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Abstract

of models.

Yersinia pestis, the causative organism of Plague, is widely recognized as a potential bioterrorism threat. Due to
the absence of homologs in human, Shikimate Kinase (SK) is considered as an excellent drug target in several bacterial
and protozoan parasites. Ample literature evidences confirm the suitability of this protein as a good target. Therefore,
Shikimate Kinase of Shikimate pathway in Yersinia pestis represents an attractive drug target. In the present study, a
clustering approach was undertaken to select the proper representative for Shikimate Kinase sequences belonging
to Yersinia pestis for structure determination. Three-dimensional models of the enzyme for KFB61218.1 (SK1),
EFA47400.1 (SK2) and WP_016255950.1 (SK3) were generated using a comparative molecular modeling approach
where structures were developed using the single specific template as well as multiple closely associated templates.
The structures of Shikimate Kinase developed using comparative modeling were evaluated for stereochemical quality
using various structural validation tools. Results from structural assessment tools indicated the reasonably good quality

Keywords: Shikimate Kinase; Plague; Yersinia pestis; Molecular
modeling; Homology modeling; Bioinformatics

Introduction

No other disease would have shaped the history of mankind
as Plague with three major pandemics in past and many sporadic
outbreaks thereafter. Such was the fear of Plague that it was termed as
“black death’, clearly reflecting the panic on its outbreaks that took a
heavy toll of lives. Plague affects all the age groups and genders but the
most vulnerable group comprises of young people in the age bracket of
12-45 years [1, 2]. Plague is endemic in Africa, Asia, South America,
and North America with the majority of cases reported in Africa [3].
It is difficult to assess the global burden of Plague as mortality rate
remains a poor reflection of disease state and endemicity due to lack of
proper diagnosis and underreporting.

Plague is a zoonotic infection of wild and domestic animals
with humans being the incidental host. Plague is transmitted to
humans by the bite of rat flea Xenopsylla cheopis [4]. Yersinia pestis,
the causative agent of bubonic, septicemic and pneumonic plague
[4], is a gram-negative facultative anaerobic bacterium belonging to
family Enterobacteriaceae [5]. The fear of the use of Yersinia pestis in
bioterrorism, the emergence of multi-drug resistant strains, high case-
fatality ratio and lack of an effective vaccine against it warrant the
need to explore new drug targets and drugs for combating the threat.
Shikimate pathway is present in plant, fungi and bacteria but absent
in animals and represents a suitable source of drug targets [5-7]. This
pathway involves seven steps which are responsible for the synthesis
of chorismate [8]. Shikimate Kinase catalyzes the phosphorylation
of shikimate to form shikimate 3 phosphate and ADP [9]. Shikimate
Kinase is considered as a promising drug target and has been studied
extensively along with other important drug targets of pathogens
[10-14]. The tertiary structure of a protein determines its function
and provides clues about its role in biological processes. Hence, an
understanding of the tertiary structure of a protein is crucial to get a
clue about its functional aspects. Despite the recent momentum gained
in structure determination, the number of protein structures available
in repositories still lags far behind the number of available sequences.
This situation is leading to a huge gap in protein sequence and structure
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data. Lack of experimentally determined structure remains a major
obstacle in drug designing and development process. Comparative
modeling that provides a means for gaining insight into structural
details of protein in the absence of experimentally derived structure is
being widely used for various important targets [15-19]. In this study,
Shikimate Kinase enzyme from 3 different strains of Yersinia pestis was
selected and characterized in silico.

Materials and Methods
Sequence collection and physiochemical characterization

The sequences available in the NCBI protein database were extracted
with the search keyword “Shikimate Kinase” combined with “Yersinia”.
The search yielded 259 sequences altogether. After the primary manual
screening, 218 sequences were obtained.

Sequence Clustering and representative selection

A sequence identity-based clustering approach was adopted for
the selection of a specific representative from the sequences. For this
purpose, CD-HIT was employed where sequences with 90% identity
were considered under the same cluster along with parametric set up
of global sequence identity calculation with a bandwidth of alignment
of 20. Clustering analysis of the obtained sequences showed that the
shortest and longest sequences in the batch were of 167 and 214 amino
acid length respectively. The observed average length of the sequences
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was 184 bases. The observed length distribution of the sequences is
presented in Table 1.

The first cluster contained 109 sequences, whereas the second and
the third comprised of 108 and 1 sequence respectively. The obtained
representatives for Cluster 0, 1 and 2 comprised of 214 (gi|51093821
0|ref| WP_016255950.1(), 173 (gi|668665097|gb|KFB61218.1]) and 167
(g1|270336623|gb|EFA47400.1|) amino acids respectively. In this article,
sequences with accession number (gi|668665097|gb|KFB61218.1),
(gi|270336623|gb|EFA47400.1) and (gi|510938210]ref]
WP_016255950.1) will be represented by SK1, SK2 and SK3 respectively.
Obtained sequences of Shikimate Kinase were characterized in silico
using Expasy-ProtParam tool and ProtScale [20].

Functional characterization of SK of Yersinia pestis

Motifs were searched using Multiple Em for Motif Elicitation
available in MEME suite [21] employing default parameters. Knowledge
of motifs occurring in a sequence provides a clue about its functional
role in biological processes. Conservation of residues was calculated
using ConSurf [22,23], a web server for the identification of biologically
important residues in protein sequences.

Secondary structure prediction

Secondary structure of this protein was predicted employing NPS
server [24] using different methods, viz. Double prediction method
(DPM) [25], Discrimination of protein secondary structure class (DSC)
[26], GOR4 [27], Hierarchical neural network (HNN) [28], PHD [20],
Predator [30], SIMPA96 [31], Self-optimized prediction method with
alignment (SOPMA) [32]and Sec. Cons [26] with default parameters.

Prediction of intrinsic disorder

In order to identify regions of higher flexibility, DisSEMBL [33],
Globplot [34], Regional order neural network (RONN) [35] and Protein
disorder prediction system (PRDOS) [36] were employed to select
complementary regions for the identification of consistent problematic
regions in the protein.

Homology modeling of Shikimate Kinase of Yersinia pestis

Since the three-dimensional structure of the protein was not
available in Protein Data Bank (PDB), the present task of developing
the 3D model of Shikimate Kinase of Yersinia pestis was undertaken.

Template Selection and analysis: The template search was
performed using the Modeller environment against 11079 protein
structures to arrive at the best template depending on the sequence
and structural profile with relation to the target sequences considered.
Each target was subjected to template search individually and results
were analyzed. In each case, four structures (1E6C from Erwinia
chrysanthemi, 1KAG from Escherichia coli, 1L4U from Mycobacterium
tuberculosis and 1VIA from Campylobacter jejuni) [37-40] were found
as the most suitable templates for the target sequences Figure 5 and
Figure 6. In this study, we aimed to gain knowledge about structural

Sequence Cluster 0(Number of Cluster 1(Number of Cluster 2(Number of

Length sequences) sequences) sequences)
174 104
214 5
161 3
167 1 1
173 104

Table 1: Distribution of the sequences forming clusters based on the length.

characteristics of the Shikimate Kinase protein of Y.pestis applying
comparative modeling techniques. Molecular modeling is often used
to gain insight into the structure in the absence of experimentally
determined crystal structure. The methodology involved following
steps: template selection, sequence alignment, model generation
followed by refinement and model evaluation.

Target-template alignment: ClustalX was used for obtaining
template-target sequence alignment [41]. Setting used was: Scoring
matrix =Blosum, Gap penalty =10 and gap extension penalty =0.05.
The output was used for consequent generation of the models.

Model generation: The models were generated using
MODELLER9v3 that implements an automatic comparative modeling
approach to construct a refined three-dimensional model of a protein
based on a given sequence alignment and selected template [42].
MODELLER employs probability density functions (PDFs) derived
analytically using statistical mechanics and empirically using a
database of known protein structures as the spatial restraints rather
than energy. MODELLER uses template coordinates for deriving the
spatial constraints and amalgamates the energy terms to compute the
proper stereochemistry of a protein and express them through objective
function as a quantitative value. In the later stage, the tool optimizes the
Cartesian space using a conjugate gradient (CG) algorithm along with
molecular dynamics calculations [42]. Objective function in Modeller
is derived using the following formula:

F = F(R) = F;ymm +Zci(f;’pi)

where F denotes the objective function calculated with respect to
Cartesian coordinates of "10,000 atoms (3D points) that form a system
containing one or more molecules, F_ denotes optional symmetry
term, R denotes Cartesian coordinates of all atoms, ¢ is a restraint; i,
f denote geometric features of a molecule and p denotes parameters
which vary from restraint to restraint.

Structure validation: The stereochemical quality of the obtained
structures were evaluated using SAVES server employing PROCHECK
[43], WHATCHECK [44,45], VERIFY 3D [46] and ERRAT [47]
program. PROSA was also used to evaluate the stability of generated
structures [48]. These models were further subjected to identification
of active sites.

Active site identification: CASTp (Computed Atlas of Surface
Topology of Proteins) [49] was used for identifying and characterizing
active sites, binding sites and amino acids constituting the binding site
of a protein by measuring concave surface regions of three-dimensional
structures of proteins.

Results and Discussion

Recent bioinformatics tools allow us to have a thorough insight
about a protein from sequence to the structure with a reasonable
amount of accuracy and within a stipulated time limit. The technology
is progressing towards system biological analysis at a rapid pace yet
there is a requirement for understanding important molecules with
keen attention and specific investigation. The obtained results in this
study are described in the following section in detail along with the
importance of the findings.

Amino Acid composition

Amino acid composition and important properties of the enzyme
are shown in Table 2-4.
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It was observed that Cysteine and histidine were absent in Shikimate
Kinase (KFB61218.1) of Yersinia pestis but present in SK1 and SK3.

Other physicochemical properties

It was found that Shikimate Kinase enzyme of WP_016255950.1
and EFA47400.1 was stable but Shikimate Kinase of KFB61218.1 was
unstable as it showed a value of instability index above 40. Negative
GRAVY value for the SK1, SK2 and SK3 indicated the better interaction
of the enzyme with water. Theoretical pI of Shikimate Kinase sequences
considered in the study indicates their acidic nature. The high value
of the aliphatic index of the considered sequences also indicates their
stability.

Important Motif determination

As mentioned earlier, motifs were determined using the MEME
suite with default parameter settings. Shikimate kinase protein is
having some unique motifs in its sequence. Motifs, such as Walker
A-motif (GXXGXGKTY/S) bridging the 1 (first beta strand) and al
(first a helix) and allowing the development of signature phosphate
binding loop, DT/SD, GGGXV were reported earlier [50]. The observed
comparatively conserved sequence stretch considered as a motif is
represented in Table 5.

The secondary structure of a protein represents repetitive
geometrical conformations formed as a result of intermolecular and
intermolecular hydrogen bonding. Prediction of secondary structure
helps us in determining whether a given amino acid is a part of a helix,
strand or coil. The results from different secondary structure prediction
servers used in the analysis revealed that random coils and alpha helices
were predominant among secondary structure elements followed by
extended strands (Table 6).

A set of SK sequences was collected by using the SK protein
sequences as a query in the Consurf server (CSI-BLAST E-value:
0.0001, the maximum number of homologs: 150, CSI-BLAST iteration:
3). The search resulted in 480 unique hits out of total 490 hits for SK1
(gi|668665097|gb|KFB61218.1).  There were 495 unique sequences

Amino acid ' KFB61218.1(SK1) EFA47400.1(SK2) WP_016255950.1(SK3)

Ala 6.90 8.40 10.30
Arg 9.20 7.80 6.10
Asn 4.60 3.00 2.30
Asp 5.80 9.60 5.10
Cys 0.00 2.40 0.90
Gin 5.80 4.20 6.10
Glu 12.10 4.80 7.50
Gly 7.50 9.00 7.50
His 0.00 2.40 1.40
lle 5.80 6.60 3.30
Leu 8.10 8.40 8.90
Lys 5.80 3.60 3.70
Met 2.30 4.20 4.20
Phe 2.90 3.00 3.70
Pro 2.90 4.20 3.70
Ser 4.00 6.60 5.60
Thr 5.80 2.40 7.00
Trp 0.60 0.60 0.50
Tyr 1.20 1.80 1.40
Val 8.70 7.20 10.70

Table 2: Amino acid composition of considered Shikimate Kinase sequences.

Page 3 of 1
Properties | KFB61218.1(SK1) EFA47400.1(SK2) WP_016255950.1(SK3)
Number of 173 167 214
amino acids
Molecular 19532 18361.9 233306
weight
Theoretical pl 5.06 5.33 5.16
Total number
of negatively 31 24 27
charged
residues
Total number
of negatively 2 19 21
charged
residues
Ext. coefficient 8480 10220 10095
Instability index 43.77 35.73 32.56
Aliphatic index 86.18 87.6 88.83
Grand
average of ] ] ]
hydropathicity 0.621 0.232 0.077
(GRAVY)

Table 3: Important physicochemical properties of Shikimate Kinase of Yersinia
pestis calculated using Protparam.

KFB61218.1 A EFA47400.1 WP_016255950.1
Property
Min Max Min | Max | Min Max
Bulkiness 0.122  0.705 0.39 0.833 0.41 0.75
Polarity(Zimmermann) 0.004 0.756 | 0.004 0.647 | 0.01 0.66
Recognition factors 0.123 | 0.563 0.123 0.456 0.16 0.5
Hydrophobicity(Kyteand 15, 705 0211 068 02 074
Doolittle)
Refrtactivity 0.165 0.479 0.153 0.483 | 0.18 0.59
Transmembrane tendency  0.197  0.782 0.25  0.78 0.23 0.73

(% ) of buried residues 0.091 | 0.829 0.202  0.868  0.17 0.75

( %) of accessible residues  0.356 0.7 | 0.284 0.69 0.37 0.7

Ratio hetero end/side 0.076  0.332 | 0.04 0.389| 0.08 0.36
Average area buried 0.167 0.49 ' 0.197 0.52 | 0.18 0.54
Average flexibility index | 0.412  0.852 0.38 0.796 0.43 0.88
Relative mutability of amino 37, | (716 0345 0702 031 07

acids

Table 4: Important properties of Shikimate Kinase of Yersinia pestis calculated
using Protscale.

out of 499 hits for SK2 (gi|270336623|gb|EFA47400.1). Out of 296
CSI-BLAST hits for SK3 (gi|510938210|ref|WP_016255950.1), 291
were unique. The calculation was performed on the 150 sequences
with the lowest E-value. An unrooted phylogeny was constructed in
PHYLODRAW by employing multiple sequence alignment of a set of
sequences using MAFT (v3.5.1). Figure 1 depicts the plot representing
determined conservation scores versus residue number.

Identification of intrinsic disorder in protein: The intrinsic
disorder profile of SK  protein sequences considered in the study
obtained using different servers is illustrated in Figure 2 and 3.
Disordered regions predicted in SK1, SK2 and SK3 using GLOBPROT
and DisEMBL are shown in table 7.

Homology modeling: Homology modeling is perceived as an
alternate method for obtaining insight into the protein structure in

Int J Biomed Data Min
ISSN: 2090-4924 jbdm an open access journal

Volume 5 « Issue 1+ 1000119



Citation:Arora N, Narasu ML, Banerjee AK (2016) Shikimate Kinase of Yersinia pestis: A Sequence, Structural and Functional Analysis. Int J Biomed

Data Min 5: 119. doi:10.4172/2090-4924.1000119

Page 4 of 1
Motif Width Site count E-value Start Sequence Motif
43 gi|510938210|ref]| VDTKDFQVMTQTIFMVGARGAGKTTIGKA-
WP_016255950.1| LAQALGYRFVDTDLFMQQTSQMT
Motif 1 32 3 1.8e+004 5 gi|668665097|gb|KFB61218.1| MAEKRNIFLVGPMGAGKSTIGRQLAQQLNMEFFDSDQE-
IERRTGAD
. MAGQSIIVMGVSGSGKTTVGEAVARQIHAKFID-
4 gi|270336623|gb|EFA47400.1| GDDLHPRANIQK
50 gi|270336623|gb|EFA47400.1| QPLNDADRMPWLERLS
Motif 2 16 2 3.2e+001 i
gi|510938210|ref]|
15 WP_016255950.1] QPANNNGRFFDVENLS
gi|510938210|ref]|
ICLCGVEPRSK
Motif 3 11 2 4.5e+001 729 WP_016255950.1|
gi|270336623|gb|EFA47400.1| IIVCSALKRCY
Table 5: Motifs identified in considered Shikimate sequences using MEME.
Accession No. Secondary structure DSC GOR IV HNNC PHD Predator SIPMA96 SOPM SOPMA | Sec. consensus
KFB61218.1 Alpha helix 21.39 46.82 48.55 44.51 39.88 54.91 46.82 6.82 46.24
Extended strand 27.75 18.5 16.18 19.08 15.61 13.87 19.65 19.65 16.18
Beta turn 0 0 0 0 0 0 11.56 11.56 0
Random coil 50.87 34.68 35.26 36.42 44.51 31.21 21.97 21.97 33.53
Ambiguous states 0 0 0 0 0 0 0 0 4.05
WP_016255950.1 Alpha helix 30.84 42.52 49.53 38.79 40.19 46.73 43.46 43.46 39.72
Extended strand 18.69 17.29 8.41 22.43 8.41 9.35 20.09 20.09 14.49
Beta turn 0 0 0 0 0 0 11.21 11.21 0
Random coil 50.47 40.19 42.06 38.79 514 43.93 25.23 25.23 41.59
Ambiguous states 0 0 0 0 0 0 0 0 4.21
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Figure 1: Conservation scores of amino acids. A: SK1(gi|668665097|gb
|KFB61218.1), and, B: SK2(EFA47400.1) and C: SK3(gi|510938210|ref
|WP_016255950.1) on a scale ranging from 0 to 9 indicating variable to
conserved amino acids where e-An exposed residue according to the neural
network algorithm, b-A buried residue according to the similar algorithm, f-A
predicted functional residue (highly conserved and exposed), s-A predicted
structural residue (highly conserved and buried), X-Insufficient data-the
calculation for this site was performed on 10 of the sequences.

the absence of experimentally derived structures [42]. The modeling
approach typically comprises of following steps—(i) Model generations
by MODELLERYv3, (ii) selection of the best model on the basis of

Table 6: Secondary structure elements predicted in considered sequences using NPS server.

relative objective function values/DOPE score from the various models
generated, (iii) Structure validation. Molecular modeling has been
extensively used in recent past to obtain insight about drug targets for
rational drug designing [16-19, 51]. All the 4 template structures (1E6C
from Erwinia chrysanthemi, 1KAG from Escherichia coli, 1L4U from
Mycobacterium tuberculosis and 1VIA from Campylobacter jejuni))
were compared for sequence identity and other properties before
undertaking modeling exercise (Table 8) (Figure 4).

During the analysis, it was observed that for
gi|668665097|gb|KFB61218.1|, single template based model number 5
with an objective function value of 772.6227 was the best model, whereas,
for multiple template based modeling approach, it is model 4 with an
objective function value of 6316.731. While the search for the best model
based on both the approaches for gi|270336623|gb|EFA47400.1|, it was
model 6 in both the cases with objective function value of 764.0565
and 6717.311. For protein gi|510938210|reff WP_016255950.1|, it was
model8 (888.4867) and model 7 (6453.276) for single and multiple
template based model development exercises respectively Figure
5 and Figure 6 (Figure 8). As there is a basic difference in the range
of objective function values obtained in the two approaches adopted
Figure 7, therefore, analysis of the DOPE profile for the obtained best
model was performed as depicted in Figure 8 and 9.

The  observation suggested that for the proteins
gi|668665097|gb|KFB61218.1|,  gi|270336623|gb|EFA47400.1|[KIM
D27] and gi|510938210|reff WP_016255950.1| the best models were
Model 4, Model6 and Model7 respectively. The GA431 value was found
to be 1 for these models suggesting the good quality of the structures.
All the structures were visualized and analyzed using VMD and Rasmol
[52,53].

The number of helices and turns were found to be 10 and 5 in
modeled structures of SK1, SK2, and SK3. SK1 showed only 13 strands
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: g i, Figure 5: Target template alignment using single template 1E6C A chain for
Figure 3: Disorder plot obtained using RONN and IUPRED. SK1 (gi|668665097|gb|KFB61218.1), SK2 (gi|270336623|gb|EFA47400.1)
and SK3 (gi|510938210]|ref|[\WP_016255950.1).
Definition KFB61218.1 | EFA47400.1 A WP_016255950.1 (
Disordered by
GLOBPROT | RussellLinding ~ 12to 17 38-56, 135- 5t0 22
o 147
definition
Potential
globular
domains
(GlobDoms) by 1-170 57-167 1-214
Russell/Linding
definition
. Disordered by
DisEMBL REMA465 none none 151-161
. 1-38,48-55,67-
Disordered | 1-19, 30-60, '3 ¢4 7178 g0,91-98,107-
by Loops/coil | 78-95, 115- ' ""448 155 " 130,152-167,189-
definition 129, 142-157 ’ 197 ’
Disordered by | 1-16, 69-102, 1-16, 46-54, 1-23,151-168,
HOTLOOPS 109-130, 70-81 190-198
definition 148-158
Table 7: Disordered regions predicted using GLOBPROT and DisEMBL.

Figure 6: Target template alignment using multiple templates (1E6C
while 15 strands were present in SK2 and SK3 respectively. Total H A chain, 1KAG A chain, 1L4U A chain and 1V1A chain A) for SK!
bond tin SK1, SK2 AND SK3 117,111and 13 tively. (9i|668665097|gb|KFB61218.1), K2(gi|270336623|gb|EFA47400.1) and

onds presentin SK1, S SK3 were and 139 respectively. SK3(gi[510938210]ref|WP_016255950.1).

Shikimate kinase belongs to the Alpha and Beta proteins (a/b) category
structurally. This particular type of structure majorly contains parallel
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Figure 8: Distribution of the observed DOPE energy profile values for each
residue in the considered protein models. The left panel of the figure (A, C,
E) represents the energy profile computed for the single template (PDB ID:
1EBC, A chain) based models and the right panel (B,D,F) for the multiple tem-
plate (1E6C, 1KAG, 1L4U and 1VIA “A” chains) based models. (A, B) Depic-
tion of the DOPE profile for the protein structures for the target sequence
gi|668665097|gb|KFB61218.1|, (C,D) for gi|270336623|gb|EFA47400.1|[KIM
D27] and (E,F) for gi|510938210|ref|\WP_016255950.1| respectively.

beta sheets following a beta-alpha-beta pattern of structural orientation
(Figure 10, 11 and 12). The similar structural pattern is obtained for all
the proteins in this study as depicted in Figure 11.

Structure validation: The modeled structures were evaluated
using SAVES server (Figure 13-15). The geometry of model was
evaluated with Ramachandran’s plot calculations using PROCHECK.
Stereochemical evaluation of backbone Psi and Phi dihedral angles
revealed that 96.5%, 97.6% and 96.2% of residues were within the most
favored regions in SK1, SK2, and SK3 respectively. Residues falling in
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Figure 9: Comparative analysis of the DOPE profile for the best mod-
els obtained by single (Blue) and multiple (Red) template based ap-
proach.

Figure 10: Models generated for A: SK1, B: SK2 and C: SK3.

additionally allowed regions in SK1, SK2 and SK3 were 2.9%, 0.6%,
and 3.3% respectively. Residues in outlier region of SK1, SK2 and SK3
were 0.6%, 1.8% and 0.5% respectively (Figure 13). Z-Scores in PROVE
server were negative which further establish the good quality of the
models. These values indicate acceptable protein environment. RMSD
Z-Score of backbone-backbone contacts, backbone-side chain contacts,
side chain-backbone contacts and side chain-side chain contacts
predicted using WHATCHECK (Table 9) were all within normal range.
This also indicates the structural integrity of the models generated
during the study.

PROSA was used to evaluate the quality of 3D models of protein
structures. Z-score is a measure of overall model quality and denotes
the deviation of the total energy of the structure compared to energy
distribution derived from random conformations. The PROSA
scores were negative for all the modeled protein, which indicate
their correctness. PROSA profiles for the protein models were found
similar to the template structures. Z-scores computed by PROSA for
SK1, SK2, and SK3 were -6.67, -3.69 and -6.29 respectively which
were similar to Z-scores of templates. Negative values in PROSA plot
indicate stable regions of the protein. VERIFY 3D scores that indicate
the compatibility of an atomic model (3D) with its own amino acid
sequence were within acceptable range. ERRAT utilizes the statistics of
non-bonded interactions between various types of atoms to assess the
stability of protein structures. The ERRAT scores of modeled structure
SK1, SK2 and SK3 were greater than 50 which reaffirm the reliability of
the structure.

Active site identification: Once the final models were generated,
possible binding sites of SK were searched using the CASTp server. Out
of all the sites predicted, best 10 sites were selected as shown in Figure
16. Binding sites having highest surface area and volume were selected
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Figure 11: Superimposition of modeled structures of SK1, SK2, and SK3.
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Figure 14: A: Ramachandran plot analysis B: ERRAT2 score C: Verify 3D
plot D: PROSA energy plot of the modeled structure SK2.
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Figure 12: (a) Secondary structure, physicochemical profile and solvent
accessible surface area as predicted by POLYVIEW where (1) H-a and
other helices (view 1), (2) E-B-strand or bridge, (3) C—coil, (4) Relative
solvent accessibility (RSA) where 0-completely buried (0-9% RSA), 9-ful-
ly exposed (90-100% RSA), (5) where H-hydrophobic: A,C,F,G,I,.L,M,P,V;
A-amphipathic: H,W,Y; P-polar: N,Q,S,T and N/C-charged: D,E-nega-
tive, R,K—positive for SK1(a), S2(b) and SK3(c).
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Figure13: A: Ramachandran plot analysis B: ERRAT2 score C: Verify
3D plot D: PROSA energy plot of the modeled structure Sk1.

as the most probable active sites for each modeled protein.

Out of 21 pockets selected for SK1 , the pocket having highest
volume and area comprised of PRO12, MET13, ASP36, VAL47, PHE51,
PHE59, ARG60, GLU63, GLYS81, Gly82, GLy83, SEr84, TYRI102,
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Figure 15: A: Ramachandran plot analysis B: ERRAT2 score C: Verify

3D plot D: PROSA energy plot of the modeled structure SK3.

THR105, GLN110, LYS118, ARGI120, PRO121, LEUI122, VA125,
ASP126, PRO129, LEU133, LEU136, ALA137, ARG140, ASN 141 and
TYR144.

Out of 30 pockets predicted for SK2 using CASTP, a site showing
surface area and volume of 755.1 and 1018.9 was selected. The residues
forming the pocket of SK2 were VAL11, SER12, GLY13, GLY15, LYS
16, THR17, ASP33, ASP35, ASP36, PRO39, LYS45, MET46, GLN50,
MET58, ILE80, VAL81, CYS82, PHE109, ASP110, ILE112, MET113,
ALA114, LEU116, GLN117, ARGI119, SER120, GLY121, HIS122,
PHE123, MET124, PRO125, SER126, LEU128, LEU129, GLN132 and
PHE132.

A total of 28 pockets were predicted for SK3 and pocket having
the highest surface area (871.5) and volume (1286.4) was selected. It
comprised of LEU123, ALA144, LEU147, ALA148, LYS149, ARG150,
LEU151, ASP154, PRO155, GLU156, GLU157, ALA158, GLN159,
ARG160, PRO161, SER162, LEU163, ILE168, VAL169, GLU171,
ILE172, LEU173, VAL175, LEU176 and ARG179.

Shikimate Kinase family of enzymes are one of the most important
enzyme family which is considered under the P-loop containing nucleoside
triphosphate superfamily specifically having a parallel beta sheet containing
structures with an important domain catalyzing phosphorylation having
highly conserved motifs. This enzyme is a unique drug target due to its
absence in human and presence in harmful microorganisms.
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Sequence identity comparison:

Diagonal= Number of residues; Upper triangle = Number of identical residues; Lower triangle = Percentage of sequence identity.

1e6¢cA 1kagA 114uA 1viaA
1e6cA 170 42 43 31
1kagA 27 158 54 46
114uA 26 34 165 40
1viaA 19 29 25 161

Position comparison (FIT_ATOMS):

Cutoff for RMS calculation: 3.5, Upper=RMS,Lower = Number of equivalent positions.

1e6¢cA 1kagA 114uA 1viaA
1e6cA 0 1.429 1.534 1.479
1kagA 136 0 1.412 1.25
114uA 130 146 0 1.315
1viaA 128 144 142 0

Distance comparison (FIT_ATOMS):

Cutoff for RMS calculation:3.5, Upper=Distance RMS, Lower = Number equivalent distances

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 0 0.992 1.114 1.142
1kagA 9132 0 0.985 0.949
114uA 8695 10547 0 1.026
1viaA 8418 10278 10542 0

Sequence Comparison

Diagonal= Number of residues, Upper= Number of equivalent residues, Lower= percent sequence identity

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 170 42 43 31
1kagA 27 158 54 46
114uA 26 34 165 40
1viaA 19 29 25 161

Dihedral angle (Alpha) comparison:

Cutoff for RMS calculation:60, Upper= RMS Alpha, Lower = Number equivalent angles

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 0 11.455 14.871 14.939
1kagA 125 0 10.742 13.355
114uA 121 130 0 13.656
1viaA 119 130 134 0

Dihedral angle (Phi) comparison:

Cutoff for RMS calculation:60, Upper= RMS Phi, Lower = Number equivalent angles

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 0 13.577 13.91 15.118
1kagA 130 0 14.896 13.326
114uA 126 141 0 16.213
1viaA 124 140 140 0

Dihedral angle (Psi) comparison:

Cutoff for RMS calculation:60, Upper= RMS Psi, Lower = Number equivalent angles

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 0 7.247 7.154 7.248
1kagA 114 0 6.531 7.182
114uA 96 108 0 7113
1viaA 98 116 106 0

Dihedral angle (Omega) comparison:

Cutoff for RMS calculation:60, Upper= RMS Omega, Lower = Number equivalent angles

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 0 4.095 3.974 4.343
1kagA 134 0 5.029 4.189
114uA 132 143 0 3.107
1viaA 130 142 145 0

Dihedral angle (Chi1) comparison:

Cutoff for RMS calculation:60, Upper= RMS Chi1, Lower = Number equivalent angles

1e6¢cA 1kagA 114uA 1viaA
1e6¢cA 0 16.501 15.555 11.795
1kagA 62 0 15.765 11.129
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114uA 53 54 0 10.011
1viaA 51 52 64 0
Dihedral angle (Chi2) comparison:
Cutoff for RMS calculation:60, Upper= RMS Chi2, Lower = Number equivalent angles
1e6¢cA 1kagA 114uA 1viaA
1e6cA 0 16.75 16.113 19.006
1kagA 35 0 15.674 17.66
114uA 32 35 0 19.045
1viaA 36 40 41 0
Dihedral angle (Chi3) comparison:
Cutoff for RMS calculation:60, Upper= RMS Chi3, Lower = Number equivalent angles
1e6cA 1kagA 114uA 1viaA
1e6¢cA 0 24.802 30.063 27.978
1kagA 12 0 21.919 19.114
114uA 10 7 0 18.665
1viaA 1 15 10 0
Dihedral angle (Chi4) comparison:
Cutoff for RMS calculation:60, Upper= RMS Chi4, Lower = Number equivalent angles
1e6cA 1kagA 114uA 1viaA
1e6¢cA 0 13.73 36.668 3.267
1kagA 4 0 23.668 10.418
114uA 5 4 0 31.644
1viaA 3 5 6 0
Dihedral angle (Chi5) comparison:
Cutoff for RMS calculation:60, Upper= RMS Chi5, Lower = Number equivalent angles
1e6cA 1kagA 114uA 1viaA
1e6¢cA 0 0 0 0
1kagA 0 0 0 0
114uA 0 0 0 0
1viaA 0 0 0 0
Table 8: Representation of the template comparison with respect to sequence and structural properties.
Interactions SK1 SK2 SK3
Average Z score Average Z score Average Z score
All contacts -0.167 -0.97 -0.545 -3.12 -0.466 -2.67
Backbone-Backbone -0.038 -0.32 -0.181 -1.28 -0.205 -1.44
Backbone-Side Chain -0.03 -0.33 -0.474 -3.54 -0.327 -2.48
Side Chain-Backbone -0.274 -1.66 -0.492 -3.03 -0.444 -2.73
Side Chain-Side Chain -0.235 -1.24 -0.787 -4.66 -0.506 -2.92

Table 9: Predicted Z-Scores of modeled structures using Whatcheck.

and SK3(F).

e |

Figure 16: Top 10 possible binding sites as predicted by CASTP where Pocket 1=green, Pocket 2=blue, Pocket 3=cyan, Pocket 4=yellow, Pocket 5=magenta, Pocket
6=pink, Pocket 7=orange, Pocket 8=purple, Pocket 9=brown, Pocket 10=gold for SK1(A), SK2(B) and SK3(C) and active sites of the modeled proteins SK1(D), SK2(E)
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Conclusion

A sudden rush for sequencing has led to a huge gap in the
number of protein sequences available and experimentally derived
structures. In such cases, comparative modeling plays a pivotal role
in providing insight about protein structure in the absence of crystal
structures. Development of resistance in Yersinia towards the available
drugs underscores the need for exploring and exploiting novel drug
targets and drugs. In this study, bioinformatics tools were applied for
determining important features and properties of the SK of Yersinia
pestis. The extent of similarity between target and template protein is
the deciding factor for the accuracy of predicted structure. We have
obtained models of reasonably good quality which was affirmed by
various structure validation tools. Results of this study will aid in
understanding this enzyme and will pave a way for effective inhibitor
design. These models will aid by providing valuable insights about the
structure and binding pockets of Shikimate Kinase in Yersinia pestis and
will aid in rational drug designing.
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