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Among the main classes of cysteine-stabilized antimicrobial peptides, the snakin/GASA family has not
yet had any structural characterization. Through the combination of ab initio and comparative modeling
with a disulfide bond predictor, the three-dimensional structure prediction of snakin-1 is reported here.
The structure was composed of two long a-helices with a disulfide pattern of Cys'-Cys'X, Cys!'-CysV!l,
Cys'l-Cys", CysV-CysX!, CysVI-CysX!' and CysV!'-CysX. The overall structure was maintained throughout

molecular dynamics simulation. Snakin-1 showed a small degree of structural similarity with thionins
and a-helical hairpins. This is the first report of snakin-1 structural characterization, shedding some light

on the snakin/GASA family.

© 2013 Elsevier Inc. Open access under the Elsevier OA license

1. Introduction

The first plant antimicrobial peptides (AMPs) were reported in
1942 in a manuscript describing the purothionins isolated from
wheat (Triticum aestivum) [6]. After more than a half century, over
200 plant AMPs have been described [6]. These compounds have
been recognized as playing a pivotal role in plant defense mech-
anisms against microorganisms [6,22]. Thus, numerous studies
about their structure-activity relationship have been carried out
[6,22].

The majority of plant AMPs are cysteine-rich [6,22,31], with
few examples of plant disulfide-free AMPs [17,18,23,30,32]. The
disulfide-free peptides are composed mainly of a-helical and
unstructured folding; while the cysteine-stabilized AMPs are com-
posed of several classes, which are divided according to their
structural scaffolds and disulfide patterns [26]. The main plant
cysteine-stabilized AMP classes are thionins [11,28], defensins
[7,36], cyclotides [24,25], hevein-like peptides [4,27], a-helical
hairpins [20,21] and snakins [3,29].

Among plant cysteine-stabilized AMP classes, the snakin has
not had any structural characterization so far. The first snakin,
snakin-1, was isolated from potato plants (Solanum tuberosum)
[29]. This peptide class shows clear similarity with members of the
GAST (giberellic acid stimulated transcript) and GASA (giberellic
acid stimulated in Arabidopsis) protein families from Arabidopsis.
In this conjuncture, both have been classified as members of the
snakin/GASA family [3,22].
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Mature snakin-1, from potatoes, is composed of 63 amino acid
residues including 12 cysteine ones, which are involved in the for-
mation of six disulfide bonds [29]. Nevertheless, no information
about the three-dimensional structure or their cysteine bonding
pattern has been provided until now. The lack of structural con-
firmation of plant bactericidal peptides prevents more detailed
classification of plant AMPs [6,22]. Furthermore, this structural
knowledge can help us to avoid errors in AMP classification as
was observed for plant defensins, which were classified as a sub-
class of thionins before their structural characterization [6,22].
Bearing this in mind, this paper describes the prediction of the
three-dimensional structure of snakin-1 through the combination
of ab initio and comparative molecular modeling together with a
disulfide bond predictor.

2. Materials and methods
2.1. Sequence clustering and alignment

The snakin-1 sequence was taken from the UniProt
database (UniProt: Q948Z4) and the mature sequence was
extracted according to the annotation (residues 26-88).
The mature sequence was used as a seed for searching
against UniProt, through PHI-BLAST [1] and the pattern
“CX{3}CX{3}CX{7,11}CX{3}CX{2}CCX{2}CX{1,3}CX{11}CX{1,2}
CX{11,14}KCP” [31], where ‘X’ indicates a wild card, which can be
filled up by any of 20 natural amino acid residues, and the numbers
between brackets indicate the number of repetitions of the prior
character (i.e. ‘X{7,11} means that ‘X’ can be repeated seven to
eleven times). The mature sequences from retrieved sequences
were taken according to the annotation. The multiple sequence
alignment was done in ClustalW 2 [33].
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2.2. Molecular modeling

The snakin-1 mature sequence was submitted to the QUARK ab
initio molecular modeling server [35] in order to create an initial
model. Then the cysteine connectivity was predicted as follows:
the cysteine residues involved in disulfide bonds in the initial model
were replaced by serine residues and then this modified sequence
was submitted to the DiANNA 1.1 server [10], in order to pre-
dict the remaining cysteine pairs. The final model was constructed
with MODELLER 9.10 [9]. The ab initio model was used as a tem-
plate and the disulfide bonds were included using the method
patch from the automodel class. Thus, 100 molecular models were
constructed, and the final model was selected according to the dis-
crete optimized protein energy (DOPE) scores. This score assesses
the energy of the model and indicates the most probable struc-
tures. Subsequently, an energy minimization with 2000 steps of
the steepest descent using the GROMOS96 implementation of Swiss
PDB Viewer (SPDBV) [12] was done in order to adjust the distances
between the sulfur atoms to 2 A. The minimized model was eval-
uated through Verify 3D [16], ProSA II [34] and PROCHECK [15].
PROCHECK checks the stereochemical quality of a protein struc-
ture, through the Ramachandran plot, where reliable models are
expected to have more than 90% of the amino acid residues in
the most favored and allowed regions, while ProSA II indicates
the fold quality; additionally, Verify 3D analyzed the compatibility
of an atomic model (3D) with its own amino acid sequence (1D).
Structure visualization was done in PyMOL (The PyMOL Molecular
Graphics System, Version 1.4.1, Schrédinger, LLC).

2.3. Molecular dynamics

The molecular dynamics simulation (MD) was carried out in a
water environment, using the Single Point Charge water model
[2]. The analyses were performed by using the GROMOS96 43A1
force field and the computational package GROMACS 4 [14]. The
dynamics used the three-dimensional model of snakin-1 as initial
structure, immersed in water in a cubic box with a minimum dis-
tance of 0.5 nm between the complexes and the edges of the box.
Chlorine ions were added in order to neutralize the system charge.
The geometry of water molecules was constrained by using the SET-
TLE algorithm [19]. All atom bond lengths were linked by using the
LINCS algorithm [13]. Electrostatic corrections were made by Par-
ticle Mesh Ewald algorithm [8], with a cut-off radius of 1.4nm in
order to minimize the computational time. The same cut-off radius
was also used for van der Waals interactions. The list of neighbors
of each atom was updated every 10 simulation steps of 2 fs. The sys-
tem underwent an energy minimization using 50,000 steps of the
steepest descent algorithm. After that, the system temperature was
normalized to 300 K for 100 ps, using the velocity rescaling thermo-
stat (NVT ensemble). Next, the system pressure was normalized to
1 bar for 100 ps, using the Parrinello-Rahman barostat (NPT ensem-
ble). The systems with minimized energy, balanced temperature
and pressure were simulated for 50 ns by using the leap-frog algo-
rithm. The trajectories were evaluated through RMSD and DSSP.
The initial and the final structures were compared through the TM-
Score [37], where structures with TM-Scores above 0.5 indicate that
the structures share the same fold.

3. Results

The peptide snakin-1 was selected as a prototype for
the snakin/GASA family (Fig. 1). The prediction of snakin-1
three-dimensional structure and disulfide bonding pattern was
performed using the combination of ab initio and comparative mod-
eling techniques with a disulfide bond predictor.

Initially, there were 66 possible combinations of disulfide bonds
for snakins, since they have 12 cysteine residues involved in six
disulfide bonds. Through QUARK modeling, four disulfide bonds
were formed, reducing the possibilities of disulfide bond pairs to
six combinations, since only two disulfide bonds were missing in
the model. Therefore, a modified snakin-1 sequence was generated
through the replacement of cysteine residues by serine residues.
This replacement was done in order to avoid a wrong disulfide
connectivity prediction in the DiANNA server. The final disulfide
bonding pattern of snakin-1 was represented by Cys!'-Cys'X, Cysll-
CysVIL, cyslll-Cys!V, CysV-CysXl, CysVI-CysX!l and CysV!l-CysX. This
disulfide pattern could be extrapolated to other members of the
snakin/GASA family through sequence alignment (Fig. 1A).

After the inclusion of remaining disulfide bonds through MOD-
ELLER, the best model showed a DOPE score of —5036.17432. The
final model was obtained after energy minimization on SPDBV.
The final model shows a minimum and a maximum 1D-3D aver-
age score of 0.3 and 0.55 in Verify 3D. In the Ramachandran
plot, 72.2% of the residues are in favored regions; 14.8% are
in additional allowed regions and 11.1% in generously allowed
regions; and an overall G-factor of —0.23. The Z-score on ProSA
was —5.85. The three-dimensional model was composed of
two long a-helices composed of residues 2SSFCDSKCKLRCSKA!6
and 29DRCLKYCGICCEE32? and one short 31p-helix composed of
43NKH*3, in addition, the structure was stabilized by six disulfide
bonds (Fig. 1B). Furthermore, the same structural scaffold could be
observed for other members from this family through secondary
structure predictions algorithms (data not shown). The snakin-1
final model is available as supplementary file 1.

In the molecular dynamics simulation, a large displacement of
two C-terminal segments, 37PSGTYGNK** and *9YRDKKNSKGKS®?,
was observed. The root mean square deviation (RMSD) stabiliza-
tion occurs after 30 ns of simulation with a variation of about 4.5 A
(Fig. 2A); removing the two C-terminal segments from RMSD calcu-
lation, a variation of about 3.5 A was observed (Fig. 2A), reinforcing
the supposition that the C-terminal segments are mainly respon-
sible for the variation of 4.5 A in the complete structure. The DSSP
analyses indicated that the short 31¢-helix underwent a coil transi-
tion (Fig. 2B). However, the overall structure is maintained, since it
is knotted by six disulfide bonds (Fig. 2C). In addition, the root mean
square deviation by residue also indicated that the C-terminal seg-
ments were responsible for the structural modification (Fig. 2D).
The TM-Score with a value of 0.5023 indicated that the initial and
final structures share the same fold.

4. Discussion

The snakin/GASA family has enormous biotechnological poten-
tial since it plays a defensive role against several plant pathogens,
especially against the pathogens that attack potato, one of the most
important crops worldwide [22]. However, the omission of struc-
tural information about this family hinders a deeper understanding
about the class.

The prediction of the disulfide bonding pattern of snakins is
an enormous challenge, since there are 66 possible combina-
tions of disulfide bonds. In this report, this puzzle was handled
using the QUARK ab initio molecular modeling server, the DIANNA
disulfide bond predictor and the MODELLER package to yield a
three-dimensional model, joining the data generated by QUARK
and DiANNA. In a previous work, QUARK and MODELLER were used
together for predicting the structure of another plant AMP, Pg-
AMP1, and also for its recombinant analog [32]. Here, once more,
these two methods were used together. However, in this report
MODELLER was used to include the remaining disulfide bonds,
while for Pg-AMP1 and its recombinant analog, MODELLER was



W.F. Porto, O.L. Franco / Peptides 44 (2013) 163-167

A

Snakin-1 = = —-------mmmmm————————o GSSFCDSKCKLRCSKAGLADRCL! IGICCEE] [YRDKKNSKGKSKCP 63

Peamaclein =i --GSSFCDSKCGVRCSKAGYQERCLKYR@GICCE. [YRDLKNSKGNPKCP 63

GASAS8 === --DSS-CGGKCNVRCSKAGQHEECL! ICCQ! [YRDMKNSKGGSKCP 62

GASAl0 = —mmmmmmm——mmm——————ee— DSSPCGGKCNVRCSKAGRQDRCLK! ICCE! [YRDMKNSKGTSKCP 64
[YRDKLSSKGTPKCP 86

GASA7 ATISDAFGSGAVAPAPQSKDGPALEKWCGQKCEGRCKEAGMKDRCL IGICCKD)

Lok kk kk kX

SecStr Snakin-1

&

oy I*

Snakin-1

skkkdkk kkk s ko Kkkhhkokok Kk kkkk  kkk Kk

Viscotoxin A3 EcCAMP1
(thionin) (a-helical hairpin)

165

Fig. 1. The predicted structure and disulfide bonding pattern of snakin-1. (A) The multiple sequence alignment of snakin/GASA sequences: snakin-1 (UniProt: Q948Z4),
peamaclein (UniProt: P86888), GASAS8 (UniProt: 080641), GASA10 (UniProt: Q8LFM2) and GASA7 (UniProt: 082328); the disulfide bonds with cysteine residues highlighted
in yellow were predicted by QUARK and those highlighted in red were predicted by DiANNA server; the lines connecting the cysteine residues represent the disulfide bonds;
the a-helices are represented by the red cylinders. (B) Comparison between the final molecular model of snakin-1 (left) and the structures of viscotoxin A3 (thionin, middle)
[10] and EcCAMP1 (a-helical hairpin, right) [18]. The disulfide bonds are displayed as balls and sticks. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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Fig. 2. Molecular dynamics simulation results. (A) The backbone’s root mean square deviation throughout the 50 ns of simulation in relation to the minimized structure at
0ns. (B) The DSSP analyses throughout the simulation: residues involved in coils are in white; (3-sheets in red; B-bridge in black; bend in green; turn in yellow; a-helix in
blue and 31¢-helix in gray. (C) The cartoon representation of the final three-dimensional snakin-1 structure after 50 ns of simulation. (D) The B-factor representation of root
mean square fluctuation. The thicker the region, the more unstable the region was in the simulation. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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used for refining loop conformations, generating several possible
poses [32].

By using this method, a structure composed of one short 31¢-
helix and two long a-helices, connected by loops, was generated.
Among the plant AMPs, there are two classes with a structure com-
posed of two long a-helices, the thionins [11,28] and the recently
established a-helical hairpins [20,21] (Fig. 1B). Indeed, this degree
of structural similarity with thionins reinforces the proposition
of Silverstein et al. [31], who posited that some classes of plant
cysteine-rich peptides could have a common ancestor, since they
had observed internal duplications and cysteine rearrangements in
diverse plant cysteine-rich sequences, including sequences for both
GASA/GAST and thionin classes. Although the cysteine residues
may be conserved in sequences, the disulfide bonds may not be
structurally conserved. In this case, different disulfide bonding pat-
terns could be observed, i.e. Cys'-Cys!V, Cys!!-Cys¥ and Cys!!!-CysV!
(typical for cyclotides) or Cys!-CysY!, Cys!!-CysV and Cys"-Cys!V
(typical for thionins) [6,22].

Despite the structural similarity with thionins, the snakins’
mechanism of action is still unclear. Thionins seem to be able to
aggregate and induce leakage in negatively charged vesicles [5],
while the snakins are also able to aggregate similar vesicles, but
were unable to cause cytoplasmic leakage [5]. Similarly, the pep-
tide ECAMP1, pertaining to the a-helical hairpins class, was unable
to cause cell membrane disruption, but it has the ability to inter-
nalize into fungal cells [20]. The cell membrane was the only target
tested so far, but there are a number of targets, such as cell wall,
ribosomes, DNA or even a combination of these targets. In fact, more
studies are needed to identify the mechanism of action of this AMP
class.

5. Conclusion

This is the first report of the structural characterization of
the peptide snakin-1, which belongs to the snakin/GASA family.
Through the method applied here, combining ab initio and compar-
ative modeling together with disulfide bond prediction, we hope
that other peptides and proteins may be successfully modeled. The
predicted snakin-1 structure presented here could be a step for-
ward in the understanding of the missing biological information on
snakins in plant biology. In addition, the predicted snakin-1 struc-
ture indicates that the snakin/GASA family could be closely related
to the thionin family. In the near future, the method described here
can be applied to predict the structure of other snakins and allow
the engineering of more potent snakins for crop protection.
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