A-TLR4-

MD2 complex model, and screening of the peptides, we identify one peptide: SPA4, that 

suppresses the LPS-induced TNF-α release. More detailed investigations will be focus of future 

studies including studies to elucidate the mechanisms of SPA4 peptide mediated effects on 

host-pathogen interaction and inflammation in different in vitro and in vivo models.  

 

We are continuing to investigate the possibility that the instillation of exogenous SP-A (or SPA4 

peptide) will control TLR4-mediated inflammation. Further understanding of the SP-A-TLR4-

MD2 interaction and signaling mechanisms may help in designing improved immunotherapeutic 

interventions against fatal respiratory conditions. 
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Legends for Figures  

 

Figure 1: Synthetic peptides derived from C-terminal CRD region of human-SP-A. The peptides 

sequences and their location in SP-A are shown within the figure. Underlined amino acids were 

recognized at the interface of SP-A-TLR4 complex in the in silico analysis (Figures 4 and 6).  

 

Figure 2: (A) Immunoblotting of immunoprecipitates (IP-SP-A and IP-TLR4) with anti-human 

SP-A (IB-SP-A) and TLR4 (IB-TLR4) antibodies, respectively, to confirm the 

immunoprecipitation of specific proteins from baboon lung. IP-SP-A, IP-TLR4 and adult baboon 

lung homogenate protein (40 µg) were run on 8% SDS-PAGE gel under nonreducing (no 

heating, no DTT) or partially reducing (+ heating, no DTT) or reducing (+ heating, + DTT) 

condition. (B) SYPRO-ruby-stained SDS-PAGE gel of IP-SP-A run under partially reducing (+ 

heating, no DTT) condition. Estimated molecular weights of major protein bands are shown 

within the gel-image. Expected locations of SP-A, TLR4 and MD2 proteins are also marked. (C) 

Cross-immunoblotting of IP-SP-A and IP-TLR4 with anti-human-TLR4 (IB-TLR4) and SP-A (IB-

SP-A) antibodies, respectively. Purified SP-A protein and lysate protein of HEK293 cells stably-

transfected with TLR4 (HEK293-TLR4) served as positive control. (D) Negative controls for 

immunoprecipitation reaction: lanes 1, 2, 9, 10: IP-SP-A and IP-TLR4 immunoblotted with 

nonspecific primary antibody; lanes 3, 4, 11, 12: IP-SP-A and IP-TLR4 without any antigen or 

lung tissue homogenate; lanes 5, 6: 1.5 and 1 µl SP-A antibody, respectively; lanes 13, 14: 1.5 

and 1 µl TLR4 antibody, respectively; lanes 7, 8, 15, 16: IP reactions in absence of 

immunoprecipitating antibodies in the columns. The numbers indicate molecular weight (kDa) of 

standard marker proteins.  

 

Figure 3: Binding between SP-A and recombinant-TLR4-MD2 or MD2 protein by microwell 

based-method. Various concentrations of (A) lung tissue homogenate protein (0.2-2 mg/ml) (B) 
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or purified SP-A protein (2.5-40 µg/ml) were incubated with immobilized recombinant TLR4-MD2 

protein (0.25 µg per well) and the complex was detected using SP-A-specific antibody. (C) 

Binding between purified baboon lung SP-A and immobilized recombinant MD2 protein (0.25 µg 

per well). Various concentrations of purified SP-A protein (2.5 -100 µg/ml) were added. The 

wells were washed and the complex was detected using SP-A-specific antibody. The binding of 

SP-A to BSA protein shows non-specific binding. The results are representative of two 

experiments performed in triplicate. The error bars represent standard error of mean (SEM).* 

p<0.05, † p<0.1 versus BSA control (t-test). 

  

Figure 4: The c-terminal portion of SP-A binds to the extracellular domain of the TLR4-MD2 

complex. First, the structure of SP-A trimer was predicted by the SymmDock program from the 

monomeric crystal structure (PDB ID 1R13). Next, the predicted trimer was used to dock with 

TLR4-MD2 complex (PDB ID 3FXI) using GRAMM-X webserver.  The above configuration is the 

most likely interaction model, based on GRAMM-X server ranking and detailed analysis.  

 

Figure 5: The amino acids that are likely to interact in the docked model of SP-A-TLR4-MD2 

complex, as shown in Figure 4. In the illustration here, the other parts of the complex (two 

chains of SP-A and TLR4) are rendered transparent to focus on the SP-A-MD2 interaction site.  

 

Figure 6: The docked model of SP-A-TLR4-MD2 complex, as shown in Figure 4, shows that 

SP-A interacts with TLR4 in SP-A-TLR4-MD2 complex in at least four different places. The 

second monomer of the TLR4-MD2 dimer has been removed from the original model here for 

clarity. Also, the non-interacting chains of SP-A and MD2 molecule have been rendered 

transparent.  
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Figure 7: Effect of synthetic SP-A peptides on LPS stimulated-TNF-α release by JAWS II 

dendritic cells. The experimental schematic is shown for pre-LPS and post-LPS treatment of 

cells with SP-A-peptides. The control cells were treated with vehicle control, SP-A-peptides (1 

and 10 µM) or LPS (75 ng/ml) alone for 5h. The cell-free supernatants were collected after 5h of 

stimulation. The results are from three experiments performed in triplicate. The error bars 

represent SEM. *p<0.05 and ** p<0.001 as compared to TNF- α levels in cell-free-supernatants 

of LPS-treated cells (ANOVA). 

 

Figure 8:  Binding between SPA4 peptide and recombinant-TLR4-MD2 protein by microwell 

based-method. Native SP-A purified from baboon lung was included as control. Various 

amounts of purified native SP-A protein (2-10 µg) or SPA4 peptide (2-20 µg) were incubated 

with immobilized recombinant TLR4-MD2 protein (0.25 µg per well) and the complex was 

detected using SP-A-specific antibody. The results are from one representative experiment of 

three experiments performed in triplicate. The error bars represent SEM. The binding of SP-A or 

SPA4 peptide to BSA protein shows non-specific binding. * p<0.05 as compared to 0 µg protein 

(t-test). 
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Table 1: Amino acids identified at the SP-A-TLR4 interface.  

Molecule Amino Acid Residue # K-Fade Conf K-Con Conf 

TLR4 

(human TLR4) 
VAL (V) 33 1 1 

 ILE (I) 36 0.6 0.92 

 ARG (R) 382 1 1 

 GLU (E) 425 1 1 

 GLN (Q) 430 0.93 0.92 

 GLU (E) 474 0.9 1 

 LYS (K) 477 0.94 0.83 

 PHE (F) 500 1 0.91 

SP-A 

(rat-SP-A) 
GLY (G) 123 1 1 

 GLN (Q) 124 1 1 

 TYR (Y) 161 1 1 

 ASP (N) 177 0.92 1 

 SER (S) 187 1 0.85 

 TYR (Y) 188 1 0.81 

 THR (T) 189 0.91 0.82 

 PRO (P) 193 1 1 

 GLY (G) 194 1 1 
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