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Abstract

Phospholipase A2-IIA catalyzes the hydrolysis of the sn-2 ester of glycerophospholipids. A 

rare c.428G>A (p.Arg143His) variant in PLA2G2A gene was found in two infants affected by acute 

respiratory distress syndrome (ARDS) by whole coding region and exon/intron boundaries 

sequencing. To obtain insights into the possible molecular effects of the rare R123H mutation in 

secretory PLA2-IIA (sPLA2-IIA), molecular modelling, molecular dynamics (MD) using principal 

component analysis (PCA) and continuum electrostatic calculations were conducted on the crystal 

structure of the wild type protein and on a generated model structure of the R123H mutant.  

Analysis of MD trajectories indicate that the overall stability of the protein is not affected by this 

mutation but nevertheless the catalytically crucial H-bond between Tyr51 and Asp91 as well as 

main electrostatic interactions in the region close to the mutation site are altered.  PCA results  

indicate that the R123H replacement alter the internal molecular motions of the enzyme and that 

collective motions are increased. Electrostatic surface potential studies suggest that after mutation 

the interfacial binding to anionic phospholipid membranes and anionic proteins may be changed. 

The strengthening of electrostatic interactions may be propagated into the active site region thus 

potentially affecting the substrate recognition and enzymatic activity. Our findings provide the basis 

for further investigation and advances our understanding of the effects of mutations on sPLA2 

structure and function. 

Keywords: molecular dynamics simulation; sPLA2; PLA2G2A gene; molecular modelling; 

electrostatic potential
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1. Introduction 

Phospholipases A2 (phosphatide 2-acylhydrolase, EC 3.1.1.4) are a widely distributed group 

of enzymes that catalyse the hydrolysis of ester bonds at the sn-2 position of phospholipids [1]. 

Secretory phospholipases A2 (sPLA2) represent the extracellular forms secreted by several cell 

types; over 10 distinct sPLA2 isotypes have been described in mammalians and the -IIA (sPLA2-

IIA) is the main pulmonary isotype, secreted into the alveoli by alveolar macrophages [2]. 

sPLA2s are relevant in lung physiopathology, since they may contribute to the production of 

inflammatory mediators and are responsible for surfactant phospholipids catabolism. These two 

processes are typical of acute respiratory distress syndrome (ARDS), which is a life-threatening 

condition characterized by high lung tissue inflammation and surfactant dysfunction [1,3]. sPLA2-

IIA is increased in broncho-alveolar lavages (BAL) from ARDS animal models [4,5]; moreover 

BAL levels of sPLA2-IIA are increased in ARDS adult patients and correlate with clinical 

severity[6,7]. Given the role of sPLA2 in ARDS in adult patients, we set up an international 

network to investigate the role of sPLA2 in various pediatric critical respiratory conditions, 

designing a multi-step translational project whose plan has been described elsewhere [8].  We 

demonstrated that sPLA2-IIA is a main enzyme isotype in infants with post-neonatal ARDS: 

moreover, in these patients, sPLA2 activity correlates with clinical severity and also with mortality, 

lenght of pediatric intensive care (PICU) stay and respiratory outcomes [9,10]. Pediatric ARDS is 

defined as an acute-onset multifactorial condition needing peculiar triggering factors and an 

underlying given degree of predisposition [11]. In fact, polymorphisms of the NFB gene, which is 

the sPLA2-IIA transcription factor, are associated with the risk to develop ARDS and its outcomes 

[12,13]. It is known that a sPLA2 gene polymorphism is associated with complications of chronic 

obstructive pulmonary disease, however data about sPLA2 genetics and ARDS are lacking [14]. 

Within our multi-step project we also meant to study sPLA2 genetics, thus we sequenced sPLA2-

IIA gene (PLA2G2A) in infants with ARDS [8].
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sPLA2-IIA protein has been described in detail [1].  It is characterized by a low molecular 

weight (14 kDa), seven conserved disulfide bonds and His/Asp dyad for the catalytic mechanism 

and Ca2 bound in the active site.  The active site possesses a hydrophobic channel, which is formed 

by Leu2, Val3, Phe5, His6, and Ile9 on the N-terminal α1 helix (2-13) and Alal7 and Ala18 on the 

short α2 helix (16-24). The calcium ion, which is essential for the sPLA2 -IIA activity is bound to 

the main chain carbonyl oxygen atoms of residues His28, Gly30, and Gly32 and to the side chain 

oxygen atoms of Asp48 at the active site which includes the catalytic His47 and Asp91.  The 

catalytic mechanism for hydrolysis of ester bonds at the sn-2 position of phospholipids is shown in 

Fig. 1. 

Figure 1.  Schematic representation of the catalytic mechanism of sPLA. The catalytic site 

consists essentially of His47, Asp91, a calcium ion (cofactor), and a water molecule that acts as the 

nucleophile. The hydrogen atom of the water molecule is transferred to His47 and the calcium ion 

stabilizes the oxyanion derived from the substrate’s carbonyl oxygen. The histidine imidazole ring 

becomes positively charged and the protonated His47 is stabilized by Asp91, which hydrogen-

bonds to Tyr51 and Tyr66. Residue numbering is based on the PDB file 1DB5 [15]. Substrate is 

shown in magenta.
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The crystal structure and surface electrostatic potential calculation of sPLA2-IIA have 

shown that this highly cationic protein contains a large number of cationic patches on its molecular 

surface [16-18]. Some cationic patches are essential for interfacial binding, whereas Arg123 

belongs to a cluster of basic residues (cluster A, including Lys52, Arg53, Lys56 and Arg57) which 

is involved in heparinoid binding [19,20]. 

Here, we report the discovery of a rare variant in the PLA2G2A gene of two pediatric 

patients, identical twins, affected by ARDS.  Predicting how this mutation alters the structure and 

function of sPLA2-IIA may be helpful for the identification of the role of sPLA2s in the mechanism 

underlying the disease. Molecular dynamics simulation has been widely used to study the effect of 

mutations on the structure and function of proteins [21-24]. Here we have used  molecular 

modelling, molecular dynamics and electrostatic potential calculation to understand the 

conformational changes and dynamics of sPLA2 under the effect of R123H mutation. Our 

investigation provides detailed atomistic insights into the structural features of this rare variant. 

2. Materials and methods

2.1. Population

Twenty-four infants diagnosed with ARDS according to the American-European Consensus 

Criteria were recruited [25]. These were patients previously enrolled in our earlier investigation step 

about biological and clinical effect of sPLA2 during pediatric ARDS and basic population details 

have been described elsewhere [10]. These patients were subjected to broncho-alveolar lavage and 

sPLA2 activity was measured in their epithelial lining fluids (ELF). Details about lavage procedure, 

sPLA2 activity assay and ELF estimation have been published elsewhere [10]. We also enrolled as 

controls 25 healthy age matched (within 2 months) infants admitted to our pediatric intensive care 

unit (PICU) in the month immediately before or after the ARDS infants. These controls were all 

admitted for postsurgical care, they had no lung disease in the previous three months and they have 
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never been diagnosed with ARDS before. During hospitalization they had a normal lung imaging 

and clinical examination and never needed any supplemental oxygen.

Finally, 50 non-smoker adults, never diagnosed with ARDS and with no lung disease in the 

previous three months, have been recruited as further control. These were outpatients seen for 

glucose-6-phosphate dehydrogenase deficiency genetic test. In all these control subjects 1 mL 

whole blood was drawn into EDTA tubes at the moment of blood drawings for clinical routine tests 

and kept at 4°C. No venepuncture was performed solely for study purposes and the participation to 

the study did not change patients’ care; institutional review board approved the study and informed 

consent was asked to patients or parents/guardians.

2.2. Molecular testing of the PLA2G2A gene 

Genomic DNA was isolated from peripheral blood by the MagCore® Genomic DNA Whole 

Blood Kit, according to the manufacturer’s procedures and using the MagCore® Automated 

Nucleic Acid Extractor (Diatech Lab Line srl. Jesi, Italy). The published genomic sequence of the 

PLA2G2A gene and the NCBI Reference Sequence NG_012928.1 were used to design primers for 

PCR amplification of four genomic coding fragments also covering the exon-intron junctions: 

fragments 1, 2, 3 (primers: 1AF-1AR: 5’-AAGTTGAGACCACCCAGCAG-3’, 5’-

TTTTCCCCCTGAGAGAGGAT-3’; 2AF-2AR: 5’-CCATTTGGGAGGAAGGAGA-3’, 5’-

AGGAACCGGCACTGTCTTT-3’; 3AF-3AR: 5’-CTGGAGCTGTGGGACAAGA-3’, 5’-

CACAGTCCCCAGCACTGTCTA-3’) encompassing exons 2, 3, 4 and fragment 4 (primers: 4AF-

4AR: 5’-CCCACAAGAAGCCACTGAAT-3’, 5’-AATTCAGCACTGGGTGGAAG-3’) 

encompassing exon 5, were generated [26]. PCR products were sequenced using the Big Dye 

Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA, 

http://www.appliedbiosystems.com/absite/us/en/home.html) in an automated sequencer ABI Prism 

3500 Genetic Analyzer (Applied Biosystems). The same primers were used for PCR amplification 
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and direct sequencing. Using the SeqScape® Software v2.5, sequences were aligned to the 

reference sequence NG_012928.1. Allelic frequencies were compared with Fisher exact test.

2.3. Bioinformatics Analyses

The potential consequences of the mutation were first predicted by means of two 

bioinformatics methods: PolyPhen-2 [27] and SIFT [28] using default settings for mutation 

assessment. Obtained scores, 0.8 (possibly damaging) and 0.06 (tolerated) for PolyPhen-2 and SIFT 

respectively, suggest further investigations.

2.4. Mutation modelling

The structure of the SPLA2-IIA R123H mutant was generated by using the Build Mutant 

tool of the Protein Modelling module of Discovery Studio (Dassault Systèmes BIOVIA, Discovery 

Studio Modeling Environment, Release 2017, San Diego: Dassault Systèmes, 2016). We used the 

structure of human sPLA2-IIA in complex with indole 6 (available in the Protein Data Bank, PDB: 

1DB5) as the starting point for molecular modelling studies [15]. This structure was chosen, among 

those available in the PDB, on the basis of the best stereochemical quality as calculated by 

PROCHECK [29] (93.6%, 6.4%, 0% and 0% the percentage of the residues belonging to the most 

favoured, additionally allowed, generously allowed and disallowed region of the plot, respectively).    

The Build Mutant protocol automatically mutates specific residues and optimizes the confirmation 

of neighbouring residues that lie within a specified cutoff radius of 4.5 Å [30]. The generated 50 

model structures were then evaluated using the DOPE scoring function and the PDF total energy of 

the program. The structure with the lowest PDF (probability density function) was selected and 

checked using the programs PROCHECK, VERIFY3D and ProSA-Web 

(https://prosa.services.came.sbg.ac.at/prosa.php) [29,31,32]. 

2.5. Molecular dynamics simulation protocol
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We used the structure of human s-PLA2-IIA (PDB: 1DB5) and the generated R123H mutant 

structure as the starting point for the MD simulations in water. Hydrogens were added to the crystal 

and modelled structures using the Maestro program (Schrodinger Inc.). Two independent 

simulations were set up for the wild and mutated structures. MD simulations were carried out using 

the program Desmond as implemented in Maestro (Schrödinger Release 2017-1: Desmond 

Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2017. Maestro-Desmond 

Interoperability Tools, Schrödinger, New York, NY, 2017). Each simulated system was solvated in 

an orthorhombic box (53 Å x 46 Å x 67 Å and 53 Å x 44 Å x 67 Å) for wild type and R123H 

mutant, respectively) with explicit SPC water molecules (4311 and 4131, respectively). A 0.15 M 

NaCl salt concentration was added and 18 (wild type) and 17 (R123H mutant) chloride ions were 

added to the systems to maintain electric neutrality. Atomistic interactions were calculated with the 

OPLS 2005 force field [33]. The particle-mesh Ewald method was used to calculate the long-range 

electrostatic interactions. A cut-off radius of 9.0 Å was applied for short-range van der Waals and 

Coulomb interactions. The systems were heated up and equilibrated with the standard Desmond 

Maestro protocol and then simulated under an isothermal–isobaric ensemble (NPT) with the 

temperature of 300 K and the pressure of 1 bar. A Nose-Hoover thermostat and Martyna–Tobias–

Klein method were implemented to maintain the temperature and the pressure of the systems, 

respectively [34,35]. A time step of 2.0 fs was used for the overall simulations. The systems were 

minimized and equilibrated with the default protocols of Desmond. 200 ns non-constrained MD 

simulation was performed for each system, and the coordinates were saved for every 200 ps. 

Different random number seeds were used for independent trajectories. Bio3D package for R was 

used to analyse motion of the Cα atoms by principal component analysis and to detect time 

correlated motions of all C-alpha atom pairs by dynamic cross-correlation maps [36]. 

2.6. Electrostatic Potential Calculations
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The calculation for sPLA2-IIA and its R123H variant was based on the model structures 

generated from MD simulations. Electrostatic potentials and electrostatic interaction energies were 

calculated with the DelPhi software package, as implemented in Discovery Studio 4.5, which solves 

the nonlinear Poisson Boltzmann equation by the finite difference method [37]. The calculation 

employed a grid of 49x42x36 with a grid resolution of 0.7 Å. Dielectric constant of 80 and 2 were 

used for solvent and solute, respectively. An ionic exclusion radius of 2.0 Å, a solvent radius of 1.4 

Å and a solvent ionic strength of 0.145 M were applied. The electrostatic potential distribution was 

mapped onto the solvent accessible surface calculated using Discovery Studio with the  radius  of  

the  probe set  at 1.4 Å. pKa values of the individual amino acid residues were calculated using the 

approach of Spassov and Yan as implemented in Discovery Studio 4.5 [38]. 

3. Results and discussion

3.1. Clinical and genetic data

Direct sequencing revealed no mutations in 22 patients, albeit a missense c.428G>A  (rs34568801) 

variant in exon 5 of the PLA2G2A gene was found in 2 identical twins affected by ARDS. The 

variant causes the amino-acid change p.Arg123His in the mature form of the protein. To date, this 

variant is only reported in the dbSNP database (https://www.ncbi.nlm.nih.gov/projects/SNP/) and 

no clinical significance is associated. Its allelic frequency is significantly different between cases 

and control infants (p=0.05; Fisher test) and also between cases and healthy adult controls  (p=0.01; 

Fisher test). Minor Allele Frequency (MAF) is also significantly different, as this variant is 

considered a rare one since it has a global MAF of 0.0020, while it is 0.023 in our population 

(p=0.04; Fisher test). Table 1 shows basic clinical characteristics of the two patients and of control 

patients admitted to pediatric intensive care unit for reasons other than ARDS. The two cases were 

affected by a moderately severe ARDS as seen by oxygenation and compliance measurements, 

while control patients did not have any derangement in oxygenation, compliance and different 



10

PRISM III-24 score and clinical outcomes. The other control group consisted of outpatients tested 

for glucose-6-phosphate dehydrogenase deficiency and otherwise healthy, thus physiological and 

vital parameters were not measurable for them and were not reported in Table 1, as they did not 

need any critical care monitoring. The sPLA2 activity in ELF at the ARDS diagnosis resulted also 

moderately high, as it was 210 IU/mL and 312 IU/mL, for case 1 and 2, respectively. The two 

subjects carrying the mutated PLA2G2A allele were identical twins. Gene sequencing of the 

patients’ parents showed that the variant was of paternal origin. No episodes of ARDS were 

reported in the family history. Patients have been followed up for 6 years: they never presented new 

ARDS episodes and their growth, development and clinical history has always been normal. Our 

findings align with those indicating that PLA2G2A SNP is potentially associated with neonatal 

sepsis [39,40]. 

Table 1

 Clinical data of the two patients and of the control group of infants admitted to pediatric intensive 

care unit without ARDS. 

Abbreviations: PRISM III-24: Pediatric risk index for mortality, calculated as the worst in the 

first 24h from the PICU admission; FiO2: inspired oxygen fraction; OI: oxygenation index, 

calculated as inspired oxygen fraction (FiO2) x mean airway pressure / PaO2 (dimensionless 

number); PaO2: arterial partial tension of oxygen; Crs: static compliance of the respiratory system; 

PICU: pediatric intensive care unit; (more details in the text).Control group data are expressed as 

mean (standard deviation) or number (%), as appropriate.  

3.2. Modelling of R123H sPLA2-IIA mutant

Case 1 
n.1

Case 2 
n.2

     Controls 
ControlsAge (months) 3 3 4.6 (0.1)

Male Sex Yes Yes 13 (52%)
PRISM III-24 score 22 25 5.4 (2.3)

PaO2/FiO2 ratio at the ARDS 

diagnosis

95 79 490 (157)
OI at the ARDS diagnosis 18 29 1 (0.7)
Crs (mL/cmH2O/kg) at the 

ARDS diagnosis

0.28 0.4 0.89 (0.11)
PICU stay (days) 6 6 11.8 (9.6)

Duration of mechanical 

ventilation (days)

5 5 9.2 (9.4)
Duration of O2 therapy (days) 6 6 9.4 (9.4)
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To investigate the effect of R123H mutation, homology modelling was used to construct the 

model of the mutant based on the crystal structure of sPLA2-IIA (PDB code: 1DB5). The overall 

stereochemical quality of the structures was evaluated using PROCHECK which bases its 

evaluation on a database of  well refined high-resolution protein structures and presents the results 

as Ramachandran plots of residue phi-psi torsion angles. From the analysis of the crystal structures 

the program divides the Ramachandran space into four regions (most favourable, additionally 

allowed, generously allowed and disallowed) and a good quality model would be expected to have 

over 90% of phi-psi angles in the most favourable regions. The starting structure displayed 93.6% 

of the residues in the most favorable region, 6.4% in the additional allowed region and 0.0% in 

generously allowed and disallowed regions The fifty different generated models were carefully 

analyzed for energy value and probability density function (PDF) violations. The model with the 

lowest PDF value was selected as the representative model for R123H sPLA2-IIA structure. The 

reliability of the mutant structure was also checked with VERIFY-3D, which evaluates the 

compatibility of a given residue in a certain three-dimensional environment. A score below zero for 

a given residue means that the conformation adopted by that residue in the model is not compatible 

with its surrounding environment. The VERIFY-3D scores of our models are always positive. In 

order to verify whether the interaction energy of each residue with the remainder of the protein is 

negative (typically positive values correspond to tricky parts of a model) the protein structures were 

submitted to the ProSA web server available at https://prosa.services.came.sbg.ac.at/prosa.php. The 

low ProSA z-score value obtained (-5.6), within the range of scores typically found for native 

proteins of similar size, confirms the good quality of our model and the ProSA analysis of the 

mutant model shows that almost all the residues have negative values of interaction energy 

(Supplementary Information Fig. S1). 

3.3.  Molecular dynamics simulations

3.3.1. Protein stability

https://prosa.services.came.sbg.ac.at/prosa.php
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In order to identify the structural-dynamical properties that might suggest the alteration of 

enzymatic activity, comparative MD simulations of wild type (WT) and R123H mutant sPLA2-IIA 

have been carried out. Two independent simulations of 200 ns each have been performed which 

gave similar results. Figure 2 shows the root mean square deviation (RMSD), root mean square 

fluctuation (RMSF), solvent accessible surface area (SASA) and radius of gyration (Rg) of one of 

the simulation pairs, discussed here.   Plots of the replicates are shown in the Supplementary 

Information (FigS2). The Cα-RMSD with respect to the model is shown in Fig. 2A for the WT 

simulation along with that for R123H mutant. RMSD values of the Cα atoms with respect to the 

initial structure indicates that within 1.5 ns a stable behaviour is reached, showing that the WT and 

R123H mutant proteins are equilibrated. For both simulations, the protein remained stable 

throughout, indicating that the conformations of WT and mutant protein are in good equilibrium. In 

WT sPLA2-IIA the Cα-RMSD exhibits a bit lower conformational variability compared to R123H 

sPLA2-IIA (average Cα-RMSD are 1.53 ± 0.19 Å and 1.71 ± 0.27 Å, respectively). The differences 

in the mobility of residues can be further investigated from the values of RMSF relative to the 

initial structure and are shown in Fig. 2B. The RMSF analysis for WT and mutant sPLA2-IIA 

indicate that the two proteins exhibit similar dynamical behaviors. However regions 48-63, 72-73 

and 102-109 are more fluctuating in the mutant protein when compared to the wild type one. RMSF 

values  fluctuate within a range of 0.40-2.7 Å (WT) and 0.50-2.90 Å (mutant) over the entire 

simulation period (Fig. 2B).  We also analyzed the compactness of the enzyme by means of radius 

of gyration (Rg) and solvent accessible surface area (SASA). The average values of radius of 

gyration for WT and R123H sPLA2-IIA are 14.60 ± 0.11 Å and 15.02 ± 0.17 Å, respectively (Fig. 

2C). These values indicate that the two proteins have similar globularity. Analysis of trajectories 

also indicates that the WT and mutant sPLA2-IIA have quite similar accessible area throughout the 

MD simulation, with SASA average values of 7972 ± 139 Å2 and 8213 ± 211 Å2, respectively (Fig. 

2D).  On the whole, the above analysis indicate that the system remains stable throughout the 
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simulation time upon R123H mutation; the similarities between the radius of gyration and the 

residue surface area, suggest WT and R123H sPLA2-IIA show similar global properties. 

Figure 2. Evolution of structural properties over time. (A) Cα-RMSD as a function of time. 

(B) RMSF as a function of amino acids. (C) Radius of gyration as a function of time. (D) Solvent 

accessible surface area (SASA) as a function of time. Black-WT, Grey-R123H.

Besides the presence of seven disulfide bridges, the conformation of sPLA2-IIA is further 

constrained by the existence of α-helices leading to a 40% helical conformation of the secondary 

structure. For the above reasons the resulting MD trajectories were also analyzed by monitoring 

how secondary structure elements and significant distances varied during the duration of the 

simulations. First, we plot the time evolution of the secondary structure of the WT and mutant 

sPLA2-IIA from the MD (Fig. 3). In the WT run all secondary structure elements of sPLA2-IIA can 

be considered as stable (Fig. 3A, B). Notably, the N-terminal helical conformation (residues 1-7 and 

15-20) which is lost during the equilibration phase, refolds at 23 ns and 5 ns, respectively (Fig. 3A). 

Focusing on the mutant structure, the helix spanning residues 39-56 partially unfolds and R123H 

mutation leads to a 40% decrease in helical content (Fig. 3C, D).  Here, residues Cys49, Cys50 and 
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Tyr51 persistently adopt  loop (white) conformation (Fig. 3C, D). Plots of the replicates are shown 

in the Supplementary Information, FigS3.

Figure 3. Graphical representation of secondary structure analysis. The secondary structure 

content of the protein as a function of time and the percentage of time each residue contributes to 

each of the three secondary structure elements: strand, helix, and loop for WT (A, B) and R123H 

mutant (C, D).

3.3.2. Principal component analysis and dynamic cross-correlation maps

We have analyzed the MD trajectory by principal component analysis (PCA), using the Cα 

atoms, to extract the significant collective motions showed by wild-type and mutant sPLA. The 
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overall flexibility was analyzed by the trace of the diagonalized covariance matrix. The trace value 

for  WT and R123H structures was found to be 82.25 Å2 and 136.87 Å2 respectively, indicating that 

the mutant showed significant increased flexibility in the collective motion as compared to the WT. 

Fig. 4A shows the eigenvalues plotted against the corresponding eigenvector obtained from the 

diagonalization of the covariance matrix of the atomic fluctuations. The first few eigenvalues are 

relative to concerted motions and quickly reduce in amplitude to reach more localized fluctuations. 

The results indicate that the first ten principal components (PC) account for 65% (WT) and 73% 

(mutant) of the motions observed in the last 40 ns of the trajectories. It was also observed (Fig. 4A) 

that the overall motion between the two systems is varied. The magnitude of PC1 is increased by 

the mutation. In order to understand how R123H mutation affects the motions described by PC1, 

the displacements of PC1 for both structures were calculated. Fig. 4B suggests that R123H  

mutation can influence the displacements of the component in the regions 46-52, 55-63 and 123-

124. This indicates that R123H can have influence on the motions of the basic cluster A and the C-

terminal region.
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Figure 4. The results of principal component analysis. (A) The eigenvalues plotted against 

the corresponding eigenvector indices obtained from the Cα covariance matrix constructed from the 

last 40 ns of the MD trajectory. (B) The displacements of PC1. Black-WT, Grey-R123H.

The dynamic cross-correlation map (DCCM) that reflects the fluctuations of the coordinates of Cα 

atoms was also calculated to analyze the collective motions of wild type and mutant sPLA2-IIA. 

Interestingly, the regions 45-52 and 110-124 of the protein appear to be correlated in their motion, 

as highlighted by the map reported in Figure 5. Moreover, in the case of the mutant (Fig. 5B) the 

mutation R123H not only induces a stronger (between 0.5 and 0.75) positive correlation between 

residues 123-124 and 42-52 but also wider anti-correlated motion of the active region 42-52 with 

most of residues in  the  C-terminal region (110-124) (Fig. 5B). In comparison with the mutant, 

motions between these regions were found weaken in wild type sPLA2-IIA (Fig. 5A). This result 

also  suggests that the conformational changes in 3D space of the mutant are higher than the wild 

type.

Figure 5. Dynamic cross correlation map of wild type (A) and R123H mutant (B) averaged over the 

last 40 ns simulations. The extent of the correlation between residues is shown in figure. The color 

scheme runs between pink (-), white (0) and light blue (+). The negative value indicates anti-
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correlation i.e. the C-α atom displacement is in opposite direction, positive value indicates 

correlated motion i.e. atom displacement in same direction. Deeper color indicates more correlated 

(or anti-correlated).

3.3.3. Electrostatic properties of sPLA2-IIA and R123H sPLA2-IIA

The presence of a large number of prominent cationic patches on the molecular surface 

suggests that the electrostatic properties of sPLA2-IIA could be important driving forces in the 

intermolecular recognition process [41]. We have therefore analyzed the electrostatic potential of 

sPLA2-IIA and R123H mutant using the program DelPhi based on the coordinates of the average 

structures over the last 40 ns simulation where the systems display a conformational stability. The 

analysis outlines a non-uniform electrostatic potential distribution of the enzyme which is 

characterized by strong positive potential regions due to several clusters of basic amino acids (Fig. 

6). Calculations of the electrostatic field for the R123H mutant indicate that the overall distribution 

of positive potential in the mutant is very similar to that calculated for the WT, except in the region 

near the side chain of His123 residue where there is a less positive character than in the WT 

(decrease of 15.96 kT) (Fig. 6A,B). On the side of cluster A (Lys52, Arg53, Lys56 and Arg57) 

some interesting differences are noted when comparing the two proteins. From the figure it could be 

acknowledged that in mutant sPLA2-IIA the charged terminal carboxylate of Cys124 is oriented 

towards Lys52 thus causing a difference in charge distribution on the surface of the protein (Fig 6A, 

B).  
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Figure 6. Electrostatic potential. The solvent-accessible molecular surfaces of WT and 

R123H sPLA2 are shown in a similar orientation. The surfaces are color-coded according to 

electrostatic surface potential calculated by DelPhi; red, -10 kT/e; white, 0  kT/e; blue +10 kT/e. 

Cluster A residues are labeled in blue.

We then used in silico structure-based pKa prediction to determine the pKa of ionizable 

amino acid residues in the average conformations. Titrable residues within a radius of 12 Å from 

the mutated position which showed significant pKa shifts (>0.4) upon R123H mutation as well as 

the catalytic residues are reported in Table 2.  The calculated pKa shifts are a function of the local 

environment around the mutated residue, depending on the degree of burial, polar and ionic 

interactions with neighboring residues. The results show that the pKa values for the key catalytic 

residues His47 and Asp48 were relatively stable suggesting that the local environments around 

these residues is largely conserved upon mutation (Table 2). Likewise, the change in pKa observed 

for the catalytic Asp91 and a number of ionizable amino acid residues at a short distance from 123 

position (Table 2) reflects the change in the local environment upon mutation. Therefore we further 

explored the average model structure generated from the MD runs to try to identify the structural 

mechanisms guiding the pKa shifts. 
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Table 2  

Changes in predicted pKa values

3.3.4. Key distances

Since the R123H substitution is about 15 Å from the catalytic His47, it is likely that the active 

sites of the two sPLA2-IIA are structurally identical. Examining of the average structures of WT 

and mutant sPLA2-IIA over the last 40 ns simulations (Fig. 7A, B) revealed that the observed 

Arg/His substitution impacts in terms of catalytic contacts only for the orientation of Tyr51 which is 

different in WT sPLA2-IIA compared to the mutant one (Fig. 7A,B). The conformation at the active 

site, upon R123H mutation, is well maintained with the exception of the hydrogen bond pattern of 

Asp91 which appears modified (Fig. 7A,B). In the wild type protein (both crystallographic and 

modelled) the carboxylate group of Asp91 is hydrogen bonded to His47, Tyr51 and Tyr66 (Fig. 1 

and Fig. 7A). Residues His47, Tyr51, Tyr66 and Asp91 are collectively termed “catalytic network” 

of PLA2 [42] which, connected by hydrogen bonding network to the N-terminal region of the 

protein, has been suggested to be involved in the "interfacial recognition site” [42,43]. Upon 

mutation, Asp91 is hydrogen bonded to His47 and Tyr66 but not to Tyr51 (Fig. 7B).  The “catalytic 

network” is therefore altered,  with a probable effect on the interfacial binding properties of PLA2.  

Average key distances over the entire simulation time have been calculated and shown in Fig. 8. 

These values are confirmed by the replicate MD simulations (Fig. S4).

pKa ΔpKa
Residue Wild-type Mutant
His47 7.70 7.44 -0.25
Asp48 3.84 3.85  0.01
Tyr51 12.20 10.30 -1.90
Lys52 10.73 11.15  0.42
Asp91 2.71 2.00 -0.71
Cys124 2.57 2.00 -0.57
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Figure 7. Three-dimensional model structure of WT and R123H mutant sPLA2. The average 

structure from the last 40 ns of simulation is shown. The protein backbone is represented as solid 

ribbons colored by secondary structure and the atomic details are represented as stick, colored by 

atom type. In panel A is reported the structure of the wild-type and in panel B the structure of the 

mutant. Key residues of the cluster A are highlighted in the enlarged sections C (wild type) and D 

(mutant). Salt bridges are shown in orange, hydrogen bonds in green.
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Figure 8. Key distances. Average distances with respective standard deviations were calculated 

over the entire simulation time. Black-WT, Grey-R123H.

Notably, the OH(Tyr51) to OD2(Asp91) distance is 2.61±0.11 Å (2.60 in the crystal structure) 

and 5.44±4.58 Å, in the WT and average mutant protein, respectively. Detailed analysis of MD 

trajectories shows that, over the last 60 ns, Tyr51 breaks its hydrogen bond with Asp91 until it 

reaches a distance of  14 Å at the end of the simulation (Supplementary Information Fig. S5). 

Positions of salt bridges and hydrogen bonds and their stability during MD simulations were also 

checked.  Analysis of MD trajectories clearly indicate that in the above mentioned cluster A there 

are possible and structurally important electrostatic interactions between Cys124(OXT)-Lys52(NZ), 

Cys124(OXT)-Arg53(NH1) and His123(NE2)-Lys52(NZ). The limit of 6 Å between ON atoms 

was accepted for weak salt bridge. It is evident from Figure 7D that the salt bridges Cys124-Lys52 

and Cys124-Arg53 of the mutated sPLA2-IIA, were found strong (low distance between donor and 

acceptor atom) and extremely stable during MD simulation. In contrast, the Cys124(OXT)-

Lys52(NZ) distance spends considerable time away from the salt bridge distance during the WT 

simulation in which, instead, a salt bridge is formed between Cys124 and Arg53 (Fig. 7C). Notably, 

in the mutant protein, Lys52 also forms an hydrogen bond with His123 and the interaction between 

the NE2 atom of His123 and the NZ atom of Lys52 is shown in Fig. 7D. The larger number of 
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electrostatic interactions at this region introduces more bonding constrains that could affect local 

flexibility.  The involvement of Cys124 and His123 in stable interactions with Lys52 and Arg53 

and the induced conformational changes at the C-terminus have the effect of steering the backbone 

of helix 39-56 away from the active site.  As a result, a decrease in helix content in the region was 

observed (Fig. 3) as well as a significant shift of the catalytic Tyr51 which leads to the disruption of 

the H-bond with Asp91 (Fig. 7B, Fig. 8). Therefore, it may be inferred that changes in mobility in 

the C-terminal region of the sPLA2-IIA could be propagated into the active site region, which in 

turn may affect the enzymatic activity of the protein. This result is confirmed by the duplicate MD 

simulation in which His123 forms electrostatic (pi-anion) interactions with Lys52 (Supplementary 

Information Fig. S6).

4. Conclusions

We have investigated the consequences of a mutation within the PLA2G2A gene, detected in 

2 infants with acute respiratory distress syndrome (ARDS). In silico analysis of the novel R123H 

mutation in sPLA2-IIA indicate that only slight differences in overall 3D structure were observed 

for R123H mutant compared to wild type. Nevertheless, differences in motions and electrostatic 

potential distribution at the interfacial binding surface have been observed with possibilities for 

changes in locations and structure of interaction sites with anionic surfaces including anionic 

phospholipid membranes, heparinoid, and anionic proteins, which may be important for the 

physiological functions of the protein. Beyond affecting intermolecular interactions, the observed 

mutation could lead to an altered catalytic activity due to a different hydrogen bond pattern at the 

active site. ARDS is a multifactorial condition needing both acute triggers and an underlying 

terrain, this latter being less elucidated than the possible triggering factors. Our study provides new 

insights into the genetic predisposition to develop ARDS process, although the proposed 

mechanism shall require validation through experimental approaches. In silico predictions can be 

used to direct protein engineering and activity experiments.
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