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ABSTRACT: Understanding generic mechanisms of functions shared by the
secretory phospholipase A2 (sPLA2) family involved in the lipid metabolism and
cell signaling and the molecular basis of function specificity for family members is an
intriguing but challenging problem for biologists. Here, we explore the issue through
extensive analyses using a combination of structure-based methods and bioinformatics
tools on130 sPLA2 family members. The principal component analysis of the structure
ensemble reveals that the enzyme has an open−close motion which helps widen the
substrate binding channel, facilitating its binding to phospholipid. Performing elastic
network model and sequence analyses found that the residues critical for family
functions, such as cysteine and catalytic residues, are highly conserved and undergo
minimal movements, which is evolutionarily essential as their perturbation would
impact the function, while the four residue regions involved in the association with the
calcium ion/membrane are lowly conserved and of high mobility and large variations
in low-to-intermediate frequency modes, which reflects the specificity of members.
The analyses from perturbation response scanning also reveal that the above four regions with high sensitivity to an external
perturbation are member-specific, suggesting their different roles in allosteric modulation, while the minimal sensitive residues are
the shared characteristics across family members, which play an important role in maintaining structural stability as the folding core.
This study is helpful for understanding how sequences, structures, and dynamics of sPLA2 family members evolve to ensure their
common and specific functions and can provide a guide for accurate design of proteins with finely tuned activities.

■ INTRODUCTION
Secretory phospholipases A2 (sPLA2s), a subfamily of lipolytic
enzymes, accounting for more than one-third of phospholi-
pases A2 (PLA2s), play a central role in the cellular lipid
metabolism and signaling.1 Interestingly, different sPLA2
isoforms have their own individual hydrolysis preferences for
phospholipids, while they share the capacity to catalyze
hydrolysis of the sn-2 ester bond of phospholipids, thereof
producing different lipid mediatorssignaling molecules
involved in many inflammatory diseases including asthma,
arthritis, and cancer.2 Thus, an intriguing problem is how
sequences, structures, and dynamics of sPLA2 family members
evolve to ensure their common and specific functions. The
insight into the issue is not only helpful for the understanding
of the related mechanisms but also helpful for protein design
and the design of sPLA2 enzyme inhibitors for inflammatory
diseases.
To date, the crystal structures have been solved for many

sPLA2 isoforms purified from snake venom, humans, porcine
and bovine pancreas, plants, and microbes. A total of 16 sPLA2
groups (IA, IB, IIA, IIB, IIC, IID, IIE, IIF, III, V, IX, X, XIA,
XIB, XII, and XIV) have been identified, which are
characterized by at least 6 highly conserved disulfide bonds,
a His-Asp catalytic dyad, and a calcium-binding loop (Xxx-Cys-
Gly-Xxx-Gly-Gly).3 The enzymes are classified into different

groups based on the amino acid sequence, molecular weight,
and disulfide bonding pattern. Despite pronounced differences
in amino acid sequences, sPLA2 enzymes preserve a similar
folding configuration, especially for those from groups I, II, V,
and X, which contain three long α-helices, two β-strands, and a
conserved Ca2+-binding loop (loop2) (Figure 1a). The sPLA2

catalytic cycle includes four steps: association of the enzyme
with the membrane through its substrate binding region, a
single phospholipid molecule extraction from the membrane
and binding to the enzyme’s binding pocket, enzymatic
hydrolysis of the sn-2 ester bond of the phospholipid, and
release of the hydrolysis product.4 In the cycle, the most
important event is the enzyme’s association with the
membrane through its substrate binding region, during which
the membrane, acting as an allosteric ligand, binds at the
allosteric site of the enzyme’s interfacial surface, shifting the
enzyme’s conformation from the closed state to an open state,
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which is critical for the subsequent enzyme’s binding with its
preferred phospholipid.4 Experiments have shown that differ-
ent sPLA2 isoforms have their own most suitable substrates
including phosphatidylglycerol (PG), phosphatidylethanol-
amine (PE), phosphatidylcholine, and phosphatidylserine
(PS).5 These phospholipid substrates are different in volume
size and electrostatic properties. Thus, the structure and
dynamics of the enzyme’s interfacial binding surface and
catalytic sites have been the hot spots of study.
Many experimental and theoretical research studies focus on

the binding key sites and binding behavior of the sPLA2
enzyme to the membrane. On the experimental side, Huang
et al. observed that sPLA2 is located on the membrane surface
rather than penetrating the membrane bilayer using the
monolayer technique.6 Burke et al. used hydrogen−deuterium
exchange mass spectrometry to detect group IA phospholipase
A2 from cobra venom and found the rigid characteristic of the
two extensively disulfide-bonded helices which bear the
catalytic function.7 On the theoretical side, all-atomic
molecular dynamics (MD) simulation has been a widely
used computational tool to explore protein dynamic features in
atomic details.8 With MD simulations, Manukyan studied the
effects of the solvent and membrane environments on the
conformation of human sPLA2 IIA.9 Ramakrishnan et al.
compared the dynamics of sPLA2 from russell’s viper at
inhibitor-bound and free states and explored the mechanism of
the activity abolishment due to the inhibitor binding.10 To
identify potent inhibitors against sPLA2, Chinnasamy et al.
used virtual screening and molecular docking methods to select
its potent inhibitors from the Traditional Chinese Medicine
Database (TCM) and additionally provided a deeper structural
insight into the binding key residues of Arg30, Gly31, and

Tyr63.11 Although the research studies above help to reveal
some key sites and interactions between sPLA2 enzymes from a
certain group and membrane, they only focus on one single
group of sPLA2 and have not explored the differences in
structure dynamics across different groups, which is critical for
the understanding of the subtle mechanisms of different groups
of sPLA2 enzymes in specific substrate recognition, despite
their similar folding conformations.
MD simulation is a time-consuming method and has

difficulty in investigating the large-scale functional motions of
proteins. To address the issue, several coarse-grained models
have been recently proposed. Among them, the elastic network
model (ENM) has been proven to be a particularly effective
computational technique for investigating the function-relevant
motions of proteins.12 Two mostly used ENM methods, the
Gaussian network model (GNM)13 and the anisotropic
network model (ANM),14 are simple yet effective methods
to explore the intrinsic dynamics of proteins. It has been
proven in numerous application studies that the low-frequency
motion modes calculated by GNM and ANM represent the
large-scale collective motions usually relevant to protein
functions.15 Utilizing low-frequency modes, our group
developed ENM-based methods to study structure flexibil-
ity16,17 and unfolding18,19 of protein/RNA molecules and
protein allostery.20 Combined with the ENM model,
perturbation response scanning (PRS) analysis21 was proposed
to obtain protein dynamics and allosteric properties, and
currently, the method has been widely applied to identify the
key residues in allosteric control and long-range communica-
tions for large protein assemblies.22,23 Additionally, a system-
atic method of approach was developed by Bahar et al. for
characterizing the shared (signature) as well as unique

Figure 1. (a) Superposition of 130 sPLA2 family member structures from groups IA, IB, IIA, IIE, and X. The member with PDB ID 1vkq is the
reference structure with helices colored in red, loops in green, and β-strands in yellow. The catalytic residues His48, Asp49, Tyr52, and Asp99
(blue) are shown in the stick model. (b) Distribution of 130 sPLA2 family members in the subspace spanned by PC1 and PC2 capturing more than
54% of the total variation. (c,d) porcupine plots generated from PC1 and PC2, respectively. The orientation of the arrows pointing from backbone
atoms denotes the direction of the eigenvector (PC), and the size of each arrow indicates the magnitude of the corresponding eigenvalue.
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structural and dynamic properties of a protein family using a
combination of structure-based models and methods.24 Still
aiming at a protein family, Tobi developed an ENM-based
method to make a function classification for globin family
members based on their dynamics’ similarity.25 Besides, in
2020, an insightful review by Bahar et al. revealed the
evolutionary constraints on structure dynamics of a protein
family to achieve the required functions: the slowest motion
modes are conserved by a protein family for the common
function; the low-to-intermediate frequency (LTIF) modes
reflect the function specificity across family members; the
fastest frequency modes ensure the core stability, which is the
basics of functional specialization.26

Besides the ENM model, currently, the protein structure
network (PSN) has been widely used in the studies of protein
folding, allosteric transition, and key site prediction.27 Once
the network for the protein structure is constructed, various
network parameters can be calculated to decipher both local
and overall structural characteristics, including degree,
clustering coefficient, and betweenness. Combined with some
dynamics methods, the PSN shows a strong power in the study
of protein allosteric communication and dynamic coupling.28

In this work, inspired by Bahar’s and Dobi’s works, we
examine the signature dynamics of the sPLA2 family as well as
the distinctive features of family members required to achieve
their specific catalytic activities. The key residues are identified
which play an important role in the dynamics related to
specific recognition and interactions of sPLA2 members with
their substrates.

■ METHODS

Database of Secretory Phospholipase A2 (sPLA2)
Structures. For the sPLA2 family, considering the availability
of the X-ray structures and explicit grouping, we collected and
downloaded 130 member structures (Table S1) from the
Protein Data Bank (PDB),29 which belong to groups IA, IB,
IIA, IIE, and X. Based on the root-mean-square deviation
(RMSD) between two structures, the representative member
(with PDB code 1a3f for group IA, 1vkq for group IB, 1kvo for
group IIA, 5wzu for group IIE, and 6g5j for group X) of each
group was selected which has the minimum average RMSD
from the others in the group.
Principal Component Analysis. The slow and functional

motions of biomolecules can be extracted by principal
component analysis (PCA), which is a statistical method
based on covariance analysis.30 The orthogonal eigenvectors
and the corresponding eigenvalues can be obtained from the
covariance matrix. The eigenvectors, also called principal
components (PCs), indicate the directions of concerted
motions. The corresponding eigenvalue describes the
magnitude of the motion along the direction. In our study,
PCA is performed using the R package Bio3D31 in
combination with Dali Sever32 for structure alignment.
Elastic Network Model. In GNM (a special case of

ENM), a protein structure is modeled as an elastic network
where a residue is replaced with several nodes (here, the Cα

atom) and the interactions between the nodes within a given
cutoff distance rc (7 Å adopted here) are represented as springs
with a uniform force constant. By this simplification, the total
internal potential energy of the network of N nodes can be
written as

R E RV
1
2

( )T
GNM γ Γ= [Δ ⊗ Δ ]

(1)

where the column vector ΔR represents the fluctuation of the
N nodes, E is the unitary matrix, ⊗ is the matrix direct
product, γ is the force constant of the springs, and Γ is the N ×
N symmetric Kirchhoff matrix, the elements of which are
defined as follows
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where Rij is the distance between the ith and jth nodes. Then,
the mean square fluctuation (MSF) of each node and the
fluctuation cross-correlation between different nodes are
expressed as

R R
k T3

i i ii
1

γ
Γ⟨Δ ·Δ ⟩ = [ ]Β −

(3)

R R
k T3

i j ij
1

γ
Γ⟨Δ ·Δ ⟩ = [ ]Β −

(4)

where T is the absolute temperature and kB is the Boltzmann
constant.
GNM can provide the amplitudes of residue fluctuations but

no information about their directions, and this information is
considered in ANM. In ANM, the total potential energy of the
network can be written as

R RV
1
2

( )
i j

N

ij ijANM
,

0 2∑γ= −
(5)

where Rij and Rij
0 refer to the instantaneous and equilibrium

distances between nodes i and j, respectively. The protein
dynamical properties are determined by a Hessian matrix H
whose element is a submatrix with a size of 3 × 3. The
submatrix hij is calculated as the matrix of second-order
derivatives of the potential with respect to the Cartesian
coordinates of the nodes. When i ≠ j, the corresponding hij is
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When i = j, the submatrix is

h hii
i j

ij∑= −
≠ (7)

In ANM, the two corresponding dynamical properties can
be written as

R R
k T

( )i i i i i i i i3 2,3 2
1

3 1,3 1
1

3 ,3
1

γ
Η Η Η⟨Δ ·Δ ⟩ = + +Β
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(8)
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The cross-correlation is normalized as

C
R R

R R( ) ( )ij
i j

i j
2 2 1/2=
⟨Δ ·Δ ⟩

[⟨ Δ ⟩ × ⟨ Δ ⟩] (10)

Cross-correlation values range from −1 to 1. The positive
ones indicate that the residues move in the same direction, and
the negative ones indicate that they move in the opposite
directions. The higher the absolute value is, the more the two
residues are correlated. The zero value implies that the
motions of residues are completely uncorrelated.
Perturbation Response Scanning Approach. The

PRS21 approach, which is based on the linear response theory
(LRT),33 was designed to deduce protein allosteric properties.
PRS allows for the calculation of the response of residue k to
perturbation at residue i. The 3N-dimensional vector ΔR of
node displacements in response to the application of a
perturbation (3N-dimensional force vector F) obeys Hooke’s
law F = H·ΔR, where H is the 3N × 3N Hessian matrix in
ANM theory. The idea in PRS is to exert a force of a given
magnitude on one residue in the network at a time and observe
the response of the overall network. The force exerted on
residue i is expressed as

F F F F(000 000)i
x

i
y

i
z

i T= ···Δ Δ Δ ··· (11)

and the resulting response is

R H Fi i1Δ = − (12)

where ΔRi is a 3N-dimensional vector that describes the
displacements of all the residues away from their equilibrium
positions (in N blocks of dimension 3, each) in response to the
exerted force Fi, which are nonzero only for the three terms
related to residue i.
Here, the average value of the squared residue k displace-

ments Rk
i( ) 2

⟨ Δ ⟩ in response to multiple exerted perturba-
tions on residue i is taken as the sensitivity of residue k to the
perturbation at residue i.34 The multiple forces are along seven
directions, that is, x-; y-; z-; both x- and y-; both x- and z-; both
y- and z-; and all x-, y-, and z-directions. Repeating (scanning)
this procedure for all sites yields a response matrix P with a size
of N × N, each column of which provides a measure of the
sensitivities of all residues to the perturbation at the residue
corresponding to the column. The average over the columns of
the normalized P yields the sensitivity profile, with peaks
therein designated as sensors often corresponding to the
functional residues involved in the execution of allosteric
structural changes.34

Multiple Sequence Alignment and Coevolution
Analysis. A set of sPLA2 sequences were collected through
blastp search35 in the nonredundant protein sequence database
for residue coevolution analysis. Before the performance of a
multiple sequence alignment (MSA), they were refined by
removing the sequences belonging to other proteins or with
more than 80% sequence identity,36 finally resulting in 789
sequences. The MSA is carried out using ClustalX37 with
default parameters. The analysis of residue coevolution is
performed based on the mutual information (MI) between
their positions in the MSA using the MISTIC approach.38

Construction of the Protein Structure Network.
Protein structure formation and function exertion rely on the
complex network of inter-residue interactions to some extent.27

In PSN, a protein is converted into an indirect and unweighted
graph which looks like a network of nodes, where nodes are
amino acid residues and edges are inter-residue interactions
(here, a distance cutoff of 8.0 Å is adopted). The degree of a
node is the number of other nodes to which it is connected.

■ RESULTS AND DISCUSSION

Statistical Analyses of Sequence Identity and
Structural Similarity for the 130 sPLA2 Family Members.
We first selected the reference structure from the 130 sPLA2
family members based on the RMSD between two structures,
which is 1vkq (PDB ID) from group IB having the minimum
average RMSD from the others in the family. Figure S1a
displays the distribution of percent sequence identity (SID) of
the 130 members with respect to the reference (with the heat
map of SID between sequences shown in Figure S2a). The
percent SID varies in the range of 35−99. Despite the
difference in SID, family members share the same fold (Figure
1a), as evidenced by their RMSDs less than ∼2.0 Å (Figure
S1b). Note that the largest structural variations occur at loop2,
loop3, loop4, and loop6 (Figure 1a). In the following, we will
characterize the signature dynamics of the family as well as
distinctive features of members required to achieve their
specific catalytic and allosteric activities.

Principal Component Analysis of sPLA2 Structures.
The conformational differences among sPLA2 structures can be
determined from PCA. The first PC (PC1) describes the
direction of maximal variance of the structure distribution,
succeeded by PC2, and so on. Of interest is to view the
distribution of sPLA2 structures in the subspace spanned by
PC1 and PC2 (Figure 1b), which permits us to discriminate or
cluster the conformations based on their most distinctive
structural dissimilarities or similarities. From Figure 1b, PC1
and PC2 clearly divide the structure ensemble into five well-
defined clusters. Interestingly, they just correspond to the five
groups classified by SID (Figure S2a). In the PC1 direction,
groups IA and IB and groups IIA and IIE are near to each
other, respectively, while the latter two are separated evidently
in the PC2 direction. From Figure S2a, the former and the
latter have higher SID than other pairs of groups (in agreement
with their biological naming), with the former’s SID slightly
higher than the latter’s, consistent with the former’s smaller
structural differences than the latter’s (Figure S2b). The higher
similarity in sequence and structure between groups IA and IB
than between groups IIA and IIE may suggest that the former
two are more homologous to each other than the latter two.
In addition, note that PCA clearly divides all family

members except for the one with PDB ID 3elo (Figure 1b)
belonging to group IB but clustering into group X. All
structures in group X are from humans, and those in group IB
are from porcine or bovine except for 3elo belonging to
humans, possibly implying certain similarity of 3elo to group X.
For group IB, we also found that there is a slight difference
between the structures from bovine and porcine (Figure S2b),
which is well consistent with the evident difference in SID
between them (Figure S2a). Thus, the accurate separation of
different groups of sPLA2 family members indicates that the
structural features elucidated by PCA for them can be well
traced back to their sequence similarities.
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Figure 2. (a) Residue fluctuation cross-correlations calculated by ANM (with a distance cutoff of 17.0 Å and 29 slowest motion modes considered
that contribute more than 50% to the residue fluctuation) on the reference structure 1vkq. (b) Coevolutionary residues with the numbers on lines
connecting two residues being their MI values.

Figure 3. Residue fluctuations obtained by GNM for sPLA2 family member structures. (a) Average of MSFs (black line) and standard deviations
(green line) obtained by the GNM slowest 13 modes for 130 sPLA2 family member structures. Residues along the abscissa refer to the reference
one 1vkq (residues Trp3-Asp119 excluding Pro14-Asn23, Ser60-Asp66, and Ser86-Asn88 indicated by the black break points). The labeled residues
indicate the sites with minimal fluctuations and minimal standard deviations. The regions labeled with 1−4 (colored bars along the upper abscissa)
centered around Gly30-Thr36, Leu58-Thr70 (excluding Ser60-Asp66), Ser78-Glu81, and Pro110-His115, respectively, display the highest
differences among family members. (b) Regions 1−4, catalytic residues (His48, Asp49, Tyr52, and Asp99) and the coevolutionary residue triplet
(Phe5-Ala102-Phe106) mapped on the reference structure. (c,d) Residue fluctuation profiles contributed by the first slowest mode and the first 2−
13 modes for the five groups’ representative structures, respectively.
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As is known, the structure ensemble of protein family
members solved at different states can reflect the dynamics of
the protein at the equilibrium state to some extent.39 Thus,
PCA can give insights into the functional dynamics of the
sPLA2 enzyme. To quantitatively understand the movements
captured by PC1 and PC2, porcupine plots were generated
using the extreme projections of all the structures on PC1 and
PC2, as shown in Figure 1c,d, respectively. Among all the
secondary structures, helix3 and helix4 (core region), where
the catalytic sites (His48, Asp49, Tyr52, and Asp99 shown in
Figure 1a) and disulfide bonds (involving Cys44, Cys45,
Cys51, Cys91, Cys96, and Cys98) important for stability are
located, are of almost minimum mobility in the first two
principal movement directions, which is the dynamic require-
ment for the enzyme to exert catalytic functions (see detailed
analyses in the section of GNM analysis of sPLA2 family
members). Additionally from Figure 1c, the enzyme has an
open−close motion, consistent with the experimental obser-
vation,40 which helps widen the substrate binding channel and
meanwhile makes helix3 and helix4 exposed to the environ-
ment (membrane), thereof facilitating the catalytic sites’
substrate recognition.
Residue Fluctuation Cross-Correlations of the Refer-

ence Structure. In order to detect the functional movement
coupling between residues in sPLA2, we calculated the residue
fluctuation cross-correlations according to eq 10 with ANM on
the reference structure 1vkq, with the results shown in Figure
2a.
From Figure 2a, helix5 and loop7 are found to be strongly

negatively correlated with helix1 and positively correlated with
the beginning part of loop2, which is also observed in the
motions along PC1 and PC2 (Figure 1c,d). These regions are
located around the catalytic sites, whose motions contribute
partially to the enzyme’s open−close movement. In addition,
for helix3 and helix4 bearing the catalytic role, a strong positive
correlation is observed between helix3 residues Asp42-Tyr52
and helix4 residues Cys96-Ser107, of which His48, Asp49,
Tyr52, and Asp99 make the catalytic network,41 which ensures
the stable exertion of catalytic functions. Additionally, helix1
Trp3-Lys12 are found to be positively correlated with helix3
and helix4, with the latter partially due to the formation of a
hydrophobic triad (Phe5-Ala102-Phe106), which is supported
by our coevolutionary analysis (Figure 2b) and a previous
study mentioned in the following.36

As a whole, the strong correlated motions around the
catalytic sites help the enzyme bind with the membrane and
phospholipid, facilitating the catalytic reaction.
GNM Analysis of sPLA2 Family Members. In ENM, the

slowest or global modes provide robust information on the
large amplitude (often allosteric) and collective motions
encoded in the protein structure.42 In order to detect sPLA2
family members’ shared and specific flexibility related to their
functions, we constructed the GNMs for the 130 sPLA2 family
members (see Methods), calculated the MSFs of residues
based on the first 13 slowest motional modes contributing
more than 50% to residue fluctuations, and also obtained their
averages and standard deviations, with the results shown in
Figure 3a. The curve shown in Figure 3a is usually called the
signature profile.
Shared Dynamics of sPLA2 Family Members. From

Figure 3a, we first focus on the residues that represent similar
dynamic fluctuations (signature dynamics), that is, have small
standard deviations, and interestingly, these residues including

Lys12, Tyr28, Cys29, Cys45, His48, Asp49, Tyr52, Tyr73,
Cys84, Cys96, Asp99, and Ala102 consistently occupy minima
in the signature profile.
Among them, the four residues His48, Asp49, Tyr52, and

Asp99 make up the catalytic network by coordinating the
nucleophilic water molecule and stabilizing the oxyanion
intermediate (essential for the enzyme’s catalytic reaction) in
the sPLA2 family.10 The conserved His48-Asp99 catalytic dyad
occupies minima (with minimal mobility), which is in accord
with the precise and tight positioning of catalytic residuesa
requirement for mechanochemical activity of enzymes.43

Additionally, the four cysteine residues (Cys29, Cys45,
Cys84, and Cys96) highly conserved (Figure S4a) in the
sPLA2 family, involved in the formation of disulfide bridges
(Cys29-Cys45, Cys84-Cys96), mainly serve to maintain the
structural stability of the core helical region where the catalytic
sites are located. Finally, Tyr28 and Tyr73 are also conserved
in the family, of which Tyr73 is involved in the aromatic−
aromatic interaction with the position 75 Tyr/Phe/Try
residue, very important for the enzyme’s conformational
stability.44 As a whole, these shared residue positions either
making up the common catalytic network or playing an
important role in stabilizing enzyme structures of the sPLA2
family therefore consistently occupy minima (with minimal
mobility) in the signature profile, which can be traced back to
their high sequence conservation and structural similarities.
Then, we focus on the peak regions in the signature profile

as they usually correspond to ligand recognition sites, and their
variations among members may reflect member-specific ligand
binding.45 Indeed, it is the case that these peak regions
consistently have a large standard deviation and are involved in
membrane/ligand recognition. We label them with 1−4, as
shown in Figure 3a (also see Figure 3b for them mapped on
the reference structure). Region 1 located in loop2 is a Ca2+-
binding loop, region 2 situated in loop3 is involved in
membrane binding, region 3 belongs to loop4 whose function
is not clear now, and region 4 belongs to loop6 and helix5 that
are also involved in membrane binding.40 In the following part,
we will further analyze the member-specific properties of these
four regions.

Specific Dynamics of sPLA2 Family Members. Shared
and specific fluctuations among protein family members can be
highlighted by the slowest motion modes and LTIF modes.26

The former typically relate to functional (or allosteric) changes
in the structure, robustly shared among family members, while
the latter reflect differentiated motions (functional specificity)
across protein family members.46 In order to detect the shared
and specific properties, for the representative structures for five
sPLA2 groups, we dissected the GNM-calculated mobility
profiles in two frequency regimes: the first slowest motion
mode (Figure 3c) and the LTIF modes (modes 2−13) (Figure
3d). From Figure 3c, the curves from all representatives
maintain the same generic shape for different regions except
for region 3 (connecting two β-strands) that exhibits some
variations among the representatives, especially for group IIE’s
region 3 obviously different from the others’. The preceding
PCA also indicates the structurally large difference of group IIE
from others. In sequence, region 3’s high variability can also be
found from the sequence alignment (Figure S3). The possible
function of region 3 is deduced in the following.
From Figure 3d obtained from the LTIF modes (2−13

modes), we focus in particular on the four regions 1−4
depicted in Figure 3a,b, which are involved in membrane/
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ligand binding, reflecting the member-specific dynamic
features. Region 1 participates in calcium ion binding with
six to eight oxygen atoms from its backbone carbonyls, and the
bound calcium ion is further constrained near the catalytic sites
partially by the catalytic residue Asp49’s side chain, which is
indispensable for the enzyme catalysis.9 Region 1’s remarkable
difference in flexibility among different representatives (Figure
3d) may cause their different binding efficacies/affinities with
the calcium ion, which may suggest the differentiated allosteric
modulations of region 1 in the enzyme’s activities among
different sPLA2 family members.
Both region 2 and region 4 participate in the interactions of

the sPLA2 enzyme with the membrane. Compared with region
1, generally, both regions have a relatively low flexibility which
can help the enzyme easily bind with the membrane by
hydrophobic and hydrogen bonding interactions.40 The two
regions of some groups present high variability in sequence
length and secondary structure type. Group IB has an extra
pancreatic loop (residues 62−66) in region 2 that corresponds
to the inserted gray part in the reference structure (Figure
3b).47 Region 4 folds in loop in groups IA and IIA, with a small
helix in groups IB, IIE and X.48 Both regions’ variability in
sequence, structure, and dynamics makes different family
members present specific preferences for membrane types and

phospholipid types accommodated in the catalytic sites. For
example, group IIA has more basic amino acids in the
membrane binding region, making it have a considerable high
affinity and hydrolysis activity for PG.49 Although there is high
SID of group IIE with group IIA, group IIE has no preference
for PG due to it having more uncharged amino acids in this
region, which partially determines its hydrolysis preference for
PE and PS.50 In summary, the above analyses suggest that
regions 2 and 4 play a significant functional role, perhaps via an
allosteric modulation of the shape or size of the catalytic
channel.
For region 3, the obvious difference in residue fluctuation

profiles contributed by LTIF modes presents across different
groups. A previous MD simulation study observed the high
fluctuation of region 3 in structure 1poe (group IIA) and its
evidently different fluctuations in membrane and water
environments.9 This hints that region 3 may participate in
the modulation of member-specific membrane recognition.
As a whole, the results from the analyses on the dynamics of

sPLA2 family members that the slowest modes are shared by
family members and the LTIF modes can distinguish
subfamilies and confer specificity provide new insights into
the achievement of the family members’ balance between
evolutionary adaptability and functional specificity.

Figure 4. Evaluation of the role of sPLA2 residues as sensors of allosteric signals and the variations among family members. (a) Average PRS heat
map and (b) its standard deviation among sPLA2 family members. The bar plot on the upper abscissa (sensitivity) describes the propensity of
residues to serve as sensors. (c) Residue sensitivity profile from the average PRS and the average fluctuation profile of 130 sPLA2 family members
obtained by the GNM fastest 3 motion modes (94−96). (d) Residue sensitivity profile from the average PRS and the average degree profile of 130
sPLA2 family members obtained by the PSN method. The residues marked with black circles occupy minima in the sensitivity profile and maxima
in the average fluctuation profile (also in the average degree profile).
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Sequence Conservation and Coevolution of sPLA2
Family Members. The sequence evolution analysis adds
another dimension for probing the structure and function of
proteins. Through sequence analyses, we examine to what
extent the shared key residues that play an important role in
the structure and function of the sPLA2 family are sequentially
conserved and, conversely, to what extent those responsible for
differentiation among members are sequentially variable.
Figure S4a displays the residue conservation profile of the

sPLA2 family obtained from an MSA of 789 sequences. The
highest peaks therein indicate the most conserved residues, of
which 10 cysteine residues are all involved in the formation of
disulfide bonds, Tyr73 participates in the aromatic−aromatic
interactions, and the 3 residues (His48, Tyr52, and Asp99) are
catalytic residues. The presence of these residues is the shared
characteristic of the sPLA2 family. Dynamically, they generally
exhibit minimal mobility in the signature profile (Figure 3a).
Thus, these shared residues responsible for stabilizing the
structure or catalyzing the hydrolysis reaction are highly
conserved and dynamically constrained, which confirms the
evolutionary requirement. In contrast, the residues responsible
for member differentiation like regions 1−4 distinguished by
their large-amplitude member-specific motions exhibit low
conservation (Figure S4a). The low mobility of conserved
residues and high mobility of variable residues are consistent
with the concept of coupling among sequence, structure, and
dynamics variations, which has been validated in several earlier
studies.51,52 Such juxtaposition of sequentially conserved
(dynamically constrained) and sequentially variable (dynam-
ically flexible) residues appears to be a design feature to
mutually support the respective generic and specific properties
of sPLA2 family members.
Next, we focus on the sequence coevolution. Generally, the

most coevolutionary residue pairs make close tertiary contacts
within domains, which can suggest the information on
intradomain couplings. We estimated the degree of coevolu-
tion between residues with their MI mentioned in the Methods
and Materialssection. Table S2 gives the 10 pairs of residues
with the highest MI values. Among them, there are seven pairs
of residues, each located in the same secondary structure
element. For the remaining three pairs, Cys11-Cys77 (ranked
first) forms a specific disulfide bond connecting helix1 and β1
in group I.53 For pairs Ala102-Phe106 (third) and Ala102-
Phe5 (fifth) (Figure 2b), the involved three residues are all
nearby the catalytic sites with Ala102 and Phe106 located at
helix4 and Phe5 at helix1 (Figure 3b). Spatially, they are in
close proximity to each other and have positively correlated
movements (Figure 2a). Researchers have found that residues
Phe5, Ala102, and Phe106 participate in the formation of the
highly conserved hydrophobic substrate binding channel,
facilitating the phospholipid binding to catalytic sites.36,54

PRS Analyses of Family Members. The PRS approach
combines the ENM with LRT to assess the allosteric influence
on each protein residue upon an external force exerted on the
protein. We calculated the average PRS heat map over 130
sPLA2 family members (see the Methods and Materialssec-
tion) with the result presented in Figure 4a. The average over
all elements in the jth column provides a measure of the ability
of residue j to serve as a sensor, as shown in the bar plot along
the higher abscissa with the peaks indicating the residues
having the high potential to serve as sensors.
The PRS map describes the propensities of residues to sense

perturbations and thus elicit cooperative responses, such as an

allosteric conformational change induced upon ligand binding
to a highly “sensitive” sensor.34 In order to detect the
variations of residue sensitivities among family members,
Figure 4b gives the standard deviation of PRS maps. From
Figure 4a,b, many residues that show high signals in panel a
also exhibit peaks in panel b, suggesting that the sites
distinguished by their strong roles in allosteric communication
have member-specific roles. Interestingly, the strongest sensors
are consistent well with the identified four regions, according
to the signature profile. Region 1 responsible for Ca2+ binding
is necessary for the enzyme’s catalytic activity. Regions 2 and 4
are involved in the recognition with the membrane which acts
as an allosteric ligand. That is to say, these regions play a key
role in the enzyme allostery. In addition, their member
specificity indicated by the high standard deviations is
consistent well with their differentiated functions across family
members mentioned in the section of specific dynamics of
sPLA2 family members. In summary, PRS is an effective
approach to identify the key sensor residues that function in
protein allosteric processes.
Also from Figure 4a,b, it can be seen that many residues with

low signals in panel a also exhibit dips in panel b. These
residues with minimal sensitivity are Phe5; Met8 in helix1;
Asp42 in helix3; Ile82 in β2; and Cys96, Arg100, Ala103, and
Phe106 in helix4 (see Figure 4c for the residue sensitivity
profile), which are also characterized by the lowest variances,
hinting that these insusceptible residues are shared among
members. They are tightly packed in the structure (Figure S5)
and occupy maxima in the average fluctuation profile over 130
sPLA2 family members obtained by the GNM fastest 3 motion
modes (94−96) (Figure 4c). The fast modes reflect the
geometric irregularity in protein structure,55 and the
fluctuations associated with fast modes are accompanied by a
decrease in entropy larger than that for slow modes.56 Our
previous studies show that the residues acting in the fastest
modes are often associated with the protein fold core playing
an important role in structural stability.39,56 Additionally,
researchers found that besides the lowest modes, the fastest
modes are also highly conserved among members, which is
required for chemical precision or structural stability of
proteins.57 In addition, note that they also have a high average
degree (Figure 4d) over family member structure networks,
reflecting their local high connectivity attitude within the
networks. Node degree is also an index for indicating a
residue’s important role in structure stability.58 Thus, these
residues’ tight packing (high connectivity) in structure and
high activeness in the fastest modes indicate their important
role in stabilizing the structure. In summary, the residues with
high sensitivity (high mobility) are member-specific, which
play a key role as sensors in sPLA2 enzyme allostery, while the
residues with low sensitivity (fold core) are the shared
characteristics, which contribute largely to sPLA2 enzyme
structural stability.
Finally, for the dynamics methods GNM, ANM, and PRS

used in this work, they are all effective for providing protein
dynamical information, but they have different suitability or
focus on different aspects.34,59 GNM and ANM have the
advantages in analyzing the large-amplitude collective motions
of biomacromolecules in their native states, both of which can
reproduce the molecular local structural flexibility and
functionally motional correlations between residues, which
are important for understanding molecular thermal motions
and protein interdomain movement couplings, respectively.
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Comparatively speaking, GNM is more suitable to analyze the
molecular flexibility,59 and ANM, due to its considering the
direction information of residue movements, is of better ability
in reproducing residue motional correlations.60 PRS is
specifically designed to quantify the residues’ responses to an
external perturbation on a protein residue, which can be used
to find potential allosteric sites.34 By utilizing the combination
of these approaches, the dynamical properties of sPLA2 family
members can be analyzed more comprehensively.

■ CONCLUSIONS
For the secretory phospholipase A2 (sPLA2) family, playing a
central role in the cellular lipid metabolism and signaling, we
explore the shared and differentiated mechanisms of functions
for sPLA2 family members using a series of structure-based
models and bioinformatics tools.
With PCA, we obtain the distribution of sPLA2 family

members along the first two PCs which also shed light on the
functional motion of the enzyme. Five sPLA2 groups (IA, IB,
IIA, IIE, and X) are accurately separated by PC1 and PC2,
where groups IA and IB and groups IIA and IIE have an
evidently higher similarity in structure than other pairs of
groups with the former higher than the latter, and an obvious
structural difference exists between group IB members from
bovine and porcine, which can be well traced back to their
sequence similarities. The porcupine figures describing the two
PCs indicate a shared open−close motion of the enzyme,
which helps widen the hydrophobic phospholipid binding
channel, consistent with the experimental observation.
The ANM analysis validates again the functional open−close

movement where particularly the core helical regions (helix3
and helix4) bearing the catalytic role are dynamically strongly
coupled, ensuring the stable exertion of catalytic functions.
Additionally, the hydrophobic triad (Phe5-Ala102-Phe106),
found by our coevolutionary analysis, has a strongly positively
correlated movement, facilitating the formation of the highly
conserved hydrophobic substrate binding channel.
Utilizing GNM, we explore the functionally shared and

specific fluctuations among sPLA2 family members based on
the slowest motion modes and LTIF modes, respectively. The
results show that for the shared important residues for the
structure and function, they are highly conserved and
consistently dynamically strongly constrained, which is
evolutionarily essential as their perturbation would impact
the function. These residues include catalytic residues (His48,
Asp49, Tyr52, and Asp99), cysteine residues (Cys29, Cys45,
Cys84, and Cys96 involved in the formation of disulfide
bridges), and aromatic residues Tyr28 and Tyr73, which are
critical for enzymatic hydrolysis of phospholipid or for
structural stability. Conversely, those residue regions that
present high mobility and large variations in LTIF modes are
member-specific. These features presumably underlie the
specificity of family members and determine their specific
binding of ligands. The identified such four regions in the
sPLA2 family are involved in Ca2+ binding necessary for the
enzyme’s catalytic activity and the recognition and binding
with the membrane which acts as an allosteric ligand,
respectively.
The PRS analysis reveals that the highly sensitive residues

(sensors) to an external perturbation signal are member-
specific, which in the sPLA2 family just correspond to the four
regions mentioned above, suggesting that they play different
roles in allosteric communication as highly sensitive sensors.

Conversely, the minimal sensitive residues are the shared
characteristics across sPLA2 family members, which are highly
active in the fastest modes and have high connectivity in PSN,
revealing their large contribution to sPLA2 enzyme structural
stability likely as the folding core.
This study sheds light on the functional dynamics underlying

the shared and differentiated functions of sPLA2 family
members as well as the key residue sites that enable the
family’s adaptation to the common catalytic reaction and
specific substrate/ligand binding and allosteric activity. The
results can help assist in the design, evaluation, and alterations
of the specific functionalities of structural homologues.
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