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ABSTRACT: Secretory phospholipases A2 (sPLA2s) are a subclass of
enzymes that catalyze the hydrolysis at the sn-2 position of
glycerophospholipids, producing free fatty acids and lysophospholipids. In this study, diﬀerent phospholipids with structural
modiﬁcations close to the scissile sn-2 ester bond were studied to
determine the eﬀect of the structural changes on the formation of the
Michaelis−Menten complex and the water entry/exit pathways using
molecular dynamics simulations and the computational tracking tool
AQUA-DUCT. Structural modiﬁcations include methylation, dehydrogenation, and polarization close to the sn-2 scissile bond. We
found that all water molecules reaching the active site of sPLA2-IIA
pass by the aromatic residues Phe5 and Tyr51 and enter the active site
through an active-site cleft. The relative amount of water available for the enzymatic reaction of the diﬀerent phospholipid−sPLA2
complexes was determined together with the distance between key atoms in the catalytic machinery. The results showed that (Z)unsaturated phospholipid is a good substrate for sPLA2-IIA. The computational results are in good agreement with previously
reported experimental data on the ability of sPLA2-IIA to hydrolyze liposomes made from the diﬀerent phospholipids, and the results
provide new insights into the necessary active-site solvation of the Michaelis−Menten complex and can pave the road for rational
design in engineering applications.

■

INTRODUCTION
Phospholipases A2 (PLA2s) form a diverse class of hydrolytic
enzymes that are responsible for synthesizing intracellular
messengers and remodeling of cellular phospholipids.1−3
Lipolytic PLA 2 s cleave the sn-2 acyl ester bond of
glycerophospholipids, producing free fatty acids and lysophospholipids.4−6The superfamily comprising PLA2s is classiﬁed
into six main groups based on their biochemical properties
such as calcium dependency, primary structure, subcellular
location, molecular weight, and amino acid similarities.4,7
These are the high-molecular-weight cytosolic PLA2 (cPLA2),
the low-molecular-weight secretory PLA2 (sPLA2), the
calcium-independent PLA2 (iPLA2), the platelet-activating
factor acetylhydrolases (PAF-AH), the lysosomal PLA 2
(LyPLA2), and the adipose-speciﬁc PLA2 (AdPLA2).8−10
PLA2s and particularly sPLA2s have drawn much attention
since they are therapeutic targets for treating inﬂammatory and
oncologic diseases.11 The subclass sPLA2 consists of small
secreted enzymes with molecular weights of around 14−19
kDa. The enzymes have a high content of disulﬁde bonds and
need calcium ions to catalyze the hydrolysis of phospholipids.8,9,12 They have a broad speciﬁcity toward diﬀerent
phospholipids with varying headgroups,12 and since they are
surface-active enzymes, the microstructure and physical state of
© XXXX American Chemical Society

a cell membrane surface aﬀect the aﬃnity and activity of
sPLA2.13,14 sPLA2 group II enzymes including sPLA2-IIA have
been targeted because of their implementation in diﬀerent
physiological processes.14,15 sPLA2-IIA primarily shows aﬃnity
toward membranes containing anionic phospholipids, such as
Gram-positive bacteria, while it does not degrade membranes
built of zwitterionic lipids, such as the membrane of
mammalian cells.2,14,16,17 This selectivity is caused by electrostatic forces on the binding surface between sPLA2-IIA and the
phospholipid membrane.13,18 Many sPLA2s can degrade both
anionic and zwitterionic lipids; an example is sPLA2 found in
snake venom, which lacks the cationic residues that in human
sPLA2-IIA facilitate binding of the enzyme to a negatively
charged phospholipid membrane.19,20 sPLA2-IIA is expressed
in inﬂammatory tissues, and more interesting elevated levels of
sPLA2-IIA are present in certain cancer tissues such as breast,21
prostate,22,23 colon,24 and pancreatic cancer.25 This indicates
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that sPLA2-IIA has a key function in the development and
progression of cancer, which makes the enzyme a target for
novel, site-speciﬁc anticancer drug delivery systems in the form
of liposomes.26,27 The anticancer drug would be inside the
liposome, and when the liposome membrane is degraded by
sPLA2-IIA hydrolysis of the lipids, the anticancer drug is
released. Furthermore, the hydrolysis products, i.e., the free
fatty acid and the lysophospholipid, enhance the permeability
of the membrane and hence the cancer cell uptake of the
anticancer drug.27,28 The liposomal drug delivery systems can
be designed by modifying the sn-1 or sn-2 chains of the
phospholipids to optimize the stability of liposomes and the
release proﬁle of anticancer drugs.26 It has previously been
presented that unnatural phospholipids with the headgroup
positioned at sn-2 instead of sn-3 can form stable liposomes,
which are still degradable by sPLA2-IIA, albeit at a lower
activity when compared to the natural substrate.29 Furthermore, it has also been shown that phospholipids with sn-1
substitutions can be hydrolyzed by sPLA2-IIA as long as
substitutions in the sn-1 chain do not aﬀect the ﬂow of water
molecules to the active site.30
Our study was motivated by an experimental study that
investigated the sPLA2-IIA activity toward phospholipids
structurally modiﬁed close to the scissile ester bond located
in the sn-2 fatty acid chain (hereafter, referred to as sn-2seb).
The authors assessed the enzyme activity toward the diﬀerent
phospholipids by quantifying substrate depletion and product
formation using matrix-assisted laser desorption ionization−
time-of-ﬂight mass spectrometry (MALDI-TOF-MS) and
high-performance liquid chromatography (HPLC).31 The
aim of this study was to investigate how these structural
modiﬁcations in phospholipids close to sn-2seb aﬀect the
formation of the Michaelis−Menten complex and the water
intake. The former involves monitoring of key distances in the
Michaelis−Menten complexes for diﬀerent phospholipid
analogue−sPLA2-IIA complexes. The latter focusses on
determining the water-intake and the water-molecule path to
the active site in sPLA2-IIA using the tracking tool AQUADUCT (version 0.5.14).32 This tracking tool has previously
been successfully used to study the water-molecule path into
the active site of D-amino acid oxidase.33 In light of this study,
11 diﬀerent sPLA2−phospholipid complexes were studied
using molecular dynamics (MD) simulations, and the resulting
trajectories were analyzed with regard to the water-molecule
movements. The diﬀerent phospholipids were the natural
substrate for sPLA2-IIA and 10 analogues, whose chemical
structures are shown in Figure 1. The natural substrate will
from here on be referred to as the saturated substrate/
phospholipid. The 10 analogues all have saturated sn-1 chains,
and the diﬀerences in the analogues are placed close to sn-2seb.
The analogues were designed to investigate the eﬀect of
dehydrogenation, methylation, and electronic polarization
(ﬂuorinated analogues) close to sn-2seb on the enzyme activity
and water-molecule path toward the active site. Our computational results revealed that the structural integrity of the
phospholipid close to sn-2seb is essential for the phospholipid
to be a substrate for sPLA2-IIA, and the results are in good
agreement with experimental results.31 We ﬁnd that several
residues conserved across diﬀerent sPLA2 species are involved
in directing water molecules to the active-site region. These
residues are the surface-exposed residues Asn1, Leu2, Thr61,
and Lys62 and the conserved aromatic residues, Phe5 and Tyr51,
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Figure 1. Chemical structures of the phospholipids. (A) Saturated,
(B) (E)-unsaturated, (C) (Z)-unsaturated, (D) (E)-α-methyl, (E)
(Z)-α-methyl, (F) (E)-β-methyl, (G) (Z)-β-methyl, (H) (E)-α,βdimethyl, (I) (Z)-α,β-dimethyl, (J) α-ﬂuoro, and (K) α,α-diﬂuoro.

which form hydrophobic walls to restrict the water-molecule
path.

■

METHODS
Molecular Dynamics Simulations. Molecular dynamics
simulations and energy minimization were carried out using
the software NAMD version 2.8.34 MD simulations were
performed on the crystal structure of human secretory
phospholipase A2-IIA (hsPLA2-IIA; hereafter, referred to as
sPLA2-IIA) that was downloaded from the Protein Data Bank
(PDB entry code 1KQU).35 The structure was solved in
complex with the inhibitor 6-phenyl-4(R)-(7-phenyl-heptanoylamino)-hexanoic acid and resolved to 2.1 Å.6,36 To
construct the Michaelis−Menten complexes of the diﬀerent
lipids, the inhibitor was replaced with a transition-state
analogue taken from the crystal structure of European
Honeybee (Apis mellifera) venom phospholipase A2 complexed
with the transition-state analogue 1-O-octyl-2-heptylphosphonyl-sn-glycero-3-phosphoethanol-amine [diC8(2Ph)PE] and
solved to 2.1 Å (PDB entry code: 1POC).37 To place the
transition-state analogue in the binding pocket of sPLA2-IIA,
1KQU and 1POC structures were aligned followed by deleting
all entries in 1POC besides the transition analogue, deleting
the inhibitor in 1KQU and keeping the two calcium ions and
water molecules in 1KQU. The structures for the diﬀerent
ester phospholipids (Figure 1) were built from diC8(2Ph)PE
using SPARTAN version 1.0.2 (Wavefunction Inc., Irvine,
California). The modiﬁed ester lipids were placed in the
sPLA2-IIA structure by aligning the modiﬁed phospholipids
with diC8(2Ph)PE in the sPLA2-IIA-diC8(2Ph)PE structure
B
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followed by deleting diC8(2Ph)PE; the initial distances
between relevant residues in the Michaelis−Menten complex
are listed in Table S1 (Supporting Information). The
CHARMM27 all-hydrogen parameter set with the TIP3P
ﬂexible water model38 was applied throughout all the
simulations. Missing force ﬁeld parameters for the ester
molecules were taken from similar atom types in the
CHARMM2739 force ﬁeld and the CHARMM35 ether force
ﬁeld.40 The transferability of parameters has previously been
proven successful for similar systems, where simulation results
showed good agreement with experimental data.29,30,41,42 The
structures were solvated using the graphical program Visualization Molecular Dynamics, VMD,43 utilizing the plug-in
program Solvate.44 To neutralize the systems, 18 randomly
chosen water molecules were replaced with chloride ions. The
ﬁnal systems contained ∼4900 water molecules, and the
simulation cell dimensions were approximately 55 × 50 × 70
Å3. Each sPLA2-IIA−ester lipid complex was initially energyminimized for 1000 steps using the conjugate gradient
algorithm within NAMD.34 During the minimization, only
the ester lipid and residues within 15 Å of the ligand were
relaxed. This step was followed by additional minimizations,
where all atoms were relaxed, and diﬀerent minimization steps
(i.e., 100, 125, 150, 175, and 200 steps) were used to obtain
ﬁve diﬀerent starting conditions for each simulation of a
particular sPLA2-IIA−ester lipid complex that would allow
accessing the statistical uncertainties in the simulation results.
The simulations were started by heating the systems to T =
300 K within 100 ps using the NPT (constant number of
atoms, N, constant pressure, P, and constant temperature, T)
ensemble and a time step of 1 fs. This was followed by the
production run of 10 ns in the NPT ensemble. As
demonstrated in previous studies, sampling of 10 ns
simulations provided results that were in good agreement
with experimental data.30 The isotropic pressure was set to 1
atm and kept constant using the Langevin piston method45
with a damping coeﬃcient, piston period, and decay of 5 ps−1,
200 fs, and 500 fs, respectively. The electrostatic forces were
calculated using the particle mesh Ewald method46,47 with a
grid spacing of approximately 1.0 Å and a fourth-order spline
for the interpolation. The long-ranged part of the electrostatic
forces was evaluated every fourth fs. Van der Waals interactions
were cut oﬀ at 12 Å in combination with a switching function
starting at 10 Å. Periodic boundary conditions were applied in
all three Cartesian directions. Analyses of the trajectories were
performed using VMD43 along with in-house Tcl-scripts. A
summary of the phospholipid names, abbreviations, and the
number of simulations is provided in Table 1.
Analysis of sPLA2-IIA Water Intake. The catalytic
machinery for the hydrolyzation of phospholipids by sPLA2IIA consists of His47 and Asp91, a calcium ion that works as a
cofactor, and a water molecule that acts as a nucleophile.36,48
The ﬁrst step of the catalysis is the formation of a Michaelis−
Menten complex between the enzyme and the phospholipid.
The Michaelis−Menten complex is stabilized by the calcium
ion, which coordinates with the backbone oxygen of Gly29, the
two carboxylate oxygens of Asp48, the carbonyl oxygen
positioned in the sn-2 chain, and a phosphorous oxygen of
the phospholipid, as shown in Figure 2. The carbonyl carbon
in the sn-2 chain is attacked by a nucleophilic water molecule,
and His47 abstracts the leftover proton from the attacking
nucleophile, where the positively charged imidazole ring is
stabilized by Asp91. Asp91 makes hydrogen bonds with both
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Table 1. Summary of the Phospholipid Names,
Abbreviations, and the Number of MD Simulations
Performed
abbreviationa

name
1-stearoyl-2-(12-phenyldodecanoyl)-sn-glycero3-phospho-(S)-glycerol
1-stearoyl-2-((E)-12-phenyldodec-2-enoyl)-snglycero-3-phospho-(S)-glycerol
1-stearoyl-2-((Z)-12-phenyldodec-2-enoyl)-snglycero-3-phospho-(S)-glycerol
1-stearoyl-2-((E)-2-methyl-12-phenyldodec-2enoyl)-sn-glycero-3-phospho-(S)-glycerol
1-stearoyl-2-((Z)-2-methyl-12-phenyldodec-2enoyl)-sn-glycero-3-phospho-(S)-glycerol
1-stearoyl-2-((E)-3-methyl-12-phenyldodec-2enoyl)-sn-glycero-3-phospho-(S)-glycerol
1-stearoyl-1-((Z)-3-methyl-12-phenyldodec-2enoyl)-sn-glycero-3-phospho-(S)-glycerol
1-stearoyl-2-((E)-2,3-dimethyl-12phenyldodec-2-enoyl)-sn-glycero-3-phospho(S)-glycerol
1-stearoyl-2-((Z)-2,3-dimethyl-12phenyldodec-2-enoyl)-sn-glycero-3-phospho(S)-glycerol
1-O-octadecyl-2-(2-ﬂuorooctadecanoyl)-snglycero-3-phospho-(S)-glycerol
1-O-octadecyl-2-(2,2-diﬂuorooctadecanoyl)-snglycero-3-phospho-(S)-glycerol
a

number of
simulations

saturated

5

(E)unsaturated
(Z)unsaturated
(E)-α-methyl

5
5

(Z)-α-methyl

5

(E)-β-methyl

5

(Z)-β-methyl

5

(E)-α,βdimethyl

5

(Z)-α,βdimethyl

5

α-ﬂuoro

5

α,α-diﬂuoro

5

10

Abbreviations for the phospholipids used throughout the text.

Figure 2. Schematic representation of the catalytic mechanism of
sPLA2-IIA and the Michaelis−Menten complex. The blue structures
represent residues in sPLA2-IIA, while the red one represents the
phospholipid. The dashed circles centered at either His47(ND1) or
S(C21) generate the overlap that represents the H−S region (shown
in green). Atom types speciﬁed in parentheses refer to the Protein
Data Bank (PDB) nomenclature.

Tyr51 and Tyr66. The last step of the catalytic reaction is the
collapse of the transition state, where a proton from His47
protonates the sn-2 oxygen, which generates the free fatty acid
and the lysophospholipid.36,49 The water molecule must be
positioned correctly for the nucleophilic attack, i.e., the water
molecule must be in close vicinity of both the nitrogen of His47
[(His47(ND1))] and the carbonyl carbon of the phospholipid
[S(C21)]. Atom types speciﬁed in parentheses refer to the
Protein Data Bank (PDB) nomenclature. The region between
S(C21) and His47(ND1) generated by the overlap of two
circles with centers at His47(ND1) and S(C21) will from here
on be deﬁned as the H−S region, which is shown in green in
Figure 2.
C
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see Figure 3B,C. The convex hull method is a rough
approximation of the solvent-excluded-surface (i.e., the surface
of the macromolecule complex), and the method is based on
the quickhull algorithm.32,50 The convex hull method was used
to ensure that the traced water molecules were inside the
phospholipid−sPLA2 complex. Clustering of the pathways was
done using the barber method,51 and clusters containing two
or fewer inlets were deﬁned as outliers. Inlets mark the
positions where traced water molecules enter or leave the
scope. Reclustering of outliers was performed using the dbscan
method.52 Paths shorter than two frames were discarded.
It is assumed that the activity of sPLA2 is correlated to the
amount of water molecules that reaches the active site of
sPLA2, i.e., the water intake. To compare the water intakes for
the diﬀerent phospholipid−sPLA2 complexes, the water intakes
were normalized using a reference point. This was done since
motions of water molecules are determined by their thermal
energy and are stochastic in nature, which leads to a signiﬁcant
variation in the results. The reference point used was the water
intakes determined when the circles had radii of 6.0 Å for the
individual phospholipid−sPLA2 complexes. The averages and
standard deviations of the water intakes (i.e., number of water
molecules) for the diﬀerent complexes were calculated using
the normalized water counts for a series of MD simulations of
each complex.
Multiple Sequence Alignment. A multiple sequence
alignment was made to ﬁnd conserved residues in sPLA2-IIA
since these residues could play an important role in the enzyme
water intake and hence the activity of the enzyme. A total of 97
diﬀerent sPLA2 sequences were included in the alignment
(Figure S1, Supporting Information); among those are ﬁve of
the subtype IIA, ﬁve of the subtype IID, six of the subtype IIE,
one of the subtype IIF, and ten of the subtype X. The
sequences were obtained from the NCBI database (http://
blast.ncbi.nlm.nih.gov/). The sequences were aligned using
EMBL-EBI online tool Multiple Alignment using Fast Fourier
Transform (MAFFT, version 7.39).53 The alignment was
generated using the BLOSUM6254 matrix with default settings
for a gap-opening penalty of 1.53 and a gap-extension penalty
of 0.123. The resulting alignment was visualized using the
online tool ESPript (http://espript.ibcp.fr, version 3.0).55
Analysis of Catalytic Water-Molecule Pathways to
the Active Site. The catalytic water molecules found in the
analysis of sPLA2 water intake were further analyzed using

The data from the MD simulations of the phospholipid−
sPLA2 complexes were analyzed using AQUA-DUCT (version
0.5.14).32 In the analysis, the water molecules were traced to
determine their paths during the simulations. The “object”,
which states the area of interest, was deﬁned as the H−S region
and is seen in Figure 3A. Diﬀerent radii of the circles going

Figure 3. First frame of the MD simulation of the natural substrate−
sPLA2-IIA complex is used to visualize “object” and “scope”
boundaries using AQUA-DUCT. The visualization is made with
regard to (A) object area [H−S region (3.5 Å)]. The object area is
shown as orange lines. (B, C) Scope is marked by purple lines and is a
rough approximation of the solvent-excluded molecular surface. The
surface of sPLA2-IIA is shown in gray. Note that sPLA2-IIA is deﬁned
as the scope and not the phospholipid−enzyme complex. PyMOL
(version 2.2.0) was used for the three-dimensional representation of
structures.

from 3.0 to 6.5 Å with 0.5 Å intervals were tested to see the
eﬀect of varying the size of the H−S region on water intake.
For simplicity, an abbreviation is introduced such that the radii
of the circles are mentioned after the H−S region; for example,
when the radii of the circles are 3.5 Å, the abbreviation will be
“H−S region (3.5 Å)”. The “scope”, which speciﬁes the area in
which the water molecules should be traced, was deﬁned as a
convex hull of sPLA2-IIA and was calculated for every frame;

Figure 4. Relative water intakes for the phospholipid−sPLA2 complexes. The water intakes are normalized with respect to the water intakes
determined when the radii of the circles centered at His47 (ND1) and S(C21) were 6.0 Å.
D
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amount of water, which reaches the region when the radii are
5.5 Å, reaches the region when the radii are 3.5 Å. This
phenomenon is expected, since the narrower the H−S region
becomes, the deeper the water molecules must travel into the
enzyme to reach the H−S region. It can be seen from the
results that the saturated, (E)-α-methyl, (Z)-α,β-methyl, and
α-ﬂuoro are the lipids with the highest water intake, while (E)unsaturated, (Z)-α-methyl, and α,α-diﬂuoro have the lowest
ones. The lower amount of catalytic water molecules reaching
the H−S region (3.5 Å) of (E)-unsaturated, (Z)-α-methyl, and
α,α-diﬂuoro may be caused by the structural diﬀerences close
to the sn-2seb position, which could be sterically blocking the
water-molecule pathway.
Multiple Sequence Alignment. A total of 97 sequences
were included in the multiple sequence alignment of sPLA2
(Figure S1, Supporting Information) to determine conserved
residues that could be important for the activity and water
intake of the phospholipid−enzyme complex. The 14 cysteine
residues in human sPLA2-IIA are conserved across all of the
variants of the enzyme. The cysteine residues are part of seven
disulﬁde bridges that contribute to the stabilization of the
protein tertiary structure. Gly29, His47, Asp48, Tyr51, Tyr66, and
Asp91 are all part of the Michaelis−Menten complex, which is
formed during sPLA2-IIA catalysis of phospholipids, as seen in
Figure 2. These residues are highly conserved in the diﬀerent
sPLA2-IIA variants, indicating that the residues could be
important for the activity and water intake. Gly29, His47, Tyr51,
and Asp91 are conserved across all of the 97 variants, while
Tyr51 and Tyr66 are conserved in all but one of the variants.
The alignment shows that Phe5 is conserved in 77 of the 97
sequences and that it is conserved in all of the sPLA2-IIA and
-IIE variants. It has previously been proposed that Phe5 could
be an important residue for the water-intake mechanism,58 but
the importance of Phe5 in sPLA2-IIA water intake cannot be
conﬁrmed by the multiple sequence alignment alone. We
therefore have investigated the water-intake path to the active
site, and the results are presented in the following section.
Water Pathway to the Active Site. For sPLA2-IIA to
hydrolyze phospholipids, a water molecule must reach the
active site and be positioned correctly for the nucleophilic
attack on the carbonyl carbon in the sn-2 chain of the
phospholipid. As mentioned in the Methods section, a water
molecule is categorized as catalytic when it reaches the H−S
region (3.5 Å). Multiple sequence alignment demonstrates that
both Phe5 and Tyr51 were highly conserved across the diﬀerent
sPLA2-IIA species, suggesting that these residues are of
particular interest. This is further supported by the results of
the pathway analysis made using AQUA-DUCT. The analysis
was done for the saturated substrate, (E)-α-methyl, (Z)-βmethyl, α-ﬂuoro, and α,α-diﬂuoro phospholipids, and the
results show that the two conserved residues Phe5 and Tyr51
both play an important role in guiding the catalytic water
molecules to the H−S region (3.5 Å), as seen in Figure 5. All
catalytic water molecules pass within 3.5 Å of Phe5 or Tyr51 in
all of the phospholipid−enzyme complexes.
Most of the catalytic water molecules show proximity to
both Phe5 and Tyr51 on their way to the H−S region (3.5 Å)
and not just to one of them. A visual analysis of the results was
performed, as can be seen in Figure 6, which is representative
of all of the phospholipid−sPLA2-IIA complexes. The visual
analysis corresponds to the pathway analysis results shown in
Figure 5. The results indicate that the aromatic side chains of
Phe5 and Tyr51 direct the catalytic water molecules into the

AQUA-DUCT. A water molecule was deﬁned as catalytic
when the molecule reached the H−S region (3.5 Å), as deﬁned
in previous studies.56,57 The same settings were used as in the
analysis of sPLA2 water intake but with an additional
requirement that the water molecules had to be less than 3.5
Å away from Phe5 or Tyr51 in sPLA2-IIA to be counted; these
residues were hypothesized to be crucial for the enzyme
activity, since they are conserved in the diﬀerent sPLA2
variants, as seen in the multiple sequence alignment (Figure
S1, Supporting Information). The number of catalytic water
molecules that came close to either Phe5 or Tyr51 was
normalized with respect to the total number of catalytic water
molecules for a particular complex. The averages and standard
deviations for the complexes were calculated from the
normalized water counts from a series of MD simulations of
each complex.

■

RESULTS
A series of MD simulations of the diﬀerent phospholipid−
sPLA2 complexes were performed. The simulations were
started with diﬀerent initial conditions, which were obtained by
varying the number of minimization steps. The MD
simulations and analysis of the results were done to (i)
identify the water intake of the diﬀerent phospholipid−sPLA2
complexes, (ii) determine the importance of the conserved
residues Phe5 and Tyr51 in the water intake, and (iii) monitor
key distances in the Michaelis−Menten complexes for the
diﬀerent phospholipid analogue−sPLA2 complexes.
Water Intake of sPLA2-IIA. The ability of water molecules
to enter sPLA2 and reach the H−S region (3.5 Å) can be
aﬀected by the structure of the phospholipid bound to the
enzyme. Figure 4 and Table 2 summarize the results from the
analysis of the relative water intakes for the diﬀerent
phospholipid−enzyme complexes. When the H−S region is
made narrower, i.e., by decreasing the radii of the circles
(Figure 2), fewer water molecules reach the H−S region. This
is especially clear for the saturated substrate; only 17% of the
Table 2. Relative Water Intakes for the Phospholipid−
sPLA2 Complexesa
relative water intake

saturated
(E)unsaturated
(Z)unsaturated
(E)-α-methyl
(Z)-α-methyl
(E)-β-methyl
(Z)-β-methyl
(E)-α,βdimethyl
(Z)-α,βdimethyl
α-ﬂuoro
α,α-diﬂuoro

3.5 Å
(mean ± SDb)

4.5 Å
(mean ± SDb)

5.5 Å
(mean ± SDb)

0.1 ± 0.1
0.09 ± 0.04

0.3 ± 0.1
0.27 ± 0.09

0.6 ± 0.1
0.68 ± 0.08

0.1 ± 0.1

0.2 ± 0.2

0.4 ± 0.2

0.2
0.09
0.12
0.10
0.09

±
±
±
±
±

0.1
0.09
0.09
0.03
0.09

0.4
0.3
0.3
0.20
0.1

±
±
±
±
±

0.1
0.2
0.1
0.4
0.2

0.7
0.6
0.6
0.6
0.5

±
±
±
±
±

0.1
0.3
0.1
0.1
0.2

0.2 ± 0.1

0.3 ± 0.2

0.6 ± 0.2

0.1 ± 0.1
0.07 ± 0.04

0.3 ± 0.2
0.2 ± 0.09

0.6 ± 0.2
0.4 ± 0.2

a

The averages (Means) and standard deviations(SDs) were
determined for a series of simulations of each phospholipid-sPLA2
complex. bStandard deviations were calculated using the formula

SD =

∑(x − x ̅ )2
(n − 1)
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Figure 5. Relative water intake for the catalytic water-molecule paths into the active site of six diﬀerent phospholipid−sPLA2 complexes. “Phe5 or
Tyr51” represents the relative water intake of catalytic water molecules whose paths came into contact with either Phe5 or Tyr51. “Phe5” represents
the relative water intake of catalytic water molecules that only came into contact with Phe5 and not with Tyr51. “Tyr51” represents the relative water
intake of catalytic water molecules that only came into contact with Tyr51 and not with Phe5. The results were arbitrarily normalized with respect to
the water intake determined for the individual complexes for the H−S region (6.0 Å).

On the other hand, sPLA2-IIA might show less activity toward
the (E)-α-methyl, (Z)-α-methyl, (E)-α,β-dimethyl, α-ﬂuoro,
and α,α-diﬂuoro, since their His47(ND1)−S(C21) distances
are larger than the distance observed in the saturated
phospholipid−sPLA2-IIA complex.

correct position for the nucleophilic attack. Not only does the
catalytic water molecules enter sPLA2-IIA through the same
hydrophobic cleft, but also they leave the core of the enzyme
the same way as they enter (see Figure 6E). It was expected
that the water molecules had to leave the core, since classical
MD simulations do not allow for bond breakage and
formation. Unlike Mitusińska et al.,59 who identiﬁed rarely
detected paths to the active site of Solanum tuberosum epoxide
hydrolase, tracking the water molecules using AQUA-DUCT,
we did not identify rare water paths but observed that all of the
catalytic water molecules leave the active site the same way as
they entered, indicating that the active site can only be
accessed by a single hydrophobic cleft. The hydrophobic cleft
that the catalytic water molecules use, also called the active-site
cleft,58 is formed by Phe5, Tyr51, Tyr66, and Asp91 (Figure 7).
The catalytic water molecules also pass by close to the surfaceexposed residues Asn1, Leu2, Thr61, and Lys62, where Thr61 and
Lys62 are conserved in all of the sPLA2-IIA variants (Figure 8).
This suggests that these residues form the entry point of water
molecules into the active-site cleft of the sPLA2-IIA variants.
Distance between His47(ND1) and S(C21). Besides the
analysis of the catalytic water-molecule path using AQUADUCT, the average distance between the atoms His47(ND1)
and S(C21) was also determined for the phospholipid−sPLA2
complexes. This was done to see how the diﬀerent
phospholipids would aﬀect the structural integrity of the
Michaelis−Menten complex formed during hydrolysis. The
mean and standard deviations for 11 phospholipids were
calculated based on the last 5 ns from a series of diﬀerent MD
simulations that were performed on each phospholipid−sPLA2
complex (Figure 9). For hydrolysis to occur, at least two
conditions must be fulﬁlled. First, water molecules need to
reach the catalytic site, and second, the geometry of the
Michaelis−Menten complex must be maintained for the
hydrolysis to succeed. The saturated phospholipid resembles
the natural substrate of sPLA2-IIA, and hence, it is expected
that sPLA2-IIA is active toward the saturated phospholipid.
Using this requirement, sPLA2‑IIA should also be able to
hydrolyze the (E)-unsaturated, (Z)-unsaturated, (E)-β-methyl,
(Z)-β-methyl, and (Z)-α,β-dimethyl phospholipids, since their
average distances lie close to the average distance present in
the saturated phospholipid−sPLA2-IIA complex (Figure 9).

■

DISCUSSION
sPLA2-IIA Activity toward Phospholipids. The activity
of sPLA2-IIA toward diﬀerent phospholipids is proportional to
the amount of water molecules that reach the active site of the
enzyme−phospholipid complex.56,57 For a water molecule to
participate in the catalytic reaction, it has to reach the H−S
region (3.5 Å); see Figure 2. The relative water intake at the
H−S region (3.5 Å) is in the range of 0.07−0.2 (Table 2).
Using the relative water intake of 0.1 (determined for the
natural, saturated substrate−sPLA2-IIA complex) as a threshold, sPLA2-IIA complexes with (E)-α-methyl (mean: 0.2) and
(Z)-α,β-dimethyl (0.2) result in the highest relative water
intake among the tested phospholipids. Similar relative waterintake values are seen for the remaining phospholipid
analogues corresponding to the value determined for the
natural substrate. Experimentally, it has been shown that some
of the phospholipids are substrates of sPLA2-IIA when
constituted in mixed-composition liposomes.31 Viart performed hydrolysis experiments to quantify substrate depletion
and product formation using MALDI-TOF-MS and HPLC.
The results showed that sPLA2-IIA has a high activity toward
the saturated and (E)-unsaturated phospholipids, a medium
activity toward the (Z)-unsaturated phospholipid, a low
activity toward (Z)-α-methyl and (Z)-β-methyl, and no activity
toward (E)-α-methyl and (E)-β-methyl.31 From these
experimental results, it is clear that the probability of water
molecules reaching the H−S region (3.5 Å) alone is not a
suﬃcient criterion to rank the phospholipids according to the
ability of sPLA2-IIA to hydrolyze the diﬀerent phospholipids
due to the statistical uncertainties in the relative water intake
(Table 2). It is plausible that quantifying the number of water
molecules in the H−S region and the water-intake paths alone
are insuﬃcient in eﬃciently approximating the activity of the
diﬀerent phospholipid−sPLA2 complexes due to the relatively
minor structural diﬀerences among substrates studied here.
F
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Figure 7. Top views of PLA2-IIA. Residues in the active-site cleft are
represented as orange-colored sticks, while the catalytic watermolecule path to the active site is colored using default AQUADUCT coloring; see Figure 6 for details.

Figure 6. Catalytic water-molecule paths to the active site of the
saturated substrate−sPLA2-IIA complex guided by the aromatic
residues Phe5 and Tyr51, shown as orange-colored sticks [His47(ND1)
shown in blue]. For the visualization of the molecule and the “scope”,
the ﬁrst frame of the simulation was used. The choice of color is
standard AQUA-DUCT coloring; incoming paths of water molecules
are shown in red, object parts are shown in yellow and green,
outgoing paths of water molecules are shown in blue, and the scope
boundaries are displayed in purple and correspond to the boundaries
shown in Figure 3. (A) All catalytic water-molecule paths. (B)
Incoming paths that begin where a water molecule enters the scope
and end where the water molecule for the ﬁrst time enters the H−S
region (3.5 Å). (C) Object parts of paths. Green-colored paths mark
positions where the water molecule was strictly inside the H−S region
(3.5 Å). Yellow−green paths indicate positions where the water
molecule was inside the scope but not inside the H−S region (3.5 Å).
(D) Outgoing paths that begin where a water molecule leaves the H−
S region (3.5 Å) and end when the water molecule leaves the scope.
(E) Incoming and outgoing paths. The reason why the incoming and
outgoing path starting and ending points are not closer to the H−S
region (3.5 Å) is that only the ﬁrst frame of the simulation is
visualized. The molecule is not static during the simulation, so neither
is the H−S region (3.5 Å).

Figure 8. Surface-exposed residues, which often come into contact
with catalytic water molecules. The surface-exposed residues are
presented as orange-colored sticks, while the catalytic water-molecule
path to the active site is colored using default AQUA-DUCT coloring;
see Figure 6 for details.

An important second criterion is that key distances in the
Michaelis−Menten complex should be maintained such that
hydrolysis can occur. The distances in the Michaelis−Menten
complex should be close to the distances seen in the saturated
substrate−sPLA2-IIA complex, since the saturated substrate
represents the natural substrate for the enzyme, and it is known
that sPLA2-IIA has a high aﬃnity toward the natural
substrate.31 The probability of water molecules reaching the
H−S region (3.5 Å) in the diﬀerent phospholipid−sPLA2-IIA
complexes in combination with maintaining key distances in
the Michaelis−Menten complexes agrees well with experimental results of the ability of sPLA2-IIA to degrade liposomes
composed of some of the phospholipids studied here.31 The
saturated, (E)-unsaturated, (Z)-unsaturated, and (Z)-β-methyl
phospholipid−sPLA 2 -IIA complexes have similar
His47(ND1)−S(C21) distances in the Michaelis−Menten
complex, providing the geometry for catalysis. These ﬁndings

Figure 9. Average distances between His47(ND1) and S(C21) for the
11 diﬀerent phospholipid−sPLA2-IIA complexes. The distances were
calculated from the last 5 ns of the MD simulations. A series of
independent simulations of each phospholipid−sPLA2-IIA complex
was used to calculate the means and corresponding standard
deviations. The dashed line represents the mean distance for the
saturated substrate.
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act as a nucleophile and attack the sn-2 carbonyl carbon of the
phospholipids. The nature of the interactions between the
water molecules and the aromatic residues has not been
analyzed in this study, but Jain et al. have presented the
importance of the lone-pair−π interactions between water
oxygen electrons and the aromatic centers of the aromatic
residues.61 Both the statistical and AQUA-DUCT results
obtained in this study are consistent with mutational studies of
Phe5 and Tyr51.62,63 Phe5 has been mutated to Val, Trp, and
Tyr, and the eﬀects of the mutations were studied by analyzing
the conformational stability using circular dichroism spectroscopy and 1H NMR.62 When Phe5 is mutated to a hydrophilic
or a nonaromatic hydrophobic residue, the activity level of
sPLA2 decreased more than 200-fold,62 suggesting that due to
the absence of the aromatic wall, the ﬂow of water molecules
into the H−S region (3.5 Å) is disturbed. In another study,
Tyr51 was mutated to Lys, Phe, and Val and the conformational
stability and activity of the mutated enzyme were characterized
using monomeric, micellar, and bilayer forms of substrates
together with circular dichroism spectroscopy.63 The mutational studies showed that the aromaticity of Phe5 and Tyr51 is
important for the stability and activity of sPLA2-IIA.63 When
Tyr51 was mutated to phenylalanine, the enzyme stability was
reduced, but the activity of the enzyme was the same, which
might be because the aromatic walls were still present.63
The catalytic water molecules do not pass by only Phe5 and
Tyr51 on their way to the active site of sPLA2-IIA. Most of the
catalytic water molecules also encounter Asp91. This can be
seen from the AQUA-DUCT analysis of the saturated
substrate−sPLA2 complex in Figure 7. Besides Phe5, Tyr51,
and Asp91, the water molecules also come into contact with
Tyr66, and these four residues form the lining of the active-site
cleft that funnels catalytic water molecules into the H−S
region. As mentioned in the Results section and highlighted in
Figure 6, the catalytic water molecules use the same path on
their way in and out of the catalytic site. The path traced by the
water molecules comes close to the surface-exposed residues
Asn1, Leu2, Thr61, and Lys62, as seen in Figure 8.36,64
Noticeably, Leu2, Thr61, and Lys62 are highly conserved in
diﬀerent sPLA2-IIA species (Figure S1, Supporting Information).

are consistent with experimental results, showing that these
phospholipids are substrates for sPLA2. Furthermore, (E)-αmethyl and (Z)-α-methyl both have average His47(ND1)−
S(C21) distances that are larger than the distance found for
the saturated−sPLA2-IIA complex, which agrees with their
experimentally determined lower activity. The hydrolysis
experiments showed that (E)-β-methyl could not be hydrolyzed by sPLA2-IIA. This correlates well with the simulations,
where the key distance between His47 (atom: ND1) and the
substrate (C21) is larger than the distance observed for the
saturated substrate even when considering the relatively high
uncertainty. To the best of our knowledge, no experimental
data is available for (Z)-α,β-dimethyl, (E)-α,β-dimethyl, αﬂuoro, and α,α-diﬂuoro. However, taking the distances in the
Michaelis−Menten complexes and their uncertainties into
account, the enzyme should exhibit very low or no activity
toward these phospholipid analogues. However, monitoring
the distances between key residues in the Michaelis−Menten
complex does not provide information about the energy barrier
of the enzymatic reaction along the reaction coordinate and
can, therefore, not stand alone in the search for possible
substrates. Determining the energy barrier along the reaction
coordinate requires QM/MM calculations, as has previously
been performed on sPLA2-IIA−substrate complexes.42,60
Role of Phe5 and Tyr51. From the multiple sequence
alignment of 97 diﬀerent sPLA2 sequences, it is seen that His47,
Asp48, Tyr51, and Asp91 are highly conserved residues. The
above-mentioned residues are all within 5 Å of the active site of
sPLA2-IIA and are shown in Figure 10. The incoming catalytic

■

CONCLUSIONS
The statistical and visual analyses of 11 diﬀerent phospholipid−sPLA2-IIA complexes using AQUA-DUCT provide an
understanding of the enzyme activity dependency on the water
intake and on the water-intake mechanism. The phospholipids
diﬀered from one another; some of the phospholipids had one
or two methyl groups introduced close to the scissile sn-2 ester
bond (sn-2seb), some had ﬂuorine atoms added, while others
were unsaturated. The structure of the phospholipids aﬀected
the water intake. The introduction of a methyl group at the α
or β position in the (Z)-conformation reduced the water intake
drastically. The same is seen if two ﬂuorine atoms are
introduced close to sn-2seb. On the other hand, introducing a
methyl group at either the α or β position in the (E)conformation only reduced the water intake marginally
compared to the saturated (natural) substrate. The same
eﬀect is seen when only one ﬂuorine atom is introduced. These
results emphasize that phospholipids used in making liposomes
must have a structure that does not hinder the water intake if
enzymatic hydrolysis is to take place. Our study clearly
demonstrates that all catalytic water molecules reaching the

Figure 10. Highly conserved residues in sPLA2-IIA in complex with
the saturated substrate. Highly conserved residues are displayed as
orange-colored sticks. The saturated substrate is displayed as sticks
and colored green. sPLA2-IIA is shown as a cartoon in pale blue. Most
of the highly conserved residues also participate in the catalytic
machinery.

water molecules are in frequent contact with Phe5, Tyr51, and
Asp91 in their path to the active site. Other residues in sPLA2
are also highly conserved, as seen in the alignment, but they do
not seem to play an important role in the hydrolysis reaction of
phospholipids. As seen in Figure 5, all catalytic water molecules
come into close contact with either Phe5 or Tyr51, and the
majority of the catalytic water molecules encounter both of the
residues, which indicates that they both play an important part
in guiding the water molecules toward the active site. In
particular, Phe5 and Tyr51 form aromatic walls that direct the
catalytic water molecule into the correct position so that it can
H
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active site of sPLA2-IIA are guided into the correct position by
the two aromatic residues Phe5 and Tyr51, which are conserved
across several sPLA2-IIA variants. Furthermore, water molecules come in close contact with the surface-exposed residues
Asn1, Leu2, Thr61, and Lys62, where the latter three residues are
conserved across diﬀerent sPLA2-IIA species. This is not the
case for only the saturated substrate−sPLA2 complex; the same
trend is also seen for phospholipids with a methyl group
introduced close to sn-2seb and for polarized phospholipids
where a ﬂuorine atom is introduced. The obtained results are
in good agreement with experimental results, which investigated the ability of sPLA2-IIA to hydrolyze liposomes made
of diﬀerent phospholipids studied here. The results suggest
that the computational approach presented here can be used as
a screening method for assessing potential substrates for
sPLA2-IIA by monitoring the water intake to the H−S region
and key distances in the Michaelis−Menten complex.
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