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A B S T R A C T

Phospholipase-B-like (SVPLB-like) enzymes are present in relatively small amounts in a number of venoms,
however, their biological function and mechanisms of action are un-clear. A three-dimensional model of the
SVPLB-like enzyme from Crotalus adamanteus was generated by homology modeling based on the crystal
structures of bovine Ntn-hydrolyases and the modeled protein possesses conserved domains characteristic of
Ntn-hydrolases. Molecular dynamics simulations indicate that activation by autocatalytic cleavage results in the
removal of 25 amino acids which increases accessibility to the active site. SVPLB-like enzymes possess a highly
reactive cysteine and are hence amidases that to belong to the N-terminal nucleophile (Ntn) hydrolase family.
The Ntn-hydrolases (N-terminal nucleophile) form a superfamily of diverse enzymes that are activated auto-
catalytically; wherein the N-terminal catalytic nucleophile is implicated in the cleavage of the amide bond.

1. Introduction

The functional and structural aspects of snake venom proteins that
are relatively abundant have been extensively studied, and their three-
dimensional structures, mechanisms of action and specificities are now
understood in detail and have been presented in recent reviews (Kang
et al., 2011; Coronado et al., 2014, 2016). Advances in proteomics have
contributed greatly to the identification of enzymes that are present
only in very low concentrations in venoms, such as glutathione per-
oxidase, 5′ nucleotidase, carboxipeptidase phosphodiesterase, gluta-
minyl cyclase and phospholipase B (Ohler et al., 2010; Georgieva et al.,
2010; Pla et al., 2018; Oliveira et al., 2018). Counterparts of most of
these enzymes from other sources have been studied and by extension,
most of the conclusions from these studies can be applied to snake
venom enzymes (Kang et al., 2011). One exception is snake venom
phospholipase B (SVPLB), which, by definition, should participate in
the hydrolysis of phospholipids. Multiple sequence alignments indicate
that the SVPLBs share high sequence identity with the Ntn-hydrolases, a
superfamily of enzymes that display common structural features and
catalyzes the hydrolysis of specific amide bonds in substrates ranging
from antibiotics to proteins (Brannigan et al., 1995; Suresh et al., 1999).

Ntn-hydrolases are post-translationally activated by an autocatalytic
process that cleavages and liberates a peptide of 25 amino acids. The
enzymes function via a catalytic mechanism that involves a single
amino acid (Thr, Ser or Cys) along with the newly generated N-terminal
amino group, which serves both as a nucleophile and as the catalytic
base (Duggleby et al., 1995; Suresh et al., 1999; Kim et al., 2000, 2006;
Rawlings et al., 2018).

Phospholipase B calcium-independent PLA2 (iPLA2) (Ackermann
and Dennis, 1995; Akiba and Sato, 2004) and PLB activity have been
reported in different classes of organisms as in Streptomyces sp
(Matsumoto et al., 2013), Penicillium notatum (Dawson, 1958;
Ghannoum, 2000), Guinea pig (Nauze et al., 2002), as well as in plants
(Gallard, 1971; Matsuda and Hirayama, 1979) and rabbits (Oryctolagus
cuniculus) (Boll et al., 1993). Doery and Pearson (1964) observed this
activity in the venom of Australian elapid snakes. Since then, several
SVPLBs enzymes have been purified and characterized for example
from the venoms of Pseudechis porphyriacus (Doery and Pearson, 1964),
Pseudechis colletti (Bernheimer et al., 1987), Crotalus adamanteus
(Rokyta et al., 2011), Drysdalia coronoides (Chatrath et al., 2011),
Ophiophagus hannah (Vonk et al., 2013; Danpaiboon et al., 2014), Mi-
crurus fulvirus (Margres et al., 2013), Ovophis okinavensis and
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Protobothrops flavoridis (Aird et al., 2013, 2017), Boiga irregularis (Pla
et al., 2018), and more recently, Lachesis muta rhobeata (Wiezel et al.,
2015), Vipera kaznakovi, V. renardi, V. orlovi, and V. nikolskii (Kovalchuk
et al., 2016).

Takasaki and Tamiya (1982) described the purification, enzymatic
activity, and molecular weight of a lysophospholipase as 13.6 kDa. The
PLB enzyme isolated from Pseudechis colletti, a dimeric protein with a
molecular mass of approximately 35 kDa as determined by gel filtration
and 16.5 kDa as determined by SDS-PAGE, degrades phosphatidyl
choline and phosphatidyl ethanolamine and was shown to possess in
vitro haemolytic activity upon rabbit and human erythrocytes
(Bernheimer et al., 1987).

The complete amino acid sequences of 11 PLBs enzymes and 2
partial sequences from snake venoms have been reported (http://www.
uniprot.org/), and they share very high sequence identity (∼99%
identity). Since neither the three-dimensional structures nor the en-
zyme mechanisms and specificities have been elucidated.

We present a structural model generated by homology based on the
sequence alignments of Crotalus adamanteus and Micrurus fulvius to re-
present all the snake venom PLB enzyme sequences currently deposited
with the UniProt database. We discuss the proenzyme structure, me-
chanism of autocatalytic activation, catalytic mechanism and specifi-
city, which should contribute towards improving our understanding of
this unique enzyme and its role in envenomation.

Since these snake venom PLBs proteins cleave amide bonds in
phospholipid head groups, they should be referred to as Phospholipase
B-like (PLB-like) enzymes.

2. Methods

2.1. Sequence alignment and homology modeling

Multiple sequence alignments of snake venom phospholipase Bs
proteins was performed using the MUSCLE (Edgar, 2004) and Box
Shade (http://www.ch.embnet.org/software/BOX_form.htm) web ser-
vers. The atomic coordinates of bovine lysosomal phospholipase B-like
enzyme from Bos taurus (PDB: 4BWC; sequence identity 63%) was used
as the template for comparative modeling by the satisfaction of spatial
restraints as implemented in the program Modeller 9v18 (Webb and
Sali, 2014) to generate the model of SVPLB enzyme from Crotalus
adamanteus (Entry: A0A0F7Z632) andMicrurus fulvius (Entry: U3FA79).
Side chain environment acceptability, was accessed from the Verify 3D
server (Lüthy et al., 1992). Geometric parameters Ramachandran plots,
steric overlaps, rotamers, bonds and angle deviations were evaluated
using the PROCHECK server (Laskowski et al., 1993).

The phylogenetic tree was created using maximum likelihood from
web server (http://www.phylogeny.fr/index.cgi).

2.2. Molecular dynamics simulations

Since we desired to obtain information of the autocatalytic activa-
tion, we simulated the protein in two different conditions: (i) the
proenzyme form of the SVPLB-like enzyme of C. adamanteus that in-
cludes 517 amino acids residues, and (ii) the active enzyme, after auto
proteolysis, i.e., the heterodimer consisting of 492 amino acid residues.
To improve sampling of the systems we performed multiple simulations
for both models. We performed three molecular dynamics (100 ns each)
simulations for the proenzyme with the same coordinates, but with
different initial velocities (runs I, II, and III). Subsequently, after clus-
tering combined analysis of the lowest Davies-Bouldin index (DBI)
value and the highest pattern sequence based forecasting (pSF) over the
three trajectory (runs I, II, and III), one representative structure was
chosen, and the pro-segment (residues 208–232) was deleted and three
new simulations of 100 ns each were performed (runs I',II', and III').

All the MD simulations were carried out using the AMBER16 soft-
ware package (Case et al., 2017). The FF14SB force field (Maier et al.,

2015) was used to describe the all-atom protein interaction. The pro-
tonation states of the amino acids side chain were set using web-server
H++ (Anandakrishnan et al., 2012) at pH 7.0. The systems were
neutralized with Cl− ions and placed in a rectangular box of TIP3P
water extended to at least 10 Å from any protein atom. To remove bad
contacts from initial structures, the systems were energy minimized
with 2500 steps of steepest descent followed by 2500 conjugate gra-
dient steps applying a constant force constrain of 10 kcal/mol.Å2. Then,
another round with 10000 steps of energy minimization using the same
procedure as before, but without force constrains was conducted. After
that stage, the systems were gradually heated from 0 to 300 K for 300 ps
in the constant atom number, volume, and temperature (NVT) en-
semble, while the protein was restrained with constant force of 10 kcal/
mol.Å2. Subsequently, the equilibration step was performed using the
constant atom number, pressure and temperature (NPT) ensemble for
500 ps and the simulation was performed for 100 ns with 2 fs time step.
The constant temperature (300 K) and pressure (1 atm) were controlled
by Langevin coupling. Particle-Mesh Ewald method (PME) (Darden
et al., 1993) was utilized to compute the long-range electrostatic in-
teractions and the cut-off distance of 10 Å was attributed to Van der
Waals interactions.

2.3. Model analysis

The results were analyzed by using the CPPTRAJ program (Roe and
Cheatham, 2013) from the AmberTools16 package (Case et al., 2017).
VMD software (Humphrey et al., 1996) and Chimera (Pettersen et al.,
2004), were used for visualization of the systems. Root mean square
deviations (RMSD) and radius of gyration (Rg) of Cα positions were
calculated to determine equilibration states and convergence of the
simulations.

Clustering analysis for the representative structures of both models
was performed by utilizing k-means method. To access the quality of
clustering analysis we used the DBI values and pseudo-F statistic (pSF),
whereas to assess the number of the clusters we conducted the silhou-
ette analysis. Protein flexibility was studied by root mean square fluc-
tuation (RMSF) for the Cα atoms. The RMSF were calculated residue-
by-residue over the equilibrated trajectories. To assess the secondary
structure of the protein over the simulation time, the DSSP method was
employed (Kabsch and Sander, 1983).

3. Results and discussion

3.1. Sequence analysis

The multiple sequence alignment of 11 SVPLB-like enzymes ob-
tained from UniProt shows very low differences in amino residue
compositions as presented in Supplementary Material Fig. S1. The pro-
segment, and the surface loop close to the C-terminus, are the regions
with the most significant differences. Although the primary sequences,
SVPLBs enzymes are very highly conserved and phylogenetic analysis
(Fig. 1a) indicates that they can be divided into two general classes;
Class I representing the Elapidae, Dipsadidae, and the Culobridae and the
Class II include the Viperidae family.

The sequence of M. fulvius (Mf_PLB-like) was modeled to represent
the class I (Fig. 1ab), the protein with N-terminal signal peptide com-
prise 549 amino acids residues (Fig. S1). Aleatory, we have select the
PLB sequence of Crotalus adamanteus (Ca_PLB-like) class II, which
consist of 553 amino acids including the N-terminal signal peptide (Fig.
S1) as the target model to represent the 3D structure of the phospho-
lipase B enzyme (Fig. 1ac).

A BLAST search performed against the atomic coordinates held with
the Protein data bank (PDB) (http://www.uniprot.org/) indicated the
highest sequence identity (63%) with the N-terminal nucleophile hy-
drolase, a lysosomal phospholipase B-like D1 protein from Bos taurus
(PDB code: 4BWC) and the structural regions that are highly conserved
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are indicated (Fig. 2). A total of 326 amino acids residues are conserved
in C. adamanteus, 104 residues in chain A (N-terminal domain -∼ 61%)
and 222 residues in chain B (∼58%). Among the conserved residues,
the amino acids involved in forming the catalytic site are strictly con-
served. As expected, the 25 amino acids of the peptide loop of C. ada-
manteus that suffers cleavage are not present in the sequence of the
mature form of the lysosomal protein. By analogy, the glycosylation
sites are conserved (residues Asn33, Asn277, and Asn380) in the PLB-
like enzyme sequence of C. adamanteus as shown in Fig. 2.

3.2. Model building and structural validation

Modeller v9.18 software (Webb and Sali, 2014) was used for
homology modeling of the 3D structure of C. adamanteus SVPLB-like

enzyme without the N-terminal signal peptide.
The evaluation of the stereochemical properties of the predicted

structure was performed using PROCHECK (Laskowski et al., 1993).
Fig. 3a and b presents the Ca_PLB-like enzyme model and the corre-
sponding Ramachandran Plot demonstrates that the conformation of
90% of the residues are located in the favored regions, 9.3% are in the
allowed region, whereas only 0.6% are flagged as outliers. The ste-
reochemical parameters for the omega angle is −2.0 Å, bad contact are
−0.4 Å and the overall G-factor 0.8 Å. The final model presented in
Fig. 3a consists of 517 residues and the pro-peptide (P-loop) with
25 amino acids residues is highlighted in red. The structural overlay of
the Ca_PLB-like enzyme homology model with the B. taurus structure
(RMSD 1.17 Å) is presented in Fig. 3c.

Fig. 1. Phylogenetic and Coulombic surface analysis. a) Phylogenetic analysis of phospholipase B enzyme of snake venoms. The data used includes full amino
acid sequences so far available for PLB snake venom proteins. The phylogram was constructed using the online server Phylogeny.fr. b, c) Surface representation with
180° rotation of M. fulvius model that belong to class I and C. adamanteus to class II, respectively. Positive, negative, and neutral electrostatic potentials are drawn in
blue, red, and white, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Sequence alignment between phospholipase B enzyme of C. adamanteus snake venom and the lysosomal Ntn-hydrolase PLB-like enzyme of Bos
taurus. Open arrows emphasize the glycosylated residues conserved in both PLB-like enzymes, the non conserved residue is highlighted in closed arrow, and the
cysteines which forms the disulfide bridge are emphasized with a diamond, and the star highlights the catalytic amino acid residue.
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3.3. Molecular dynamics simulation

To investigate the structural and dynamical changes in the Ca_PLB-
like enzyme before and after autoproteolytic activation, we performed
MD simulations with two different structures of the protein. The first
one, containing 517 amino acids, representing the protein before clea-
vage and the second one, with 492 amino acids, shows the conforma-
tion of the protein after the suggested autoproteolytic activation (ma-
ture state), after deletion of the P-loop.

The three 100 ns simulations for the pro- (labelled I, II, and III) and
mature (labelled I′, II', and III’) enzymes were conducted varying the
initial velocities.

The equilibration of the simulations was monitored by calculating
the root mean square deviations (RMSD) for the backbone atoms with
respect to the starting conformation over-time to verify if all simula-
tions kept the conformations stable during all 100 ns simulation time,
presented as Supplementary material (Fig. S2). As the RMSDs indicate,
the systems representing the precursor reached stability after ∼40 ns
without reaching the same final state, possibly due to the fluctuations
related to the P-loop (Supplementary Material Fig. S2a). On the other
hand, after cleavage of the P-loop between residues His208 and His232,
the MD simulations were performed (3× 100ns) and after∼ 50 ns the
system reached equilibration and all three simulations reached the
same final state (Supplementary Material Fig. S2b). All the analysis was
performed considering only the protein in the equilibrium regime.

3.4. Precursor SVPLB-like protein model

The representative conformation of the Ca_PLB-like protein model
before cleavage and after MD simulation presents a low RMSD value
(1.015 Å). The core region displays a low RMSF value whereas regions
containing loops indicated greater flexibility. Amino acid residues
(His208 to His232) form the pro-segment loop that blocks the entrance
to the active site (Fig. 4a), this region shows higher flexibility as ob-
served in the RMSF plot (Supplementary Material Fig. S3a). During the
production runs, the P-loop tends to dominate the motion of the protein
as presented by the first component of the PCA analysis (Supplementary
Material Fig. S3b). It also affects the dynamics of the residues near the
active site, rendering this region more flexible. The P-loop completely
blocks the catalytic region of the Ca_PLB-like enzyme and restricts ac-
cessibility to the susceptible scissile peptide bond between residues
His232 and Cys233 (Fig. 4a). This suggests that the SVPLB-like enzyme
is activated by an intramolecular autocatalytic event as described for

others Ntn-hydrolases and for the mouse (Lakomek et al., 2009) and
bovine (Repo et al., 2014) lysosomal proteins, as well as, for iso-
penicillin N-converting Ntn-hydrolase from Penicillium chrysogenum
(Bokhove et al., 2010).

3.5. Mature structure of SVPLB-like protein

Subsequently, after clustering analysis over the three trajectory
(runs I, II, and III), one representative structure was chosen (section
2.2), and the P-loop (residues His208 – His232) was deleted based on
target-template alignment (Fig. 1), three new simulations of 100 ns
each were performed.

The final model contains 171 residues of the N-terminal 19.6 kDa
fragment and 320 amino acids residues of the C-terminal 37.1 kDa
fragment (Asp37-Leu207 belong to the subunit A, Cys233-Leu553 form
the continuous subunit B). In the subunit B, the amino acid residue
Cys233 is the catalytic residue that plays a major role in the activity of
the protein (Fig. 4b). We measured how well the three independent MD
simulations converge with respect to each other, by performing three
MD simulations for the mature SVPLB-like enzyme starting from the
same position, but with different initial velocities. The purpose of the
new MD simulation is to obtain a relaxed conformation compared with
the Ca_PLB protein with the P-loop. Due to the absence of the loop, the
MD simulations converged to the same final value as evaluated by the
RMSD (Fig. S2b). The secondary structure occupancy showed low
fluctuations between all the three MD simulations (Fig. 5). The average
occupancy was around 44.4 ± 0.4% of alpha helices and 27.8 ± 0.4%
of beta-structures as shown in Fig. 5. These values are in good agree-
ment with the 42.5% alpha helices and 22% beta-strand secondary
structure elements observed in the 4BWC X-ray model. The differences
are expected due the diversity in the sequence of both proteins. Con-
sidering the fluctuation of the residues by RMSF calculations, the pro-
tein has low fluctuation with peaks up to 3 Å in regions of random coils
(Fig. 5). It is also interesting to note that the exposed catalytic residue
Cys233 of the theoretical model and the crystal structure are in the
same relative positions following 100 ns MD simulations.

3.6. Overall SVPLB-like protein model

Ntn-hydrolases undergo structural rearrangement following autop-
roteolysis, where the substrate site is widened by the release of the P-
loop thereby exposing the newly generated amino terminus and the
catalytic Cys233. SVPLB-like enzyme possesses a fold typical for the N-

Fig. 3. Modeled structure, validation and superposition of Ca_PLB-like enzyme. a) Cartoon schematic representation of the modeled Ca_PLB-like structure, the
pro-segment loop is highlighted in red. b) Ramachandran Plot for the initial homology model. c) Structural overlays of the target (PLB-like enzyme of C. adamanteus –
light blue) and the template bPLBD1 (PDB code: 4BWC - yellow), both presented as cartoons; activation peptide in red. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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terminal nucleophile amino hydrolase (Ntn-hydrolase) superfamily and
the monomer structure is similar to that of the bovine PLB (4DWC) used
as templates to build the model. We suggested that the 25 amino acids
residues of the N-terminal segment are proteolytically removed from
the mature protein as like bovine PLB. The protein Ntn-hydrolase model
consists of a four-layer αββα sandwich core (Fig. 3a) in which two
intramolecular disulfide bridges are formed between Cys479 – Cys494
and between Cys475 – Cys480 of chain B. The active site of Ntn-hy-
drolases is located between the core β-sheets. The Ntn residue, which in
the SVPLB-like protein families is a cysteine, possibly performs two
catalytic roles: as a nucleophile and as a general base (http://www.
enzyme.chem.msu.ru/hcs/cgi/class.cgi?clsid=C.02).

The thiol group of the catalytic amino acid residue, Cys233, is lo-
cated at the beginning of the second chain (C-terminal segment).
His250 and the hydrogen bond formed to Lys498, which is supported
by Asp496, Asp293, and Arg261, sustain the catalytic machinery
(Fig. 6a). The amino acids around the catalytic Cys233 are highly
conserved.

Typically, the oxyanion hole for an Ntn-hydrolase is formed by re-
sidues Thr300 and Asn399 in bPLBD1, which superimposes on SVPLB-
like enzyme with Thr308 and Asn407 residues. The backbone of Trp253
stabilizes the thiol state and the positively charged α-amino group of
the N-terminal cysteine as in bPLBD1 (Fig. 6a).

The removal of the 25 amino acid residues preceding Cys233 widens
the substrate-binding site as shown in Fig. 4b. There are relevant dif-
ferences in the pockets, between the template and the model. Surface

charge analysis demonstrated that Ca_PLB-like enzyme exhibits highly
negatively charged surface around the cavity forming the active site
(Fig. 7a), whereas in bPLB-like protein the corresponding area is posi-
tively charged (Fig. 7b). Additionally, the differences in the side chain
of the amino acids residues surrounding the pocket modify the topo-
graphy, which probably determines the selectivity of the substrate.

4. Conclusion

Snake venom Phospholipase Bs (SVPLBs) proteins are present in
very low amounts in a number of snake venoms and, to date, have not
been studied extensively. Differences in the amino acid sequences are
largely limited to amino acids residues located on the surfaces of the
three-dimensional structures of M. fulvius (Fig. 1b) and C. adamanteus
(Fig. 1c) PLBs generated by homology modeling as example to represent
both classes, and thus significantly alter the surface electrostatic
charges.

When compared with the sequence and structure of the bovine
phospholipase B-like protein, the position of Asn408 residue in
Ca_PLBs-like enzyme is conserved indicating that the SVPLBs-like en-
zymes also undergo N-glycosylation and are hence localized to the ly-
sosome. The counterparts of Lys334, Lys 342, and Lys358 in the bovine
enzyme, two of which are implicated in the initiation of mannose-6-
phosphorylation are also conserved in Ca_PLB-like enzymes (Fig. 2).

Thus, based on the conformation of the active site residues, the
catalytic mechanism and lysosomal targeting suggested above, it is

Fig. 4. Surface analysis: a) Surface representation of the
SVPLB-like enzyme showing the blocked active site by the P-
loop (in red). b) Surface representation of exposed the active
site, in yellow the nucleophile amino acid cysteine. (For in-
terpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 5. Residues of secondary structure occupancy and root mean square fluctuations (RMSF) of the mature Ca_PLB-like enzyme. The overall percentages of
the secondary structure of the mature form of the enzyme are indicated to the right.
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Fig. 6. Stabilization of the N-terminal cysteine. a) The side chain of the residues participating on Cys233 stabilization are shown in ball stick and the hydrogen
bonds in dotted line. b) Suggestion of the primary cysteine autoproteolytic cleavage.

Fig. 7. Comparison of the electrostatic potential surface between a) SVPLB-like protein model and b) bPLB protein. Electrostatic potential surfaces of the
proteins pointing the inner pore are shown in the left side, whereas cartoon view pointing the catalytic amino acid residue is shown in the right side.
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likely that these enzymes are probably not lipases but are in actuality
amidases or peptidases and the exact role of these enzymes in en-
venomation should be investigated.

Based on our model, we therefore propose two mechanisms by
which the SVPLB-like mediated autoproteolysis occurs: either i) in-
itially, a cysteine initiates proteolysis, subsequent conformational con-
straints trigger a peptide flip generating a high-energy state of the pro-
segment. A water molecule, positioned by hydrogen bonds in a tetra-
hedral geometry, acts as a general base where the Cys233 hydroxyl
group is deprotonated increasing its nucleophilicity. The hydroxyl
group carries out the nucleophilic attack on the peptide bond between
His232 and Cys233 (Fig. 6b red arrow) and His 232 is responsible in
maintaining the tetrahedral geometry, or, ii) a bound water molecule
(Fig. 6b) could act as the nucleophile in the one-step cleavage me-
chanism. The water molecule is in a favourable position to attack the
carbonyl carbon of the scissile bond, resulting in the release of the N-
terminal of the P-loop. The NE atom of His250, which are 3.0 Å away
from the Cys233, can stabilize the resultant thiolate ion.

Primary mechanism was already proposed for others N-terminal
hydrolase enzymes (Kim et al., 2006; Lakomek et al., 2009; Repo et al.,
2014; Bokhove et al., 2010). However, the secondary cleavage me-
chanism of Ntn-hydrolase is not clearly understood. Nevertheless, Kim
and collaborators suggested a carboxyl proteolytic cleavage for the
second auto-cleavage, together with a water molecule (Kim et al.,
2006).

In conclusion, these enzymes are not phospholipase B-like but are
Ntn hydrolases since they do not hydrolyze the same phospholipid bond
as phospholipases A1 and A2 (ie; sn1 and sn2) but instead, hydrolyze
the amide bond to liberate the polar head group.

Detailed information on the mechanisms of catalysis and specificity
of this snake venom enzyme will contribute to improving our under-
standing of the process of envenomation.
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