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Abstract

aspects of this protein family.
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Background: Among the diverse roles of the Type Il secretion-system (T3SS), one of the notable functions is that it
serves as unique nano machineries in gram-negative bacteria that facilitate the translocation of effector proteins
from bacteria into their host. These effector proteins serve as potential targets to control the pathogenicity
conferred to the bacteria. Despite being ideal choices to disrupt bacterial systems, it has been quite an ordeal in
the recent times to experimentally reveal and establish a concrete sequence-structure-function relationship for
these effector proteins. This work focuses on the disease-causing spectrum of an effector protein, HopS2 secreted
by the phytopathogen Pseudomonas syringae pv. tomato DC3000.

Results: The study addresses the structural attributes of HopS2 via a bioinformatics approach to by-pass some of
the experimental shortcomings resulting in mining some critical regions in the effector protein. We have elucidated
the functionally important regions of HopS2 with the assistance of sequence and structural analyses. The sequence
based data supports the presence of important regions in HopS2 that are present in the other functional parts of
Hop family proteins. Furthermore, these regions have been validated by an ab-initio structure prediction of the
protein followed by 100 ns long molecular dynamics (MD) simulation. The assessment of these secondary structural
regions has revealed the stability and importance of these regions in the protein structure.

Conclusions: The analysis has provided insights on important functional regions that may be vital to the effector
functioning. In dearth of ample experimental evidence, such a bioinformatics approach has helped in the revelation
of a few structural regions which will aid in future experiments to attain and evaluate the structural and functional

Background

Type III secretion systems (T3SS) are specialized mo-
lecular apparatus found in gram negative bacteria
which facilitate the direct injection of effector proteins
into their respective animal or plant hosts [1]. These ef-
fectors display a variety of pathogenic mechanisms to
take over the host machinery. The secretion systems
also promote commensal or mutualistic interactions
with invertebrate hosts. The molecular machinery of
T3SS spans across the two layers of the bacterial mem-
brane and helps in the extracellular adhesion of the
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bacteria to their respective hosts via a large extracellu-
lar appendage, known as ‘needle’ (animal pathogens) or
‘pilus’ (plant pathogens) [2—5]. The system serves as a
pathway to dispense a class of proteins which are classi-
fied into two different classes. The first class known as
“effectors” are released into the cytosol of the host
while the other are called “translocator” or “helpers”
that help in the release and function of the effectors
[2, 3, 5].

Pseudomonas syringae pathovar tomato (Pst) strain,
DC3000, is one such gram negative phyto-pathogen af-
fecting tomato and Arabidopsis (in laboratory condi-
tions). It is used as a model for exploration of the T3SS
effector repository and the mechanism by which they
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operate in the biotrophic pathogenesis [6]. A set of 20
genes is required to encode the effectors and another
set of genes for the T3SS in P. syringae. The avirulence
(avr) and Hrp dependent outer protein (hop) genes
encode the Avr and Hop proteins respectively, while
the Hrp (HR and pathogenicity) and hr¢ (HR and
conserved) genes encode the T3SS pathway [7, 8]. The
activation of these effector proteins are regulated by the
HrpL alternative sigma factor [9].

The host plant cells display a two-layered defence
mechanism against these effector proteins (Hop or Avr)
which also streamline the functioning of the effector
proteins accordingly. The first line of defence against
pathogens is the MAMP-triggered immunity (MTI)
which involves the recognition of conserved Microbe-
Associated Molecular Patterns (MAMPs) by pattern-
recognition receptors (PRRs), which are located on the
cell surface [10, 11]. The effectors’ function is mainly
directed towards suppressing this MAMP-triggered im-
munity to favour pathogen survival and proliferation.
The second line of immunity in plants includes the
recognition of effectors by a special set of nucleotide-
binding site leucine-rich repeat (NB-LRR) proteins
which cause an Effector-Triggered Immunity (ETI)
initiating a localized programmed cell death called
hypersensitivity response (HR) [10, 12].

The transport mechanism of effectors through the se-
cretion system still remains elusive. It is reported that
the translocation of effector from plant pathogens
through the T3SS is assisted by a signalling information
that resides in the N-terminal sequence in effector pro-
teins [7, 8]. However, there are no conserved domains
reported for this N-terminal signalling region. Signifi-
cantly, these regions have some salient features such as
a hydrophobic amino acid at 3rd or 4th position, ab-
sence of negatively charged amino acids in the first 12
positions, and a compositional favour for serine and
proline in the first 50 positions [13, 14]. A second type
of signalling is assisted by type three chaperones in a
manner conducive to the effective translocation of a
few Hop effector proteins. These are also known as spe-
cific hop chaperones (shc). They are small (15-20 kDa),
acidic and soluble [15] proteins preventing the cyto-
plasmic proteolysis and the premature aggregation of
the effector proteins. In addition to protection, they
also serve as “secretion pilots” to direct the effective
translocation of the effectors through T3SS [16].

As previously mentioned, the known effector proteins
do not have any conserved domain among their se-
quences [10] however, there are some amino acid
trends which have been used in categorization as hop
or avr family proteins of P. syringae. The reported
trends include a higher serine composition, presence of
an aliphatic amino acid (Ile, Leu, or Val) or Pro at the
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third or fourth position and absence of negatively
charged amino acids in the N-terminal region [17].
However, the contribution of these features to the pro-
tein function needs to be further explored. In addition
to the sequential information, some regions are identi-
fied with structural relevance. Few such evident regions
are a beta motif and a probable a-helix, that assists in
chaperone-effector interactions [18].

The study of effector protein family becomes a de-
manding task owing to the fact that the sequence simi-
larity of these proteins is in the twilight zone. However,
the availability of a few partially solved experimental
structures of effectors has shed some light on the struc-
tural attributes of these proteins [19-24]. In addition to
this, some structures have provided evidence on the
effector-chaperone interactions. For instance, the ana-
lysis of the crystal structure of HopAl-shcA complex
[21] of P. syringae DC3000 gives some primary features
of the effector-chaperone interaction. A vital structural
element namely B-motif in the effector engages with a
hydrophobic patch residing in the chaperone. The
B-motif is also found to be responsible for the overall
stability of the complex [21]. The available effector
structures provide ambiguous details about this protein
family which lacks a complete overview. The structures
share very less similarity and they cannot be used to
predict the structure of other family members.

Experimental formulation and determination of pro-
tein structure has continued to be an indispensable
field of structural biology. With the advent of state of
art high performance computing these studies are now
assisted by the various computational efforts to model
structures for proteins. An interesting aspect is the im-
plementation of knowledge based potentials to model
proteins. These potentials are based on the amino acid
interaction and its frequency of occurrence [25]. In pre-
vious studies, knowledge based potentials have been de-
rived for amino-acids interactions in both globular and
membrane proteins which can be used to model pro-
teins [26, 27]. Homology modelling is one such
knowledge-based approach in which the known struc-
tures are used as templates to obtain a model structure
for sequences whose structures are not available.
Whereas it is still a challenging task to predict the
structure in absence of sequence similarity between the
template and target sequences. It has been shown that
some protein families do not possess similar structures
despite having a considerable sequence similarity and
performing a similar function. Such aspects are a
subject of significant assessment. Molecular dynamics
approach is one such technique which in blend with
modelling techniques helps to understand the time
based functioning of proteins as well as protein-ligand
complexes [28-31]. The technique also finds use in
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evaluating stability of modelled structures in a way to
reveal the dynamics and functional attributes [32-34].

In this work, we have implemented an approach to
recognize the structurally and functionally important
regions by using different computational techniques
such as ab-initio structure prediction, molecular dy-
namics simulation, and hydrogen bond pattern recogni-
tion. The method is applied on one such effector
protein, HopS2 of P. syringae DC3000. This protein has
a considerably strong HR suppression activity in its
host [35]. A cognate chaperone shcS2 has also been re-
ported for the efficient functioning of HopS2 [35]. The
sequence based analysis has been done with an object-
ive to highlight some salient features in terms of amino
acid composition and presence of important regions in
the selected protein. Subsequently, in order to furnish
structural details for the protein, we have modelled
HopS2 structure by two web servers and subjected each
selected model for 100ns long molecular dynamics
simulations. It is observed that the regions listed from
the preliminary sequence analysis are consistent during
simulation and verify the importance of these regions
from a structural standpoint. The elaborate under-
standing of these regions as functional attributes how-
ever remains a subject to experimental methods and
may be used to obtain the HopS2 native structure.

Results

Sequence analysis of hop proteins

The physicochemical properties evaluated from the
HopS2 protein sequence are tabulated in the
Additional file 1: Table S1. A preliminary analysis of the
HopS2 protein and 39 other current members of the
Hop protein family do not show any conserved domain
in this family, which is well reported previously. None-
theless they are a part of the same effector repertoire
and cause virulence [36]. Despite a decade of structural
analysis for these effector proteins, there is trivial infor-
mation that has evolved to shed significant light on
these effector proteins. Most of these attempts fail at
the hands of the presence of disordered regions present
in these proteins [37, 38]. We have mentioned here the
disordered content in HopS2 predicted from PrDOS
[39] (Fig. 1). About 20% of the protein is disordered
from both the N- and C- terminals, which leaves us
only a probable structured region with possible
chaperone interactions. Such disordered regions are
also evident from previously solved X-ray structures of
other effectors with most of the disorder prevailing in
the N- terminal region of these proteins [15, 40, 41]. In
such a scenario, any reasonable information for these
proteins gathered a priori can be of considerable rele-
vance. In light of such experimental limitations, we
present here a few regions in HopS2 that can help to
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Fig. 1 Disorder prediction by PrDOS server for HopS2

determine the structure of the protein. Phylogenetic
analysis (data shown in Additional file 2, Figure S1)
represents the relationships among the sequences which
depicts that except for a few, most of the Hops are dis-
tantly related. An account of the differences in amino
acids composition in HopS2 with respect to other Hop
proteins is explained in supplemental file ( Additional file 3:
Figure S2).

Identification of important secondary structure regions

The experimental structure of one of the plant
chaperone-effector complexes, HopAl-shcAl, reveals
two key secondary structure regions that contribute to
the relevant effector-chaperone interaction; the first
one involves a beta motif that forms an anti-parallel
beta sheet while the second one is a chaperone binding
helix which inserts into the helix binding groove of the
chaperone for interaction [21]. Therefore, the appear-
ance of these vital regions in our modelled structures
will help in identifying the significant structural parts
contributing to the effector-chaperone interactions in
HopS2. In addition to these regions, a third helical
region may also be involved in chaperone interaction.

Evaluation of B-motif regions in HopS2

In order to analyze the presence of these motifs in
HopS2 we have initially performed a sequence based
analysis. Previously, Lilic et al [15] had performed a
multiple sequence alignment of a set of effector pro-
teins and conclusively established probable B-motif re-
gions in both plant and animal effector proteins. Some
of these effectors have also shown the identified motif
in their crystal structures. This directed our study to-
wards aligning the available HopAl and HopS2
sequence with reference to the available multiple se-
quence alignment data. Simultaneously, we have also
retrieved six experimental structures that exhibit the
corresponding chaperone-effector interaction regions;
the data is enlisted in Table 1. Figure 2a represents that
after alignment, the probable beta motif for HopS2
sequence spans residues 46 to 70. The beta motif
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Table 1 Key secondary structure regions from known effector
structures

Protein name PDB ID B-motif Helix 1 Helix-2
HopA1 4G6T [21] 37-41 52-67 -

SipA 2FM8 [15] 27-34 - -

YopE 1L2W [68] 23-34 38-46 68-78
YopH 4GF3 [69] 36-46 60-69 -

SptP 1JYO [70] 45-53 78-90 130-137
EspA 1X0U [71] - 31-59 -

residues of HopS2 that align with the rest are repre-
sented by the asterisk. All the alignments have been
viewed in Jalview [42]. It is to be noted that the avail-
able PDB structures are not solved for complete se-
quences which limits our analysis to evidently perform
full length analysis for HopS2. However, reasonable evi-
dence from literature regarding the position of the
chaperone-binding motifs has encouraged us to deter-
mine the same for HopS2.

Evaluation of chaperone-binding helical regions in HopS2

A similar alignment analysis has also been performed
for the alpha helical region. The information for one of
the a-helices has been retrieved from Guo et al [17],
where the authors had suggested residues 82-111 of
HopS2 to be a-helical and amphipathic regions that
may be consistent to interact with type three secretion
chaperones. The corresponding a-helical regions in
other effector proteins have been retrieved from PDB
structures which are consistently reported to be essen-
tially involved in the chaperone binding interactions.
The alignment has helped us to identify the region 80—
90 of HopS2 having some amino acid features (Fig. 2b)
similar to the functionally essential regions from the
known protein structures.

E--[L:GNYSVAAS-VHGLSV--70

aHopsz 46-————- sAlAVS
- JTRAADDETTSV-L-—————- 50

HopAl 31------ EVDGKR

SipA 17--QTEIKTQATN

YopE 17 ---VSGSSEVGE| QQTS === mmmmmmmmm 34
YopH 31-VAANKETFQ FIGARE-———————————— 50
SptP 35--TDKAYVA:EK LTELGKM LFKNTEV----64
ExoU 30--SLRQE JGQGLGVALKE (- GILSGKL/{ESVS---60

* kX

HopS2  80-----—- SNVLFNQ---AL-AL--—--———-- 90
HopAl  52-PEQQSKAKSFF-K-G-ASQ-——----———-—— 68
YopE 38-—-QY-ANNLA--GR-—————————— 46
YopH 60---LS——-HVAN———-IV--LT--———————- 69
SptP 78-————— KILQT---FLHALT-EK———————— 90
EsPA 30---—- DVIDLENKLG-VFQAAIL--MFAYM--51

Fig. 2 Multiple Sequence Alignment (MSA) of HopS2 a 3-motif
region (46-70) with known structural motif in other organisms. b
Helix 1 (80-90) with known helical regions of the PDB structures
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Model prediction and validation of HopS2

We initially performed modelling of the target protein
by homology modelling servers like Swiss model and
Phyre 2.0 which could not predict the structure for the
entire sequence. The results are enclosed in the
Additional file 4: Table S2. Due to the low sequence
coverage in the modelled structures, we preferred ab-i-
nito modelling by servers Bhageerath and Robetta that
yielded 10 full length models (five from each), as shown
in Additional file 5: Figure S3 (A-B). The validation of
the steric quality of the models is done by Ramachan-
dran Plot. The percentage of amino acids in the allowed
region is approximately 80% in all the generated
models. Additionally, a comparative study between
these model structures has been done by the structural
superimpositions to reveal and remove identical or very
similar structures from the dataset (Additional file 6:
Table S3). This will help us in streamlining our study
towards structurally unique models only.

In case of Robetta, out of five predicted models, two
are found to be identical (models R4 and R5). Hence,
the remaining four Robetta models, R1, R2, R3 and R4
are selected. For Bhageerath, the RMSD between
models Bl & B3 is 0.5 A. Hence models B2, B3, B4 and
B5 have been chosen for further evaluation. This gives
altogether eight models (R1, R2, R3, R4, B2, B3, B4 and
B5) with different RMSD values (>1A) with approxi-
mately 90% of amino acids in favoured and allowed re-
gions of Ramachandran plot (Additional file 7: Table S4).

The essential regions (beta motif and helices) recog-
nised from the aforementioned sequence analysis
have been checked in the modelled structures through
secondary structure alignment using the STRIDE algo-
rithm, shown in Table 2. This alignment of the mod-
elled structures helped in identifying that majority of
the models consists of the identified essential regions.
This validates the occurrence of the selected secondary
structural regions in HopS2 models. These local regions
may be the probable binding region for its cognate
chaperone shcS2 [35]. In addition to the secondary
structural regions, the study has also helped in identify-
ing a few probable beta motif residues that are
prospective to interact with shcS2. Residues 52Y, 54L,
57G and others pertaining around this region of the se-
quence are predicted to be important for effector inter-
actions with the cognate chaperone. The stability of
these regions has been investigated by the MD simula-
tion of the complete model structures.

Molecular dynamic simulation

100 ns long simulations are performed on each of the pre-
ferred eight models in order to attain a better understand-
ing of the protein structure and function. The simulation
results are discussed in the following subsections.
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Table 2 STRIDE 2D- alignment to verify the presence of the predicted secondary structure in the entire eight models. The selected

amino acid regions are marked in bold and underlined

Models | 1 30 60 90
R1 CCCCCCCHHHHHHHHHHHCCCCHHHHHHHHHHHHHHCCCCHHHHHHCCCCEEEEEECCCCEEEEEECCCCCCCCCCCHHHHHHHHHHHHH
R2 CCCCCCHHHHHHHHHHHHCCCCHHHHHHHHHHHCCCCCCCCCCHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHHHHEH
R3 CCCCCCCHHHHHHHHHHHCCCCHHHHHHHHHHHHHHCCCCHHHHHHCCCCEEEEEECCCCEEEEEECCCCCCCCCCCHHHHHHHHHHHHH
R4 CCCCCCCHHHHHHHHHHCCCCCHHHHHHHHHHHHHHCCCCCCCHHHHHHEEEEEEEECCEEEEEEEECCCCCCCHHHHHHHHHHHHHHHH
B2 CCCCCCCCCCCCeeeeeeceeceececeeceeceeceeceeeeeeecretleeCClCCCCCCCcCCCCCCCCCCCCCCCHHHHHHHHHEEH
B3 CCCHHHHHHCHHHHHHHHCCCCECCECCCEEEEECCCHHHCCCCCEECCCCECECCCCCCCCCCEHHHHHCCCCEEEEECCCCCCCCCCC
B4 CCCCECCECCCEEEEECCCCCCCCCCCCCCCCHHHHHHHHHHHHHCCCCECCEECCCCCCCCCCCCCCCCCCCCHHHHHHHHEHEHHHHH
BS CCCCCCCCCCCEEEEECCCCCCCCCCCCCCCCHHHHHHHHHHHHHCCCCEEEEECCCCCCCCHHHHHCCCCCCCHHHHHHHHEHEHHHHH

91 120 150 177
R1 HHHHHHHHHCCHHHHCCHHHHHHCCCHHHHHHHCCCHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCHHHHHHHHHHHC
R2 HHHHHCCCCCCHHHHCCCCHHHHHHHHHHHHHHCCCCCCHHHHHCCHHHHHHHHHHHHHHHHHHCCCCCHHHHHHHHHHHHHHHHHH
R3 HHHHHHHHHCCHHHHCCHHHHHHCCCHHHHHHHCCCHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCHHHHHHHHHHHC
R4 HHHHHHHHCCCHHHCCCHHHHHHCCCHHHCCCCCCCHHHHHHHHHHHHHHHHCCHHHHHHHCCCCCCCCCCCCCCHHHHHHHHHHHC
B2 HCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHCCCCCCCHHHHHHHEHHHCCCCCCCCCCCCCccccceeeecccccecee
B3 HHHHHHHHCCCCCCCCCCEECCCCHHHHHHCEECCHHHHCCCEECCEEEEEECCEECCCCCCEEECCCCCCCCCCCCCCCCHHHCCC
B4 CCCCEEEEEEECHHHHHHHHHHHCCCHHHCCCEEEEEEECCCCCCCCCCCCCCCCCEEEECCCCCCHHHHHHHHHHHHHHHHHHCCC
B5 HCCCEEEEEEEEHHHHHHHHHHHHCCHHHHHHEEEEEEEEECCCCCCCCCCCCCCCEEEECCCCCHHHHHHCHHHHHHHHHHHHHCC

Trajectory analysis

The trajectories from the simulations are subjected to
various analyses using available tools in the Gromacs
package. The deviation of the models from their initial
states during simulation can be evaluated using the root
mean square deviation (RMSD). A higher RMSD indi-
cates that the structure is still flexible and yet to
stabilize. Comparison of the compactness of the models
is done by calculating the corresponding radius of gyr-
ation (Rg) for each trajectory. A decreasing Rg generally
implies that the structure is becoming more compact
during the course of simulation.

The RMSD is calculated for the modelled structures
during the simulation as depicted in Fig. 3a. All the
models from both the servers have attained RMSDs be-
tween a minimum and a maximum of 0.2 and 1.2nm
respectively. Details of RMSD and Rg for eight trajec-
tories are explained in text along with the plot of Rg
(Figure S4) in Additional file 8. A varied degree of
RMSD may be accounted to the percentage disorder

that HopS2 is predicted to hold (seen from Fig. 1).
Fluctuations in the protein disordered regions, which
are seen mostly as loop regions contribute to high devi-
ations in the protein structure. A detailed analysis on
the trajectory highlighting the behaviour of these resi-
due regions is done by calculating the root mean square
fluctuation (RMSF). Figure 3b depicts that the span of
50-100 residues seem to be stable with least fluctua-
tions in the eight models altogether. This region mark-
edly corresponds to the identified helix and beta motif
region, with low probability of disorder stated by
PrDOS. The N-terminal region fluctuates in most of
the models owing to the greater RMSD. This is conclu-
sive of the fact that despite the overall flexibility con-
ferred to this protein, the local regions are stable
throughout the simulation, which is also seen by the
superimposition of these structural regions (Fig. 3c).

In order to present a clear picture of the spatial oc-
currence of the local regions identified in the previous
section, we have shown the conformations of each of
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the eight models at the end of 100 ns simulation (Fig. 4).
The relevant identified regions in Fig. 4 are coloured
separately, B-motif- blue; helix-1: green; helix-2: orange.
For a better view of the regions, the whole protein
structures are coloured in grey. The N-terminal fea-
tures a disordered signalling region for these effector
proteins. We have traced the predicted N-terminal dis-
ordered regions from PrDOS in the simulated models
(coloured in red) in an attempt to locate the signalling
region in HopS2.

The sole intention of modelling and simulating these
structures is to verify the presence of the identified re-
gions from sequence analysis with respect to time.
Figure 4 indicates that the models retain the probable
beta region in five out of eight models while the helix
(81-90) persists in six out of eight models, even after
the long simulation time of 100 ns. It is also observed
that five models represent the persistence of the previ-
ously identified regions altogether throughout the simula-
tion period. Among the available crystal structures
(Table 1), YopE and SptP represent the three secondary
structural regions responsible for chaperone binding.
Upon superposition of these structures with chaperone
binding domains of YopE and SptP experimental struc-
tures, it is evident that two models from Robetta (R1 and
R3) show closer tertiary organisation and lower pairwise
RMSDs suggestive of a probable tertiary organisation in
HopS2. The structural deviation observed for the models
with YopE is 0.286 A and 0.562 A for R1 and R3 respect-
ively. Similarly, the RMSD is 1.189 A and 1.260 A for R1
and R3 respectively upon superimposition with SptP.

Secondary structure and hydrogen bond analysis
DSSP has been aimed at attaining better structural in-
sights in HopS2. Propensities for helix and beta sheet

Fig. 4 Probable B-motif and the a-helical regions have been traced in each of the simulated models. The important regions are represented in
four different colours, viz, B-motif- blue; H1: green; C-terminal helix: orange; Predicted disordered regions: red
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secondary structures have been calculated separately
for all the eight simulations and plotted in eight differ-
ent panels in Fig. 5. In each of the panels, we emphasize
more on the consistency of secondary structure in the
three regions possibly important for chaperone inter-
action. The different regions are pointed (in black, or-
ange and blue) wherever they have occurred in the
trajectory. We infer from the plot that a higher prob-
ability for the beta motif region (Fig. 5) between resi-
dues 51-66 is observed in five simulations. A similar
trend is also observed for the helical (H1) region be-
tween 81 and 90 residue regions, where except for one
model the rest exhibit high probabilities towards a helix
formation. The probability for the C-terminal helical
(H2) occurrence between residues 165—177 is seen for
6 of the models.

The secondary structure of these regions is further
validated by analysing the H-bond pattern between the
main chain atoms in the course of simulation. It is
known that the Hydrogen bond pattern for helices is i
+4/i+3 for any residue i [43]. We aim at finding the
presence of such a pattern in our simulated models.
The total occurrence of hydrogen bonds between the
selected secondary structure regions throughout the
simulation is given in Table 3. The frequency of
H-bonds indicates the presence of helix in most of the
simulation time in all the models. Although the length
of helical region may be different in these models, the
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region still shows tendency to become helical along the
simulation time. This not only validates the DSSP
results but also suggests the occurrence of helices in
75-80% of frames. Similarly, the beta sheet occurs
throughout the simulation in five of the models, con-
verging with the DSSP results.

Essential dynamics

Here, we compared the stability of the identified re-
gions in the eight individual trajectories through a prin-
cipal component analysis (PCA). Only the Ca backbone
atoms are included to derive the covariance and the
principal components. Figure 6a-c displays the clusters
for each of these regions. We performed PCA in an at-
tempt to verify the stability of the structurally import-
ant elements; the trajectories which retain the regions
are marked in green, and the contrary is painted in
grey. It is seen earlier that the beta motif is retained in
five among eight trajectories (from Fig. 4). The motions
retrieved by the principal components in this region are
recorded in Fig. 6a. Here the green subspace is quite
well defined and corresponds to the models retaining
the stable structural component during the course of
simulation. A similar observation is accounted for the
helical region which is shown in Fig. 6b. Six of the tra-
jectories show a converged subspace as compared to
the rest of the models. On the contrary, the helix 2 is
not formed as clearly as the other regions. It is
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Table 3 Hydrogen Bond analysis for different selected regions
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Residue pairs (Beta motif) Occurrence (in %)

Residue pairs (H1)

Occurrence (in %) Residue pairs (H2) Occurrence (in %)

51-66 35 81-85
53-64 35 82-86
55-62 37 83-87
62-55 35 84-88
64-53 43 85-89
66-51 38 86-90

87-91

16 165-169 34
82 166-170 32
64 167-171 53
40 168-172 14
61 169-173 31
48 170-174 98
37 171-175 42

observed partially in three of the eight simulation tra-
jectories, the motions of which are shown in Fig. 6c¢.

Discussion

The Hop effector proteins are a family of virulent pro-
teins with very low sequence and structural similarity
among them. These proteins serve as efficient targets for
the study of their pathogenicity mechanisms by which
they take-over the host machinery. HopS2 is one such
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Fig. 6 PCA for B-sheet (51-66), H1 (80-90), H2 (165-175) are shown
in a, b and c respectively. The green and grey colours represent the
density of trajectories with/without identified secondary structures

effector protein which stimulates a hypersensitivity re-
sponse in affected plants and shares no apparent similar-
ity with any of its family proteins. The attempts to
obtain the structural information by experiments are not
very successful. In this study, we have made a computa-
tional attempt to understand such effector proteins, tak-
ing HopS2 as a model. Comparison of amino acid
composition reveals higher content of alanine, leucine
and serine in HopS2 with respect to the average com-
position of other Hop family proteins. While there is no
structural “fold” information in these proteins, the ex-
perimentally available effector proteins (both plant and
animal pathogens) reveal secondary structure regions
which are responsible for chaperone binding activity.
Here, we have found that such known local structures
are also reflected in the HopS2 sequence, which includes
helical and a beta-motif region. Sequence based ab-initio
structure prediction helped us to obtain 10 models from
2 web-servers. Eight unique models have been screened
out, and further subjected to MD simulation. There is
no structural convergence apparent in these models
which make it difficult to comment on the global struc-
ture of HopS2. Thus, it prompted us to find the persist-
ence of the ‘local secondary structures’ retrieved from
sequence analysis. Interestingly the simulations indicate
the stability of the above mentioned important second-
ary structural elements throughout the simulation. The
validation has been done with DSSP and H-bond pattern
analysis. As a result of preliminary sequence analysis and
long simulations, we report about the probable stretches
of residues vital to the effector protein structure and
interaction. This information may be experimentally
verified and further used in structural determination of
these proteins. Such an analysis can be used with other
members of the Hop protein family to provide introduc-
tory hints to the structure of these effector proteins
which otherwise are limited by experimental techniques.

Conclusion

MD simulation technique is a state of art computa-
tional technique that finds its way in analysis of atomis-
tic details of biological systems. The contribution of
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this theoretical work is to understand relevant and pos-
sible structural regions in dearth of available informa-
tion. Lack of experimental work/information on the
target protein HopS2 dispenses the fact that resolving
its structure has still been ineffective. In addition to
this, the characterization of effector proteins and their
structures needs meticulous attempts due to the pres-
ence of disordered regions that pose a great challenge
to determine a protein structure. In cases as these,
where the amount of information limits the knowledge
pertaining to the protein, we have attempted to identify
structural regions based on sequence and molecular dy-
namics. In an all-inclusive manner, we are reporting
here a method to search and cross verify the structur-
ally and functionally important regions for proteins that
have very less sequence/structure similarity with the ex-
perimentally known protein structures. We believe that
this report gives an initial idea about the structural
attributes of HopS2 protein which can be applied in
different experiments.

Methods

We intend to obtain structurally and functionally im-
portant structural fragments in the HopS2 protein due
to the absence of a crystallized structure. The sequence
analysis followed by ab-initio structure prediction and
validation has been done. Regions obtained have been
studied for their stability in the model structures by
long MD simulations under conditions of constant
temperature and pressure. In addition to this, these re-
gions are investigated by H-bonding pattern to identify
the occurrence of important secondary structures.

Sequence based insights of HopS2

Amino acid sequences of Hop proteins secreted by P.
syringae DC3000 have been retrieved from Uniprot data-
base [44] to perform a Multiple Sequence Alignment
(MSA) and phylogenetic analysis using Clustal omega
[45] and MEGA 5.0 [46] respectively. PrDOS has been
used to predict the disorder in the protein. Different
physicochemical parameters, such as molecular weight,
amino acid composition, aliphatic index, etc. of
HopS2 have been calculated by ProtParam server [47]. A
preliminary comparative study on the complete and the
N-terminal amino acid composition has been done for
the selected protein with the rest of the family members.

Identification of functional regions

In order to acquire knowledge on the functionally im-
portant regions of HopS2, we have performed a study
based on the sequences and structures of the known ef-
fector proteins. A repertoire of 1215 type III secretion
effectors from 221 pathogenic bacteria has been col-
lected from the Bacterial Effector Analyzer 2.0 (BEAN
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2.0) database [48]. A sequence search of these 1215 en-
tries against the Uniprot revealed 707 active sequences
while the rest being obsolete. Out of these 707, mere
counts of only 56 sequences possess structural details
in PDB. It is to be noted that none of these experimen-
tal structures show any significant similarity. Also due
to some disordered regions that prevail in these pro-
teins, most of the structures are not complete. The se-
quence length of these proteins intriguingly varies from
the smallest composition of 200 amino acids to the lar-
gest being up to ~ 1900 amino acids.

To enhance our understanding about the functional
attributes of HopS2, we have limited our study towards
analyzing only the chaperone bound effector structures
because HopS2 is also known to be functional in the
presence of a cognate chaperone. The BEAN database
enlists 61 such chaperone assisted hop protein se-
quences, amongst which 9 structures are available. It
has been previously reported that certain secondary
structural regions aid in chaperone-effector interactions
in both animal and plant pathogens [15]. In the present
study, we have tried to trace such regions in HopS2
under the consideration of the known structures.

Multiple sequence alignment is a prelude to under-
stand local similarity in cases where lack of global
identity and similarity confines our limits to retrieve in-
formation at the sequence level. In the current work,
the chaperone binding domain (CBD) regions from the
structures have been aligned against the entire HopS2
sequence using ClustalX [49]. Regions in HopS2 from
MSA that closely facsimile CBD region from the crystal
structures have been recorded for subsequent analysis.

Model prediction of HopS2

The sequence similarity of HopS2 with other sequences in
protein structure database is in the twilight zone which
means that homology modelling may not be able to generate
a good model structure. Swiss-model [50] and Phyre 2.0 [51]
servers have been tried to generate a homology based model
structure. A structure prediction method which can be ap-
plied in such a case is ab-initio structure prediction. Ab initio
or de novo modelling is based on the Anfinsen’s theory of
protein folding: Protein’s native structure corresponds to the
state with the lowest free energy of the protein-solvent sys-
tem [52]. It uses an efficient search method which can
quickly identify the low-energy states through conform-
ational search and generates a number of possible conforma-
tions. The thermodynamically stable conformations are
selected as final models. Several web servers based on this
theory are available which are ranked by a CASP assessment
[53]. We have used two online servers, viz., Bhageerath [54]
and Robetta [55] to model the 3D structures of our query
protein. These two servers have been ranked amongst the
top 20 from the recent CASP11 assessment in 2016 [56].
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Ramachandran plot of these predicted models are ob-
tained by using Vadar [57]. Consecutively, all the
models are also superimposed with each other to pro-
cure similar sets of structures, shown in Additional
file 6: Table S3. Models with a higher RMSD difference
(>1A) which denote unique and less similar models
are selected for subsequent analysis.

Secondary structure validation in model proteins

The sequence—structure correlation obtained from se-
quence alignment with PDB structures have been taken
into account for validation of our modeled structures.
A 2D secondary structure alignment of the HopS2
models has been done using STRIDE [58]. This aided
us in analyzing the similarity of CBD secondary struc-
tures in reported proteins and in predicted models for
HopS2, identified from MSA. We have tried to analyze
only three major types of secondary structures which
are coil (C), beta sheets (E) and helix (H).

Molecular dynamics simulation

A set of molecular dynamics simulation is performed.
Here we focus at investigating the persistence of import-
ant ‘local regions’ throughout the simulation time.

All simulations are done explicitly in Gromacs 5.0 [59],
using the OPLS-AA [60] (optimized potentials for liquid
simulations all atom force field). The protein models are
solvated by TIP3P water model in a cubic box with peri-
odic boundary conditions and a distance of 0.8 nm main-
tained between solute molecules and box edge. The
system is neutralized by adding one CI™ ion. All the elec-
trostatic calculations is performed using Particle-mesh
Ewald (PME) summation [61]. Energy minimization is ac-
complished using the steepest descent algorithm followed
by equilibration of the system for 5 ns at constant pressure
(1 Bar) and temperature (298 K) using Berendsen coupling
[62]. The equilibrated protein models are finally subjected
to a production run of 100 ns each.

The analysis of the simulation trajectories has been done
using the tools available in Gromacs package. The analyses
have been performed to ascertain the difference in the
modeled structures along time via RMSD, RMSF and Rg.
This takes into account the deviations at the secondary
and the tertiary level of structures. Various snapshots are
taken at different time intervals to detect these structural
changes during the simulations. All the graphical visuali-
zations are performed with VMD [63] and Pymol [64].

From each of the simulations, a total of 100 frames,
at an equal interval of 1 ns, are extracted and subjected
to secondary structure analysis. DSSP (Dictionary of
Protein Secondary Structure) [65] method is used to
study the secondary structure feature of the selected
regions for the complete simulation. An average
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secondary structure propensity derived from 100
frames for each residue is evaluated.

The secondary structure of a protein can also be
identified by observing the hydrogen bonding pattern
between backbone atoms of a protein structure. Taking
this into account, the selected secondary structure re-
gions from HopS2 (from sequence analysis) is consid-
ered for H-bond pattern analysis. H-bonds has been
assessed using the HBPLUS program [66]. Hydrogen
bond donor and acceptor pairs are considered to iden-
tify the type of secondary structure formed in the se-
lected regions. This is followed by analyzing the
persistence of these common structural elements dur-
ing the simulation of different models.

Essential dynamics

Principal component analysis (PCA) or essential dynam-
ics of a simulation trajectory reflects the existence of a
protein conformation during a particular timeframe [67].
The dynamics of the trajectory can be initially framed in
a covariance matrix from which eigen-values can be sub-
sequently resolved. These values correspond to the prin-
cipal components of a system which show the direction
of motion of the trajectory. Generally, the principal com-
ponents which capture approximately >60% of the glo-
bal motion in protein are considered. In this work we
have extracted the essential degrees of freedom for the
three identified fragments, beta motif, helix-1 and
helix-2 from all the 8 trajectories for 100 separate time-
frames. The global motions of these three regions are
calculated by the gromacs programs, gmx covar and
gmx anaeig in subsequent orders.
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Additional file 1 : Table S1. Physicochemical properties of HopS2.
(PDF 168 kb)

Additional file 2 : Figure S1. Phylogenetic analysis of Hop protein
family. (PDF 115 kb)

Additional file 3 : Figure S2: Comparison of amino acid composition
(in %) of HopS2 and Hop family sequences. The composition is represented
both for the full sequence and in N-terminal (60 residues). The blue and
turquoise coloured bar details the amino acid composition of full length
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red bars are the N-terminal compositions of HopS2 and the averaged
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RMSD (A) between all the 10 models. (PDF 118 kb)

Additional file 7 : Table S4. Validation of the models using Vadar. The
italicized values are the validated models which are selected for
subsequent simulation. (PDF 108 kb)

Additional file 8 Details of the trajectory analysis for RMSD and Rg is

given in text. Figure S4. Rg for 8 simulated models. (PDF 112 kb)



https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1
https://doi.org/10.1186/s12859-018-2551-1

Borah and Jha BMC Bioinformatics 2019, 19(Suppl 13):552

Acknowledgements
Bioinformatics Infrastructure Facility (BIF), Department of Biotechnology (DBT), India.

Funding
Publication fees are covered by the authors of the research article.

Availability of data and materials
Not applicable.

About this supplement

This article has been published as part of BMC Bioinformatics, Volume 19
Supplement 13, 2018: 17th International Conference on Bioinformatics
(InCoB 2018): bioinformatics. The full contents of the supplement are
available at https://bmcbioinformatics.biomedcentral.com/articles/
supplements/volume-19-supplement-13.

Authors’ contributions

SMB and ANJ performed the interpretation of the data, and wrote the manuscript.
The entire project was planned and supervised by ANJ. The authors have read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Received: 11 August 2018 Accepted: 30 November 2018
Published: 4 February 2019

References

1. Coombes BK. Type Il secretion systems in symbiotic adaptation of pathogenic
and non-pathogenic bacteria. Trends Microbiol. 2009;17(3):89-94.

2. Buttner D, Bonas U. Port of entry-the type Il secretion translocon. Trends
Microbiol. 2002;10(4):186-92.

3. Collmer A, Badel JL, Charkowski AO, Deng W-L, Fouts DE, Ramos AR, Rehm
AH, Anderson DM, Schneewind O, van Dijk K. Pseudomonas syringae Hrp
type Il secretion system and effector proteins. Proc Natl Acad Sci. 2000;
97(16):8770-7.

4. Cornelis GR, Van Gijsegem F. Assembly and function of type lll secretory
systems. Annu Rev Microbiol. 2000;54(1):735-74.

5. Hueck CJ. Type lll protein secretion systems in bacterial pathogens of
animals and plants. Microbiol Mol Biol Rev. 1998;62(2):379-433.

6. Xin X-F, He SY. Pseudomonas syringae pv. Tomato DC3000: a model
pathogen for probing disease susceptibility and hormone signaling in
plants. Annu Rev Phytopathol. 2013;51:473-98.

7. Schechter LM, Roberts KA, Jamir Y, Alfano JR, Collmer A. Pseudomonas
syringae type |l secretion system targeting signals and novel effectors
studied with a Cya translocation reporter. J Bacteriol. 2004;186(2):543-55.

8. Galan JE, Wolf-Watz H. Protein delivery into eukaryotic cells by type Il
secretion machines. Nature. 2006:444(7119):567.

9. Fouts DE, Abramovitch RB, Alfano JR, Baldo AM, Buell CR, Cartinhour S,
Chatterjee AK, D'Ascenzo M, Gwinn ML, Lazarowitz SG. Genomewide
identification of Pseudomonas syringae pv. Tomato DC3000 promoters
controlled by the HrpL alternative sigma factor. Proc Natl Acad Sci. 2002;
99(4):2275-80.

10. Boller T, Felix G. A renaissance of elicitors: perception of microbe-associated
molecular patterns and danger signals by pattern-recognition receptors.
Annu Rev Plant Biol. 2009;60:379-406.

11, Lindeberg M, Cunnac S, Collmer A. Pseudomonas syringae type |ll
effector repertoires: last words in endless arguments. Trends Microbiol.
2012;20(4):199-208.

12. Mukhtar MS, Carvunis A-R, Dreze M, Epple P, Steinbrenner J, Moore J, Tasan
M, Galli M, Hao T, Nishimura MT. Independently evolved virulence effectors

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

Page 217 of 242

converge onto hubs in a plant immune system network. Science. 2011;
333(6042):596-601.

Lloyd SA, Norman M, Rosqvist R, Wolf-Watz H. Yersinia YopE is targeted for
type Il secretion by N-terminal, not mRNA, signals. Mol Microbiol. 2001;
39(2):520-32.

Lloyd SA, Sjostrom M, Andersson S, Wolf-Watz H. Molecular characterization
of type Il secretion signals via analysis of synthetic N-terminal amino acid
sequences. Mol Microbiol. 2002;43(1):51-9.

Lilic M, Vujanac M, Stebbins CE. A common structural motif in the binding of
virulence factors to bacterial secretion chaperones. Mol Cell. 2006;21(5):653-64.
Feldman MF, Cornelis GR. The multitalented type Ill chaperones: all you can
do with 15 kDa. FEMS Microbiol Lett. 2003;219(2):151-8.

Guo M, Chancey ST, Tian F, Ge Z, Jamir Y, Alfano JR. Pseudomonas syringae
type Il chaperones ShcO1, ShcST, and ShcS2 facilitate translocation of their
cognate effectors and can substitute for each other in the secretion of
HopO1-1. J Bacteriol. 2005;187(12):4257-69.

Lohou D, Lonjon F, Genin S, Vailleau F. Type Ill chaperones & co in bacterial
plant pathogens: a set of specialized bodyguards mediating effector
delivery. Front Plant Sci. 2013;4:435.

Cheng W, Munkvold K, Gao H, Mathieu J, Schwizer S, Wang S, Yan Y, Wang
J, Martin G, Chai J. The AvrPtoB-BAK1 complex reveals two structurally
similar kinase-interacting domains in a single type Il effector. Cell Host
Microbe. 2011;10:616-26.

Dong X, Lu X, Zhang Z. BEAN 2.0: an integrated web resource for the
identification and functional analysis of type Il secreted effectors. Database.
2015;2015:bav064.

Janjusevic R, Quezada CM, Small J, Stebbins CE. Structure of the HopA1 (21-
102)-ShcA chaperone-effector complex of Pseudomonas syringae reveals
conservation of a virulence factor binding motif from animal to plant
pathogens. J Bacteriol. 2013;195(4):658-64.

B-R J, LinY, Joe A, Guo M, Korneli C, Yang H, Wang P, Yu M, Cerny RL,
Staiger D. Structure function analysis of an ADP-ribosyltransferase type Ill
effector and its RNA-binding target in plant immunity. J Biol Chem. 2011;
286(50):43272-81.

Park Y, Shin |, Rhee S. Crystal structure of the effector protein HopA1 from
Pseudomonas syringae. J Struct Biol. 2015;189(3):276-80.

Singer AU, Wu B, Yee A, Houliston S, Xu X, Cui H, Skarina T, Garcia M,
Semesi A, Arrowsmith CH. Structural analysis of HopPmal reveals the
presence of a second adaptor domain common to the HopAB family of
Pseudomonas syringae type Il effectors. Biochemistry. 2011,51(1):1-3.
Miyazawa S, Jernigan RL. Estimation of effective interresidue contact
energies from protein crystal structures: quasi-chemical approximation.
Macromolecules. 1985;18(3):534-52.

Nath Jha A, Vishveshwara S, Banavar JR. Amino acid interaction preferences
in helical membrane proteins. Protein Eng Des Sel. 2011;24(8):579-88.

Nath Jha A, Vishveshwara S, Banavar JR. Amino acid interaction preferences
in proteins. Protein Sci. 2010;19(3):603-16.

Das S, Khanikar P, Hazarika Z, Rohman MA, Uzir A, Nath Jha A, Singha Roy A.
Deciphering the interaction of 5, 7-Dihydroxyflavone with hen-egg-white
lysozyme through multispectroscopic and molecular dynamics simulation
approaches. ChemistrySelect. 2018;3(17):4911-22.

Rajkhowa S, Borah SM, Jha AN, Deka RC. Design of Plasmodium falciparum
Pl (4) KIlIB inhibitor using molecular dynamics and molecular docking
methods. ChemistrySelect. 2017;2(5):1783-92.

Borah PK, Chakraborty S, Jha AN, Rajkhowa S, Duary RK. In silico approaches
and proportional odds model towards identifying selective adam17
inhibitors from anti-inflammatory natural molecules. J Mol Graph Model.
2016;70:129-39.

Rajkhowa S, Jha AN, Deka RC. Anti-tubercular drug development:
computational strategies to identify potential compounds. J Mol Graph
Model. 2015,62:56-68.

Wang D-F, Helquist P, Wiech NL, Wiest O. Toward selective histone
deacetylase inhibitor design: homology modeling, docking studies, and
molecular dynamics simulations of human class | histone deacetylases. J
Med Chem. 2005;48(22):6936-47.

Capener CE, Shrivastava IH, Ranatunga KM, Forrest LR, Smith GR, Sansom
MSP. Homology modeling and molecular dynamics simulation studies of an
inward rectifier Potassium Channel. Biophys J. 2000;78(6):2929-42.
Oyedotun KS, Lemire BD. The quaternary structure of the Saccharomyces
cerevisiae succinate dehydrogenase homology modeling, cofactor docking,
and molecular dynamics simulation studies. J Biol Chem. 2004;279(10):9424-31.


https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-19-supplement-13
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-19-supplement-13

Borah and Jha BMC Bioinformatics 2019, 19(Suppl 13):552

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

Guo M, Tian F, Wamboldt Y, Alfano JR. The majority of the type lIl effector
inventory of Pseudomonas syringae pv. Tomato DC3000 can suppress plant
immunity. Mol Plant-Microbe Interact. 2009;22(9):1069-80.

Lindeberg M, Stavrinides J, Chang JH, Alfano JR, Collmer A, Dangl JL,
Greenberg JT, Mansfield JW, Guttman DS. Proposed guidelines for a unified
nomenclature and phylogenetic analysis of type Ill hop effector proteins in
the plant pathogen Pseudomonas syringae. Mol Plant-Microbe Interact.
2005;18(4):275-82.

Buchko GW, Niemann G, Baker ES, Belov ME, Smith RD, Heffron F, Adkins JN,

McDermott JE. A multi-pronged search for a common structural motif in
the secretion signal of Salmonella enterica serovar typhimurium type Il
effector proteins. Mol BioSyst. 2010;6(12):2448-58.

Marin M, Uversky VN, Ott T. Intrinsic disorder in pathogen effectors: protein
flexibility as an evolutionary hallmark in a molecular arms race. Plant Cell.
2013;25(9):3153-7.

Ishida T, Kinoshita K. PrDOS: prediction of disordered protein regions from
amino acid sequence. Nucleic acids Res. 2007;35(suppl_2):W460-4.
Khanppnavar B, Datta S. Crystal structure and substrate specificity of ExoY, a
unique T3SS mediated secreted nucleotidyl cyclase toxin from Pseudomonas
aeruginosa. Biochim Biophys Acta Gen Subyj. 2018;1862(9):2090-103.

Halavaty AS, Borek D, Tyson GH, Veesenmeyer JL, Shuvalova L, Minasov G,
Otwinowski Z, Hauser AR, Anderson WF. Structure of the type Il secretion
effector protein ExoU in complex with its chaperone SpcU. PLoS One. 2012;
7(11):249388.

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview version
2—a multiple sequence alignment editor and analysis workbench.
Bioinformatics. 2009;25(9):1189-91.

Pauling L, Corey RB, Branson HR. The structure of proteins: two hydrogen-
bonded helical configurations of the polypeptide chain. Proc Natl Acad Sci.
1951,37(4):205-11.

Consortium U. UniProt: a hub for protein information. Nucleic Acids Res.
2014,43(D1):D204-12.

Sievers F, Higgins DG. Clustal Omega, Accurate Alignment of Very Large
Numbers of Sequences. In: Russell JD, editor. Multiple Sequence Alignment
Methods. Totowa: Humana Press; 2014. p. 105-16.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30(12):2725-9.
Gasteiger E, Hoogland C, Gattiker A, Duvaud Se, Wilkins MR, Appel RD,
Bairoch A. Protein identification and analysis tools on the ExPASy server. In:
Walker JM. (eds), The Proteomics Protocols Handbook. Totowa: Humana
Press; 2005;571-607.

Dong J, Xiao F, Fan F, Gu L, Cang H, Martin GB, Chai J. Crystal structure of
the complex between Pseudomonas effector AvrPtoB and the tomato Pto
kinase reveals both a shared and a unique interface compared with AvrPto-
Pto. Plant Cell. 2009;21(6):1846-59.

Larkin MA, Blackshields G, Brown N, Chenna R, McGettigan PA, McWilliam H,
Valentin F, Wallace IM, Wilm A, Lopez R. Clustal W and Clustal X version 2.0.
bioinformatics. 2007,23(21):2947-8.

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-Pdb Viewer: an
environment for comparative protein modeling. electrophoresis. 1997;
18(15):2714-23.

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal
for protein modeling, prediction and analysis. Nat Protoc. 2015;10(6):845.
Anfinsen C, Scheraga H. Experimental and theoretical aspects of protein
folding. Adv Protein Chem. 1975;29:205-300.

Moult J, Pedersen JT, Judson R, Fidelis K. A large-scale experiment to
assess protein structure prediction methods. Proteins Struct Funct
Bioinf. 1995,;23(3):ii-v.

Jayaram B, Dhingra P, Mishra A, Kaushik R, Mukherjee G, Singh A, Shekhar S.
Bhageerath-H: a homology/ab initio hybrid server for predicting tertiary
structures of monomeric soluble proteins. BMC Bioinf. 2014;15(Suppl 16):57.
Kim DE, Chivian D, Baker D. Protein structure prediction and analysis using
the Robetta server. Nucleic Acids Res. 2004;32(suppl 2):W526-31.
Kryshtafovych A, Barbato A, Monastyrskyy B, Fidelis K, Schwede T,
Tramontano A. Methods of model accuracy estimation can help selecting
the best models from decoy sets: assessment of model accuracy
estimations in CASP 11. Proteins Struct Funct Bioinf. 2016;84:349-69.
Willard L, Ranjan A, Zhang H, Monzavi H, Boyko RF, Sykes BD, Wishart DS.
VADAR: a web server for quantitative evaluation of protein structure quality.
Nucleic Acids Res. 2003;31(13):3316-9.

58.

59.

60.

62.

63.

64.
65.

66.

67.

68.

69.

70.

Page 218 of 242

Heinig M, Frishman D. STRIDE: a web server for secondary structure
assignment from known atomic coordinates of proteins. Nucleic Acids Res.
2004;32(suppl 2):W500-2.

Berendsen HJ, van der Spoel D, van Drunen R. GROMACS: a message-
passing parallel molecular dynamics implementation. Comput Phys
Commun. 1995;91(1):43-56.

Jorgensen WL, Tirado-Rives J. The OPLS [optimized potentials for liquid
simulations] potential functions for proteins, energy minimizations for crystals
of cyclic peptides and crambin. J Am Chem Soc. 1988,110(6):1657-66.

Darden T, York D, Pedersen L. Particle mesh Ewald: an N- log (N) method for
Ewald sums in large systems. J Chem Phys. 1993;98(12):10089-92.
Berendsen HJ, Postma JV, van Gunsteren WF, DiNola A, Haak J. Molecular
dynamics with coupling to an external bath. J Chem Phys. 1984;81(8):3684-90.
Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol
Graph. 1996;14(1):33-8.

Delano WL. The PyMOL molecular graphics system; 2002.

Kabsch W, Sander C. DSSP: definition of secondary structure of proteins
given a set of 3D coordinates. Biopolymers. 1983;22:2577-637.

McDonald IK, Thornton JM. Satisfying hydrogen bonding potential in
proteins. J Mol Biol. 1994;238(5):777-93.

Kitao A, Go N. Investigating protein dynamics in collective coordinate space.
Curr Opin Struct Biol. 1999,9(2):164-9.

Birtalan SC, Phillips RM, Ghosh P. Three-dimensional secretion signals in chaperone-
effector complexes of bacterial pathogens. Mol Cell. 2002,9(5)971-80.

Vujanac M, Stebbins C. Context-dependent protein folding of a virulence peptide
in the bacterial and host environments: structure of an SycH-YopH chaperone-
effector complex. Acta Crystallogr D Biol Crystallogr. 201369(4):546-54.

Stebbins CE, Galdn JE. Maintenance of an unfolded polypeptide by a
cognate chaperone in bacterial type Il secretion. Nature. 2001;414(6859):77.
Yip CK, Finlay BB, Strynadka NC. Structural characterization of a type Il
secretion system filament protein in complex with its chaperone. Nat Struct
Mol Biol. 2005;12(1):75.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Sequence analysis of hop proteins
	Identification of important secondary structure regions
	Evaluation of β-motif regions in HopS2
	Evaluation of chaperone-binding helical regions in HopS2

	Model prediction and validation of HopS2
	Molecular dynamic simulation
	Trajectory analysis
	Secondary structure and hydrogen bond analysis

	Essential dynamics

	Discussion
	Conclusion
	Methods
	Sequence based insights of HopS2
	Identification of functional regions
	Model prediction of HopS2
	Secondary structure validation in model proteins
	Molecular dynamics simulation
	Essential dynamics

	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	About this supplement
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

