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Synaptotagmins are a group of C2 domain containing proteins which play
important roles in vesicle trafficking in synaptic vesicles of animals. With the advent of
plant genome sequencing, many synaptotagmins are also discovered from plants and they
have been found to perform many crucial physiological roles in plants. The model plant
Arabidopsis thaliana (L.) Heynh. contains five synaptotagmins of which SYT1 is
responsible for many important functions including maintenance of plasma membrane
integrity and cell viability. In this study, the three dimensional structure of this protein
has been developed in silico by homology modeling method to collect knowledge about
its structure-function relationship. Additionally, the interaction of calcium ion with this
protein was studied. The structures of C2 domains are somewhat different from the
known animal synaptotagmins. The protein contains many phosphorylation sites which

indicate that SYT1 is part of one or more signaling cascades.
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Introduction

Synaptotagmins are a group of
membrane trafficking proteins containing
an N-terminal transmembrane region
(TMR), a linker of variable length and two
tandemly arranged C-terminal C2 domains
(Craxton, 2004), called C2A and C2B,
respectively. C2 domain is a calcium ion-
binding domain; about 130-145 amino acids
long and are found in many membrane-
associated signaling proteins in a large
number of organisms (Nalefski and Falke,
1996). Synaptotagmins are calcium sensors
and control the exocytosis and endocytosis
of synaptic vesicles in animals (Lewis and
Lazarowitz, 2010). Although these were
previously considered to be exclusive to
animals (Lewis and Lazarowitz, 2010), the
comprehensive public sequence database
resources show that they are also present in

plants. From the sequenced plant genomes,
many synaptotagmin genes have been
identified by several computational
procedures (Craxton, 2004).

The model plant Arabidopsis thaliana
(L.) Heynh. contains 5 synaptotagmin genes
in its genome. Of these, the gene
AT2G20990 was named as SYT1
(synaptotagmin 1, also called SYTA) as this
gene codes for a protein showing similar
structure to animal synaptotagmin
(Craxton, 2004). This gene has three
transcripts as shown by the TAIR (The
Arabidopsis Information Resource)
database (http:/ /www.arabidopsis.org
/index.jsp). However, the gene model
AT2G20990.1 encodes a 541 amino acid
long protein whose function in many
physiological processes has been vastly
studied (Yamazaki et al., 2008; Schapire et
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al., 2008; Yamazaki et al., 2010). This is a
plasma membrane localized protein,
expressed in all tissues and found to play
many vital physiological roles including the
maintenance of plasma membrane integrity
and cell viability (Schapire et al., 2008),
calcium dependent freezing tolerance
(Yamazaki et al., 2008) and regulation of
endocytosis and inhibition of the cell-to-cell
movement of viral particles (Lewis and
Lazarowitz, 2010). It has also been shown
that loss of function mutation of SYT1
causes hypersensitivity to NaCl which
causes electrolyte leakage from the plasma
membrane (Schapire et al., 2008). All these
studies suggested that SYT1 performs
crucial roles in maintaining plasma
membrane integrity and helps to overcome
stress situations.

Biological function of a protein is
the manifestation of its tertiary structure
and thus, information of the structure of the
protein is a prerequisite for understanding
its detailed functional aspects (Paital et al.,
2011). As no 3D structure of SYT1 is known,
in the present investigation, effort was
made to generate a 3D structure of the SYT1
protein by homology modeling.
Additionally, its physicochemical,
structural and functional aspects were
analyzed with the help of several
bioinformatics tools.

Materials and Methods

The Arabidopsis thaliana (L.) Heynh.
SYT1 protein sequence (GenBank accession
NP_565495; GI: 18399541) was downloaded
from the NCBI Refseq (Pruitt et al., 2007)
database (http://www.ncbi. nlm.nih.gov/
projects/RefSeq/). Three  dimensional
structure of this protein was not yet
available in the Protein Data bank i.e. PDB
(Berman et al., 2000). This sequence was
further utilized for further characterization
and structure prediction.

Physico-chemical analysis

The computations of various
physical and chemical parameters, such as
molecular weight, amino acid composition,
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isoelectric point (pI), total number of
negatively and positively charged residues,
extinction coefficient, instability index,
aliphatic index and Grand Average of
Hydropathy (GRAVY), were done using
ProtParam tool (Gasteiger et al., 2005)
available at http://us.expasy.org/tools/
protparam.html.

Structural and functional characterization

Secondary structure prediction was carried
out with SOPMA (Geourjon and Deléage,
1995) server (http://npsa-pbil.ibcp.fr/cgi-
bin/npsa_automat.pl?page=/NPSA /npsa

sopma.html). The transmembrane regions
were predicted with TMHMM (Krogh et al.,
2001) server 2.0 (http://www.cbs.dtu.dk/
services/ TMHMM/). The output of
TMHMM was displayed using the TOPO2

(Johns, 2005) transmembrane protein
display server (www.sacs.ucsf.edu/
TOPO2/). Subcellular localization was

predicted using TargetP (Emanuelsson et
al., 2000) 1.1 server (http://www.cbs.
dtu.dk/services/TargetlP/abstract.php).
Protein disorder was predicted using
Disopred (Ward et al., 2004) (http://
bioinf.cs.ucl.ac.uk/disopred/) server. Motif
Scan (Pagni et al., 2007; Sigrist et al., 2010)
server (http://myhits.isb-sib.ch/cgi-bin/
motif scan) was also scanned with the
default parameters for the presence of any
signature domain.

Homology = modeling and  model
evaluation
HHPred (Soding et al, 2005),

BLASTP (Altschul et al., 1990) and PSI-
BLAST (Altschul et al, 1997) were
employed to find suitable templates for
SYT1. I-TASSER (Zhang, 2007; Roy et al.,
2010), the iterative threading assembly
refinement server (http://zhanglab.ccmb.
med.umich.edu/I-TASSER/), was chosen
to generate the homology model because
it is automated and easy to use, its
algorithm incorporates multiple templates
and it has a high degree of accuracy based
on blind CASP experiments (Roy et al.,
2010). Rather than specifying one single
template for homology modeling, I-
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TASSER was allowed to incorporate
multiple templates since it is recommended
that multiple templates should be used in
order to avoid biasing the model toward
one protein or one set of side chain
conformations  (Ginalski, 2006, Rhodes,
2006). I-TASSER generated five predicted
structures for the protein of with the model
with highest C-score was chosen for further
analysis. After modeling, the validation of
the modelled structure was also carried out
using Protein Structure Validation Suite
(PSVS) tool (Bhattacharya et al., 2007)
available at http://psvs-1_4-dev.nesg.org/.
Within PSVS, the models were analyzed by
PROCHECK (Laskowski et al, 1993),
RAMPAGE and Molprobity (Lovell et al.,
2003). 3D structures of the proteins and
protein-calcium complex were visualized
with Chimera (Pettersen et al., 2004). For an

at-a-glance overview of the modeled
protein, PDBsum (Laskowski, 2009) web
server (http://www.ebi.ac.uk/pdbsum/)
was used. To analyze protein flexibility,

Flexserv (Camps et al, 2009) server
(http://mmb. pcb.ub.es/FlexServ/) was
employed. To predict the interacting

surfaces of SYT1 protein, POLYVIEW-3D
(Porollo and Meller, 2007) server
(http:/ /polyview.cchmc.org/ polyview3d.
html) was employed.

Results and Discussion

Physico-chemical and structural features
The physico-chemical properties of the
SYT1 from Arabidopsis were predicted using
ProtParam (http:/ /expasy.org/cgi-bin/
protparam) and the results are shown in
table 1.

Table 1: ProtParam table showing different physicochemical properties of SYT1 protein

Parameters Value Explanation
pl 7.18 Indicates that the protein is slightly basic.
Total number of negatively 73 Total number of negatively charged residues is
charged residues (Asp + Glu) equal to the total number of positively charged
Total number of positively 73 residues. This indicates that the protein have
charged residues (Arg + Lys) extracellular portions.
The instability index (II) 34.24 This classifies the protein as stable.
Aliphatic index 91.98 Indicates that this globular protein is
thermostable.
Grand average of 0.256 A negative GRAVY score indicates that the
hydropathicity (GRAVY) ) protein is hydrophilic.
The most frequent amino acids present in  proteins to form disulfide bridges

the sequence were found to be both leucine
and lysine (52 residues each, 9.6%) and the
least frequent was cystine (4 residues,
0.7%). Leucine has strong helical-forming
power (Chou and Fasman, 1973). Thus,
leucine may help the formation of helices in
this protein. Lysine, on the other hand, can
be modified by acetylation, methylation,
ubiquitination, sumoylation, neddylation,
biotinylation, pupylation and carboxylation
which have a propensity to modify protein
function (Sadoul et al., 2008). Thus, in SYT1
of A. thaliana, leuine and lysine appear to
contribute in the structural and functional
aspects, respectively. Cysteines are over-
represented in nonflexible regions of the
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(Schlessinger and Rost, 2005). As the SYT1
protein has only four cysteins, it appears to
have flexible regions. The total number of
negatively charged residues (Asp + Glu)
and the total number of positively charged
residues (Arg + Lys) were equal (73). This
indicates that the protein has an
extracellular portion because intracellular
proteins have higher fraction of negatively
charged residues (Cedano et al., 1997). The
intended isoelectric point (pl) is helpful for
the fact that at isoelectric point, there is
least solubility and the mobility in an
electric field is zero. Isoelectric point (pl) is
that pH at which the surface of a protein is
covered with charge although net charge of
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the protein is zero. The calculated
isoelectric point (pl) was computed to be
718 which indicate that the protein is
slightly basic. Schwartz et al. (2001)
reported that integral membrane proteins
usually have high pl values. The slightly
basic nature of this protein, thus, indicates
that the protein is membrane attached. It
also appeared that lysine (which is one of
the two most frequent amino acids in this
protein) contributes the basic nature of
SYT1 of this study. The high aliphatic index
(91.98) indicates that this protein is stable
for a broad range of temperature range. The
instability index (34.24) also provides the
evidence that the protein in stable. The
Grand Average of Hydropathicity
(GRAVY) value was negative (-0.256) which
indicates better interaction of this protein
with the surrounding water molecules.

Table 2 presents the results of secondary
structure prediction analysis by SOPMA
from which it is clear that random coil is
predominant (42.33%), followed by alpha
helix (31.24%) and extended strand
(23.48%). SOPMA also predicted the
presence of Beta turn (2.96%).

Table 2: Secondary structure of SYT1 as
predicted by SOPMA

Number | Percentage

Parameters of amino of amino

acids acids
Alpha helix (Hh) 169 31.24
310 helix (Gg) 0 0.00
Pi helix (Ii) 0 0.00
Beta bridge (Bb) 0 0.00
Extended strand (Ee) 127 23.48
Beta turn (Tt) 16 2.96
Bend region (Ss) 0 0.00
Random coil (Cc) 229 42.33
Ambigous states 0 0.00
Other states 0 0.00

Presence of random coils or more
specifically coils adds flexibility to the
protein  structure  (Buxbaum, 2007).
Flexibility is very important for protein

function and the changes in protein
structure can be remarkable during
interactions with its binding partners
(Teilum et al., 2009). Additionally, Sharmin
et al. (2011) reported that random coils have
some relationships with dehydration
response. Qu et al. (1998) reported that
random coils are contracted by osmolytes
which leads to decrease of conformational
entropy and subsequent stabilization of
protein folding. Considering all these, it
appears that random coil regions of SYT1
protein from A. thaliana play a pivotal role
in interaction with other proteins which is
essential to combat stress situations.

Domains and motifs
The Motif scan tool identified several
phosphorylation sites (table 3). These
include one cAMP - and cGMP-dependent
protein kinase phosphorylation site, six
Caesin kinase II phosphorylation sites, six
N-myristoylation sites, six Protein kinase C
phosphorylation sites and one tyrosine
kinase phosphorylation site. Previously,
Hilfiker et al. (1999) showed in animal
systems  that synaptotagmins  were
phosphorylated by  Ca?*/calmodulin-
dependent protein kinase II (CaMKII),
protein kinase C (PKC), and casein kinase
II. They also suggested that the regulation
of neurotransmitter release in animals was
possibly contributed by the phosphory-
lation of synaptotagmin I by CaMKII and
PKC. The presence of many phosphory-
lation sites in SYT1 of present study
indicates that SYT1 is heavily regulated.
N-terminal myristoylation plays a
crucial function in signal transduction and
membrane targeting in plants in responses
to environmental stress conditions (Podell
and Gribskov, 2004). These myristoylation
events influence the conformational
stability of a protein as well as their
interacting capability with membranes or
the hydrophobic domains of other proteins
(Zheng et al., 1993; Resh 1999; Olsen and
Kaarsholm, 2000). If an attached myristic
acid (Ci4 saturated fatty acid) is placed on
protein's surface, it can tether the modified
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protein to any membrane system of the cell
which ultimately increases the chance to
interact with other proteins (Podell and
Gribskov, 2004). Two myristoylation sites
were positioned in tandem within the
transmembrane region (Glyl4-Leul9 and
Gly20-Tyr25) which indicates its role in the
interaction with the membrane. All other
myristoylation sites form some part of the
surface of the SYT1 protein indicating that
they help to interact with other proteins.
Previously, Kang et al. (2004) showed the
presence of palmitoylation sites in animal
synaptotagmin I and palmitoylation i.e.
attachment of palmitic acid (Cis saturated
fatty acid) is important to  sort
synaptotagmin I to the intracellular
vesicular pool at presynaptic contacts. From
these observations, it is clear that protein
modification  involving  addition  of
hydrophobic groups (myristic acid and
palmitic acid) is important for proper
functioning of synaptotagmin I. It is also
noteworthy that the cAMP - and ¢cGMP-
dependent protein kinase phosphorylation

site, the tyrosine kinase phosphorylation
site as well as two N-myristoylation sites
and four Protein kinase C phosphorylation
sites contain lysine residues indicating the
role of lysine in SYT1 protein function.

Protein disorder

The total intrinsic disorder as detected by
PrDOS shows total disordered amino acid
residues were 23 (4.25%). However, they
were spread over the protein in 3 regions
(figure 1). The longest disordered region
was spread from Met398 to Glu413.
However, the C2 domains were not
disordered. This shows that the C2 domains
are structured which may be important for
binding with calcium ion. Disordered
regions differ considerably from the well-
structured regions of a protein (Wright and
Dyson, 1999). These disordered regions
play significant roles in protein interaction
(Patil and Nakamura, 2006). From these
results, it seems that these disordered
regions interact with other proteins with
novel properties.

Table 3: Motifs identified with Motif Scan

Motif information No. of sites Amino acid residues
CAMP.- and cGMP—depen('ient Protem 1 297-300
kinase phosphorylation site
Casein kinase II phosphorylation site 6 43-46,198-201, 317—32‘1(;’1?) 29-332,394-397, 428-
N-myristoylation site 6 14-19, 20-25, 162-167, 208-213, 370-375, 414-419
Protein kinase C phosphorylation site 6 92-94,181-183, 296_218§1300_302’ 317-319, 489-
Tyrosine kinase phosphorylation site 1 383-390
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Figure 1: Disordered regions of the SYT1 protein. a.

schematic diagram of disorder over the entire

sequence; b. Disordered portions of the protein in the three dimensional structure. Disordered

regions are shown in blue.
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Localization of the protein

TargetP score (0.989) was the highest for SP
(a signal peptide) and the Loc (prediction of
localization) indicated that the protein is
guided through a secretary pathway to the
membrane. TargetP also predicted that the
protein has a 24 amino acid long signal
peptide. TMHMM predicted that the
protein has a transmembrane domain
(residue 7-29). The pl value (table 1) also
indicates the protein is membrane localized.
All these indicate that the protein is
localized in the plasma membrane by a
short  transmembrane  domain. The
topology of the protein as generated by
TOPO?2 server is shown in figure 2.

Extracellular

Cytoplasm

Figure 2: Topological structure of SYT1 as
drawn by TOPO2 tool. Transmembrane region
is shown in orange, C2domains are shown in
green and disordered regions are shown in
blue.
Homology and  model
evaluation

Preliminary template search with HHpred
and BLAST (both BLASTP and PHI-BLAST)
against PDB database resulted several

templates aligned with the C-terminal

modeling

15

region of SYT1, but not the N-terminal
region. Thus, I-TASSER tool was employed
for model generation as it incorporates
multiple templates for model generation. I-
TASSER generated several models almost
spanning the whole length of the protein as
it used multiple templates.

The models generated by I-TASSER
were considered for further quality
assessment studies. Among the several
models generated by I-TASSER, ‘Model 1’
possessed the highest C-score of -1.54 and
thus, was selected for further analyses. C-
score is a confidence score provided by the
I-TASSER server which estimates the
quality of the predicted structure. C-score is
defined based on the quality of the
threading alignments and the convergence
of the I-TASSER’s structural assembly
refinement simulations. The model showed
TM-scores (template modeling scores)
ranged from 0.500-0.833, indicating largely
correct topology for the modeled structure.
The normalized Z-score for each alignment
(between the target and a given template)
indicates the significance of the alignment
compared to the average. Z-score greater
than 1 signifies confident alignment. The
model of SYT1 showed Z-scores ranging
from 1.20 - 4.59, indicating the confidence of
the alignments between the target and
templates.

Besides the quality assessment measures
taken by I-TASSER, other assessments were
also performed. The stereochemical quality
of the modeled protein was analyzed by
PROCHECK and RAMPAGE. It was found
by PROCHECK that the phi/psi angles of
72.7% residues fell in the most favored
regions. Only 4.3% of the residues fell in
disallowed region. RAMPAGE, however,
showed that 80.3% residues fell in favoured
region (figure 3). The stereochemical
quality of the structure was also evaluated
with the help of Molprobity by calculating
phi and psi torsion angles, backbone bond
lengths and backbone bond angles.
Molprobity provides a clashscore as a result
of an all-atom contact analysis, performed
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after adding the hydrogen atoms to the
structure. When non-donor acceptor atoms
overlap by more than 0.4A, at least one of
the two atoms must be modeled incorrectly.
A clash at this location is noted and
incorporated into the clashscore. Clash

score is simply the number of clashes per
1000 atoms. The modeled SYT1 showed a
clashscore of 134.65 which is quite low.
These results showed that the modeled
structure was of good quality.
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Figure 3: Ramachandran plot of SYT1 homology model as shown by RAMPAGE

Tertiary structure of SYT1 protein

The tertiary structure of SYT1 is shown in
figure 4. This showed the presence of 7
helices and 19 strands (which formed 7
sheets) and 12 beta hairpins. The topology
(figure 5) showed that the N-terminal part
is primarily consisted of alpha helices,
while the C-terminal portion was made
primarily of beta sheets. The C2A domain
contains three beta sheets and one alpha
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helix and the C2B domain contains four
beta sheets and one alpha helix. TMHMM
predicted  residues 729  to  Dbe
transmembrane. The region is mainly
comprised of alpha helix as expected for a
transmembrane region. The C2 domain is a
Ca-binding protein structural domain
which is approximately 130-145 amino
acids long and found in various membrane-
associated signaling proteins in a large
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number of organisms (Nalefski and Falke,
1996). These proteins mediate a broad array
of crucial intracellular processes including
membrane trafficking, the generation of
lipid second messengers, activation of
GTPases and the control of protein
phosphorylation. Although the function o
the C2 domain in several proteins is not
known, it is considered that Ca2*
neutralizes negatively charged residues in
the loop regions of the C2 domain and
permits its interaction with phospholipids
in the membrane which leads to trafficking
(Rizo and Sudhof, 1998).

Figure 4: Three-dimensional model of SYT1.
C2A and C2B are shown in blue and purple
respectively. Transmembrane region is shown
in orange.

Figure 5: Topology of three-dimensional model of SYT1 as predicted by PDBsum. Helices and
sheets are shown in red and pink, respectively. Helices and sheets which are part of C2 domains

are shown in yellow and green, respectively.

Investigation of molecular flexibility by
means of coarse-grained protein dynamics
(Camps et al., 2009) identified three major
regions as  flexible. A  graphical
representation of the B factor, which reflects
spatial uncertainty, for different residues of
the SYT1 is shown in figure 6. The extreme
C-terminal residues are flexible. Part of the
transmembrane region and the loop region
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of C2B region was found to be flexible.
Flexibility of the transmembrane region is
expected as the bulk portion of the protein
is outside the membrane and it moves
around the transmembrane region. The
loop region of the C2B region do not form
any rigid structure in the protein, flexibility
is also expected for this region.
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Figure 6: Flexibility of SYT1. a. Flexibility to rigidity is shown in a gradient of red to white in the
3D model; b. Flexibility is indicated by peaks; c. Flexibility is indicated in a red white gradient

over the entire sequence.

Figure 7: Surface electrostatic potential of SYT1. Red portions are electronegative and blue
portions are electropositive. White portions are neutral.

The distribution of electrostatic potentials
(figure 7) showed that the transmembrane
region is neutral, which is expected as this
region interacts with lipid bilayer.
However, the C2A and C2B regions were
primarily positively charged. It is also
notable that the highly flexible region of the
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protein had either positive or negative
electrostatic potentials. The presence of
charged residues in the loop regions of high
flexibility in the C2B strongly suggests their
involvement in dynamic charge-mediated
interactions with other molecules. The
prediction of interacting surfaces predicted
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by POLYVIEW3D also showed that the
positively charged loop region of C2B is
highly interacting (figure 8). POLYVIEW3D
predicted several interacting residues of
which 18 and 19 residues fall in C2A and
C2B regions, respectively. This shows that
C2 domains are important for interacting
with other macromolecules. The
transmembrane region is largely interacting
as it is placed into the lipid bilayer.

Figure 8: Interacting surface areas of SYTI.
Interacting residues are shown in red.

Interaction with the Ca?* ion

The results of I-TASSER indicate that the
calcium ion binding sites are Asp282,
Lys286, Thr299, Val301 and His303. These
residues were identified for docking on the
basis of the structural alignment of 3HXA
(Crystal structure of Pseudomonas aeruginosa
PilY1l C-terminal domain). The Ca?* was
docked with modeled SYT1 protein by I-
TASSER server. The Ligplot (Wallace et al.,
1996) of the complex as shown by PDBSum
showed that the calcium ion interacts with
Phe284, Thr300 and Lys302.

The three dimensional positioning
of the amino acids around the calcium ion
and the Ligplot are shown in the figure 9.
The interaction between the protein and the
calcium ion proposed in this study are
useful for understanding the potential
mechanism of protein and substrate
binding. It is widely recognized that
hydrogen bonds play an important role for
the functioning of biological
macromolecules. The binding mode of Ca2*
as predicted by I-TASSER indicates that
Phe284, Thr300 and Lys302 are important
for interaction with Ca2*. As these three
amino acids interact with the calcium ion,
others are responsible for the formation of
binding pocket of the protein.

Lys 302(A)
: o

Thr 300(A)
AT

b

Figure 9: Interaction of Calcium ion with the SYT1 protein. a. Three-dimensional orientation of
active site residues surrounding Ca?* ion; b. Ligplot of SYT1 complexed with Ca?*.
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Thus, the present study showed that

a. the SYT1 protein is a membrane
localized protein
it is part of one or more signal
transduction cascades as it has
several phosphorylation sites and its
surface is highly interacting
c. it is highly structured as shown by
flexibility and disorder studies
C2A mainly acts by the binding of
calcium ion while C2B probably acts
by interaction of other proteins.
In conclusion, this study is a starting point
intended to guide laboratory experiments
related with the biochemical properties and
function of SYT1 protein from Arabidopsis
thaliana. Further characterization is needed
for revealing its role in various
physiological processes of Arabidopsis.

b.
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