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Abstract

The knowledge of identifiable differences in the metabolism and macromolecular
structure between infective agents and their host can be exploited in rational drug design.
Ribokinase, an enzyme that plays an important role in the phosphorylation of several
metabolites is one of such that can be exploited. This study was therefore aimed at
structurally modelling ribokinase from Salmonella Typhi, the causative agent of typhoid
fever, with several known multi-drug resistant strains. NCBI BLASTp was carried out
against Protein Data Bank (PDB) to run a similarity search. Multiple sequence alignment
between the query sequence and the templates was carried out using clustal omega and
MEGA®6.0 software. The amino acid sequence was submitted to modelling servers. The
predicted models from the servers were evaluated with RAMPAGE and superimposed in
the template using PyMOL. Model with highest Ramachandran plot score was further
validated. BLASTp result showed low identity of (41%) with pyridoxal kinase from
Trypanosoma brucei in PDB database. Conserved sequence motifs were confirmed.
Template 4X8F was chosen based on its high identity, query cover and appearance in the
modeling tools. Swiss model showed best Ramachandran plot score (94.9%). ERRAT
analysis showed quality factor: 92.9078 and VERIFY3D server showed that 84.43% of
the residues have an average score of 3D/ ID score >=0.2. Superimposition confirmed the
alignment of the active site residues having aspartic acid as the catalytic residue. This
study can serve as a means for rational drug design for the treatment of typhoid fever.
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Introduction

Salmonella enterica serovar Typhi (Salmonella Typhi), formally known as
Salmonella typhi is a gram-negative bacterium belonging to the family of
enterobacteriaceae and found among the first class of salmonella serovars, salmonella
enterica subspecies enterica (I) [1-3]. This organism is a human-specific pathogen which
causes typhoid fever, a general feverish sickness developed by consuming water or food
polluted by human faeces [1, 4]. In developing nations where sanitation is poor, typhoid
fever is a major health problem, causing many deaths [5]. Infection occurs when
Salmonella Typhi from contaminated water or food enters into the gastrointestinal tract of
the host [6]. The organism gets into the distal ileum and then to the Peyer’s patches’
specialized intestinal epithelial M cells. The pathogen moves into the mesenteric lymph
nodes after the intestinal invasion and subsist in macrophages. Through the blood and
lymph systems, the organism gets to the liver, spleen, and bone marrow, where it
reproduces to generate systemic infection [7, 8].

The treatment of typhoid fever with various antibiotics such as chloramphenicol,
ampicillin, co-trimoxazole, fluoroquinolones, cephalosporins, azithromycin among others
has been reported [9-11]. However, multidrug-resistant (MDR) S.Typhi strains has
resurfaced and is rapidly spreading worldwide, resulting in high rates of morbidity and
mortality [9] and according to Ogbunude et al. [12], post-genome bioinformatics and
experimental research can be used to easily discover drug targets. Identifiable
dissimilarities between an infective agent and its hosts with respect to metabolism and
macromolecular structure provide scopes for detailed characterization of target proteins
and/or macromolecules as the purpose of rational drug design [13]. Salmonella bacteria
has been reported to exploit a diverse nutrient in the host cell to survive, which include
various carbohydrates, lipids, nucleosides, amino acids and pro-vitamins [14]. D-ribose is
one of the nutrients, which its metabolism is of great interest because of its utilization in
the production of nucleic acids and various cofactors. Prior to the utilization of D-ribose
in the cell, it must be phosphorylated to D-ribose-5- phosphate by the enzyme, ribokinase
(EC2.7.1.15) [15]. A thorough knowledge of the properties of the enzyme(s) that is
unique to an infective agent is essential in order to design specific compounds that can be
used to target it [13]. Ribokinase (E.C 2.7.1.15) is categorized in the phosphofructokinase
B (PfkB) family of sugar kinases [16]. This enzyme plays vital role in the
phosphorylation of ribose in the presence of ATP and magnesium. The product, D-ribose-
5-phosphate can then be used in the biosynthesis of nucleotides, tryptophan and histidine,
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or as an intermediate in pentose phosphate pathway. Ribokinase is also essential in the
recycling of sugar generated from nucleotide degradation [15]. The catalytic mechanism
of ribokinase in the metabolism of D-ribose is important, as D-ribose is the precursor of
nucleic acids and various cofactors. Crystal structures of ribokinase from some organisms
such as the E. coli [15] and human [17] have been reported using crystallographic
method, which explained the role of ribokinase in the metabolism of ribose. Similarly,
studies on the activity of the ribokinase from protozoa has been carried out using wet
laboratory method [18]. Although Zhang et al. [19] reported the 3-dimensional structure
of an aminoimidazole riboside kinase from Salmonella enterica, believed to have evolved
from the ribokinase superfamily, to the best of our knowledge, there is no any structural
model of ribokinase from Salmonella Typhi. Thus, this study was aimed at determining
the 3-dimensional structure of ribokinase from a Salmonella Typhi, which we believe
could be useful in structure-based drug design.

Materials and Methods
Sequence retrieval and analysis

The amino acid sequence (404 residues) of Ribokinase from Salmonella Typhi with
accession number Q87239 was obtained from UniprotKB [20] in a FASTA format. The
sequence was submitted to the NCBI for BLAST panalyses [21], it was labeled as
ribokinase and run against proteins in the protein data bank (PDB) [22]. Conserved
regions between the query sequence and the templates were confirmed by multiple
sequence alignment using clustal omega [23] and MEGAG6.0 software [24].

Homology modeling

The amino acid sequence was submitted to SWISS MODEL [25], Phyre2 [26],
RaptorX [27], and I TASSER [28] servers for model prediction of ribokinase. The
models from swiss model, Phyre2, RaptorX and I TASSER servers were evaluated with
RAMPAGE. The model structure was visualized using PyMOL software [29].

Model validation

The predicted models from each server were assessed and validated to determine the
model with good quality profile. Ramachandran plot analysis was done to check the
stereochemical features of the predicted 3-dimensional structure of the models. Model
with highest Ramachandran plot score was further validated with ERRAT analysis and
VERIFY3D servers.
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Results
Sequence analysis

The result of the sequence analysis for similarity search that was carried out using
NCBI BLASTp showed low identity of 40% (Table 1) with other proteins deposited in
PDB. It also showed specific hits; superfamily hits and conserved domain (Figure 1).
Multiple sequence alignment between the query, 6CWS5, 2FV7, 1VM7, 3RY7, 1RK2 and
4X8F sequences using clustal Omega and MEGAG6.0 software confirmed the active site

residues along with the putative conserved amino acids (Figures 2 and 3).

Table 1. Sequence similarity of ribokinase from S.Typhi with other proteins in the PDB.

Organism Proteins Query E-value  Identity Accession
cover number
T. brucei PK 12% 0.003 41% 3757
E. coli RK 66% 7e-50 36% 1RK2
Sal239 RK 70% 1e-80 36% 3RY7
V. cholera 0395 RK 70% 2e-45 38% 4X8F
T. maritima RK 73% 3e-37 33% 1VM7
Human RK 63% 4e-35 33% 2FV7
C. neoformans RK 73% 8e-20 30% 6CW5
K. pneumoniae RK 62% 4e-16 28% 313Y
M. tuberculosis RK 70% 2e-15 30% 3GO6
S. enterica ARK T1% 4e-06 23% ITYY

Sequence analysis carried out using NCBI BLASTp for identity check against other

entries in the protein data bank. Proteins: RK; Ribokinase, PK; pyridoxal kinase, ARK;

aminoimidazole ribotide kinase. E-value: expert value
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Figure 2. Sequence alignment using Clustal Omega between the query sequence of
S.Typhi and other 6 species with PDB identity: Cryptococcus neoformanns (6CW5),
human (2FV7), thermotogamaritima (1VM7), Staphylococcus aureus (3RY7), E. coli
(1RK?2) and V.cholarae (4X8F). Symbols: semi conserved (.), conserved (:) and absolute
conserved (*). The active site portion is highlighted (red) and phosphate binding site is
highlighted (blue).
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Figure 3. Multiple sequence alignment using MEGA software between the query
sequence Q87239 S.Typhi and other 9 species with PDB identity; E. coli (1RK2),
Staphylococcus aureus (3RY7), Vibrio cholarae (4X8F), thermotogamaritima (1VM7),
human (2FV7), human (5BYC), Cryptococcus neoformanns (6CWS), Klebsiella
pneumonia (313Y) and mycobacterium tuberculosis (3G06). Symbols: semi conserved
(), conserved (:) and absolute conserved (*).

Homology Modelling

Among all the 3D models predicted by the different modeling servers, the 3D model
from SWISS MODEL server (Figure 4) has the highest Ramachandran plot score with
number of residues in favored region 94.9%, allowed region 4.1%, and outlier region
1.0% (Table 2). The surface and cartoon view of the predicted model is shown in Figures
4 and 5 respectively. Among the templates, 4X8F was selected based on the high identity,
high query cover and appearance in the modeling tools.
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Table 2. Models from different servers compared based on Ramachandran plot analysis.

Server Favored region Allowed region Outlier region
residues % residues % residues %

SWISS MODEL 375(94.9%) 24(4.1%) 6(1.0%)

RAPTORX 384(93.5%) 13(4.2%) 5(1.2%)

PHYRE2 286(92.6%) 13(4.2%) 10(3.2%)

I TASSER 316(78.6%) 61(15.2%) 25(6.2%)

RAMPAGE results of each models from each server were analyzed and compared
based on the number of residues in favored regions, allowed regions and outlier regions.
Each was estimated in percentage.

Figure 4. Cartoon view of the 3D structure of a ribokinase from S.7Typhi predicted by
SWISS MODEL server.
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Figure 5. Surface view of the predicted model showing active site pocket colored
(green), phosphate binding and metal binding site colored (red).

(a) (b)
Figure 6. (a) 3D model of ribokinase showing the active site in green color and
phosphate binding site in red color; (b) showing the active site residues as sticks.

(a) (b)
Figure 7. (a) 3D structure of the model (blue) superimposed with the template (yellow);

(b) Superimposition of active site residues for model (green) and template (blue).
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Model validation

ERRAT analysis and VERIFY3D servers were used to further validate the predicted
model from SWISS MODEL server due to its highest Ramachandran plot score. ERRAT
analysis showed that the model has high quality because all the amino acid residues
(green color) are within the accepted value (Figure 8) and had a score of 92.9078%.
VERIFY3D result also confirmed the quality of the model which showed that about 80%
of the residues have scored >= 0.2 in the 3D/1D profile (Figure 9). In addition, the
phylogenetic tree showing the evolutionary relationship between ribokinase from S.Typhi
and other ribokinase in the gene bank is shown in Table 10.

ERRAT Error Values
30
25

20

0 N
D

\'\ "JC)

-

h » N’mlﬂ il

Nh N%Q%\ HMMMM Nh I il

R EEXEE TR LTt nﬁf" PR S o

,,J“\ ‘3’\“\,\";,{')

Figure 8. ERRAT analysis showing the overall quality of the model.
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Figure 9. Profile for 3-dimensional identity of the model.
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Figure 10. Phylogenetic tree showing the evolutionary relationship between ribokinase
from S.Typhi and other ribokinase in the gene bank.

Discussion

From the sequence analysis result, the similarity search using NCBI blast shows that
the query sequence belongs to the phosphofructokinase b (pfkb) family (Figure 1). The
member of this protein family catalyzes ATP-dependent phosphorylation reaction [30,
31]. BLASTp result in Table 1 showed low identity of 41% with pyridoxal kinase from
Trypanosima brucei (3ZS7), an enzyme that transfers the gamma-phosphate of ATP in
vitamin B6 biosynthesis [32], which belongs to superfamily of ribokinase. However, this
enzyme is not found among the templates which could be due to the low query cover of
12%. Multiple sequence alignment between the query sequence and templates generated
from blast results using clustal Omega and MEGA software confirmed the conserved
regions. Members of this family of enzymes have well conserved residues [15, 30, 33]
which is seen in Figures 2 and 3. The active site residues correspond to GGKGANQ and
AGD. Though, the first Ala (A) that is present in the active site of enzyme from other
organism is replaced by Cys(C) in the amino acid sequence of ribokinase from S.Typhi.
However, the second Ala (A) is the residue reported among the last Gly (G), Asp (D) and
GIn(Q) residues which their main Nitrogen chain form indirect hydrogen bond with the
oxygen of the ribose through water molecule. Whereas the first Gly (G), Lys (K), Asn
(N)are involved in direct formation of hydrogen bond with the ribose sugar and
remaining Gly (G) residues are needed for conformational and steric reasons [15].
Figures 2 and 3 also show an absolutely conserved motif (blue highlight) known as
NXXE. This motif is a common feature of the Ribokinase family [16, 34]. The
asparagine residue (N) and the glutamic acid residue (E) have been discovered to be
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related with the phosphate and metal binding to the enzyme respectively [30]. Park and
Gupta [16] proposed that when a phosphate or an activator compound binds to the NXXE
motif, it facilitates binding of free Mg®* and the substrate adenosine to the active site.
Through site directed mutagenesis, Maj et al. [34] discovered the critical role asparagine
and glutamic acid residues in NXXE motifplay in the binding of phosphate and
Magnesium ion needed for adenosine kinase activity. In addition, mutation of glutamic
acid residue in NXXE motif ofphosphofructokinase-2 from E. coli results in enzyme with
very low affinity towards magnesium [35].

The active site residues of the model and the template (4X8F) were found to be well
aligned by superimposition using PyMOL. These residues of ribokinase from S.Typhi
and (V. cholera) were Gly128(Gly41), Gly129(Gly42), Lys130(Lys43), Gly131(Gly44),
Cys132(Ala45), Asnl133(Asn46), GIn134(Glnd47)and Ala341(Ala253), Gly342(Gly254),
Asp343(Asp255) respectively (Figure 8). The Aspartic acid found in the active (Asp343)
has been reported to be strictly conserved in this family of enzymes. Reduction and
complete loss of activities of kinases from different organisms had been observed when
this residue was mutated into other amino acids [30]. This residue is proposed to proceed
as the catalytic base that removes a proton from the ribose O5’-hydroxyl group. A
nucleophilic attack is then made on the d-phosphate of ATP by the OS5’ atom as it
becomes negatively charged and result in the formation of a pentacovalent transition state
which is stabilized by the anion hole that the 3-phosphate of ATP is situated, [15, 16, 33].
With the aid of a PyMOL software, the 3-dimensional structure of the ribokinase from
S.Typhi is revealed in Figure 4 (cartoon view) and Figure 5 (surface view) respectively.
Also, the active site is shown in Figure 6 and the superimposition of the model and the
template in Figure 7. Sigrell et al. [15] determined the first 3D crystal structure of
Ribokinase from E. coli. Studies have discovered that most of this enzyme family
structurally exists as dimer, with each monomer having two domains. A nine B-sheet
strands sided by 10 a-helices constitute the large domain where all the interactions to
ribose and ATP are made. The smaller domain is made up of four B-strands that form a
cover for the active site. A flattened b-barrel is formed by the dimer interaction between
the two B-sheets [15, 36, 33]. Predicted model from the Swiss model was remarkable
when compared to model from the other servers, with virtually all the residues falling in
favoured region (94.9%), allowed regions (4.1%) and just 1.0% was estimated for the
residues in the outlier region (Table 2). This in essence shows great arrangement [37].
ERRAT analysis that was carried out to check the backbone configuration of the model
was of very high quality because all the amino acid residues (green color) are within the
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accepted value (Figure 8). The range of the value accepted for the ERRAT analysis is
possibility of >50% and the higher the score the better the accuracy and quality of the
model structure [38]. The model predicted has a score of 92.9078%, which indicates that
the structural conformation is of high efficiency. To further assess the efficiency of the
predicted model, it was subjected to VERIFY3D server. The results show that 84.43% of
the residues have an average score 3D-1D score >=0.2 (Figure 9) when compared with
the literature that at least 80% of the amino acid residues in the structure must have a
score of >=0.2 [39]. The result indicates very high score and denotes accuracy and
precision of the predicted model. Phylogenetic tree is shown in Figure 10 where the
enzyme is found in the midst of the pfkb proteins family.

Conclusion

From the model validation results, the 3D structure of the Ribokinase predicted by
Swiss model in this study is a good model. This is further confirmed from the result of
the superimposition of the model and the template result, especially the alignment of the
active site residues. This study can hence serve as a guide for rational drug design aimed
at the treatment of typhoid fever by inhibiting the activity of aspartic acid, which act as
the catalytic base in the active site. In essence, the inhibition of ribokinase pathway will
prevent the pathogen from utilizing ribose from the host cell for the synthesis of nucleic

acids.

References

[1] A.D. Musa, A.U. Iyodo, D. Ejembi, O. Abah and O.F.C. Nwodo, Effect of temperature
on the antibacterial activities of crude extracts of some plants used for the treatment of
typhoid fever in Igala folk medicine, Lapai Journal of Science and Technology 1 (2013),
9-21.

[2] A. Agasan, J. Kornblum, G. Williams, C.C. Pratt, P. Fleckenstein, M. Wong and A.
Ramon, Profile of Salmonella enterica subsp. enterica (Subspecies I) serotype 4,5,12:i:—
strains causing food-borne infections in New York City, Journal of Clinical
Microbiology 40(6) (2002), 1924-1929. https://doi.org/10.1128/jcm.40.6.1924-1929.2002

[3] S. Porwollik, E.F. Boyd, C. Choy, P. Cheng, L. Florea, E. Proctor and M. McClelland,
Characterization of Salmonella enterica subspecies I genovars by use of microarrays,
Journal of Bacteriology 186(17) (2004), 5883-5898.
https://doi.org/10.1128/jb.186.17.5883-5898.2004

http:/fwww.earthlinepublishers.com



In silico Structural Modelling of Ribokinase from Salmonella Typhi 203

(4]

(10]

(11]

(12]

[13]

(14]

E. Calva, J.L. Puente and JJ. Calva, Research opportunities in typhoid fever:
epidemiology and molecular biology, BioEssays 9(5) (1988), 173-177.
https://doi.org/10.1002/bies.950090509

J.A. Crump, S.P. Luby and E.D. Mintz, The global burden of typhoid fever, Bulletin of
the World Health Organization 82(5) (2004), 346-353.

D.L. La Rock, A. Chaudhary and S.I. Miller, Salmonellae interactions with host
processes, Nature Reviews Microbiology 13(4) (2015), 191-205.

P. Everest, J. Wain, M. Roberts, G. Rook and G. Dougan, The molecular mechanisms of
severe typhoid fever, Trends in Microbiology 9(7) (2001), 316-320.
https://doi.org/10.1016/s0966-842x(01)02067-4

D. House, A. Bishop, C. Parry, G. Dougan and J. Wain, Typhoid fever: pathogenesis and
disease, Current Opinion in Infectious Diseases 14(5) (2001), 573-578.
https://doi.org/10.1097/00001432-200110000-00011

S. A. Zaki and S. Karande, Multidrug-resistant typhoid fever: a review, The Journal of
Infection in Developing Countries 5(5) (2011), 324-337. https://doi.org/10.3855/jidc.1405

A. Bhetwal, A. Maharjan, P.R. Khanal and N.P. Parajuli, Enteric fever caused by
Salmonella enteric serovars with reduced susceptibility of fluoroquinolones at a
community base teaching Hospital of Nepal, International Journal of Microbiology 2017,
Article ID 2869458. https://doi.org/10.1155/2017/2869458

B. Veeraraghavan, A.K. Pragasam, Y.D. Bakthavatchalam and R. Ralph, Typhoid fever:
issues in laboratory detection, treatment options & concerns in management in
developing countries, Future Science OA 4(6) (2018), FSO312.
https://doi.org/10.4155/fs0a-2018-0003

P.0.J. Ogbunude, P.O. Udeogaranya, A.A. Eze, J.E. Ikekpeazu and U.A. Okoli,
Ribokinase: A possible target for chemotherapy of Protozoans, Journal of Biotechnology
and Biomaterial 6 (2016), 219. https://doi.org/10.4172/2155-952x.1000219

A.K. Datta, R. Datta and B. Sen, Antiparasitic Chemotherapy, in: Drug Targets in
Kinetoplastid Parasites (pp. 116-132), Springer, New York, NY, 2008.
https://doi.org/10.1007/978-0-387-77570-8_10

B. Steeb, B. Claudi, N.A. Burton, P. Tienz, A. Schmidt, H. Farhan, A. Mazé and D.
Bumann, Parallel exploitation of diverse host nutrients enhances Salmonella
virulence, PLoS Pathog 9(4) (2013), e1003301.
https://doi.org/10.1371/journal.ppat. 1003301

Earthline J. Chem. Sci. Vol. 5 No. 1 (2021), 191-206



204

Hassana Abubakar, Yakubu Ndatsu, Achimugu Dickson Musa, Cyril Ogbiko et al.

[15]

(16]

[17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

J.A. Sigrell, A.D. Cameron, T.A. Jones and S.L. Mowbray, Structure of Escherichia coli
ribokinase in complex with ribose and dinucleotide determined to 1.8 A resolution:
insights into a new family of kinase structures, Structure 6(2) (1998), 183-193.
https://doi.org/10.1016/s0969-2126(98)00020-3

J. Park and R.S. Gupta, Adenosine kinase and ribokinase—-the RK family of proteins,
Cellular and Molecular Life Sciences 65(18) (2008), 2875-2896.
https://doi.org/10.1007/s00018-008-8123-1

J. Park, P. van Koeverden, B. Singh and R. S. Gupta, Identification and characterization
of human ribokinase and comparison of its properties with E. coli ribokinase and human
adenosine kinase, FEBS Letters 581(17) (2007), 3211-3216.
https://doi.org/10.1016/j.febslet.2007.06.009

P.O. Ogbunude, N. Lamour and M. P. Barrett, Molecular cloning, expression and
characterization of ribokinase of Leishmania major, Acta Biochimica et Biophysica
Sinica 39(6) (2007), 462-466. https://doi.org/10.1111/j.1745-7270.2007.00298.x

Y. Zhang, M. Dougherty, D.M. Downs and S.E. Ealick, Crystal structure of an
aminoimidazole riboside kinase from Salmonella enterica: implications for the evolution
of the ribokinase superfamily, Structure 12(10) (2004), 1809-1821.
https://doi.org/10.1016/j.str.2004.07.020

J. Parkhill, G. Dougan, K.D. James, N.R. Thomson, D. Pickard, J. Wain, C. Churcher,
K.L. Mungall, S.D. Bentley, M.T. G.olden and M. Sebaihia, Complete genome sequence
of a multiple drug resistant Salmonella enterica serovar typhi CT18, Nature 413(6858)
(2001), 848. https://doi.org/10.1038/35101607

M. Johnson, 1. Zaretskaya, Y. Raytselis, Y. Merezhuk, S. McGinnis and T.L. Madden,
NCBI BLAST: a better web interface, Nucleic Acids Research 36(suppl_2) (2008), W5-
WO. https://doi.org/10.1093/nar/gkn201

A. Kouranov, L. Xie, J. de la Cruz, L. Chen, J. Westbrook, P.E. Bourne and H.M.
Berman, The RCSB PDB information portal for structural genomics, Nucleic Acids
Research 34(suppl_1) (2006), D302-D305. https://doi.org/10.1093/nar/gkj120

F. Sievers, A. Wilm, D. Dineen, T.J. Gibson, K. Karplus, W. Li, R. Lopez, H.
McWilliam, M. Remmert, J. Soding and J.D. Thompson, Fast, scalable generation of

high-quality protein multiple sequence alignments using clustal omega, Molecular
Systems Biology 7(1) (2011), 539. https://doi.org/10.1038/msb.2011.75

K. Tamura, G. Stecher, D. Peterson, A. Filipski and S. Kumar, MEGA6: molecular
evolutionary genetics analysis version 6.0, Molecular Biology and Evolution 30(12)
(2013), 2725-2729. https://doi.org/10.1093/molbev/mst197

http:/fwww.earthlinepublishers.com



In silico Structural Modelling of Ribokinase from Salmonella Typhi 205

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

K. Arnold, L. Bordoli, J. Kopp and T. Schwede, The SWISS-MODEL workspace: a web-
based environment for protein structure homology modeling, Bioinformatics 22(2)
(2006), 195-201. https://doi.org/10.1093/bioinformatics/bti770

L.A. Kelley, S. Mezulis, C.M. Yates, M.N. Wass and M.J. Sternberg, The Phyre2 web
portal for protein modeling, prediction and analysis, Nature Protocols 10(6) (2015), 845.
https://doi.org/10.1038/nprot.2015.053

M. Killberg, H. Wang, S. Wang, J. Peng, Z. Wang, H. Lu and J. Xu, Template-based
protein structure modeling using the raptorX web server, Nature Protocols 7(8) (2012),
1511. https://doi.org/10.1038/nprot.2012.085

Y. Zhang, I-TASSER server for protein 3D structure prediction, BMC Bioinformatics
9(1) (2008), 40.

W.L. DeLano, Pymol: An open-source molecular graphics tool, CCP4 Newsletter on
Protein Crystallography 40(1) (2002), 82-92.

V. Guixé and F. Merino, The ADP-dependent sugar kinase family: Kinetic and
evolutionary aspects, IUBMB Life 61(7) (2009), 753-761. https://doi.org/10.1002/iub.217

R. Cabrera, J. Babul and V. Guixé, Ribokinase family evolution and the role of conserved
residues at the active site of the PfkB subfamily representative, Pfk-2 from Escherichia
coli, Archives of Biochemistry and Biophysics 502(1) (2010), 23-30.
https://doi.org/10.1016/j.abb.2010.06.024

M.H. Li, F. Kwok, W.R. Chang, C.K. Lau, J.P. Zhang, S.C. Lo, T. Jiang and D.C. Liang,
Crystal structure of brain pyridoxal kinase, a novel member of the ribokinase
superfamily, Journal of Biological Chemistry 277(48) (2002), 46385-46390.
https://doi.org/10.1074/jbc.m208600200

R. Paul, M.D. Patra and U. Sen, Crystal structure of apo and ligand bound Vibrio
cholerae ribokinase (Vc-RK): role of monovalent cation induced activation and structural
flexibility in sugar phosphorylation, in: Biochemical Roles of Eukaryotic Cell Surface
Macromolecules (pp. 293-307), Springer, Cham, 2015.
https://doi.org/10.1007/978-3-319-11280-0_19

M.C. Maj, B. Singh and R.S. Gupta, Pentavalent ions dependency is a conserved property
of adenosine kinase from diverse sources: identification of a novel motif implicated in
phosphate and magnesium ion binding and substrate inhibition, Biochemistry 41(12)
(2002), 4059-40609. https://doi.org/10.1021/bi0119161

R.E. Parducci, R. Cabrera, M. Baez and V. Guixé, Evidence for a catalytic Mgz’r ion and
effect of phosphate on the activity of Escherichia coli phosphofructokinase-2: regulatory

Earthline J. Chem. Sci. Vol. 5 No. 1 (2021), 191-206



206

Hassana Abubakar, Yakubu Ndatsu, Achimugu Dickson Musa, Cyril Ogbiko et al.

(36]

(37]

[38]

[39]

properties of a ribokinase family member, Biochemistry 45(30) (2006), 9291-9299.
https://doi.org/10.1021/bi0600260

J.A. Sigrell, A.D. Cameron, T.A. Jones and S.L. Mowbray, Purification, characterization,
and crystallization of Escherichia coli ribokinase, Protein Sci. 6(11) (1997), 2474-2476.
https://doi.org/10.1002/pro.5560061124

G.N. Ramachandran, Stereochemistry of polypeptide chain configurations, Journal of
Molecular Biology 7 (1963), 95-99.

C. Colovos and T.O. Yeates, Verification of protein structures: patterns of nonbonded
atomic interactions, Protein Sci. 2 (1993), 1511-1519.
https://doi.org/10.1002/pro.5560020916

D. Eisenberg, R. Liithy and J. U. Bowie, [20] VERIFY3D: Assessment of protein models
with three-dimensional profiles, Methods in Enzymology 277 (1997), 396-404.
https://doi.org/10.1016/s0076-6879(97)77022-8

http:/fwww.earthlinepublishers.com



