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Abstract

Background: Pseudomonas aeruginosa is an opportunistic and highly versatile in metabolism. Whole genome sequence showed, the
organism does not follow the normal glycolysis rather Entner-Doudoroff pathway for energy production. Whole genome sequence
annotation shows the presence of glycolytic enzyme. It is important to study biochemical properties of glycolytic enzyme which may
reveal the information for its role in other cellular processes. Methodology: Phosphoglucose isomerase, considered as a moonlighting
protein by showing the role as an autocrine motility factor, cytokine, neuroleukin, differentiation and maturation factor. Results: The
biochemical study revealed that the enzyme is most active under alkaline conditions with optimum pH of 8.0. The higher working
temperature is 40°C and it does not require metal ions to initiate isomerization however, metal ion stabilizes the enzyme as compared
to apoenzyme. The enzyme showed k./K, for glucose 6-phosphate and fructose 6-phosphate is ~0.078 and ~1.0 sec™’ mM~,
respectively, which indicates that it has a role in gluconeogenesis rather than glycolysis. Conclusion: Amino acid sequence analysis
establishes the evolutionary enzyme by showing conserved active site residues and share =48.13% identity with Homo sapiens.
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INTRODUCTION

Pseudomonas aeruginosa shows high metabolic
versatility organism with the ability to survive in different
habitats'. It is an opportunistic pathogen and causes cystic
fibrosis, necrotising anemia, meningitis, nosocomial urinary
tract infection is common in hospitalized patients and claims
millions of lives annually by such infections*3. Complete
genome sequence of . aeruginosa PAO1 has been studied*
and have been focused on its virulence mechanism?* and
strategy to design the therapeutic targets.

Whole genome sequencing has given deeper insight
of metabolic versatility of PAO1. In the of glucose
catabolism, functional Embden-Meyerhof pathway is absent.
Rather, glucose is stabilized through Entner-Doudoroff (ED)
pathway5’. The ED flux of P. aeruginosa provides a major
benefit for this pathogen, which must counteract oxidative
stress imposed by the host as a response to infection. There
are possibilities that such normal catabolic pathways are
shown anabolic purpose rather than the energy production.
As in the case of the pentose phosphate pathway, both
oxidative and non-oxidative reactions are produced ribose
5-phosphate, erythrose 4-phosphate and fructose
6-phosphate which is used as a starting material for other
biomolecules.

Phosphoglucose isomerase (PGI) carries the reversible
reaction between glucose 6-phosphate (G6P) to fructose
6-phosphate (F6P). Fructose 6-phosphate is one of the

Cell wall synthesis

UDP-gluconate

%
%
%

Amino sugar and
nucleotide sugar
metabolism

!

important precursor for many biomolecules (Fig. 1). The
PGI (EC 5.3.1.9) plays a central role in the sugar metabolism,
both in glycolysis and in gluconeogenesis, where the
enzyme operates in the reverse direction®®. Apart from
housekeeping function, it is considered as a “Moonlighting
protein” by showing different activities. It acts as a tumor
autocrine motility factor'®, neuroleukin''2, differentiation
and maturation factor'3, antigens involved in rheumatoid
arthritis', sperm agglutination', serine-protease inhibitor's,
cytokines in mammalian' and lysyl amino peptidase
activity in vibrios™. It is consider as a marker for the
progression of various cancers'? also, as it is a specific
determinant of cell survival and contributes to tumor cell
progression?'22, In human PGl deficiency can be associated
with hydrops fetalis, neurological impairment and immediate
neonatal death?. The PGl is found as adhesive moonlighting
protein considered to show enhanced release in acid and
bile stress response in  human gut colonizing
Lactobacillus spp.** which indicates that the surface
architecture of bacterium is modified upon contact with the
central innate immunity system of human host. The PGl is
involved in pathogenicity??” and also found to promote
angiogenesis, enhances metacestode growth and
parasite-host cell interactions?®. The planktonic cells of
P. aeruginosa requires exopolysaccharide for adherence and
antibiotic resistance?. The PGl has been assumed to play a key
role in governing carbon availability in the biosynthesis of
EPS30,
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The PGI from a variety of pathogens such as Vibrio
vulnificus'®, Mycobacterium tuberculosis'*?, Plasmodium
falciparunm?*®,  Listeria  monocytogenes®, Trypanosoma
brucer', Leishmania mexicana®’” and Echinococcus
multilocularis’® have been studied and revealed that the PGl
possess additional biological action with involvement in
bacterial virulence. Considering the significant biological role
of PG, in this study, the sequence analysis and biochemical
characterization of PGl from P. aeruginosa PAO1 (Pa-PGl)
was reported.

MATERIALS AND METHODS

Bacterial strains and materials: The Pseudomonas
aeruginosa PAO1 (MTCC 741) strain was purchased from
Microbial Type Culture Collection and GenBank,
Chandigarh. All the molecular techniques were performed
according to methods described by Sambrook and Russell*®.
All the chemicals and glucose-6 phosphate dehydrogenase
were procured from Sigma (St. Louis, MO), media from
Himedia (Mumbai, India) and DNA polymerase from Takara
(Otsu, Japan). Restriction enzymes and T4 DNA ligase
were purchased from New England BiolLabs (UK). The
Ni-nitrilotriacetic acid (NTA) agarose beads was purchased

from Invitrogen (Carlsbad, CA).

Cloning and expression of Pa-PGl in Escherichia coli The
P. aeruginosa was grown overnight in nutrient broth at
37°C with revolution 120 rpm. The DNA was isolated using
the method described by Chen and Kuo*. The PGI of
P. aeruginosa PAO1 is encoded by the gene PA4732 as
indicated by the Pseudomonas Genome Database
(http://www.pseudomonas.com/). The Pa-pgi (1665 base pair)
was amplified using primers 5" CTG TTG GAT BamHI ATG AAG
CACCACCTCACTCCGand 3’ TCA ATT TGG Xhol TCAGCC GCG
ATG GCG GCC GCG. The amplified product of 1665 bp was
cloned into 6x-His tagged pRSET-A vector and the sequence
was confirmed. £scherichia coli BL21 (DE3) was transformed
by pRSET-A expressing Pa-PGl for protein production. A colony
was used to inoculate 5 mL Luria Broth (LB) containing
100 ug mL=" of ampicillin and incubated overnight at 30°C.
The overgrown culture was used to inoculate 400 mL LB
broth and incubated at 30°C. The cells were harvested by
centrifugation and suspended in cell suspension buffer
(50 mM tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0). It
was lysed by sonication. The lysate was clarified by
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centrifuging at 12,000 rpm for 30 min and loaded on a Ni-NTA
agarose bead column for protein purification. After extensive
washing with wash buffer (50 mM tris-HCI, 300 mM Nadl,
40 mM imidazole, pH 8.0), the lysate was finally eluted with
an elution buffer containing 250 mM imidazole (pH 8.0)
and dialyzed against 50 mM tris-HCl (pH 8.0) using a 10 kDa
ultra filter (Merckmillipore, Germany). Finally, purified protein
was quantified using Bio-Rad protein assay reagent (Bio-Rad,
CA) against bovine serum albumin as the standard protein®.
The purified protein was subjected to 10% SDS-PAGE and
visualized with coomassie brilliant blue R-250 stain.

Protein expression and purification levels were monitored
by enzyme activity using the substrate G6P. One unit of
activity was defined as the amount of enzyme required to
produce T mM min~"of F6P under standard assay conditions.
Activities were expressed in unit per milligram of protein.

Enzyme assay: The enzyme Pa-PGl catalyses the conversion
of G6P from the substrate F6P. The F6P production was
analysed as described earlier by Kulka method*' with some
modifications. Briefly, the assay was performed in 50 mM
tris-HCl (pH 8.0) with 2 MM G6P and 5 ug puL=" of enzymeina
reaction mixture of 100 pL. The reaction mixture was
incubated at 40°C and the reaction was stopped by adding
250 L of solution A and solution B*'. The reverse reaction
(formation of F6P from the substrate G6P) by Pa-PGl was
monitored by the coupling assay with glucose 6-phosphate
dehydrogenase performed as described earlier*2. The rate of
isomerization, for the formation of G6P was monitored for
10 min and determined from the linear reaction phase in a
thermostatically regulated spectrophotometer (UV-visible
recording spectrophotometer, Shimadzu).

Physicochemical characterization

Effect of pH: Effect of pH on the Pa-PGl was checked by
incubating the purified enzyme with G6P as a substrate. The
reaction mixture was prepared in the following buffers
(50 mM): Sodium phosphate buffer (pH 6.0-7.0), tris-HCl
(pH 8.0-9.0). After 15 min of incubation at 40°C, activity was
measured. The relative percentage of activity was calculated
and compared.

Effect of temperature: To compare the effect of
temperature, Pa-PGl was incubated in a standardized reaction
mixture at various temperatures (20-80°C). After 15 min of
incubation, samples were subjected to activity analysis and
data was compared in percentage of relative activity.
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Thermal stability: To determine the thermal stability of the
enzyme, Pa-PGl was incubated at 40°C. At regular interval of
60 min, samples were drawn and residual activity was
measured. Stability was compared and the half-life was
determined accordingly.

Effect of metalions: Effect of metal ions on the Pa-PGl activity
was checked by incubating the purified enzyme with G6P as
a substrate in tris-HCl buffer 8.0. The reaction mixture was
prepared with the following metal ions (1 mM): MnCl,.4H,0,
CoCl,.6H,0, MgCl,, CuSO,.5H,0, CaCl,, FeCl; and apoenzyme.
After 15 min of incubation at 40°C, activity was measured.
The percentage relativity of activity was calculated and
compared.

Kinetic parameters of Pa-PGl: The efficiency of Pa-PGl was
analysed at 40°C using G6P at a range of concentrations
(1-20 mM). Each concentration was treated with enzyme
containing 1 mM Mn2* in 50 mM tris-HCl, pH 8.0. Reactions
were stopped after 15 min and the reaction mixtures were
analysed for F6P production. The Michaelis constant Km (mM)
and the turnover number k., (min~") were determined by
arranging the data according to Michaelis-Menten equation.
Various sugars were analysed for specificities towards
Pa-PGl. Fifty millimolar D-glucose, D-fructose, G6P and F6P
were treated with Pa-PGl with or without 1 mM Mn?+ under
conditions optimized for a reaction time of 15 min. The
isomerized product was checked by the methods described
earlier. Specific activity was defined as the amount of aldose
or ketose produced per enzyme amount per reaction time.

RESULTS AND DISCUSSION

Sequence analysis: The PCR was performed with gene
specific primers and resulted amplicon was cloned into
pRSET-A expression vector. The sequence analysis showed
1665 bp amplicon of Pa-pgi encoding for 555 amino acids. It
shares 59.0% nucleotide identity with human PGI (Hu-PGl).
The amino acid sequence alignment score of Pa-PGI with
characterized PGl of human, Mycobacterium tuberculosis,
Plasmodium falciparum showed 48.13, 44.05 and 32.04%
identity, respectively®'343, The conserved residues in the
deduced sequence of Pa-PGl are shown in the box (Fig. 2).
Other species also have shown to be two conserved
sequences-[DENS]-X-[LIVM]-G-G-R-[FY]-S-[LIVMT]-X-[STAI-
[PSAC]- [LIVMA]-G- and [GS]-X- [LIVM]-[LIVMFYW]-XXXX-[FY]-
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[DN]-Q-X-G-V-E-X-X-K-, known as signature sequence of the
PGl superfamily**4. The amino acid content comparison
indicated the great dissimilarity in their properties with human
and other pathogens. A group of active residues were
(Glu 359, His 390 and Lys 518 in Pa-PGl) found to be
conserved throughout the family (Human, Mouse, Rabbit,
Pig, Fly, Plant, Bacteria, Archea and Yeast). The conserved
active-site residues included the side-chain hydroxyl groups
of Ser 160, Ser 210, Thr 215 and Thr 218. Other residues
including Lys 211, Glu 217, GIn 354, Glu 359, GIn 511, Glu 515
and Lys 522 were also found to be conserved*.

The PGl is a moonlighting protein which also showed
Autocrine Motility Factor (AMF) activity. The study of AMF
revealed that the substrate binding is similar to PGl as it
shares the same substrate and inhibitors'®448, The Hu-PGland
Pa-PGl shares similar active site and hence probably follow the
same mechanism of action. However, the residues nearby
active site revealed variation as compare to Hu-PGl which may
results in to the difference in catalytic efficiency of enzyme.
Sequence similarity of other characterized PGl with Pa-PGl
showed higher identity percentage which reveals that the
protein may be a dimer. Histidine residue is structurally unique
in dimeric form. Phosphoglucose isomerase Histidine from
one monomer (His 387 of M. tuberculosis) is found to form
the active site with its partner monomer in dimeric protein®,
The sequence alignment between Mt-PGI and Pa-PGl
showed that His 389 of Pa-PGI (His 387 of M. tuberculosis)
is extending its side chain for activity between two monomers.
The highly specific contents between two subunits make PGl
atightdimer. It was also observed that the hook like structure
between Arg 438 and Glu 469 corresponds to Leu 439 and
Pro 470 of Pa-PGl, respectively with C-terminal extension,
wrap around both subunits and make stable dimer®.

Cloning, expression and purification of Pa-PGl: The protein
was expressed in soluble form. Nickel affinity chromatography
purified protein was detected around 62 kDa molecular mass
on SDS-PAGE analysis (Fig. 3). Total 72 units of specificactivity
were obtained from 400 mL of culture.

Physicochemical characterization of Pa-PGl: The
determination of the optimal conditions for Pa-PGl activity
reveals that it is an alkaline, mesophilic and metal
independent protein. The optimum pH was found to be 8.0
(Fig. 4a). The pH profile of Pa-PGl followed the bell shaped
curve and found to be active over the range of pH6.0-9.0. The
medium working temperature of Pa-PGlI was 40°C. The
enzyme lost its activity completely at 60°C (Fig. 4b).
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Fig. 2: Multiple sequence alignment of deduced amino acid sequence of Pa-PGl with human PGl using ClustalW: The deduced
amino acid sequence of Pa-PGl was compared for its homology with Hu-PGI (Accession No. AAH04982). Single fully
conserved residues are represented by instinct mark, the black coloured instinct mark represents active site residues and
strongly conserved and weakly conserved residues between the two PGls are denoted by double dots and single dot,
respectively. Box region represent highly conserved sequence of the PGl superfamily

The enzyme followed first order kinetics in thermal
inactivation. The half-life of Pa-PGlwas found to be about
150 min at 40°C (Fig. 4d). However, it showed high thermal
stability (half-life 573 min) in the presence of divalent metal
Mn2* (Fig. 4d).

The Pa-PGl was found as a metal independent enzyme
and did not display any increase in isomerase activity,
which is similar to other PGl superfamily. Among all tested
metals, Cu?* demonstrated some inhibitory effect on
isomerization (Fig. 4c). Crystal structure of Rabbit PGI
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(Ra-PGI) showed absence of metal binding site*. The PGI
family is metal independent in its action similar to triose
phosphate isomerase in contrast to the isomerization of
xylose/glucose by xylose isomerase, which requires metal
ion for substrate ring opening and catalysis®®'.
Moreover, it was observed that the Arg 272 of Ra-PGl
correspond to Arg 274 in Pa-PGlI which provides
potential electrostatic field to the substrate and stabilize
the negative charge to stabilize the enediolate transition
state.
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Fig. 3: SDS-PAGE analysis of localization of recombinant Pa-PGl. The recombinant PGl was expressed in £scherichia coli strain
BL21 (DE3) and subjected to SDS-PAGE (10%). The gel was stained with coomassie brilliant blue. Lane M: Molecular size
markers, lane 1: Control BL21 cells, lane 2: Pa-PGI BL21 cells, lane 3: Crude extracted Pa-PGl, lane 4: Ni-NTA purified

concentrate of Pa-PGl. The arrow points to the Pa-PGl

Table 1: Substrate binding efficiency of Pa-PGI

Substrate Specific activity (U mg~')
F6P 7661%£2.14
G6P 2.147+1.89
D-glucose 1.714%3.03
D-fructose 3.596+2.17

“Data are means of three separate experiments. The reaction was run in 50 mM
tris-HCl (pH 8.0) containing 50 mM of each sugar with or without 1 mM Mn?*
metal ions at 40°C with 5 ug of Pa-PGl

Table 2: Comparison of kinetic properties of Pa-PGlI

Substrate Ko Keat Keat/ K
G6P 167.81 mM 13.23 sec™’ 0.08 sec”' mM~!
F6P 234 mM 2.36sec! 1.09 sec”'mM~!

Kinetic properties of Pa-PGl on G6P and F6P, data are means of three individual
experiments

Substrate specificity and catalytic efficacy: The Pa-PGl was
evaluated with substrate specificity for both phosphorylated
and non-phosphorylated sugars. The enzyme exhibited
highest specific activity towards F6P followed by fructose, G6P
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and glucose. The catalytic efficacy also indicated that the
kinetic efficiency ratio (k.,/Ky) is higher for F6P as compared
to G6P (Table 1 and 2).

The Pa-PGl followed Michaelis-Menten kinetics. The
substrate specificity of Pa-PGl for F6P was significantly higher
compared to G6P (Table 2). The data are in agreement with
the previously reported values for Listeria monocytogenes®.
Kinetic efficiency clearly indicates that the enzyme is not for
glycolysis but it is for gluconeogenic and some other
biological purpose.Berger et a/s have demonstrated that, in
the glucose flux analysis, P. aeruginosa directs the flow
towards ED pathway rather than glycolysis. Moreover, the
glycolytic and unidirectional enzyme phosphofructo kinase
which converts F6P to fructose 1,6-biphosphate is absent
while class-I type fructose 1,6-biphosphatase in this bacteria
which allows glucose to flux for gluconeogenesis. Based on its
kinetic efficiency and of genome sequence analysis, Pa-PGl
appears to be a gluconeogenic enzyme rather than
glycolytic one.
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Fig.4(a-d): Effect on the specific activity of Pa-PGl (a) pH optima. Enzyme activity was measured in the pH range of 6-9in different
buffers (pH 6.0-7.0 sodium phosphate buffer; pH 8.0-9.0, tris-HCl buffer), (b) Temperature optima. The reaction
was carried out at different temperatures (20-80°C), (c) Effects of metal ions and (d) Effect of Mn?* on thermal
inactivation. The residual activity was determined by incubating Pa-PGl with (filled circles) or without T mM MnCl,
(circles). The reaction was run in 50 mM tris-Cl (pH 8.0) containing 5 ug Pa-PGl and 2 mM D-glucose 6-phosphate at

40°C. Data are means of three experiments
CONCLUSION

In this study, it was observed that the enzyme PGl from
P. aeruginosa is active under alkaline condition and
mesophilic in nature. Like other bacterial phosphoglucose
isomerases, it does not require metal ion for its activity.
Catalytic efficiency establishes its gluconeogenic role rather
than as a glycolytic enzyme. Further work to establish it
moonlighting function will shed more information regarding
its importance in pathogenicity of the organism.

ACKNOWLEDGMENT

The present study was supported by the university
research grant for PhD studies. We thank Charotar University
of Science and Technology for financial support.

124

REFERENCES

1. Mittal, R, S. Aggarwal, S. Sharma, S. Chhibber and K. Harjai,

2009. Urinary tract infections caused by Pseudomonas
aeruginosa. A minireview. J. Infect. Public Health,
2:101-111.

2. Balasubramanian, D., L. Schneper, H. Kumari and K. Mathee,

2013.Adynamicandintricate regulatory network determines
Pseudomonas aeruginosa virulence. Nucleic Acids Res.,
41:1-20.

3. Valderrey, AD., M.J. Pozuelo, P.A. Jimenez, M.D. Macia,

A. Oliver and R. Rotger, 2010. Chronic colonization by
Pseudomonas aeruginosa of patients with obstructive
lung diseases: Cystic fibrosis, bronchiectasis and chronic
obstructive pulmonary disease. Diagn. Microbiol. Infect. Dis.,
68:20-27.



10.

11.

12.

13.

14.

15.

16.

17.

Asian J. Biochem., 17 (3): 118-126, 2076

Stover, CK, X.Q. Pham, AL. Erwin, S.D. Mizoguchi and
P. Warrener et al, 2000. Complete genome sequence of
Pseudomonas  aeruginosa PAO1, an opportunistic
pathogen. Nature, 406: 959-964.

Njoroge, J. and V. Sperandio, 2009. Jamming bacterial
communication: New approaches for the treatment of
infectious diseases. EMBO Mol. Med., 1: 201-210.

Berger, A, K. Dohnt, P. Tielen, D. Jahn, J. Becker and
C. Wittmann, 2014. Robustness and plasticity of metabolic
pathway fluxamong uropathogenicisolates of Pseudomonas
aeruginosa.PLoS One, Vol. 9. 10.1371/journal.pone.0088368
Chavarria, M. Pl Nikel, D. Perez-Pantoja and
V. de Lorenzo, 2013. The Entner-Doudoroff pathway
empowers Pseudomonas putida KT2440 with a high
tolerance to oxidative stress. Environ. Microbiol.,
15:1772-1785.

Noltmann, E.A., 1972. Aldose-Ketose Isomerases. In: The
Enzymes, Boyer, P.D. (Ed.). 3rd Edn., Vol. 6, Academic Press,
New York, USA., pp: 271-354.

Rose, I.A., 1975. Mechanism of the aldose-ketose isomerase
reactions. Adv. Enzymol. Relat. Areas Mol. Biol., 43: 491-517.
Niinaka, Y., S. Paku, A. Haga, H. Watanabe and A. Raz, 1998.
Expression and secretion of neuroleukin/phosphohexose
isomerase/maturation factor as autocrine motility factor by
tumor cells. Cancer Res., 90: 2667-2674.

Chaput, M., V. Claes, D. Portetelle, I. Cludts and
A. Cravador et al, 1988. The neurotrophic factor neuroleukin
is 90% homologous with phosphohexose isomerase.
Nature, 332: 454-455.

Gurney, M.E., S.P. Heinrich, M.R. Lee and H.S. Yin, 1986.
Molecular cloning and expression of neuroleukin, a
neurotrophic factor for spinal and sensory neurons. Science,
234:566-574.

Xu, W., K. Seiter, E. Feldman, T. Ahmed and J.W. Chiao, 1996.
The differentiation and maturation mediator for human
myeloid leukemia cells shares homology with neuroleukin or
phosphoglucose isomerase. Blood, 87: 4502-4506.
Matsumoto, I., D.M. Lee, R. Goldbach-Mansky, T. Sumida and
C.A. Hitchon et a/, 2003. Low prevalence of antibodies to
glucose-6-phosphate isomerase in patients with rheumatoid
arthritis and a spectrum of other chronic autoimmune
disorders. Arthritis Rheumatism, 48: 944-954.

Yakirevich, E. and Y. Naot, 2000. Cloning of a glucose
phosphate isomerase/neuroleukin-like sperm antigen
involvedin spermagglutination.Biol. Reprod., 62: 1016-1023.
Cao, M.J,, K. Osatomi, R. Matsuda, M. Ohkubo, K. Haraand
T. Ishihara, 2000. Purification of a novel serine proteinase
inhibitor from the skeletal muscle of white croaker
(Argyrosomus argentatus). Biochem.Biophys.Res.Commun.,
272:485-489.

Amraei, M. and |.R. Nabi, 2002. Species specificity of the
cytokine function of phosphoglucose isomerase. FEBS Lett.,
525:151-155.

125

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Richards, G.P., CH. Hammer, MK. Garfield and S. Parveen,
2004. Characterization of a lysyl aminopeptidase activity
associated with phosphoglucose isomerase of Vibrio
vulnificus. Biochim. Biophys. Acta (BBA)-Proteins Proteomics,
1700: 219-229.

Baumann, M., A. Kappl, T. Lang, K. Brand, W. Siegfried and
E. Paterok, 1990. The diagnostic validity of the serum tumor
marker Phosphohexose Isomerase (PHI) in patients with
gastrointestinal, kidney and breast cancer. Cancer Invest.,
8:351-356.

Filella, X., R. Molina, J. Jo, E. Mas and A.M. Ballesta, 1991.
Serum phosphohexose isomerase activities in patients with
colorectal cancer. Tumour Biol., 12: 360-367.

Tsutsumi, S., V. Hogan, LR. Nabi and A. Raz
2003. Overexpression of the autocrine motility
factor/phosphoglucose isomerase induces transformation
and survival of NIH-3T3 fibroblasts. Cancer Res,,
63: 242-249.

Henderson, B. and A. Martin, 2011. Bacterial virulence in the
moonlight: Multitasking bacterial moonlighting proteins are
virulence determinantsininfectious disease. Infect.Immunity,
79:3476-3491.

Kugler, W. and M. Lakomek, 2000. Glucose-6-phosphate
isomerase deficiency. Best Pract. Res. Clin. Haematol,
13:89-101.

Kainulainen, V., V. Loimaranta, A. Pekkala, S. Edelman and
J. Antikainen et a/, 2012. Glutamine synthetase and
glucose-6-phosphate isomerase are adhesive moonlighting
proteins of Lactobacillus crispatus released by epithelial
cathelicidin LL-37. J. Bacteriol., 194: 2509-2519.

Lee, K.B.,, H.G. Lee and Y.J. Choi, 2008. Proteomic analysis of
the effect of bile salts on the intestinal and probiotic
bacterium Lactobacillus reuteri. ). Biotechnol., 137: 14-19.
Tsuge, S., H. Ochiai, Y. Inoue, T. Oku, K. Tsuno, H. Kaku and
Y. Kubo, 2004. Involvement of phosphoglucose isomerase in
pathogenicity of Xanthomonas oryzae pv. oryzae.
Phytopathology, 94: 478-483.

Alam, J., Y.C.Kim and Y. Choi, 2014. Potential role of bacterial
infectionin autoimmune diseases: A new aspect of molecular
mimicry. Immune Network, 14: 7-13.

Stadelmann, B., M. Spiliotis, J. Muller, S. Scholl, N. Muller,
B. Gottstein and A. Hemphill, 2010. Echinococcus
multilocularis phosphoglucose isomerase (EmPGI): A
glycolytic enzyme involved in metacestode growth and
parasite-host cell interactions. Int. J. Parasitol., 40: 1563-1574.
Costerton, JW., P.S. Stewart and E.P. Greenberg, 1999.
Bacterial biofilms: A common cause of persistent infections.
Science, 284:1318-1322.

Ramos, A, 1.C. Boels, W.M. de Vos and H. Santos, 2001.
Relationship between glycolysis and exopolysaccharide
biosynthesis in Lactococcus lactis.  Applied Environ.
Microbiol., 67: 33-41.



31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Asian J. Biochem., 17 (3): 118-126, 2076

Mathur, D, Z. Ahsan, M. Tiwari and L.C. Garg, 2005.
Biochemical characterization of recombinant
phosphoglucoseisomerase of Mycobacterium tuberculosis.
Biochem. Biophys. Res. Commun., 337: 626-632.

Mathur, D. and L.C. Garg, 2007. Functional phosphoglucose
isomerase from Mycobacterium tuberculosis H37Rv: Rapid
purification with high yield and purity. Protein Exp. Purif.,
52:373-378.

Kaslow, D.C. and S. Hill, 1990. Cloning metabolic pathway
genes by complementation in £scherichia coli. Isolationand
expression of Plasmodium falciparum glucose phosphate
isomerase. J. Biol. Chem., 265: 12337-12341.

Aoki, K., N. Tanaka, Y. Kusakabe, C. Fukumiand A. Haga et a/,
2010. Crystallization and preliminary X-ray crystallographic
study of phosphoglucose isomerase from Plasmodium
falciparum. Acta Crystallographica Sect. F: Struct. Biol.
Commun., 66: 333-336.

Penkler, G.P., 2009. Construction and validation of a
detailed kinetic model of glycolysis in asexual
Plasmodium  falciparum:. A feasibility. Ph.D. Thesis,
University of Stellenbosch, South Africa.

Cech,D.L., P.F.Wang, M.C. Holt, V.A. Assimon, J.M. Schaub,
T.P. Holler and RW. Woodard, 2014. A novel glucose
6-phosphate isomerase from Listeria monocytogenes.
Protein J., 33: 447-456.

Cordeiro, A.T.,P.A.M.Michels, L.F. Delboniand O.H. Thiemann,
2004.The crystal structure of glucose-6-phosphate isomerase
from Leishmania mexicana reveals novel active site features.
FEBS J., 271:2765-2772.

Sambrook, J. and D.W. Russell, 2001. Molecular Cloning:
ALaboratory Manual.3rd Edn., Cold Spring Harbor Laboratory
Press,New York, USA., ISBN-13:9780879695774, Pages: 2344.
Chen, W.P.and T.T. Kuo, 1993. A simple and rapid method for
the preparation of gram-negative bacterial genomic DNA.
Nucleic Acids Res., 21: 2260-2260.

Bradford, M.M., 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem., 72: 248-254.
Kulka, R.G., 1956.Colorimetric estimation of ketopentoses and
ketohexoses. Biochem. J., 63: 542-548.

126

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Gracy, RW. and B.E. Tilley, 1975. Phosphoglucose isomerase
of human erythrocytes and cardiac tissue. Methods
Enzymology, 41: 392-400.

Read, J., J. Pearce, X. Li, H. Muirhead, J. Chirgwin and C. Davies,
2001. The crystal structure of human phosphoglucose
isomerase at 1.6 A resolution: Implications for catalytic
mechanism, cytokine activity and haemolyticanaemia.J. Mol.
Biol., 309: 447-463.

Hofmann, K., P. Bucher, L. Falquet and A. Bairoch, 1999. The
PROSITE database, its status in 1999. Nucleic Acids Res.,
27:215-219.

Bairoch, A., P. Bucher and K. Hofmann, 1996. The prosite
database, its status in 1995. Nucleic Acids Res., 24: 189-196.

Jeffery, CJ., B.J. Bahnson, W. Chien, D. Ringe and G.A. Petsko,
2000. Crystal structure of rabbit phosphoglucose isomerase,
a glycolytic enzyme that moonlights as neuroleukin,
autocrine motility factor and differentiation mediator.
Biochemistry, 39: 955-964.

Watanabe, H., P. Carmi, V. Hogan, T. Raz, S. Silletti, |.R. Nabi
and A. Raz, 1991. Purification of human tumor cell autocrine
motility factor and molecular cloning of its receptor. J. Biol.
Chem., 266: 13442-13448.

Sun, YJ, CC. Chou, WS. Chen, RT. Wu, M. Meng and
C.D. Hsiao, 1999. The crystal structure of a multifunctional
protein: Phosphoglucose isomerase/autocrine motility
factor/neuroleukin. Proc. Natl. Acad. Sci. USA., 96: 5412-5417.
Anand, K., D. Mathur, A. Anant and L.C. Garg, 2010. Structural
studies of phosphoglucose isomerase from Mycobacterium
tuberculosis H37Rv. Acta Crystallographica Sect. F: Struct.
Biol. Commun., 66: 490-497.

Lambeir, AM., F.R. Opperdoes and R.K. Wierenga, 1987.
Kinetic properties of triose-phosphate isomerase from
Trypanosoma brucei bruceii A comparison with the rabbit
muscle and yeast enzymes. FEBS J., 168: 69-74.

Allen, KN. A. Lavie, A. Glasfeld, T.N. Tanada and
D.P.Gerrity etal, 1994.Role of the divalent metal ion in sugar
binding, ring opening and isomerization by D-xylose
isomerase: Replacement of a catalytic metal by anaminoacid.
Biochemistry, 33: 1488-1494.



	ajb.pdf
	Page 1


