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a b s t r a c t

At the present, no secreted phospholipase A2 (sPLA2) from soybean (Glycine max) was investigated in
detail. In this work we identified five sequences of putative secreted sPLA2 from soybean after a BLAST
search in G. max database. Sequence analysis showed a conserved PA2c domain bearing the Ca2þ binding
loop and the active site motif. All the five mature proteins contain 12 cysteine residues, which are
commonly conserved in plant sPLA2s. We propose a phylogenetic tree based on sequence alignment of
reported plant sPLA2s including the novel enzymes from G. max. According to PLA2 superfamily, two of G.
max sPLA2s are grouped as XIA and the rest of sequences as XIB, on the basis of differences found in their
molecular weights and deviating sequences especially in the N- and C-terminal regions of the isoen-
zymes. Furthermore, we report the cloning, expression and purification of one of the putative isoenzyme
denoted as GmsPLA2-XIA-1. We demonstrate that this mature sPLA2 of 114 residues had PLA2 activity on
Triton:phospholipid mixed micelles and determine the kinetic parameters for this system. We generate
a model based on the known crystal structure of sPLA2 from rice (isoform II), giving first insights into the
three-dimensional structure of folded GmsPLA2-XIA-1. Besides describing the spatial arrangement of
highly conserved pair HIS-49/ASP-50 and the Caþ2 loop domains, we propose the putative amino acids
involved in the interfacial recognition surface. Additionally, molecular dynamics simulations indicate
that calcium ion, besides its key function in the catalytic cycle, plays an important role in the overall
stability of GmsPLA2-XIA-1 structure.

� 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Soybean (Glycine max) is one of the most widely oil crop grain
used in the world. In addition to its valuable contributions to health
due to its high nutritional level, soybean is an important global
source of high quality nutritional lipids, proteins and other valuable
bioactive components such as: phospholipids (known as lecithin),
hormones and antioxidants [1,2].

The industrial use of sPLA2s from pancreatic juices and
microbes, especially in food production, has a long tradition [3,4].
The aim is the utilization of sPLA2 from plants for enzymatic pro-
cessing to obtain lysoderivatives. This alternative has recently

recognized to be of great interest since it would satisfy food regu-
lation requirements such as in Kosher and Halal. However, no
sPLA2s from plants have now been available for industrial appli-
cation [5].

The phospholipase A2 (PLA2, EC 3.1.1.4) superfamily is a broad
and growing group of enzymes that stereo specifically catalyzes the
cleavage at the sn-2 acyl ester bond from diacyl-phospholipids
liberating lysophospholipid and free fatty acid. In plants, secreted
PLA2 (sPLA2) represents one type of phospholipase A2 whose lipid
products mediate a variety of cellular processes, including growth,
development, defense and stress responses [5e11]. Although
numerous sPLA2s genes have been identified in plants, little is
known about these enzymes in opposition to their insect, animal or
human counterparts. This type of sPLA2 is best known from
mammals where several sPLA2s have been identifiedwithin the last
20 years [12]. A lot of sPLA2s were obtained from microorganisms
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as bacteria and yeasts, snake venom, bee venom and pancreatic
juices, where it occurs abundantly and has a digestive role [12e15].

In the past years, several putative sPLA2s identified in plants
have been cloned and investigated but their functional roles are
poorly understood. One enzyme was purified from elm (Ulmus
glabra) [8] and PLA2 activity was investigated in tobacco (Nicotiana
tabacum) [16]. In rice (Oryza sativa), two cDNAs encoding sPLA2
were isolated [6], four isoforms were identified in Arabidopsis
(Arabidopsis thaliana) [9,17,18] and one sPLA2 cDNA was isolated
and cloned from carnation (Dianthus caryophyllus) [7].

Secreted PLA2s are low molecular weight enzymes (12e18 kDa)
[13]. After removal of the N-terminal signal peptide in the endo-
plasmic reticulum, they are secreted into the extracellular space in
a mature form. In animals, sPLA2s contain between 10 and 16
cysteines that have the potential to form 5e8 intramolecular
disulfide bridges [13]. It is known that cysteine residues are
essential for secreted sPLA2 and it has been shown to play an
important role in the structural stability of the mature enzyme [19].
In contrast, all sPLA2s reported from plants have 12 cysteines that
can form 6 disulfide bridges. Other important common features for
these enzymes are the presence of: i) one histidine residue at the
catalytic domain for nucleophilic attack at the sn-2 acyl ester bond
of the glycerol backbone, ii) micromolar to millimolar requirement
of calcium for full activity, and iii) extremely heat-stable enzymes.
Plant sPLA2s also contain a PA2c domain with the highly conserved
Ca2þ binding loop (YGKYCGxxxxGC) and the active site motif
(DACCxxHDxC), where the HIS/ASP pair was found to be highly well
conserved. At least, two characteristics are of great interest in the
structure of all sPLA2: the catalytic site and the interfacial recog-
nition surface (IRS). All the enzymes of secretory type from animals
(sPLA2s) have the same architecture at the catalytic site level (HIS-
ASP) but differ on the amino acid residues that conform the IRS
[20]. It is known that plant sPLA2s share little amino acid sequence
similarity (only 15% of identity) compared with animal sPLA2s,
except in the catalytically critical Ca2þ-binding loop and in the
active site motif (about 55% of identity) [21]. The PLA2 superfamily
was classified into 15 groups and subgroups, based on both criteria:
the primary structure and functional properties [13,19]. Plant
sPLA2s belong to the group XI, in turn subdivided into XIA and XIB.

The structure of secreted sPLA2 isoform a from A. thaliana was
elucidated by homology modeling andmolecular dynamics [22]. To
date, only three structures were reported in the protein Data Bank
(PDB) and all correspond to O. sativa (rice) isoform II, which belongs
to the group XIB, and its tertiary structure was recently determined
by X-ray crystallography to 2.0 �A resolution [23]. The structure of
rice sPLA2 shows that the half of the N-terminal chain contains
mainly structured loops, including the conserved calcium binding
loop together with two short anti-parallel beta-strands. The C-
terminal half is folded into three anti-parallel a-helix, in which two
of them are highly conserved among other sPLA2s, containing the
crucial catalytic histidine residue and the calcium binding/coordi-
nating aspartate residues.

Phospholipids are constituents of biological membranes, so
a very important prerequisite step to perform the lipolytic action of
sPLA2 is the interaction with the amphipathic nature of these
interfaces; and this, in turn, determine the catalytic properties of
the organized substrate [24]. The interfacial binding step is crucial
for enzymatic action of sPLA2, and it is mediated by a region of the
protein often referred to as i-face. The proper intimate contact of
the i-face of sPLA2s with the interface is essential to provide the
substrate access to the active site. Interfacial activation arises from
an adequate coupling between the active site and the i-face
modulating the catalytic activity [24e27]. The binding and kinetic
characteristics of interfacial catalysis by sPLA2 depend upon the
organization and dynamics of the interface. The overall rate of

catalytic turnover is not only determined by the kinetics at the
interface, but also by the binding/desorption equilibrium kinetics of
the enzyme with the interface. Hence, the hydrolysis of the orga-
nized substrate can occur in two distinct modes: i) in the scooting
mode of catalysis, the bound enzyme remains at the interface
between the catalytic turnover cycles and, ii) in the pure hopping
mode, the binding and the desorption of the bound enzyme occur
during each catalytic turnover cycle [28].

We have previously identified phospholipase activity in seed
extracts from soybean (G. max), and its preliminary biochemical
and enzymatic characterization were performed [29]. In the
present work we intend to carry out a detailed structural and
functional study of sPLA2 from G. max focused on to further char-
acterize these novel enzymes. We report the existence of, at least,
five isoforms of putative sPLA2 sequences from soybean (G. max),
and we also tentative grouped them in the PLA2 superfamily by
sequence and phylogenetic analysis. Furthermore, one of them
named as GmsPLA2-XIA-1 was cloned, expressed and purified from
inclusion bodies and the PLA2 activity was analyzed using phos-
pholipid:triton mixed micelle as organized substrate. Analysis of
GmsPLA2-XIA-1 sequence allowed us to characterize the essential
functional domains for catalytic activity. We also generated the
tree-dimensional structure of the mature GmsPLA2-XIA-1 protein
elucidating the topology of catalytic and calcium binding loop sites
and the putative hydrophobic domain responsible for the interfa-
cial recognition at the membrane surface level. Additionally, we
describe the hydrophobic surface of this interacting membrane
enzyme by using the reported approach to search druggable hot
spots in proteins.

2. Materials and methods

2.1. Materials

DLPC (dilauroylphosphatidylcholine) was purchased from
Avanti Polar Lipids, Inc. (Birmingham, AL, USA). Pancreatic PLA2 and
Triton X-100 were purchased from Sigma Chem. Co. (St. Louis, MO,
USA), Isopropyl-L-thio-b-D-galactopyranoside (IPTG) and ampicillin
from Promega (Madison,WI, USA). Ni-NTA chelating sepharosewas
purchased from GE Healthcare, USA. All other reagents were of the
highest analytical grade.

2.2. Amplification and cloning of GmsPLA2-XIA-1

The strategy used to produce a recombinant GmsPLA2-XIA-1,
consists in which the protein was fusioned to ubiquitin (Ub) moiety
to be subcloned in the expression pHUE vector constructed by Ann-
Maree Catanzariti et al. [30]. The fusion of the protein of interest to
Ub can be generated using the SacII site, which has been engineered
into the 30 end of the Ub. The ligated DNA fragment must encode
Gly75-Gly76 residues of Ub, which are essential for cleavage. PCR
amplification of the mature sequence of GmsPLA2-XIA-1 gene was
performed using specific primers designed as it was recommended
in Ref. [30], with the 50extention dCTC-CGC-GGT-GGT, encoding
Leu73, Arg74, Gly75, Gly76 and containing the SacII site, and using
the full-length cDNA clone “JCVI-FLGm-10D19” (Plant Genomics, J.
Craig Venter Institute Genbank BT092274) as template. For this
purpose, PCR was carried out using 50 ng of template and GoTaq
DNA polymerase (Promega,WI, USA), for 33 cycles of 10min at 95 �C
for initial denaturation, 94 �C 40 s for denaturation, 40 s with
gradient annealing temperatures, 10 cycles at 45 �C, 8 cycles at 48 �C
and 15 cycles at 53 �C, based on Tm value of the primers and 60 s at
72 �C for polymerization, using a forward primer 50-
TCCCCGCGGTGGATCCGATCAGGCAAACTGCAGCACC-30 and a reverse
primer 50-TTAAAGCTTAATGAGGAACGGAGTC-30. The amplified
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product was analyzed and separated on 1% agarose gel, excised and
eluted using Promega Wizard SV Gel and PCR Clean-UpSystem
(Promega, WI, USA), cloned into pGEM-Teasy vector (Promega, WI,
USA), transformed into XL1Blue Escherichia coli. Positive clone was
selected according to the manufacturer’s protocol. Plasmid DNAwas
purified from the positive clone with The Wizard� SV 96 Plasmid
DNA Purification System (Promega, WI, USA). The constructed
plasmid was digested using SacII (Promega, WI, USA) and HindIII
(Promega, WI, USA) restriction enzymes, and the fragment coding
for the Ub-GmsPLA2-XIA-1 was subsequently purified from 1%
agarose gel as mentioned above and subcloned into the expression
vector pHUE. This system allows the protein to be expressed as
histidine-tagged-ubiquitin fusions, and it has been previously found
to significantly increase the yield of unstable expressed proteins [30].
The correctness of the nucleotide sequence of the construct was
verified by DNA sequencing by 3730XL automated DNA Sequencer
(Applied Biosystems, University of Chicago Cancer Research Center-
DNA sequencing facility). The full sequence of the Ub-GmsPLA2-XIA-
1 construct is shown in Fig. S1B of supplementary data.

2.3. Expression and purification of recombinant GmsPLA2-XIA-1

The assembled gene (Ub-GmsPLA2-XIA-1) subclone into His-
tagged Ub the expression vector pHUE was transformed into
E. coli BL21 strain (DE3). Bacterial cultures were grown in fresh LB
medium containing ampicillin (100 mg/ml) at 37 �C. When the
optical density at 600 nm reached a value between 0.6 and 0.8, the
protein expression was induced by the addition of IPTG (Iso-
propyl-L-thio-b-D-galactopyranoside) to a final concentration of
0.4 mM and incubated for 4 h at 37 �C. The cells were harvested by
centrifugation at 5000 rpm at 4 �C. The fusioned protein was
present in inclusion bodies and the purification was performed as
it was reported [31] with some modifications. Poly-His-tagged
recombinant protein (Poly-His-Ub-GmsPLA2-XIA-1) was purified
by nickel-affinity chromatography (chelating sepharose fast flow,
GE Healthcare, USA) in batch under denaturing conditions. The
construct was eluted from the nickel resin in 1 ml fractions with
buffer TriseHCl 50 mM pH 8 containing 6 M Gdn$HCl and
50e250 mM of imidazole. Chosen fractions were pooled and
diluted 1:10 to obtain a 0.6 M of Gdn$HCl and digested with
USP2cc deubiquitylating enzyme at 37 �C overnight at a 1:100
peptidase to substrate mole ratio. The cleavage occurs after the
final glycine residue at the carboxyl terminal of Ub irrespective of
the amino acid immediately followed in the sequence [30]. The
tagged protease allows the cleavage of the Ub from the desired
protein as well as its selective removal from the cleavage reaction,
along with the cleavage Ub, any uncleaved fusion protein, and any
co-purified contaminants, leaving the desire protein as the only
soluble product. A final purification step was also performed to
isolate the cleaved product from the cleavage reaction mixture by
using nickel resin in the same conditions as mentioned above. In
our hands, folding of the mature GmsPLA2-XIA-1 with enzymatic
activity was achieved by pooled the chosen fractions and dialyzed
for 4 days at 4 �C against a buffer containing 50mM TriseHCl pH 8,
10 mM cysteine and 1 mM CaCl2. The final purity of mature
GmsPLA2-XIA-1 was about 95% as determined by SDS-PAGE
electrophoresis.

The dehubiquitilating enzyme, USP2cc was engineered by Ann-
Maree Catanzariti from a mouse Usp2-45 cDNA, to provide
a minimal catalytically active deubiquitylating domain and
expressed and purified this as poly-histidine-tagged protein. The
deubiquitylating peptidase 6H-USP2-cc was expressed in overnight
cultures of E. coli strain BL21 (DE3) transformed with the pHUsp2-
cc construct kindly donated by Ann-Maree Catanzariti and further
purified by using nickel affinity chromatography (see Ref. [30]).

2.4. SDS-PAGE and protein determination

Electrophoresis on 15% polyacrylamide slab gels was performed
following the Laemmli’s method [32], to estimate the relative
molecular mass of the protein, under reducing conditions. Runs
were of 50 min with 160 mA. Proteins were visualized with Coo-
massie brilliant blue R-250 staining. SDS-PAGE Gels were scanned
with a flat-bed scanner, and digital images were imported and
quantified using Photoshop software (Adobe Photoshop CS). Then,
the intensities of bands were compared according to their grayscale
using bovine serum albumin as standard according to (http://
lukemiller.org/index.php/2010/11/analyzing-gels-and-western-
blots-with-image-j/). Protein concentration was further corrobo-
rated by absorbance at 280 nm in GenQuant Spectrophotometer
(Amersham Biosciences, USA).

2.5. PLA2 activity measurements

2.5.1. Indirect determination of PLA2 activity by direct screening of
hemolytic activity

As general screening, in the initial stages of the renaturation
reaction, activity was indirectly determined by the assay of agar:-
egg PC:blood in Petri dish as described [33].1.2ml of packed human
erythrocytes (from National University of Córdoba Blood Bank,
Córdoba, Argentina) were washed four times with saline solution,
1.2 ml of 1:3 egg PC solution in saline solution, and 1 ml of 0.01 M
CaCl2 solution were added to 100 ml of 1% (w/v) of agar (at 50 �C),
dissolved in PBS buffer at pH 8. The mixture was applied to plastic
Petri dish plates and allowed to gel. Then, 3 mm-diameter wells
were filled with 15 ml of samples. After 20 h of incubation at 37 �C,
the diameters of hemolytic halos were visually observed. The halo
formed is indicative of hydrolysis of lipids from yolk (and PLA2
activity). Renaturation buffer was used as a negative control and
pancreatic PLA2 was used as positive control.

2.5.2. Colorimetric assay for PLA2 activity in mixed micelles
PLA2 activity was determined using DLPC/Triton X-100 mixed

micelles (1:4, mole ratio) following the liberated fatty acids during
the reaction by using the adapted NEFA-HR (2) kit from WACO
(WACO Pure Chemical Industries, Japan). The activity was quanti-
fied by determining the amount of fatty acids released from DLPC
according to Ref. [34]. The assay mix was composed of 5 mM DLPC,
20 mM Triton X-100, 10 mM CaCl2, and 10 mM Tris/HCl pH 7 in
a total volume of 30 ml. All assays were performed at 37 �C. The
reaction was initiated by the addition of purified enzyme from
a stock solution (the final protein concentration was 0.92 mg/ml).
Substrate preparationwas done by dissolving appropriate amounts
of DLPC in 1ml of chloroform/methanol (2:1, v/v) and dried with N2
and subsequent overnight vacuum. The lipid film was dissolved in
10 mM Tris/HCl pH 7 containing 20 mM Triton X-100 and 10 mM
CaCl2 by vortexing for 15 min at 40 �C. In order to define the range
of initial velocity (vo), the enzyme was incubated for 1e40 min at
37 �C with DLPC (5 mM final concentration). Aliquots of 30 ml were
removed after the desired incubation time, the reaction was
stopped by addition of 6 ml of 0.5 M EDTA. Initial rates were
determined from the released fatty acids as described above,
according to the manufacture instructions, with an altered
sampleereagent-ratio (36 ml of sample, 125 ml of reagent A plus
62 ml of reagent B). The absorbance of the complex was measured at
550 nmusing oleic acid as standard. Enzyme activities were linearly
dependent in the range of the enzyme concentration currently used
in the assays. All experiments were run at least in triplicate. For the
determination of the kinetic constants, the initial reaction rates
were determined as described above at substrate concentrations
range in the range from 1 to 6 mM of DLPC in mixed micelles. The
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activity was expressed as mmol of fatty acid liberated per minute
per mg of protein. The apparent kinetic parameters KM and Vmax
were obtained by plotting initial rates versus substrate concentra-
tion and subsequent non-linear regression using the
MichaeliseMenten formalism (by using Sigma Plot 10.0 as fitting
program). All experiments were done in triplicate.

2.6. Fluorescence spectroscopy studies

Steady state intrinsic fluorescence measurements of purified
recombinant GmsPLA2-XIA-1 were done on a Varian Eclipse Cary
Spectrofluorimeter. The excitation bandlength was set at 290 nm.
The excitation and emissionmonochromators were set at 10 nm slit
width. Emission was collected in the 300e400 nm range. For each
condition, ten emission spectra were averaged and smoothed
according to inner routine of the software provided by the
manufacturer. The folded condition was achieve with active
enzyme as indicated in Section 2.3, dissolved in final buffer con-
taining 50 mM TriseHCl pH 8, 10 mM cysteine and 1 mM CaCl2.
Calcium-depleted condition was achieved by adding concentrated
EDTA solution to a final concentration of 10 mM. Denaturing
conditionwas achieved with 10 mM EDTA and 4 M Gdn$HCl pH 8.5
final concentration in the cuvette. Before each measurement the
samples were equilibrated by 10 min with a gently stirring. The
volume in the 10 mm pass cuvette was 50 ml.

2.7. In silico studies

2.7.1. Sequence analysis
A local database was created with FORMATdb [35] to perform

a TBLASTN search in the G. max mRNA database (http://www.
plantgdb.org/GmGDB/) for fishing out the probable genes and the
putative CDS of sPLA2s.We have used sPLA2s sequences reported for
A. thaliana as templates that were downloaded from UNIPROTKB
database. The putative nucleotide sequences of sPLA2s from G. max
(soybean) were downloaded from Glycine max available database
(http://www.plantgdb.org/GmGDB/). Protein sequences were sub-
jected to protein functional analysis using PFAM [36] and PROSITE
[37] to find out conserved motifs. For posttranslational modifica-
tions the data were analyzed by using signalIP for topology
prediction [38], PROTPARAM [37] to determine the isoelectric point.
The entire DNA sequences and information of the genes were
downloaded from http://www.phytozome.net. The sequences of
the mature proteins were aligned using Clustal X [39] and phylo-
genetic tree was constructed by means of the parsimony method
using the PHYLIP package software V 3.63a [40]. Moreover, these
sequences were also further analyzed using the facility Sequence
LOGO online server [41]. Similarities and identities were analyzed
using the Matgat 2.0 software [42].

2.7.2. Model building
An initial model for the protein was constructed using the I-

TASSER server, which combines threading and ab-initio modeling
for the prediction [15,43]. This server was ranked as the number
one server, in the recent CASP structure prediction competitions
[44]. The principal template used in themodeling was the structure
reported for O. sativa sPLA2 isoform II (PDB ID: 2WG7). This
template has an identity of 40% in sequence and a coverage of 0.97
(defined as the number of aligned residues divided by the length of
query protein). Themodel created had a C-score of 1.29. The C-score
assesses the quality of the model, and typically is in the range [5,2],
wherein a higher score reflects a model of better quality. In general,
models with a C-score >�1.5 have a correct fold [15]. The C-score
obtained indicates that the model is of high quality with an esti-
mated deviation (rmsd) of 0.18 � 0.15 nm from the experimental

structure. The superposition of the generated model with the
crystal structure of O. sativa sPLA2 gives a rmsd of 0.07 nm. As can
be observed in Fig. S2 of supplementary data, the superposition of
the tertiary structures of sPLA2s is very well conserved in the
regions that are essential for the catalytic activity.

2.7.3. Molecular dynamics
The GROMOS56a3 [45] and the AMBER99SB [46] force fields

were used for the protein. The water model used was SPCE [47] for
the simulations with the GROMOS force field and TIP3 [48] for the
simulations with AMBER. The parameters for calcium ion in the
GROMOS force field were the proposed by Project et al. [49] while
the default parameters for Ca2þ were used in the AMBER force field.
The amino acid side chains were charged according to the pKa of
each free amino acid in aqueous solution. Considering a pH of 7, the
total charge on the protein was 0. For all cases we considered one
Caþ2 ion and two Cl� to obtain an electrically neutral system. The
electrostatic interactions were handled with the SPME version of the
Ewald sums [50,51]. The settings for the SPME method were as
follows: a real space cut off of 0.9 nm, a grid spacing of 0.12 nm, and
a cubic interpolation. In all the simulations, a dielectric permittivity
of 1 was assumed and the van der Waals interactions were cut off at
1.2 nm. The simulations were carried out in the NPT ensemble using
the velocity rescale algorithm for the thermostat [52] and the
Berendsen barostat [53]. The protein and the solvent were coupled
separately to a temperature bath with a reference temperature of
310 K and a relaxation constant of 0.3 ps. The pressure was main-
tained constant by coupling to a reference pressure of 1 bar with
a relaxation constant of 2.0 ps. The bonds in the protein were con-
strained using the LINCS algorithm [54]; for the bonds and bond-
angle of the water molecules we used the SETTLE algorithm [55].
The time step for the integration of the equation of motion was 2 fs
with the AMBER, and 5 fs with the GROMOS force field due to the use
of virtual sites in the polar hydrogen atoms of the protein [56]. In
total we performed seven different simulations with an aggregated
time of over 700 ns. The non-bonded list was updated every 20 fs. To
release steric clashes we performed 1000 steepest descent cycles
before the simulation. Prior to every production run, a series of 4
equilibration steps of 500 ps each were performed applying position
restraints to all the atoms in the protein. The restraint forces were
1000, 600, 200, and 75 kJ/nm2 in each equilibration step, respec-
tively. Every run, whether of equilibration or production, was started
with a different set of initial velocities in order to produce different
trajectories. The secondary structure content of the protein was
analyzed using the DSSP program reported by Kabsch and Sander
[57]. A contact between two atoms was defined if they were sepa-
rated by 0.4 nm or less. With this definition, no water molecules
could be placed between the interacting pair of atoms. The simula-
tions and part of the analysis of the trajectories were performed
using the GROMACS 4.0.7 software package [58,59].

3. Results and discussion

3.1. Identification and sequence analysis of sPLA2s from G. max

Froma TBLASTN search in theG.maxmRNAdatabasewe obtained
the sequences of putative secreted PLA2 (sPLA2s), by using the
sequences previously published for A. thaliana AtsPLA2-a and Ats-
PLA2-b (Uniprot ID: Q8S8N6 and Q8GZB4, respectively) as templates.
The search enabled us to identify five putative sPLA2s isoenzymes in
soybean, denoted asGmsPLA2-XIA-1, GmsPLA2-XIA-2, GmsPLA2-XIB-
1, GmsPLA2-XIB-2 and GmsPLA2-XIB-3 (GenBank ID: BT092274,
BT094641, BT095220, BT091171 and BT099163, respectively).

The full-length cDNA sequences indicated that each sPLA2
putative gene in soybean was found to be of 789 (GmsPLA2-XIA-1),
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875 (GmsPLA2-XIA-2), 826 (GmsPLA2-XIB-1), 762 (GmsPLA2-XIB-2)
and 821 (GmsPLA2-XIB-3) nucleotides, with open reading frames
(ORF) consisting of 417, 417, 474, 471, and 477 nucleotides that
codify proteins of 138, 138, 157, 156, and 158 amino acids for
GmsPLA2-XIA-1, -2 and GmsPLA2-XIB-1, -2, and -3, respectively
(including the signal sequence peptide). It was observed that genes
encoding for GmsPLA2-XIA-1 and GmsPLA2-XIB-1 are located in
chromosome I, GmsPLA2-XIA-2 y GmsPLA2-XIB-2 are located in
chromosome 7 and the gene of GmsPLA2-XIB-3 in chromosome 8.
While GmsPLA2-XIB-1, GmsPLA2-XIB-2 and GmsPLA2-XIB-3 have 3
introns and 4 exons, the genes of GmsPLA2-XIA-1 and GmsPLA2-
XIA-2 have 2 introns and 3 exons, respectively. These facts are
indicative that during the course of evolution events of divergence
and duplication might have occurred.

The comparison between the amino acid sequences of these
novel proteins and other known sPLA2s from plants indicates the
presence of conserved clusters of amino acids among them (Fig. 1A).
All sPLA2s sequences found in soybean hold a PA2c domain that
contains the highly conserved Ca2þ-binding loop and the active site
motif that hold the highly conserved HIS/ASP pair [60] that corre-
sponds to the position 49 and 50 in GmsPLA2-XIA-1, respectively.

However, as it was observed previously, there is a difference that
remains unclear in the HIS/ASP of the catalytic dyad in sPLA2s from
plants compared with those found in animals [22]. While water
molecules were proposed to assist in the Caþ2 coordination at the
active site composed of HIS48 and ASP49 in bovine pancreatic sPLA2
[61] the role of ASP99 in this sPLA2 [62,63], and ASP64 in bee
venom sPLA2 were also postulated to participate in the
hydroxyleimidazoleecarboxylate motif [64] but this seems not to be
conserved in plant sPLA2 enzymes. This important catalytic residue is
replaced by a histidine or an asparagine residue in enzymes from
group XIA and a serine or asparagine in enzymes belonging to group
XIB [22] as it is shown in the alignment (Fig. 1A). Mansfeld et al.
demonstrated that SER, ASN or HIS in plant sPLA2s may adopt the
catalytic role assigned to ASP in animals sPLA2s [22]. Even though the
comparison showed a low homology among themwithin the overall
aminoacidsequences,both the catalytic site and theCa2þbinding loop
are highly conserved (Fig. 1A). Other relevant conserved residues
within theCa2þbinding loopare twotyrosines and twoglycineswhich

participate in the hydrogen bonding network reported in either
animal or plant sPLA2s [21]. The mature proteins contain 12 cysteine
residues (Fig. 1A) known to form six structural disulfide bonds that
also exist in the corresponding positions of other known PLA2s from
plants [22]. The histidine (at position 49 in GmsPLA2-XIA-1, Fig. 1A)
was suggested to playa crucial role in thenucleophilic attack at the sn-
2 bond in the glycerol backbone of phospholipids for all sPLA2s
[14,19,20].

The existence of the N-terminal signal peptide in these proteins
reinforces the secretory nature of these enzymes, as it was suggested
for other plant sPLA2s [16,21,22]. The potential cleavage positions of
theN-terminal signal peptide in the putative sPLA2s present in G.max
was predicted by using the available SignalIP tool. SignalIP computer
analysis suggests that the signal sequence preceding the N-terminal
amino acid ofmature enzyme contains 24, 25, 29, 28 and 30 residues
long, yielding a mature protein of 114, 115, 128, 128, and 128 amino
acids (deduced molecular weights are: 12.3 kDa, 12.,6 kDa, 13.9 kDa,
13.9 kDa,14 kDa) forGmsPLA2-XIA-1, GmsPLA2-XIA-2,GmsPLA2-XIB-
1, GmsPLA2-XIB-2 and GmsPLA2-XIB-3, respectively.

The expected isoelectric point (pI) for each putative enzyme has
been calculated with PROTPARAM to be 6.93, 7.42, 5.76, 5.76 and
6.78 for GmsPLA2-XIA-1, GmsPLA2-XIA-2, GmsPLA2-XIB-1,
GmsPLA2-XIB-2 and GmsPLA2-XIB-3, respectively. As it can be
observed, four of the putative sPLA2s are rather acidic or neutral
(GmsPLA2-XIA-1, GmsPLA2-XIB-1, -2 and -3) as in the case reported
for sPLA2s isolated from Bothrops diporus (ex-neuwiedii) venom
[65,66]. Acidic sPLA2s were also reported for some enzymes found
in the Crotalinae subfamily [67] and those found in rice (isoform I
and III) [21]. On the other hand, the expected pI of GmsPLA2-XIA-2
is slightly alkaline similar to all the sPLA2s found in Arabidopsis [21].
Other known sPLA2s from plants were shown to have a pI almost
neutral as it is the case of those found for carnation and tomato [21].
The functional role of the diverse pIs found in different sPLA2s has
not clearly been elucidated yet.

3.2. Cloning, expression and purification of GmsPLA2-XIA-1

In order to obtain functional and structural information on these
novel secreted phospholipases, we selected GmsPLA2-XIA-1 as

Fig. 1. Alignment of the amino acid sequences of reported sequence of plant sPLA2s including the sequence of Glycine max. (A) The alignment was performed by using the program
Clustal X (version 1.64b) and edited with the Jalview program. The triangles denote the amino acid residues involved in binding Ca2þ and the stars denote amino acid residues
putatively involved in catalysis. In yellow are marked cysteine residues. (B) Sequence logo (http://weblogo.brekeley.edu) of the conserved motif of plants sPLA2s. The height of each
letter is proportional to its frequency. The height of the entire stack (y axis) is adjusted to signify the information content of sequences at that position (measured in bits). The x-axis
represents the 41 positions (corresponding to 31 to 71 positions from the alignment) of the most conservative domains (histidine active site and Ca2þ binding site). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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representative of the identified isoforms. It has been reported that
an extra residue at the N-terminus in some animals sPLA2s can
substantially reduce or completely inhibit the activity [68e70]. The
counterpart information for plant sPLA2 is unknown. To overcome
this potential problem, we have fusioned the GmsPLA2-XIA-1
enzyme to the ubiquitin moiety in the PHUE system. The system is
designed to obtain a recombinant protein without an extra residue
at the N-terminus and also enable to yield high expression in
inclusion bodies, as it was previously used in other proteins [30].
Thus, the gene sequence that encodes for the mature GmsPLA2-
XIA-1 was fused with a sequence encoding ubiquitin and cloned
into the SacII and HindIII sites of the PHUE vector. To obtain the
recombinant GmsPLA2-XIA-1 in bacteria, the recombinant vector
was used to transform E. coli BL21 (DE3). When the expression of
the recombinant protein was induced by IPTG, the enzyme accu-
mulated in inclusion bodies was isolated by solubilizationwith 6 M
Gdn$HCl. In a first step of purification, this fusioned protein was
purified by using a nickel affinity chromatography. As shown in
Fig. 2A (line 1), a band of about 24 kDa was detected in the mixture
and assigned to the fusioned protein. The mature protein was ob-
tained almost pure after a second purification step, and further
digested with USP2cc deubiquitylating peptidase (Fig. 2B). Since
renaturation was critically dependent on the composition of the
redox shuffling system, optimal refolding was achieved by dia-
lyzing the enzyme against the refolding TriseHCl buffer containing
cysteine and CaCl2. The presence of Caþ2 throughout all the puri-
fication steps was completely necessary for folding of the protein
with enzymatic activity. The purification steps was followed by
using the indirect screening assay of GmsPLA2-XIA-1 activity by the
appearance of halos in plates of agar-egg PC-blood as described
above (data not shown). Activity toward of DLPC/Triton X-100
mixed micelles (1:4, mole ratio, see Ref. [71]) at pH 7 shows an
apparent KM of 0.64 mM and a Vmax of 376 mmol min�1 mg�1

(Fig. 2C). The specific activity found for recombinant GmsPLA2-XIA-
1 was about 14 times lower than that reported for AtsPLA2-a from
Arabidopsis, although a different substrate systemwas used instead
[22]. Uncleaved fused protein show no activity in all systems
assayed.

3.3. Phylogenetic analysis and classification of the GmsPLA2

isoforms

All the sPLA2s sequences reported for plants were aligned using
Clustal X in order to determine the extent of similarity and identity
among them. When compared, all the data showed a close evolu-
tionary relationship in the different plants. Fig. 3 shows the most
important parts of the alignment of the selected sPLA2 sequences
reported for plants. To determine if sPLA2s from G. max might fit
into the existing XIA or XIB groups, the alignment of the sequences
based on amino acid sequence similarities of all recently identified
proteins recognized as plant sPLA2s were analyzed in order to
propose a phylogenetic tree. The analysis reveals that G. max sPLA2
enzymes can be sorted in two distinct groups according to the
classification done by Six and Dennis [19]. According to the PLA2

superfamily numbering system [13,14,19] these categories would
correspond to the subgroups XIA and XIB. GmsPLA2-XIB-1, -2 and
-3 belong to group XIB, with the existing AtsPLA2-a, O. sativa iso-
form II, carnation, N. tabacum and Zea maize. On the other hand,
GmsPLA2-XIA-1 and -2 are taking part of group XIA, which includes
AtsPLA2-g, AtsPLA2-b, AtsPLA2-d, O. sativa isorform I (see Fig. 3). The
comparison of the level of overall amino acid sequence identities
within each group is about 47.6% and 57.3% for group XIA and XIB,
respectively; while the identity between the two subgroups is only
about 29%. The highest similarity of amino acid sequences was
observed between GmsPLA2-XIA-1 and GmsPLA2-XIA-2, being of

94.9%. Between GmsPLA2-XIB-1 and GmsPLA2-XIB-2 the extent of
similarity is about 93.6%. In Table S1 of the supplementary data, the
identity level among the different sPLA2s isoforms present in G.
max can be observed. All calculations of identities are based on the
sequence of the mature proteins.

As it was described by Mansfeld et al. [22] enzymes from these
subgroups differ in the third Ca2þ coordinating amino acid, being
a Gly residue in subgroup XIA or Leu residue in subgroup XIB, see
Fig. 1A. As it was discussed previously, the common HIS/ASP cata-
lytic dyad found in animal sPLA2s does not correlate in the coun-
terpart found in plants. Instead of the additional aspartate residue
of the dyad located upstream of the conserved HIS-ASP pair, the
plant enzymes that belong to group XIA contain a histidine residue,
and the enzymes of group XIB contain a serine or an asparagine
residue [22]. The biological/functional role of these differences
upon catalytic properties concerning to lipid specificity (either for

Fig. 2. Expression, purification and activity of GmsPLA2-XIA-1. (A) SDS-PAGE analysis
of the GmsPLA2-XIA-1 enzyme purification. The first line MW on the left shows the
protein markers; line 1 shows the recombinant protein Poly-Histag-ubiquitin-
GmsPLA2-XIA-1 eluted from inclusion bodies without treatment with USP2cc deubi-
quitylating peptidase; line 2 shows the digested proteins with USP2cc peptidase
recombinant fusioned proteins (MW 24 kDa), GmsPLA2-XIA-1 (MW 11.8 kDa) and the
cleaved ubiquitin (MW 10 kDa). (B) SDS-PAGE showing the purification fraction of the
recombinant protein eluted from nickel affinity chromatography. (C) The activity of
purified GmsPLA2-XIA-1 as function of DLPC substrate concentration in mixed micelles
(see the text for details).
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subtle differences in the affinity for a particular lipid polar head
group or in the hydrophobic chain at the sn-2 position) or special
empathy for a particular physical state on the organized lipid
substrate, compared with animals’ sPLA2s, has not been completely
elucidated yet.

3.4. Molecular dynamics

3.4.1. Molecular dynamics in water of GmsPLA2-XIA-1
In order to refine the model and to give insight into the struc-

tural dynamics of the protein we performed molecular dynamics
simulations of the complete mature sequence of GmsPLA2-XIA-1
protein. The strategy we employed was to perform simulations
with two different force field approaches. Each force field runs
initialized with a different set of initial velocities. This strategy is
not commonly used, and we give a brief explanation for its appli-
cation in this work. As there is no current gold standard in force
fields, we decided to use two different options and obtain the
consensus picture from the simulations. The repetition with
different seeds helps us to explore the conformational space around
the initial structure more efficiently than a single long run with
equal added time [72].

The average for the four simulations in the root mean square
deviation (rmsd) of the alpha carbon from the initial structure is
shown in Fig. 4. The curves for the individual runs are shown in
Fig. S3 of supplementary data. In three of the four simulations, the
protein remains within 0.22e0.29 nm from the initial structure.
These values are typically obtained when simulating proteins
derived from X-ray or NMR experimental data. Taken together
these results make us confident that we have obtained a good
model of the protein.

In Fig. S3 of supplementary data, it is also observed that one of
the simulations with Amber force field approach starts to increase
the rmsd near 50 ns and reaches a value of almost 0.44 nm. A closer
observation of this trajectory shows that at this point the calcium

ion is lost from the protein. This indicates that the calcium atom
plays a pivotal role in maintaining the protein folded in its native
structure. For this reason we decided to study the effect of the ion
calcium. The results are shown in a section below. Given the lost of
the calcium ion, in the following calculations we only take into
account the first 50 ns of this simulation.

Fig. 5 shows the rootmean square fluctuation (rmsf) of the alpha
carbons, which is an indicator of the flexibility of the backbone. The
curve shows the weighted average from the four simulations of the
holo protein, and indicates that the most mobile regions are the N-
and C-terminal, followed by the loops in residues 74e85, 53e62,
34e37 of GmsPLA2-XIA-1. These loops connect, respectively, the
last two helices, the first with the second helix, and the last beta-
sheet with the first helix. In Fig. S4 of supplementary data the
individual rmsf curves are shown. These data show that there are
no major differences between runs and force fields, which indicate
that the flexibility inferred is robust and very likely.

Table 1 shows the weighted average of the secondary structure
of the GmsPLA2-XIA-1 protein. As other sPLA2s in the family, the
principal secondary structure is the alpha helix, with only a small
portion of beta sheet. Also there are abundant regions in turns and
bends. In this structural aspect there are differences between the
force fields. The AMBER force field gives consistently higher helix
content, while for GROMOS there are fewer residues with
secondary structures and the number of bends is increased. The
difference in the number of residues in alpha helix between both
force fields is concentrated mainly in the terminal helix, where the
AMBER force field retains more the initial structure which is fully
helical. Given the low number of contacts with the rest of the
protein and the high water exposure of this terminal helix, it is
possible that this helix is not as stable as the others and that it
suffers more transitions to coil structures. Therefore, the results
obtained with the GROMOS force field are more likely. Neverthe-
less, consistently, these differences between force fields are small
since they amount to only 5%.

Fig. 4. Root mean square deviation (rmsd) of the alpha carbon from the initial
structure of GmsPLA2-XIA-1. The curve in black is the average of the four runs of the
protein with calcium, while the red curve correspond to the average of the two runs of
the protein without the calcium ion. The individual rmsd curves are shown in Fig. S3 of
supplementary data. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Phylogenetic Cladogram shows the distribution of sPLA2 Glycine max within the
sPLA2 family of plants. The program used for the alignment of the sequences was
Clustal X (version 1.64b) and phylogenetic analysis by parsimony was performed with
the PHYLIP software package. The numbers at nodes indicate the number of replicas
obtained by 1000 bootstrap replicates. The root was determined using the sequence of
the rat sPLA2 (Q9QZT3) as outgroup. The Genbank ID are for Carnation, Zea mays,
O. sativa isoform-I and -II, Arabidopsis thaliana (isoforms alpha, beta, gamma and delta)
and Nicotiana tabacum, AF064732, EU968759, AJ238116, AJ238117, AY136317,
AF541915, AY148346, AY148447 and AB190177 respectively, while for the isoforms of
sPLA2 Glycine max (GmsPLA2-XIA-1, -2 and GmsPLA2-XIB-1, -2, and -3) are ACU16523,
ACU18951, ACU19490, ACU15282 and ACU24341, respectively.
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In order to analyze the tertiary structure of the GmsPLA2-XIA-1
protein we performed a clustering of the structures sampled in all
the trajectories [73]. In this analysis, the structures are clustered by
similarity measured by the rmsd, which was set to 0.2 nm in this
case. The center of the first four clusters is shown in Fig. 6. Together
these four clusters represent the 97% of the structures sampled. The
main differences observed between the cluster centers are princi-
pally located in residues 99e114 (the last residues of helix 3) and
residues 74e85 (the loop connecting the last two helices). The
principal cluster which amounts to a 42% of the population has the
last 7 residues in coil. These residues are in full alpha helix in the
initial structure as well as in the crystal structure of O. sativa sPLA2.
The second cluster, with a 29% of the population, has also lost the
helix in the same segment of the last helix, and shows a kink in this
helix occurring at residue 99. This kink may be caused by the
presence of a GLY residue at position 98, which is known for its low
intrinsic heliticity. In the third cluster (population 16%) the terminal
helix is fully formed. The fourth cluster has the terminal residues in
a similar conformation to the first cluster, but has a different
conformation comprising residues 74e85. This observation indi-
cates that the terminal helix is rather a dynamic region and has
three principal conformations, one fully helical, other with the last
seven residues in coil, and the third one with a kink plus coil. As
noted before, this behavior can be attributed to the low contact

number of this region, its high solvent exposed area, and the
presence of the flexible residue GLY98.

The active site of the protein contains a calcium ion commonly
present in other sPLA2s from plants [22,23]. The calcium ion is
a crucial cofactor in the catalysis mechanism and is a prerequisite
for the enzyme activity. In GmsPLA2-XIA-1, the calcium ion is
coordinated by the backbone carbonyls of TYR25, GLY27, and TYR30
(Fig. 7). The carboxylic side chain of ASP50 and three water mole-
cules complete the coordination of the calcium ion. One of the
water molecules makes a bridge between the calcium ion and
HIS49. The HIS49 residue is known to be part of the catalytic site of
all known sPLA2s regardless whether they are from animals or
plants, and is localized in a cavity that is accessible from the i-face,
thus mediating the hydrolysis of the substrate. The HIS-ASP pair
constitutes the active center and the calcium binding loop is
essential for the proper function of the enzyme [25]. All secreted
PLA2s catalyze the hydrolysis through the same mechanism of
abstraction of a proton from a water molecule followed by
a nucleophilic attack on the sn-2 bond of diacylglycer-
ophospholipids. One water molecule is activated by the presence of
a HIS/ASP dyad with the absolute dependence of the coordinated
Ca2þ ion [74,75]. This correlates with the catalytic mechanism
proposed called the Caþ2-coordinated oxyanion mechanism [76],
where two water molecules are involved. The two water molecules
present in the structure surrounding the calcium binding site
suggest that it is essential that one water molecule be bound to the
histidine active site through the reorientation and activation in the
catalytic mechanism. The second water molecule seems to be

Fig. 5. Root mean square fluctuations of the alpha carbons (rmsf). The curve in black is
the weighted average of the four runs of the GmsPLA2-XIA-1 in presence of calcium,
while the red curve correspond to the weighted average of the two runs of the protein
without calcium ion. The individual rmsf curves are shown in Fig. S4 of supplementary
data. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Secondary structurea of the GmsPLA2-XIA-1 protein in presence (þCaþ2) and
absence (�Caþ2) of calcium in the active site.

þCaþ2 �Caþ2

Helix 47 44
Turn 13 16
Bend 20 18
Beta bridge 3 2
Beta sheet 4 6
Coil 27 28

a The secondary structure was calculated with the program DSSP.

Fig. 6. Centers of the clusters found using a rmsd cutoff of 0.2 nm. The helices are
shown in magenta, the beta sheets in yellow, the turns in cyan, and the residues in coil
are white. The figure was generated using the program VMD. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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involved in the catalytic mechanism, connecting the calcium
coordinated water with the histidine of the active site. In Fig. S5 of
supplementary data, the number of contacts between the calcium
ion and the side chain of the protein is shown for the individual
simulations.

3.4.2. Molecular dynamics in the absence of calcium ion
In order to evaluate the effect of the calcium ion in the structure

of the protein, we also performed simulations of the GmsPLA2-XIA-
1 in absence of this cation in the active site. When the calcium ion is
removed from the active site, the structure deviates more with
respect to the initial model, as is clearly shown in Fig. 4. Also, the
fluctuations of the alpha carbons are more pronounced (Fig. 5). This
increase in flexibility is more evident in the terminal helix and the
loops connecting the helices. The protein is tightly connected by
a net of disulfide bridges, since it contains six disulfide bridges
which connect cysteines 6e33, 10e39, 15e86, 26e46, 45e70 and
52e63. The position and the number of cysteine residues are well
conserved among all the sPLA2s from plants (Fig. 1A). Thus, the
cysteines are important for the structural stability of the enzyme
and for the activity as well as for animal sPLA2s. As the majority of
the residues involved in this disulfide bridges are in the first 50
amino acid of the protein sequence, this region is less affected by
the absence of calcium (Fig. 5). The secondary structure is slightly
affected by the removal of calcium (Table 1). The retention of
a major portion of the secondary structure after removal of the
calcium ion may be due to the already mentioned high number of
disulfide bridges which stabilize the native structure, or it may
simply imply that the simulated time is not long enough to observe
a complete unfolding. Taken together all the data, the results
emerging from simulations indicate that the calcium ion plays an
important role not only in the catalytic cycle but also in the overall
flexibility of native structure. This finding is keeping with the
necessity of calcium ion for a correct folding (indicated by its
enzymatic activity) in the recombinant expressed protein (see
above). In order to further demonstrate the role of calcium ion on
protein structure, we have investigated the effect of this cation on

the intrinsic protein fluorescence as an indirect measurement of
the compactness of protein tertiary structure. GmsPLA2-XIA-1 has
an only one TRP residue in the calcium loop domain at the 31st
position of the sequence (Fig. 1A). The steady-state intrinsic fluo-
rescence emission has already been used to determine more
exposed domains of lipolytic enzymes where TRP is involved [77].
Both the maximum emission of TRP and its fluorescence intensity
are very sensitive to environmental conditions such as exposure to
the solvent, dynamic quenching of soluble quenchers or neigh-
boring groups [78]. In an enzymatic active conformation in pres-
ence of 1mMof Caþ2, themaximum emission is centered at 335 nm
indicative of a rather less exposed environment of the domain in
which the TRP is located. Depletion of calcium by adding EDTA in
themedium shifted themaximum emission to 337 nm and reduced
the fluorescence intensity. In denaturing condition of high
Gdn$HCl, the fluorescence profile has the typical behavior of TRP in
water with a maximum emission at 352 nm (Fig. S7 of
supplementary data). Fluorescence data is also indicative that
Caþ2 is inducing an increase in protein compactness in agreement
with model obtained from molecular dynamics.

3.4.3. Molecular dynamics in mixed solvent
In order to gain insight into the putative membrane face of the

protein, we performed molecular dynamics simulations of the
GmsPLA2-XIA-1 protein in a solvent which is a mixture of water and
30% isopropyl alcohol using the GROMOS force field. The central idea
behind this approach is that the regions of the protein that are going
to contact the membrane need to lose, totally or partially, their
solvating water molecules in order to interact with a more hydro-
phobic surface such as the membrane interface. The regions with
ahigh tendency todesolvatemaybespottedoutby the increase in the
local concentration of isopropyl alcohol molecules compared to the
bulk solvent. This reasoning is similar to the one used in the detection
of hot spots for the binding of drugs in the surfaces of proteins [79].
With this in mind, we performed one simulation of 60 ns of the
protein inmixed solvent. Before calculating the isopropyl density, the
stability of the protein was monitored by measuring the rmsd, the
rmsf, and secondary structure content. All these parameters showed
that the structure simulated inmixed solvent behaves similarly to the
structure in water (Fig. S6 of supplementary data).

Fig. 8 shows an isosurface of density equal to 10 times the
average isopropyl alcohol density in bulk. In this figure, two
different patches can be distinguished, one thin patch that is mainly
on top of the first helix and runs below the loop in residues 74e85,
and one thick patch surrounding the C-terminal helix. This last
patch directly contacts the catalytic HIS49 and therefore we
propose it as the membrane i-face of the enzyme. The residues that
are in this face are VAL18, GLY19, VAL28, HIS49, HIS64, LEU101,
ALA102, ILE103, LEU104, LEU105 and LEU108. Note that the
majority of these residues are hydrophobic as expected for
a membrane binding surface, so this constitutes a hydrophobic
environment surrounding the active site. The hydrophobic side
chains of the residues that putative are forming the i-face are able to
partition to the interface, allowing the interfacial binding, and
excluding the water molecules from the region that surrounds the
active site that could permit the diffusion of the substrate into the
pocket of the active site to be hydrolyzed. As it is known, sPLA2s
must penetrate the phospholipid interface to exert their action.
Thus, the successful binding to the phospholipid surface is
a prerequisite step in the catalytic cycle, and this property may also
determine some specificities of enzymatic activity. Nevertheless,
there are a limited number of charged residues alongside the planar
topography of the i-face that may further modulate the interaction
with the substrate interface in a way in which has not been fully
elucidated yet [24].

Fig. 7. Active site of the GmsPLA2-XIA-1. The protein backbone is shown in cartoon
(with the same color code as Fig. 6, the calcium ion is in green, and residues 25e31 and
residues 46e51 are in sticks). There are also three water molecules coordinating the
calcium ion. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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4. Conclusions

The BLAST search clearly demonstrates the existence of five
putative isoforms of sPLA2 within the G. max genome. In spite of
a relatively low identity among them, the sequence analysis per-
formed shows the presence of clusters with conserved amino acid
residues, when compared with those reported sequences from plant
sPLA2s. The catalytic motif, the Ca2þ-binding loop and the active site
domain are well conserved. Besides, alignment studies showed the
existenceof conserved residues in theplantenzymesabsent insPLA2s
from animals. However, the relationship between the proposed
protein structure and the modulation of the “interfacial quality of the
interface” on catalytic activity still remains to be assessed.

The five sPLA2s identified in G. max were consistently grouped
into two categories by phylogenetic analysis which separates them
clearly from the other sPLA2 from plants into two subgroups XIA
and XIB based on the differences in their molecular weights and
deviating sequences especially in the N- and C- terminal regions of
the proteins. Moreover, there are marked differences in the amino
acids that are essential for catalysis. The role of ASP residue in the
dyad HIS/ASP responsible for catalytic activity in animal sPLA2s, has
been replaced by HIS residue for GmsPLA2-XIA-1 and -2, and by SER
residue for GmsPLA2-XIB-1, -2 and -3, a distinctive characteristic of
phospholipases coming from plants.

We have expressed and purified the mature form of GmsPLA2-
XIA-1. The recombinant enzyme showed PLA2 activity against
phospholipid:Triton X-100 mixed micelles.

We have created a model for the GmsPLA2-XIA-1 protein based
on the structure template reported for rice (O. sativa) isoform II, in
order to gain insight into its structure and dynamics. The simula-
tions, which added a total time of over 700 ns, were performed in
pure water (in the presence or absent of Caþ2 in the active site), and
in a watereisopropyl alcohol mixture. The initial fold is globally
retained, suggesting that indeed the structure of G. max sPLA2 is
very similar to O. sativa isoform II. We observed a conformational
flexibility in the last residues of C-terminal helix. This portion, of
the otherwise long helix, samples coil conformations. It is possible
that upon interaction with membranes, the fully helical state is
recovered.

Despite of being highly connected by a network of six disulfide
bridges, the molecular dynamic data suggest that the removal of
the calcium ion from the binding site destabilize the structure. The
apoprotein is more flexible, but there is only a little lost of
secondary structure. The intrinsic fluorescence data from the
unique TRP residue localized in the Caþ2 binding domain in pres-
ence or in absence of this cation is in keeping with molecular
dynamics simulation.

The simulations in the mixed solvent allowed us to identify
a putative i-face which comprises residues VAL18, GLY19, VAL28,
HIS49, HIS64, LEU101, ALA102, ILE103, LEU104, LEU105 and
LEU108, and directly contacts the catalytic HIS49.
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