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Abstract

Surfactant protein A (SP-A) is a collagenous C-type lectin (collectin) that is critical for pulmonary 

defense against inhaled microorganisms. Bifunctional avidity of SP-A for pathogen associated 

molecular patterns (PAMPs) such as lipid A and for dipalmitoylphosphatidylcholine (DPPC), the 

major component of surfactant membranes lining the air liquid interface of the lung, ensures that 

the protein is poised for first line interactions with inhaled pathogens. To better understand the 

motifs that are required for interactions with microbes and surfactant structures, we explored the 

role of the tyrosine-rich binding surface on the carbohydrate recognition domain of SP-A in the 

interaction with DPPC and lipid A using crystallography, site-directed mutagenesis, and molecular 

dynamics simulations. Critical binding features for DPPC binding include a three-walled tyrosine 

cage that binds the choline head group through cation-π interactions and a positively charged 

cluster that binds the phosphoryl group. This basic cluster is also critical for binding of lipid A, a 

bacterial PAMP and target for SP-A. Molecular dynamics simulations further predict that SP-A 

binds lipid A more tightly than DPPC. These results suggest that the differential binding properties 
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of SP-A favor transfer of the protein from surfactant DPPC to pathogen membranes containing 

appropriate lipid PAMPs to effect key host defense functions.

Graphical Abstract

Pulmonary surfactant performs dual physiological roles, reducing surface pressure in the 

lung to permit effortless respiration and effecting host defense. By weight, surfactant is 90% 

phospholipids and 10% protein. Surfactant protein A (SP-A), a collagenous C-type lectin, is 

the most abundant of the four surfactant-associated proteins, which also includes surfactant 

proteins B (SP-B), C (SP-C) and D (SP-D). SP-A is known to rapidly associate with secreted 

lamellar bodies and to occupy the corners of the unfolding phospholipid membranes that 

ultimately constitute tubular myelin,1,2 the lattice-like structure that serves as the reservoir 

for replenishment of the surfactant monolayer. The critical role of SP-A in the structure of 

surfactant aggregates became apparent when it was found that Sftpa−/− mice, which are 

deficient in SP-A, lacked tubular myelin.3 Surprisingly, these animals did not have obvious 

alterations in surfactant function, content or secretion that had been predicted by more than a 

decade of in vitro experiments, but were found to have defects in host defense when 

challenged with infectious microorganisms.4,5 Data collected from studying these animals 

and other experiments suggests that the association of SP-A with surfactant phospholipids 

primarily functions to position the protein at the air-liquid interface as the first line of 

defense against inhaled pathogens.1,6–11 It is therefore important to understand the 

molecular interactions that determine differential binding of SP-A to phospholipid and 

microbial surfaces.

Studies of SP-A binding to phospholipids12,13 have shown that SP-A binds to 

phosphatidylcholine (PC), but not to phosphatidylglycerol (PG), phosphatidylinositol (PI), 

phosphatidylethanolamine (PE) or phosphatidylserine (PS), demonstrating that the polar 

head group influences binding. The protein binds most avidly to 

dipalmitoylphosphatidylcholine (DPPC), the major lipid component of surfactant, but not to 

other dipalmitoylglycerophospholipids such as dipalmitoylphosphatidylglycerol (DPPG) or 

dipalmitoylphosphatidylethanolamine (DPPE). The length and saturation state of the fatty 

acid groups in the sn-1 and sn-2 positions also influences binding; SP-A binds avidly to 

distearoylphosphatidylcholine but not dimyristoylphosphatidylcholine, and fails to bind to l-

palmitoyl-2-linoleoyl-dilinoleoylphosphatidylcholine or lysoPC. The binding of SP-A to 

phospholipids typically requires calcium. In addition to its key role in the structure of 

tubular myelin, binding of SP-A to surfactant membranes has been reported to enhance the 
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resistance of surfactant to foreign protein-mediated inhibition of its surface tension lowering 

properties, and to the recycling of surfactant into type II cells.14

SP-A also recognizes pathogen-associated molecular patterns (PAMPs) such as the lipid A 

portion of lipopolysaccharide of gram-negative bacteria.15 This interaction is required for 

the key roles of the SP-A-mediated immune response against these microorganisms, which 

includes direct antimicrobial activity, agglutination, and opsonization. SP-A-sensitive 

PAMPs typically contain polar domains and hydrophobic microbial components, such as are 

found in lipid A.16 The binding sites on SP-A for DPPC, lipid A or other lipids are 

unknown, but the structural features of lipid ligands suggest that lectin-type activity is not 

involved. In the alveoli, SP-A must alternately interact with surfactant membrane interfaces 

and with hydrophobic PAMPs. The extent of physical overlap between these ligand binding 

sites is a major knowledge gap. Multiple lines of evidence have shown that the carbohydrate 

recognition domain (CRD) of SP-A is capable of binding to lipid.17–21 Earlier mapping 

studies using chimeric SP-A proteins that contained homologous regions from surfactant 

protein D implicated broad domains in PC binding.22 The objective of the current work is to 

refine our molecular understanding of SP-A/lipid interactions and how these features 

influence SP-A function.

In previous crystallographic studies of SP-A,23,24 we studied a construct containing the 

entire CRD and neck domain (NCRD), which recapitulates many of the binding properties 

of the intact protein. In the initial report,23 we observed that the tyrosine-rich CRD surface 

included three surface-exposed tyrosine residues (Y164, Y208, and Y192) arranged in part 

as a box-like structure, and a proximal basic cluster containing two arginines (R216 and 

R222). Our proposal that these two features together form part of a PC binding site was 

supported by the nearby presence of a bound MES (2-(N morpholino)ethanesulfonic acid) 

buffer molecule, a close structural mimetic of phosphocholine, the hydrophilic component of 

PC. In the crystal structure, the MES binding site was not contiguous with the lectin 

calcium-binding site, and therefore was inconsistent with a lectin-mediated binding 

mechanism. The MES site was notable for binding of the positively charged morpholino 

group to Y164, one of the aforementioned tyrosines, via an apparent π-cation interaction. 

We postulated that for PC, the choline group would associate primarily with the tyrosine box 

and that the phosphoryl group would bind to the basic cluster. Unfortunately, analysis of 

binding of other ligand molecules to this region was precluded by the presence of crystal 

contacts and the use of sulfate salts in the crystallization medium, as the sulfate bound 

strongly to the basic cluster. We therefore sought to crystallize an SP-A NCRD/

phosphocholine complex in the absence of sulfate, and these results are reported herein. We 

further tested the validity of the phosphocholine site using mutagenesis and binding assays. 

Finally, we extended these studies to investigate lipid A/SP-A complexes, for which there 

are no crystallographic data, utilizing large-scale molecular dynamics simulations to 

investigate DPPC and lipid A binding in a membrane milieu. These combined studies 

present a cohesive view of the molecular interactions, on an atomic level, of SP-A and two 

of its major lipid ligands as occur in the presence of membranes.
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MATERIALS AND METHODS

Expression and purification of mutant recombinant proteins

A baculovirus expression system was used to generate WT and mutant, trimeric peptides 

comprised of the neck and carbohydrate recognition domain (NCRD) regions of rat SP-A. 

The isolation and sequencing of the 1.6kb cDNA for rat SP-A was previously reported.21 

Site-directed mutagenesis of the cDNA was performed using a QuikChange Lightning site-

directed mutagenesis kit (ThermoFisher). Inserts were ligated into the unique Eco R1 site of 

the PVL 1392 vector (Invitrogen),25 and the proper orientation was confirmed by restriction 

mapping with Kpn I. Sf-9 cells used for recombinant virus production, plaque assays and 

viral amplifications were maintained in 150 mL spinner cultures at 25–28 °C in an air 

atmosphere in media composed of IPL-41 insect culture media, tryptose phosphate broth, 

0.1% pluronic (shear-reducing surfactant compound) (Sigma), antibiotics, and 10% fetal calf 

serum.18,26 Recombinant baculoviruses containing mutant cDNAs for SP-A were produced 

by homologous recombination in Sf-9 cells following cotransfection with linear viral DNA 

and the recombinant PVL 1392- SP-A constructs (Baculogold, Pharmingen). Trichoplusia ni 

(T. ni) cells passaged in adherent cultures were used for the production of recombinant 

proteins. Fresh monolayers of 107 T. ni cells were infected with plaque purified recombinant 

viruses and incubated with serum-free media (EX-CELL 405) supplemented antibiotics for 

72 h. Recombinant SP-A was purified from the culture media by adsorption to mannose-

Sepharose 6B columns in the presence of 1 mM calcium and elution with 2 mM EDTA.27 

The purified recombinant SP-A was dialyzed against 5 mM Tris (pH 7.4) and stored at 

− 20 ° C. Bovine serum albumin (BSA) and disodium EDTA were from Sigma-Aldrich (St. 

Louis, MO, USA).

Preparation of multilamellar liposomes

DPPC/PG (w/w 85:15) and PI/lipid A (w/w 85:15) lipid mixtures were dissolved at a 

concentration of 1 mg/ml in chloroform, dried to a film under nitrogen in a depyrogenated 

glass tube, and rehydrated for 0.5 h at 37 °C in TBS (140 mM NaCl and 20 mM Tris-HCl 

(pH 7.5)) with intermittent, vigorous vortexing. Centrifugation at 12K × g room temperature 

for 10 min was used to pellet the multilamellar liposomes. 1,2-Dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC), L-α-phosphatidylglycerol (egg, chicken(PG), and L-α-

phosphatidylinositol (Soy PI) were from Avanti Polar Lipids, Inc. (Alabaster, AL). 

Diphosphoryl Lipid A from Escherichia coli F583 (Rd mutant) was from Sigma-Aldrich. All 

other reagents used were analytical grade.

SP-A/liposome binding assay

Mutant SP-A NCRD proteins were preincubated for 15 min at room temperature in the 

presence of 5mM CaCl2 or 5mM EDTA. A suspension of DPPC/PG or lipid A multilamellar 

liposomes was added, and the mixture was incubated for 60 min at room temperature with 

shaking. The liposomes and bound proteins were collected by centrifugation. The 

supernatant and pellet were coated onto 96 well plates overnight, blocked, and washed. 

Bound proteins were detected by sandwich ELISA using an anti-rat SP-A. Data are mean ± 

S.E., n=3.
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Crystallography

SP-A NCRD wild-type and mutants were expressed and purified as described 

previously.23,24 Crystals were grown in hanging drops over reservoirs containing 0.5 ml of 

reservoir solution (10 mM sodium cacodylate (pH 6.0), 10 mM calcium acetate, and 10% 

(w/v) polyethylene glycol, MW 20,000). Phosphocholine (POC) was purchased from Sigma-

Aldrich. For the phosphocholine complex, the crystals were soaked prior to X-ray data 

collection in reservoir solution with 50 mM POC and 5%, 10%, and 20% v/v 2-methyl-2,5-

pentanediol for approximately 5 minutes each to provide cryoprotection. Data were collected 

on a RAXIS-IV image plate using a Rigaku RU-300 rotating anode X-ray source. Indexing 

and processing of X-ray data were performed using DENZO and Scalepack.28 Structures 

were solved by difference Fourier using the published wild type/mannose complex 

coordinates (PDB code 3PAK)24 less waters and ligands as a starting model. Initial models 

were rebuilt using the AutoBuild function in Phenix29 with the input model excluded to 

reduce phase bias. Afterward, structures were subjected to iterative cycles of manual 

rebuilding in Coot30 and refinement in Phenix. TLS refinement of the B factors was used 

with 2 zones defined – residues 87-109 (neck) and residues 100-228 (CRD).

System preparation for MD simulations

The SP-A trimer was obtained by using the three-fold symmetry properties of the monomer. 

Two Cysteine residues C135-C226 and C204-C218 were cross-linked using psfgen in 

VMD31. An equilibrated structure of DPPC membrane was obtained from a previous 

study.32 To accommodate a sufficiently large binding area for the SP-A, four identical 

membrane bilayers were merged into a DPPC membrane bilayer of area 142 Å × 142 Å. The 

resulting membrane, with 648 DPPC lipid molecules in total, was further equilibrated for 20 

ns under NPT-γ ensemble. The structure of the lipid A monomer was obtained from Wu et 

al33; 288 lipid A monomers were arranged into a bilayer configuration of an area of 142 Å × 

156 Å and the membrane was equilibrated for a total of 30 ns under NPT-γ ensemble. The 

phosphate group of the lipid A was protonated such that each lipid A had a -2 charge to 

mimic the physiological condition of the bacterial membrane. The shape of the 

carbohydrates of lipid A were maintained in the chair conformation by imposing additional 

restraints on the glucosamine rings. The modified topology and parameter files can be 

downloaded in the supplementary materials.

MD simulations

All coordinated ligands of the calcium ion were restrained to maintain the expected lectin 

site structure. The 6 coordinated atoms of the calcium were constrained with a harmonic 

potential of the form U(x) = k(x− xref)2, where k was 1000 kcal mol−1 Å−2 and xref was set 

to 2.41 Å34 throughout minimization, heating, equilibration, and production simulations.35 

SP-A was placed ~15 Å above the membrane bilayer. The whole system was minimized, 

heated up and equilibrated for 5 ns with the backbone of SP-A constrained. Simulations 

were performed under NPT-γ ensemble using the program NAMD 2.936 assuming the 

CHARMM36 force field for the protein and lipid37 and assuming the TIP3P model for water 

molecules.38 Periodic boundary conditions were assumed, and the particle-mesh-Ewald 

(PME) summation method was employed for the evaluation of Coulomb forces. The van der 
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Waals energy was calculated using a cutoff of 12 Å. Temperature and pressure were 

maintained at 323 K and 1 atm using a Langevin thermostat with a damping constant of 1 

ps−1 and Nosé-Hoover Langevin piston methods.39 The integration time step was 2 fs with 

all bonds involving hydrogen atoms constrained using SHAKE algorithm.40

Steered Molecular Dynamics (SMD) simulations

With SP-A bound to membranes after 200 ns of simulation, SMD was used to apply a force 

perpendicular to the membrane to pull the SP-A off the membranes. The phosphate atoms of 

the bottom layer of the membrane bilayer were restrained such that the vertical motion is 

subjected to a harmonic potential with a force constant of 1 kcal mol−1 Å−2. Note that the 

lipids can diffuse freely in the lateral direction. The last 10 Cα atoms of the N-terminus of 

SP-A trimer were pulled with a constant velocity of 1.25 Å/ns and a spring constant of 0.1 

Nm−1 for 41 – 68 ns.

Analysis of MD trajectory

PME electrostatic potential maps and the binding footprint of SP-A were calculated using 

the PME electrostatics and Volmap plugins in VMD.31 The number of hydrogen bonds 

formed between SP-A and lipid molecules and their occupancies were calculated using the 

Hydrogen-Bonds plugin in VMD. Residue-based interaction energies between SP-A and the 

lipid molecules were calculated using a modified generalized-Born (GB) model.35,41 This 

model considers van der Waals interaction, electrostatics, and a solvation energy component 

that takes solvent-polarization into account. All the graphs were plotted using Matlab 

versions R2015a.

Statistics

Differences between groups were analyzed by the Student’s t-test, p values of <0.05 were 

considered significant.

RESULTS

Crystal structure of SP-A complex with phosphocholine (POC)

To date there have been no crystal structures of complexes of pulmonary collectins bound to 

lipid. In order to determine whether SP-A specifically recognizes the polar head group of 

PC, we soaked SP-A crystals in mother liquor supplemented with phosphocholine (POC); 

cocrystallization was unsuccessful presumably due to neighboring crystal contacts. The 

complex of SP-A with POC was solved at 2.2 Å resolution. The final model shows good 

geometry and agreement with the observed X-ray diffraction data (Table S1). The structure 

is very similar to the SP-A/mannose complex;24 the superimposed structures have a root-

mean-square deviation of 0.25 Å calculated using all α-carbons. There is one molecule of 

POC found in the structure (Figure 1). The phosphate group of the ligand is making salt 

bridging interactions with R216 and R222, as well as a hydrogen bond to the side chain of 

Q220. The choline group is not making any hydrogen bonds, however the positively charged 

group is well positioned to make cation-π interactions with the aromatic ring of Y164.
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Mutational Analysis

In order to test the importance of the contact area features observed in the SPA/POC 

crystallographic complex, we produced alanine mutants of N162, Y164, R216, L219, Q220, 

Y221, and R222. Y221was not part of the POC complex but is in the same region and highly 

conserved in SP-A sequences, so it was included in the analysis. The binding of these 

mutants to phospholipids is shown in Figure 2A and 2B. The data show that both alanine 

substitutions for tyrosine at Y164A and Y221A effectively eliminated SP-A binding to 

DPPC liposomes. In contrast, hydrophobic or neutral mutants of neighboring residues 

showed little or no effect on DPPC binding compared with wild-type. In particular, L219A 

and Q220A showed no significant loss of binding, while N162A exhibited an intermediate 

range of binding. R216 and R222 also were tested for DPPC and lipid A binding. Alanine 

mutation of both of these arginines similarly reduced both DPPC and lipid A binding. For 

both mutants, alanine substitution had a greater effect in R222A than in R216A.

Crystal structures of SP-A mutants

In order to determine whether any loss of lipid binding could be due to structural 

destabilization of the tyrosine mutants, we crystallized Y164A and Y221A. The structures 

were very similar to wild-type (root mean square deviation over all Cα atoms was 0.21Å and 

0.33Å for Y164A and Y221A, respectively), indicating that the observed effects were due 

solely to loss of side chain functionality rather than structural destabilization.

Molecular Dynamics (MD) simulation results

To obtain both atomic-level description and the dynamical properties of the membrane 

binding events, a series of MD simulations were performed on two systems, namely, SP-A 

on DPPC membrane and SP-A on lipid A membrane (Table 1). SP-A, initially placed ~15 Å 

above the membrane, binds firmly to both membranes after 200 ns of MD simulations, 

respectively (Figure 3).

The tyrosine residues bind to choline of DPPC lipid via cation-π interaction—
Cation-π interaction, although not being calculated explicitly in a classical force field, is 

present. Despite classical force field underestimation of the cation-π interaction,42 we 

consistently observed binding events of choline by several tyrosine residues. Therefore, we 

employed a geometry criterion to count the interaction in a more qualitative approach.43

Four tyrosine residues (Y164, Y192, Y208, and Y221) bind frequently to the choline of 

DPPC (Figure 4B), especially after 100 ns of simulation where all three chains of the SP-A 

trimer are bound to the membrane. To estimate the relative strengths of the tyrosine-choline 

interactions between different tyrosine residues, durations of the binding events were 

calculated and only the events that lasted for more than 5 ns were presented (Figure 4C). In 

simulations EPC, the tyrosine residues (Y164, Y192, Y208) that form the tyrosine box bind 

to choline substantially longer than does an isolated tyrosine residue (Y221). The isolated 

Y221 never binds to a choline for more than 10 ns while Y208, the center of the tyrosine 

box, showed a binding duration of 30 ns, two times longer than the reported cation-π 
duration of arginine and tryptophan.44 Since the only way Y208 can bind to choline is in the 
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tyrosine box (Figure 4A), we suspect the box-like arrangement of tyrosine molecules 

amplifies the cation-π interaction.

Comparison of lipid A and DPPC interfacial binding surfaces in SP-A as 
visualized through molecular dynamics simulations of explicit membranes—
MD simulations also estimate the effect of SP-A binding to multiple lipid molecules. 

Trimeric SP-A interacts with more lipid A molecules (13.9 ± 2.0) than with DPPC 

molecules (9.8 ± 4.4), as measured from the number of lipid molecules forming hydrogen 

bonds with SP-A in the last 10 ns of the MD simulations. SP-A also forms more hydrogen 

bonds with lipid A (Figure 5) than with DPPC because SP-A can bind not only to phosphate 

groups of lipid A, but also to the hydroxyl groups of its carbohydrate rings. Additionally, 

hydrogen bonds that involve the basic residues (particularly R216 and R222) and Y221 are 

the most consistently formed. The occupancy values for most of the residues listed in Table 

2 are larger in simulations ELA (Table 1), indicating that SP-A forms more consistent 

hydrogen bonds on lipid A. Some basic residues at certain chains have unusually low 

hydrogen bond occupancy (<10%) (for full table refer Table S2) due to lack of access to the 

hydroxyl or the phosphate groups of the lipids.

The basic residues contribute the majority of the interaction energies for the protein-lipid 

interfaces of both DPPC and lipid A membranes (Table 2). K201 plays an important role in 

forming strong hydrogen bonds with lipid A, although less so with DPPC. Q220 and Y221 

also form hydrogen bonds with the lipid A phosphate group. Not as prominent as the other 

basic residues, the hydrogen bonds formed by these two polar residues are not negligible. 

Based on the hydrogen bond occupancy, trajectory plots and interaction energy analysis, SP-

A forms stronger interactions, including more hydrogen bonds, more consistently with lipid 

A than with DPPC, suggesting that SP-A binds stronger to lipid A than to DPPC.

Differences in the properties of lipid A and DPPC—Figure 6 shows that the vertical 

(perpendicular to the membrane surface) fluctuation amplitude of DPPC is almost twice as 

large as that of lipid A. When SP-A binds to the DPPC membrane, the higher vertical 

fluctuation of DPPC increases the frequency of bond breaking and may effectively weaken 

the binding of SP-A and DPPC. Evidently, the SP-A DPPC interaction is more intermittent 

than that with lipid A. SP-A moves from one DPPC lipid to another throughout the 200 ns 

simulation (Supplemental movie), whereas such movement was rarely observed in SP-A/

lipid A binding.

Although lipid A is negatively charged and DPPC is neutral, the electrostatic potentials of 

both membrane surfaces are similar because the sodium ions from bulk water screens the 

negative charges of the phosphate group of lipid A. Figure S1 shows that the electrostatic 

potentials of both lipid membrane surfaces are nearly indistinguishable.

Estimation of relative lipid binding strength of SP-A via Steered Molecular 
Dynamics simulations—To compare the binding strengths of SP-A on DPPC and lipid A 

membranes, steered molecular dynamics (SMD) simulations were performed to pull SP-A 

away from the membrane with constant velocity. The speed of pulling was chosen to be 
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identical for both systems. The force-extension curves are plotted in Figure 7. The pulling 

forces of SP-A are consistently larger for lipid A than for DPPC.

Despite the long durations of our SMD simulations (41–68 ns), relatively long for system of 

this size,45 the time lengths of the simulations, t0 ~ 40 ns, and the typical membrane binding 

distances (here referred to as extensions), d0 ~ 50 A, permitted only pulling velocities of 

1.25 Å/ns, which are a few orders of magnitude higher than the velocities in a typical atomic 

force microscopy (AFM) experiment; as a result, the pulling forces arising in our 

simulations are larger than experimentally measured ones.46 Nevertheless, as is typical in 

such cases, the qualitative force-extension profile gleaned from SMD simulations is 

consistent with in AFM and optical tweezers pulling experiments.47,48 Given the consistent 

difference of the force extension curves shown in Figure 7, namely forces in SLA runs being 

higher than forces in SPC runs, our simulations suggest that SP-A binds to lipid A more 

tightly than to DPPC as tighter binding implies larger pulling forces.

DISCUSSION

The soluble surfactant protein SP-A undergoes binding to various membrane lipids, 

including phosphatidylcholine from host membranes and bacterial lipids such as lipid A. 

The binding of peripheral proteins to such membrane lipids is as yet poorly described on a 

molecular level. While there are many examples of peripheral membrane proteins binding to 

anionic phospholipids, little is known about those binding neutral phospholipids such as 

phosphatidylcholine. Still less is known about peripheral binding to microbial lipids such as 

lipid A. The techniques used in this present study, i.e. x-ray crystallography, mutagenesis, 

and large-scale molecular dynamics, offer an atomic resolution glimpse into the less known 

interactions and allow one to construct a detailed model of SP-A interactions for the cases of 

two key ligands, namely DPPC and lipid A.

DPPC Binding by SP-A

The present studies reveal that peripheral membrane interactions between SP-A and DPPC 

rely significantly upon two structural features of the protein surface: (1) surface tyrosine 

residues that facilitate cation-π interactions between protein and phospholipid and (2) basic 

residues, primarily arginines, which stabilize binding to lipid phosphoryl groups. Cation-π 
interactions occur frequently in proteins, where they offer structural stability and often 

participate in ligand binding.49 Opportunities for cation-π interactions are numerous at the 

membrane interface, an environment often rich in aromatic residues that can serve as π 
electron donors.44 The crystal structure of a phosphatidylcholine transfer protein complex 

described an unusual structural motif in which the tetramethylammonium (choline) group of 

the PC lipid ligand is held within a three-tyrosine cage via cation-π interactions with the 

tyrosines.50 More recently has such a tyrosine box motif been found in B. thuringiensis 
phosphatidylinositol-specific phospholipase C (PI-PLC) and has been identified as a 

phosphatidylcholine specific membrane targeting motif.43

We propose that SP-A also contains a cation-π box motif that promotes selective binding of 

phosphatidylcholine. In initial crystallographic studies of a construct based on the SP-A 

NCRD,23 a belt of surface-exposed tyrosine residues had been identified, three of which are 
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arranged as an open box. In SP-A sequences, the three box tyrosines (Y164, Y192, and 

Y208) are conserved whereas a fourth belt tyrosine is conserved at position 220 or 221. The 

invariance of these residues suggest that they play key functional roles in SP-A, and indeed 

it has been previously proposed that the site is important for binding to PC.23 Unfortunately, 

the earlier studies could not confirm this proposal crystallographically using soaked crystals 

since critical crystal contacts occluded the entrance of lipid to the box. However, the initial 

crystal structure suggested that there exists another PC binding site adjacent to the box and 

involving one of the three box tyrosines, Y164.23 In this structure, which contained a MES 

molecule, the positively charged morpholino group, analogous to a PC choline, bound to 

Y164 via an apparent cation-π interaction. To follow up on this observation, a crystal 

structure of a complex with POC was obtained, as presented above (see Figure 1). The 

choline group also bound similarly to Y164 while the phosphoryl group was bound at a 

highly conserved basic cluster consisting of R216, Q220, and R222.

In order to support and extend the crystallographic data, SP-A was subjected to alanine 

mutational analysis. The mutagenesis results confirmed the critical importance of the 

tyrosines and the basic cluster in binding to DPPC. While Y192 or Y208, two box residues, 

were not tested due to the presence of critical interactions stabilizing the tertiary structure of 

the protein, the more solvent exposed Y164A and Y221A mutants abrogated DPPC binding. 

The two arginines in the basic cluster also lost significant DPPC binding activity when 

mutated to alanine.

To gain further structural and mechanistic information, large–scale molecular dynamics 

simulations using explicit DPPC membrane bilayer models were undertaken. The advantage 

of using MD simulations to study SP-A binding is that multiple binding sites can be 

identified in a single simulation trajectory. Figure 8 demonstrates the accuracy of MD 

simulations in reproducing the PC binding site observed in the SP-A/POC crystal structure. 

More importantly, the MD simulations of SP-A binding to the DPPC membrane revealed 

that all four tyrosines participate in PC binding. The binding site that has been suggested by 

the POC complex crystal structure (Figure 1) and supported by the mutational analysis 

(Figure 2A) was confirmed by MD simulations. However, the tyrosine box itself also 

contained a choline group from DPPC, stabilized by cation-π interactions. Y221, while not 

part of the tyrosine box, also exhibits cation-π interactions with DPPC choline. 

Amplification of the cation-π interaction by the box motif was clearly observed as the 

tyrosine residues that form the tyrosine box were observed to interact with choline for a 

much longer duration than Y221, the latter side group not participating in any such structural 

motif. Such amplification of cation-π interactions due to geometrical arrangement of 

aromatic residues was also observed in molecular dynamics studies of PI-PLC.43 In addition 

to the cation-π interactions, tyrosines 164, 192 and 221 were also seen to form hydrogen 

bonds with the phosphate groups of the lipid molecules.

Lipid A binding by SP-A

Lipopolysaccharide (LPS), the major component of the outer leaflet of the outer membrane 

of gram-negative bacteria, is a major microbial lipid target for SP-A. Full-length LPS 

consists of three regions: lipid A, which is the membrane component, a conserved core 
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oligosaccharide region, and a highly variable O-antigen region. Studies of LPS of various 

lengths indicate that SP-A binds specifically to the lipid A component,15 and that the high 

saccharide content of the O-antigen region actually inhibits SP-A binding. Therefore, studies 

of lipid A binding to SP-A15,51 additionally have utilized Re-LPS, a naturally occurring 

mutant form of LPS containing only lipid A and two Kdo (3-Deoxy-D-manno-oct-2-

ulosonic acid) saccharides from the conserved core region. For the MD simulations, the pure 

lipid A bilayer was used because it is a simple and well-established model,33 and because 

SP-A specifically targets lipid A.

The greater number of hydrogen bonds between SP-A and lipid A suggests that lipid A 

binds more tightly to SP-A than does DPPC. Supporting this idea, experimental 

measurements have yielded Kd values of 5μM52 and 28nM53 for DPPC and Re-LPS, 

respectively. Although lipid A does not bind in the tyrosine box, strong hydrogen bonds are 

made with the same tyrosine side chains (Table 2). Additionally, the basic cluster which 

binds DPPC phosphoryl groups also form key electrostatic interactions with the phosphoryl 

groups of lipid A. Accordingly, the R216A and R222A mutants show significant reduction 

in lipid A binding (Figure 2C).

Despite the observation from MD simulations that SP-A utilizes a similar group of residues 

for DPPC and lipid A binding, SP-A was estimated to bind 60% more tightly to lipid A than 

to DPPC according to the peak pulling forces obtained from SMD simulations. Such large 

discrepancy in pulling forces could largely be attributed to the dynamic properties of the 

lipid membranes and the number of lipid molecules bound to SP-A. Lipid A, approximately 

twice the size of DPPC, is therefore less mobile than DPPC as clearly shown by the slower 

lateral diffusion (Figure S2) and the lower vertical fluctuations (Figure 6) of the lipid A 

membrane bilayer. Therefore, the thermal perturbation on the SP-A/lipid A interactions is 

effectively damped. Additionally, the fact that SP-A binds to more lipid A molecules results 

in further damping of the dynamics of SP-A when bound to lipid A membrane. As a result, 

once bound, SP-A does not ‘scoot’ on the membrane surface of lipid A, and SP-A forms 

more consistent hydrogen bonds with lipid A than with DPPC.

In their studies of mixed monolayers of DPPC and lipid A or LPS of varying lengths, 

including Re-LPS, Casals and coworkers found that the highly miscible mixed monolayers 

interact strongly with SP-A.51 Such monolayers could appear in the lung as LPS from 

inhaled bacteria becomes incorporated into DPPC-rich monolayers. Studies from the 

McCormack lab suggest that binding of SP-A to LPS initiates membrane permeabilization 

and direct killing of the bacteria by SP-A.54,55 Other studies show that SP-A destabilizes 

LPS membrane structure.56 It is tempting to speculate on the basis of the present MD 

simulations that SP-A remains bound to surfactant DPPC until close proximity of the 

bacterial cell and bacterial lipids, at which point SP-A transfers to LPS due to its higher 

affinity binding and initiates bactericidal activity. However, additional studies are needed to 

investigate this scenario.

In summary, the present studies utilized three complementary approaches to probe, at atomic 

resolution, the interactions between SP-A and the lipid surfaces of DPPC or lipid A. The 

crystal structure of a complex of SP-A with POC mimicked specific interactions with the PC 
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polar head, thus identifying two key components to the SP-A binding site, the choline box 

and the basic cluster. We further tested hypotheses regarding the phosphocholine site using 

alanine mutagenesis and binding assays. We also extended the present studies to investigate 

lipid A/SP-A complexes, for which there are no crystallographic data. For this purpose we 

utilized large-scale molecular dynamics approaches to investigate DPPC and lipid A binding 

in an explicit membrane milieu. The combined studies present a collective view of the 

molecular interactions, on an atomic level, of SP-A binding to two of its major lipid ligands, 

suggesting furthermore a molecular mechanism underlying the bactericidal activity of SPA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BSA bovine serum albumin

CHARMM Chemistry at HARvard Macromolecular Mechanics

CRD carbohydrate recognition domain

Cα alpha carbon

DPPC dipalmitoylphosphatidylcholine

DPPE dipalmitoylphosphatidylethanolamine

DPPG dipalmitoylphosphatidylglycerol

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

GB generalized-Born

Kd dissociation constant

Kdo 3-deoxy-D-manno-oct-2-ulosonic acid

LPS lipopolysaccharide

MD molecular dynamics

MES 2-(N morpholino)ethanesulfonic acid
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NAMD NAnoscale Molecular Dynamics

NCRD neck and carbohydrate recognition domain

NPT-γ constant number of particle, pressure, and temperature while keeping the 

ratio of the unit cell in the x-y plane constant

PAMP pathogen associated molecular pattern

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI-PLC phosphatidylinositol-specific phospholipase C

PI phosphatidylinositol

PME particle-mesh-Ewald

POC phosphocholine

PS phosphatidylserine

SMD steered molecular dynamics

SP-A surfactant protein A

SP-B surfactant protein B

SP-C surfactant protein C

SP-D surfactant protein D

Tris tris(hydroxymethyl)aminomethane

VMD Visual Molecular Dynamics

WT wild type
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Figure 1. 
Crystal structure of SP-A in complex with POC. The phosphate group of POC forms 

hydrogen bonds with Q220, R216 and R222. The choline group of POC interacts with Y164 

via cation-π interaction.
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Figure 2. 
Effect of mutations on binding of SP-A to DPPC and lipid A. Wild type and N162A, 

Y164A, L219A, Q220A, Y221A mutant NCRD forms of SP-A were incubated with 

DPPC/PG (panel A) liposomes for 60 min at room temperature. Wild type and R216A, 

R222A mutant NCRDs were incubated with DPPC/PG (panel B) and lipid A (panel C) 

liposomes, respectively, for 60 minutes at room temperature. The liposomes and bound 

proteins were sedimented by centrifugation. Supernatant and pellet fractions were coated 

onto plates, blocked, and washed. Bound fusion proteins were detected by ELISA using an 

anti-rat SP-A antibody, and expressed as a fraction of total SP-A (bound + unbound) in the 

reaction. Data are mean ± S.E. n=3.
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Figure 3. 
Lipid membrane binding by SP-A simulated using MD simulations. SP-A (ribbon 

representation in magenta) diffuses and binds firmly to the membrane bilayer within 100ns 

and stayed bound for another 100ns.
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Figure 4. 
Tyrosine box amplifies the cation-π interaction. (A, B) Three tyrosine residues form a box-

like conformation to bind with choline, part of the DPPC lipid head group. Occupancy plot 

(C) and histogram (D) show the frequency and duration of a choline bound to the key 

tyrosine residues of SP-A in simulation ELPC, respectively. SP-A is represented in 

transparent magenta ribbon, calcium ion is shown as orange sphere, and DPPC lipid, which 

comprises nitrogen (blue), oxygen (red), carbon (cyan), and phosphorus (tan) atoms, is 

shown in ball-and-stick representation.
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Figure 5. 
Hydrogen bonding plays a more important role for SP-A binding to lipid A than to DPPC. 

The hydrogen bonds curves plotted are the average hydrogen bond numbers of the two 

independent simulations ELA (black curve) and simulations EPC (gray curve), respectively. 

See Table 1.
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Figure 6. 
The lipid head groups of DPPC have larger vertical fluctuations than lipid A. The 

normalized histograms and their corresponding fitted Gaussian curves show that the 

fluctuation amplitude of DPPC lipid (gray) is almost twice of that of lipid A (black).
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Figure 7. 
A larger force is required to pull SP-A off a lipid A than off a DPPC membrane. The force-

extension curves for simulations SLA (black) show that the applied pulling forces are at 

least 60% larger than that of simulations SPC (gray). See Table 1.

Goh et al. Page 23

Biochemistry. Author manuscript; available in PMC 2017 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Binding site of POC in SP-A (purple ribbon). The lectin site calcium (orange sphere), key 

side chains (licorice), and POC and DPPC (ball and stick) are shown. (A) The final, refined 

model of the complex between SP-A and POC obtained from X-ray crystallography. (B) The 

same binding site as observed in the MD simulations.
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Table 1

MD simulations performed in this study

Simulation Description Time (ns) No. of runs

EPC Equilibrium simulation of SP-A on DPPC membrane 200 2

ELA Equilibrium simulation of SP-A on lipid A membrane 200 2

SPC SMD simulation of SP-A on DPPC membrane 41 2

SLA SMD simulation of SP-A on lipid A membrane 53–68 2
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Table 2

Evaluation of the strength of interaction between SP-A and lipid membrane. Important SP-A residues were 

identified by calculating their average interaction energies with DPPC or lipid A membranes for the last 50 ns 

of the simulations. R216, Y221 and R222 form the most consistent hydrogen bonds with the lipid molecules. 

Only residues that have the highest hydrogen bond occupancy among the three SP-A monomers are listed. The 

occupancy values (in percentage) were calculated for the last 100 ns of the simulations. For some residues, 

occupancy of >100% was observed because two residues can form more than one bond simultaneously. For a 

full table of hydrogen bond occupancy and interaction energies, please refer to Tables S2 and S3.

Residue of SP-A
Average interaction energies (kcal/mol) Hydrogen bond occupancy (%)

SP-A/DPPC SP-A/lipid A SP-A/DPPC SP-A/lipid A

N162 −6.4 ± 4.8 −6.6 ± 3.7 20 41

N163 −3.3 ± 1.6 −2.8 ± 1.6 3 9

Y164 −5.3 ± 5.9 −7.5 ± 4.2 43 78

Y192 −7.8 ± 6.9 −4.2 ± 2.9 47 65

R197 −21.4 ± 16.1 −21.4 ± 12.5 84 112

K201 −6.1 ± 10.9 −30.3 ± 12.4 40 148

Y208 −2.9 ± 3.0 −2.8 ± 2.4 19 63

R216 −30.0 ± 16.9 −27.1 ± 7.7 82 172

Q220 −14.0 ± 7.6 −10.4 ± 2.9 57 93

Y221 −9.4 ± 7.0 −10.0 ± 2.9 67 96

R222 −22.6 ± 10.6 −22.3 ± 6.2 81 177

Calcium −11.7 ± 7.9 −8.9 ± 2.2 - -

Biochemistry. Author manuscript; available in PMC 2017 October 31.


	Abstract
	Graphical Abstract
	MATERIALS AND METHODS
	Expression and purification of mutant recombinant proteins
	Preparation of multilamellar liposomes
	SP-A/liposome binding assay
	Crystallography
	System preparation for MD simulations
	MD simulations
	Steered Molecular Dynamics (SMD) simulations
	Analysis of MD trajectory
	Statistics

	RESULTS
	Crystal structure of SP-A complex with phosphocholine (POC)
	Mutational Analysis
	Crystal structures of SP-A mutants
	Molecular Dynamics (MD) simulation results
	The tyrosine residues bind to choline of DPPC lipid via cation-π interaction
	Comparison of lipid A and DPPC interfacial binding surfaces in SP-A as visualized through molecular dynamics simulations of explicit membranes
	Differences in the properties of lipid A and DPPC
	Estimation of relative lipid binding strength of SP-A via Steered Molecular Dynamics simulations


	DISCUSSION
	DPPC Binding by SP-A
	Lipid A binding by SP-A

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1
	Table 2

