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Abstract
The genome of the hyperthermophilic archaeon Pyrobaculum calidifontis contains an open reading frame, Pcal_1032, 
annotated as glucokinase. Amino acid sequence analysis showed that Pcal_1032 belonged to ROK (repressor, open read-
ing frame, and kinase) family of sugar kinases. To examine the properties of Pcal_1032, the coding gene was cloned and 
expressed in Escherichia coli. However, expression of the gene was low resulting in a poor yield of the recombinant protein. 
A single site directed mutation in Pcal_1032 gene, without altering the amino acid sequence, resulted in approximately 
tenfold higher expression. Purified recombinant Pcal_1032 efficiently phosphorylated various hexoses with a marked prefer-
ence for glucose. ATP was the most preferred phosphoryl group donor. Optimum temperature and pH for the glucokinase 
activity of Pcal_1032 were 95 °C and 8.5, respectively. Catalytic efficiency (kcat/Km) towards glucose was 437 mM−1 s−1. 
The recombinant enzyme was highly stable against temperature with a half-life of 25 min at 100 °C. In addition, Pcal_1032 
was highly stable in the presence of denaturants. There was no significant change in the CD spectra and enzyme activity of 
Pcal_1032 even after overnight incubation in the presence of 8 M urea. To the best of our knowledge, Pcal_1032 is the most 
active and highly stable glucokinase characterized to date from archaea, and this is the first description of the characteriza-
tion of a glucokinase from genus Pyrobaculum.
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Introduction

Glucokinase (EC 2.7.1.2) is the enzyme which catalyzes 
the conversion of glucose into glucose 6-phosphate utiliz-
ing ATP, ADP, or PPi as phosphoryl group donor, the first 
irreversible phosphorylation reaction of glycolysis.

Based on amino acid sequence, microbial glucokinases 
are classified into three groups (Lunin et al. 2004). The 
group I consists of ATP- and ADP-dependent glucokinases 
from eukaryotes (Ronimus and Morgan 2004) and archaeal 
phylum euryarchaeota (Sakuraba et  al. 2004). Group II 

glucokinases are found in Gram-negative bacteria, cyano-
bacteria, and amitochondriate protists (Wu et al. 2001). 
Group III glucokinases are present in archaeal phylum 
crenarchaeota (Hansen et al. 2002) and bacteria (Hansen 
and Schonheit 2003). This group possesses two conserved 
sequence motifs which include ROK (repressor, open read-
ing frame, and kinase) motif (Titgemeyer et al. 1994) and a 
cysteine-rich motif (CXCGXXGCXE). Mutational study of 
Bacillus subtilis glucokinase revealed the functional impor-
tance of the conserved cysteine residues in the cysteine-rich 
motif. Moreover, these residues are involved in glucose bind-
ing (Mesak et al. 2004).

We are interested in sugar kinases from hyperther-
mophiles and we have previously studied novel ribose-
5-phosphate pyrophosphokinases from Thermococcus 
kodakarensis (Rashid et al. 1997), an anaerobic hyper-
thermophilic archaeon (Morikawa et al. 1994; Atomi et al. 
2004) and P. calidifontis (Bibi et al. 2016), a facultative 
aerobic hyperthermophilic archaeon (Amo et al. 2000). 
Complete genomes of both the microorganisms have been 
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determined (Fukui et al. 2005; http://www.ncbi.nlm.nih.
gov/nuccore/CP000561.1). The genome sequence of P. 
calidifontis contained an open reading frame, Pcal_1032, 
annotated as glucokinase. To understand the functional 
properties, the gene encoding Pcal_1032 was cloned and 
expressed in Escherichia coli. Here, we report enhanced 
gene expression and functional characterization of the 
enzyme.

Materials and methods

Chemicals and materials were purchased either from Sigma-
Aldrich or Thermo Fisher Scientific or Fluka Chemical 
Corp. Cloning vectors, restriction enzymes, and DNA puri-
fication kits were purchased from Thermo Fisher Scientific. 
Gene-specific oligonucleotides were commercially synthe-
sized from Macrogen. Plasmid vectors, pTZ57R/T (Thermo 
Fisher) and pET-28a(+) (Novagen), were employed for 
cloning and expression purposes, respectively. E. coli cells 
DH5α and BL21-CodonPlus (DE3)-RIL (Stratagene) were 
used for cloning and expression purposes.

Gene cloning and expression in E. coli

Glucokinase gene, Pcal_1032, from P. calidifontis was 
amplified by polymerase chain reaction (PCR) using 
sequence specific forward, Pcal_1032F (5ʹ-CCA​TGG​CGA​
AGT​ACT​TGG​GGA​TAG​-3ʹ) and reverse, Pcal_1032R (5ʹ-
CTA​TCG​GGG​ATA​CCC​AAA​CTT​CTT​C-3ʹ), primers and 
genomic DNA of P. calidifontis as template. Recognition 
site for restriction enzyme NcoI (underlined sequence) was 
introduced in the forward primer, Pcal_1032F. The PCR 
amplified DNA fragment was ligated in cloning vector 
pTZ57R/T using T4 DNA ligase as recommended by the 
supplier (Thermo Fisher Scientific). The resulting plasmid 
was named pTZ_1032. Pcal_1032 gene was liberated from 
pTZ_1032 using NcoI (introduced in the forward primer) 
and HindIII (from multiple cloning site of pTZ57R/T) 
restriction enzymes and cloned in pET-28a(+) expression 
vector utilizing the same sites. The resulting recombinant 
plasmid was named pET_1032.

Escherichia coli BL21-CodonPlus (DE3)-RIL cells 
were transformed using pET_1032. The transformed cells 
were cultivated in Luria–Bertani (LB) medium supple-
mented with 50 μg/mL kanamycin at 37 °C until an optical 
density of 0.4–0.5 at 660 nm was reached. Expression of 
the gene was induced by the addition of isopropyl-β-d-1-
thiogalactopyranoside (IPTG) at a final concentration of 
0.2 mM. After induction, the cells were allowed to grow for 
4–6 h at 37 °C and harvested by centrifugation at 6000×g.

Codon modification

For codon modification, a new forward pr imer 
(Pcal_1032FM 5ʹ-CCA​TGG​CGAA​ATAC​TTG​GGG​ATA​
G-3ʹ) was designed and used to amplify the Pcal_1032 
gene. Nucleotide ‘G’ at position 11 was replaced by ‘A’ 
(shown in bold) in Pcal_1032FM primer. The gene with 
the modified codon was named Pcal_1032M. PCR ampli-
fied gene was cloned in pET-28a expression vector using 
the same strategy as described above.

Production in E. coli and purification of recombinant 
Pcal_1032

Cell pellet (4 g wet weight from 1 L culture) was sus-
pended in 40 mL of 50 mM Tris–HCl buffer of pH 8.0 
containing 0.2 mM each of phenylmethylsulfonyl fluoride 
and β-mercaptoethanol. Cells were then lysed by sonica-
tion. Soluble and insoluble fractions were separated by 
centrifugation at 12,000×g and 4 °C for 10 min. Super-
natant containing recombinant Pcal_1032 was heated at 
80 °C for 25 min to denature the heat-labile proteins of E. 
coli. The denatured proteins were removed by centrifuga-
tion at 20,000×g for 20 min. The supernatant containing 
Pcal_1032 was loaded onto HiTrap QFF (GE Healthcare) 
anion-exchange column. The proteins were eluted using 
a linear gradient of 0–1 M NaCl. Fractions showing high 
activity were pooled, dialyzed, and applied to Resource 
Q column (GE Healthcare). The procedure described for 
HiTrap QFF was exactly followed for Resource Q column. 
Again, the fractions showing high activity were pooled, 
dialyzed, equilibrated with 1.2 M ammonium sulphate, and 
loaded onto hydrophobic column Butyl FF (GE Health-
care) column. The proteins were eluted by gradually low-
ering the ammonium sulphate concentration from 1.2 to 
0 M. Fractions at each step were examined by SDS-PAGE 
as well as activity analysis. Protein concentration was 
determined spectrophotometrically at every step of puri-
fication using Bradford reagent.

Molecular mass and subunit determination

The molecular mass of recombinant Pcal_1032 was deter-
mined by SDS-PAGE analysis and subunits were deter-
mined by gel filtration chromatography. For gel filtration, 
chromatography Superdex 200 10/300 GL gel filtration 
column (GE Healthcare) was equilibrated with 150 mM 
NaCl in 20 mM Tris–HCl (pH 8.0). The standard curve 
was obtained with ferritin (440 kDa), catalase (240 kDa), 
lactate dehydrogenase (140 kDa), BSA (64.5 kDa), and 
proteinase K (28.9 kDa). Solutions of the standard and 
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sample proteins were prepared in 20 mM Tris–HCl (pH 
8.0) containing 150 mM NaCl.

Enzyme assays

Glucokinase activity of Pcal_1032 was measured in a cou-
pled assay by monitoring the reduction of NADP+ into 
NADPH at 340 nm by glucose 6-phosphate dehydrogenase 
(Sigma-Aldrich). Activity was measured either by continu-
ous assay at or below 50 °C or by discontinuous assay at 
higher temperatures. The coupling reaction is shown below:

The assay mixture (1 mL) for the continuous assay 
contained 2  mM glucose, 2  mM MgCl2, 2  mM ATP, 
100 mM Tris–HCl buffer pH 8.5, 1 mM NADP+, purified 
Pcal_1032, and 1 U glucose-6-phosphate dehydrogenase. 
The reaction scheme for discontinuous assay was the same 
as described above. However, the first step of conversion 
of glucose into glucose 6-phosphate was performed at 
higher temperature (60–90 °C) for a specific time interval, 
and then, the reaction mixture was quenched in ice water. 
The second step of conversion of glucose 6-phosphate to 
6-phospho-d-gluconate was performed at 30 °C.

One unit of glucokinase was defined as the amount of 
enzyme required to convert 1 µmol of glucose to glucose-
6-phosphate per min.

Activity with different substrates was measured follow-
ing the pyruvate kinase/lactate dehydrogenase (PK/LDH) 
assay. ADP generated from ATP by the activity of kinase 
was measured by the oxidation of NADH into NAD+ in a 
UV spectrophotometer at 340 nm. The PK/LDH coupling 
reaction is shown below:

The assay mixture (1 mL) contained 100 mM Tris–HCl, 
pH 8.5, 2 mM of substrate, 2 mM MgCl2, 0.3 mM NADH, 
2 mM ATP, 50 mM KCl, 1 mM phosphoenolpyruvate, 
1.4 U pyruvate kinase, 2.8 U lactate dehydrogenase, and 
purified Pcal_1032. The assay was performed at 50 °C. Pro-
tein concentration was estimated through Bradford reagent 
and used in calculation of specific activity of the protein.

Glucose + ATP
Pcal_1032

�������������������������������→ Glucose 6-phosphate + ADP

Glucose 6-phosphate + NADP+
Glucose 6-P dehydrogenase
�������������������������������������������������������������������������������������→

6-Phospho-D-gluconate + NADPH.

Substrate + ATP
Pcal_1032
⟶ Substrate-P + ADP

Phosphoenolpyruvate + ADP
Pyruvate kinase
�������������������������������������������������→

Pyruvate
Lactate dehydrogenase
����������������������������������������������������������������������→

NADH→NAD+
Lactate.

Circular dichroism analysis

Structural stability of Pcal_1032 was analyzed by circular 
dichroism (CD) spectroscopy using Chirascan-plus CD 
Spectrometer (Applied Photophysics). The protein sam-
ples were incubated at different temperatures ranging from 
50 to 90 °C. The CD spectra of the protein solutions were 
recorded in 20 mM Tris–HCl pH 8.0 in the far-UV range of 
190–260 nm. Solvent spectra were subtracted from those of 
the protein solutions.

Denaturation studies

For denaturation studies, Pcal_1032 protein samples were 
prepared in different concentrations of urea (0–8 M final 
concentration) or guanidinium chloride (0–6 M final con-
centration) and incubated at room temperature for various 
interval of time. Residual glucokinase activity of these sam-
ples was examined as described above.

Results

Genome search of P. calidifontis revealed the presence of an 
open reading frame, Pcal_1032, annotated as glucokinase. 
The gene consisted of 891 nucleotides encoding a polypep-
tide of 296 amino acids having a theoretical molecular mass 
of 31,573 Da and an isoelectric point of 6.46. Pcal_1032 

Fig. 1   Phylogenetic tree of Pcal_1032 and characterized glucoki-
nases, whose amino acid sequences are available in the database. 
Unrooted tree was constructed using the neighbor-joining method. 
Segments corresponding to an evolutionary distance of 0.1 are 
shown. The tree was constructed using ClustalW provided at http://
clustalw.ddbj.nig.ac.jp/. Following are the sequences, with accession 
numbers, used for the alignment to construct the phylogenetic tree: 
P. calidifontis (Pcal_1032), ABO08457; A. pernix, BAA81102; T. 
tenax, CCC80737; T. maritima, NP_229269; S. mutans, NP_720979; 
B. subtilis, P54495; E. coli, NP_416889; Z. mobilis, AAV88993; T. 
litoralis, EHR79075; P. furiosus, AAL80436; M. jannaschii, Q58999; 
R. norvegicus, NP_001094193; and Mycobacterium tuberculosis, 
NP_217218

http://clustalw.ddbj.nig.ac.jp/
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Archaeoglobus fulgidis                       
Halogeometricum pallidum
Haloprofundus marisrubri
Haloarcula vallismortis
Halorhabdus tiamatea
Staphylothermus hellenicus
Staphylothermus marinus
Thermogladius cellulolyticus
Ignisphaera aggregans
Thermosphaera aggregans
Desulfurococcus amylolyticus
Pyrobaculum islandicum
Pyrobaculum calidifontis
Pyrobaculum aerophylum
Pyrobaculum ferrireducens
Pyrobaculum arsenticum
Pyrobaculum oguniense
Pyrobaculum neutrophilum
Thermoproteus uzoniensis  
Thermoproteus tenax
Vulcanisaeta thermophila
Vulcanisaeta distributa
Caldivirga maquilingensis
Aeropyrum pernix
Aeropyrum camini
Caldisphaera lagunensis
Thermofilum pendens
Thermotoga neapolitana
Thermotoga naphthophila
Fervidobacterium pennivorans
Fervidobacterium islandicum
Fervidobacterium gondwanense
Fervidobacterium nodosum
Fervidobacterium thailandensis
Thermosipho melanesiensis
Thermosipho affectus
Thermosipho africanus
Thermosipho atlanticus 
Thermotoga calidifontis
Kosmotoga pacifica
Defluviitoga tunisiensis
Streptococcus mutans
Streptococcus troglodytae
Streptococcus devriesei
Streptococcus orisasini
Streptococcus macacae
Streptococcus uberis
Streptococcus phocae
Streptococcus equi
Streptococcus iniae 
Streptococcus porci
Streptococcus caballi
Streptococcus pneumoniae
Bacillus subtilis
Bacillus tequilensis
Bacillus mojavensis
Bacillus axarquiensis
Bacillus vallismortis
Bacillus licheniformis
Brevibacterium halotolerans
Petrotoga mobilis
Geotoga petraea
Pseudothermotoga thermarum

143CRCGGE GH LE152

177CGCGHDGHWE186

177CGCGHDGHWE186

177CGCGHDGHWE186

177CGCGQDGHWE186

173CGCGGYGHWE182

173CGCGGYGHWE182

173CGCGGYGHWE182

176CGCGGKGHWE185

171CGCGGRGHWE180

174CGCGGYGHWE183

171CGCGGRGHFE180

158CGCGGLGH FE167

158CGCGGFGH FE167

174CGCGGVGH FE183

158CGCGGFGH FE167

158CGCGGFGH FE167

159CGCGGRGH FE168

157CGCGGLGHWE166

157CGCGGLGHWE166

168CGCGGLGHWE177

169CGCGGYGHWE178

175CGCGGYGH LE184

170CGCGGTGHWE179

169CGCGGVGHWE178

167CGCGK I GHWE176

172CGCGKKGHWE181

172CNCGTRGC LE181

169CNCGTRGC LE178

170CGCGNYGCLE179

170CGCGNYGCLE179

170CGCGNYGCLE179

170CGCGNYGCLE179

170CGCGNYGCLE179

169CGCGNYGCLE178

169CGCGNYGCLE178

170CGCGNYGCLE179

170CGCGNYGCLE179

169CGCGARGCLE178

175CGCGSHGCLE184

168CGCGNRGCVE177

177CT CGNKGCLE186

177CTCGNKG CLE186

177CTCGNKG CLE186

177CTCGNKG CLE186

177CTCGNKG CLE186

177CTCGSYG CLE186

177CTCGSKG CLE186

177CTCGSKG CLE186

177CTCGSEG CLE186

177CTCGNKG CLE186

177CTCGNQGCLE186

177CTCGK YGCLE186

175CNCGK TGC IE184

175CNCGK TGC IE184

175CNCGK TGC IE184

175CNCGK TGC IE184

175CNCGK TGC IE184

175CNCGK SGC IE184

175CNCGK TGC IE184

168CGCNL RGCLE177

167CGCGSKGCAE176

165CNCGKRGCVE174

* *   * *

Archaea 
B

acteria 
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displayed the highest homology of 74% with uncharacter-
ized glucokinases from Pyrobaculum islandicum and Pyro-
baculum aerophilum. Among the characterized enzymes, 
it exhibited 62% identity to its counterpart from Thermo-
proteus tenax (Dörr et al. 2003) followed by 39 and 34% 
with glucokinases from Aeropyrum pernix (Hansen et al. 
2002) and Thermotoga maritima (Hansen and Schonheit 
2003), respectively. When amino acid sequences of the 
characterized members of this family were aligned and a 
phylogenetic tree was constructed, three distinct groups were 
demarcated. Group I consisted of ADP-dependent glucoki-
nases from eukaryotes and euryarchaeota including Rattus 
norvegicus, Methanocaldococcus jannaschii, Thermococcus 
litoralis, and Pyrococcus furiosus (Fig. 1). Group II included 
ATP-dependent glucokinases from E. coli and Zymomonas 
mobilis. In group I and II enzymes, ROK motif is absent. 
Pcal_1032 along with all the characterized glucokinases 
containing ROK motif from archaea and bacteria neither 
cluster in group I nor in group II. They made a third group. 

Alignment of amino acid sequences of the characterized 
members of group III demonstrated three highly conserved 
regions. Region I is reported to contain ATP-binding site, 
region II represents ROK motif, and region III is cysteine-
rich conserved motif involved in glucose binding (Mesak 
et al. 2004). When we performed amino acid sequence align-
ment of cysteine-rich motif found in ATP-dependent ROK 
glucokinases from archaea and bacteria, we found that the 
third cysteine in this region was replaced by histidine in 
all archaeal sequences (Fig. 2). This region is reported to 
be involved in glucose binding; therefore, it is interesting 
to study the substrate specificity and compare it with the 
enzymes from bacterial sources.

Production of Pcal_1032 in E. coli

When the gene encoding Pcal_1032 was expressed in E. 
coli by inducing the cells carrying pET_1032 plasmid with 
0.2 mM IPTG, the expression level was very low. Higher or 
lower concentrations of IPTG did not affect the expression 
level. We then analyzed the folding and secondary structures 
of mRNA predicted by mfold web server (http://unafold.
rna.albany.edu/?q=mfold) using the ribosomal binding site 
sequence in the vector and a few nucleotides at the start of 
Pcal_1032 gene. A hair-pin loop formation was predicted, as 
shown in Fig. 3a, with a ∆G value of − 2.8. This loop was 
formed due to the hydrogen binding between cytosine of the 
second amino acid alanine (GCG) and guanine of the third 
amino acid lysine (AAG). Furthermore, E. coli has biased 
in codon usage and AAG is not a preferred codon. To avoid 
hair-pin loop formation, we designed Pcal_1032FM primer 
for PCR amplification of the gene replacing AAG codon 
by AAA, a preferred codon in E. coli. This resulted in a 
dual advantage. The hair-pin loop formation was avoided 
(Fig. 3b) and a rare codon was replaced by a preferred 
codon. Nucleotide change was confirmed by DNA sequenc-
ing after cloning.

Analysis of production of recombinant Pcal_1032 in E. 
coli cells demonstrated that tenfold higher Pcal_1032 was 
produced in cells harboring pET_1032M plasmid compared 
to the cells containing pET_1032 plasmid under similar con-
ditions (Fig. 4). Recombinant Pcal_1032 was approximately 
30% of the total proteins of the host. When the soluble and 
insoluble fractions, after lysis of the cells, were analyzed, it 
was found that recombinant Pcal_1032 was produced in the 
soluble form. The first step of purification was based on the 
thermostability of recombinant Pcal_1032. The protein sam-
ple was heated at 80 °C for 30 min which resulted in precipi-
tation and removal of most of the heat-labile proteins of the 
host. Further purification by ion exchange and hydrophobic 
column chromatographies resulted in purified recombinant 
Pcal_1032 to apparent homogeneity on SDS-PAGE (Fig. 4).

Fig. 2   Alignment of cysteine-rich motif found in ATP-dependent 
ROK glucokinases. Three conserved cysteines are typed bold. Fol-
lowing are the sequences, with accession numbers, used for align-
ment: Archaeoglobus fulgidus, AIG98959; Halogeometricum palli-
dum, ELZ30084; Haloprofundus marisrubri, KTG10816; Haloarcula 
vallismortis, AAV45565; Halorhabdus tiamatea, CCQ33691; Staphy-
lothermus hellenicus, WP_013143234; Staphylothermus marinus, 
ABN70603; Thermogladius cellulolyticus, AFK51279; Ignisphaera 
aggregans, ADM27308; Thermosphaera aggregans, ADG90761; 
Desulfurococcus amylolyticus, AFL66479; Pyrobaculum islandicum, 
ABL88155; P. calidifontis, ABO08457; P. aerophylum, AAL64914; 
Pyrobaculum ferrireducens, AET32063; Pyrobaculum arsenticum, 
ABP51423; Pyrobaculum oguniense, AFA38285; Pyrobaculum 
neutrophilum, ACB40229; Thermoproteus uzoniensis, AEA13339; 
T. tenax, CCC80737; Vulcanisaeta thermophila, WP_069807370; 
Vulcanisaeta distributa, WP_013337289; Caldivirga maquilingen-
sis, WP_012185382; A. pernix, BAA81102; Aeropyrum camini, 
BAN90779; Caldisphaera lagunensis, WP_015232398; Thermofilum 
pendens, ABL78302; Thermotoga neapolitana, ACM23200; Ther-
motoga naphthophila, ADA67425; Fervidobacterium pennivorans, 
ACM2320; Fervidobacterium islandicum, AMW32186; Fervidobac-
terium gondwanense, SHN56637; Fervidobacterium changbaicum, 
SDH58233; Fervidobacterium thailandensis, ODN31033; Thermo-
sipho melanesiensis, ABR30996; Thermosipho affectus, ONN26936; 
Thermosipho africanus, ACJ75889; Thermosipho atlanticus, 
SHH58051; Thermotoga calidifontis, WP_041076719; Kosmotoga 
pacifica, AKI97915; Defluviitoga tunisiensis, CEP79132; Strepto-
coccus mutans, AFM81004; Streptococcus troglodytae, BAQ24837; 
Streptococcus devriesei, WP_027975760; Streptococcus orisasini, 
WP_057490687; Streptococcus macacae, WP_003079242; Strep-
tococcus uberis, CAR42827; Streptococcus phocae, KPJ22469; 
Streptococcus equi, CAW92910; Streptococcus iniae, AGM98339; 
Streptococcus porci, WP_027974469; Streptococcus caballi, 
WP_018365135; Streptococcus pneumonia, ABJ55324; B. subtilis, 
NP_390365; Bacillus tequilensis, KOS70873; Bacillus mojavensis, 
WP_024122056; Bacillus axarquiensis, KUP41914; Bacillus val-
lismortis, KYD02120; Bacillus licheniformis, AAU24173; Brevi-
bacterium halotolerans, OEC78071; Petrotoga mobilis, ABX31202; 
Geotoga petraea SDC47876; and Pseudothermotoga thermarum, 
AEH50428

◂

http://unafold.rna.albany.edu/?q=mfold
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Molecular mass determination

Molecular mass and subunit number of recombinant 
Pcal_1032 were determined by gel filtration chromatogra-
phy. Pcal_1032 eluted at a retention volume of 15.05 mL, 
which corresponded to an approximate molecular mass 
of 31 kDa on a standard curve obtained from the elution 
volumes of various standard proteins of known molecular 

weight (data not shown). This indicated that the recombinant 
Pcal_1032 existed in a monomeric form.

Biochemical characterization

The thermostability of Pcal_1032 was examined by incubat-
ing the protein at 80 °C, for various intervals of time and 
measuring the residual activity, and Pcal_1032 was found 
highly thermostable with no significant loss in activity even 
after an incubation of 240 min. As Pcal_1032 was highly 
stable at 80 °C, therefore, we heated the enzyme at 90 and 
100 °C for various intervals of time in screw-capped tubes 
and examined the residual activity. Half-life of the enzyme 
was 90 and 25 min at 90 and 100 °C, respectively (Fig. 5a).

When we examined the activity of Pcal_1032 at various 
temperatures keeping the pH constant at 8.5, we found that 
the glucokinase activity of Pcal_1032 increased with the 
increase in temperature and the highest activity was found 
at 95 °C (Fig. 5b) which is in accordance with the optimal 
growth temperature of P. calidifontis (90–95 °C).

To examine the effect of pH, the glucokinase activity of 
Pcal_1032 was examined in different buffers of various pH 
range. The optimum pH for Pcal_1032 glucokinase activity 
was 8.0‒8.5. Activity decreased rapidly below pH 7.5 and 
above 9.5 (Fig. 5c).

Pcal_1032 displayed significant glucokinase activity 
without the addition of any metal ion. However, a drastic 
decrease in enzyme activity was observed when 2 mM 
EDTA was added in the reaction mixture. This result indi-
cated that enzyme activity of Pcal_1032 is metal ion depend-
ent. The activity observed without the addition of any metal 
ion could be attributed to the metal ions bound to the enzyme 
during production in E. coli. Prior to examine the effect of 
metal ions, purified recombinant Pcal_1032 was incubated 
with 2 mM EDTA for 1 h and then extensively dialyzed. The 
addition of various metal ions in the assay mixture at a final 
concentration of 100 μM resulted in an increase in enzyme 
activity to a variable amount. Although various metal ions 
could activate Pcal_1032, the highest activity (a tenfold 
increase) was found in the presence of 100 μM of Mg2+. 
We, therefore, measured the glucokinase activity in the pres-
ence of various concentrations of Mg2+. Glucokinase activ-
ity of Pcal_1032 increased with the increase in Mg2+ and the 
highest activity was found in the presence of 1 mM (Fig. 6). 
Higher than 1 mM Mg2+ did not affect the enzyme activity.

When phosphoryl donor specificity of Pcal_1032 was 
examined using glucose as substrate, we found that the 
enzyme could utilize ATP, CTP, GTP, and UTP with a 
tenfold higher activity with ATP. No activity could be 
detected when ADP or AMP was used as phosphoryl group 
donor indicating that Pcal_1032 is nucleoside triphosphate 
dependent.

Fig. 3   Prediction of secondary structure of mRNA of Pcal_1032 
using mfold software. a Native sequence and b codon-modified 
sequence. The modification is shown by a circle

Fig. 4   Coomassie brilliant blue stained 14% SDS-PAGE show-
ing expression of Pcal_1032 and Pcal_1032  M genes. Lane M, 
protein ladder; lane 1, uninduced cells carrying pET_1032; lane 
2, induced cells carrying pET_1032; lane 3, induced cells carrying 
pET_1032 M; and lane 4, purified Pcal_1032



253Extremophiles (2018) 22:247–257	

1 3

Determination of substrate specificity of Pcal_1032 indi-
cated that it can phosphorylate all the hexoses tested. No 
pento kinase, phosphopento kinase, or phosphohexo kinase 
activity could be detected. The highest kinase activity was 
found with glucose (100%) followed by fructose (70%), 
mannose (30%), galactose (11%), and sorbitol (10%).

Structural stability

Recombinant Pcal_1032 was found highly thermostable; 
therefore, secondary structure of the protein was analyzed by 
CD spectroscopy. The results showed that there was no change 
in the CD spectra up to 90 °C, indicating that the enzyme 
maintains its secondary structure even at 90 °C (Fig. 7).

Fig. 5   Thermostability of Pcal_1032 and effect of temperature and pH on 
glucokinase activity. All the readings are average of three independent experi-
ments. a Thermostability of Pcal_1032. The protein was incubated at 80 
(closed circles), 90 (closed squares), and 100  °C (closed diamonds) for vari-
ous intervals of time and residual activity was examined in 50 mM Tris–HCl 
buffer (pH 8.5) at 50  °C. b Effect of temperature. Glucokinase activity of 
Pcal_1032 was examined at various temperatures keeping the pH constant at 
8.5. pH of the buffers was adjusted at room temperature. c Effect of pH. Glu-
cokinase activity of Pcal_1032 was examined at various pH keeping the tem-
perature constant. Following buffers were used: sodium phosphate buffer pH 
6.5–7.5 (filled squares), Tris–HCl buffer pH 7.5–9.0 (open squares), and gly-
cine–NaOH buffer pH 9.0–10.5 (closed circles)

Fig. 6   Effect of various concentrations of Mg2+ in the assay mixture. 
Glucokinase activity was examined at 50  °C in 50  mM Tris–HCl 
buffer (pH 8.5)
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Fig. 7   Circular dichroism analysis of Pcal_1032. Far-UV spectrum 
of Pcal_1032 (500  μg/mL) was analyzed by examining the circular 
dichroism spectra from 190 to 260 nm at 50 °C (closed circles), 60 °C 
(open squares), 70  °C (closed triangles), 80  °C (open circles), and 
90 °C (closed squares)
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Fig. 8   Fluorescent spectra of Pcal_1032 after overnight incubation with various concentrations of a urea and b guanidinium chloride



255Extremophiles (2018) 22:247–257	

1 3

Proteins usually lose their enzyme activities in the 
presence of high concentrations of denaturants such as 
urea and guanidinium chloride. However, Pcal_1032 was 
found highly stable in the presence of these denaturants. 
When residual activity was examined after overnight 
incubation of Pcal_1032 in the presence of 8 M urea or 
2 M guanidinium chloride, the protein was found fully 
functional indicating its structural stability against these 
denaturants (Fig. 8). However, at higher concentrations 
of guanidinium chloride, the enzyme activity was sig-
nificantly lost.

Kinetic parameters

Kinetic parameters towards glucose were measured by 
varying the concentration of glucose and keeping ATP 
constant at 2  mM. Similarly, when these parameters 
were measured towards ATP, then, glucose concentration 
was kept constant at 2 mM and ATP concentration was 
varied. Pcal_1032 exhibited a Km value of 660 ± 7 μM 
towards glucose and 900  ±  10  μM towards ATP. A 
Vmax value of 550 ± 5 μmol min−1 mg−1 was calculated 
from Lineweaver‒Burk plot (Fig.  9). From the Vmax 
(550 μmol min−1 mg−1) and molecular weight (31,573 Da) 
of Pcal_1032, a kcat value of 289 s−1 was calculated. Cat-
alytic efficiency (kcat/Km) of Pcal_1032 was found to be 
437 mM−1 s−1. Comparison of characteristics of the dif-
ferent ROK glucokinases demonstrated that Pcal_1032 is 
highly active enzyme of this group (Table 1).

Discussion

The genome sequence of P. calidifontis revealed the pres-
ence of an open reading frame, Pcal_1032, annotated as 
glucokinase. Phylogenetic analysis placed Pcal_1032 in the 
ROK glucokinase group. All characteristically conserved 
sequence motifs of this group were present in Pcal_1032. 
Cysteine-rich motif (CXCGXXGCXE) was found with 
a slight modification. The third Cys in this region was 
replaced by His. An alignment of cysteine-rich motifs of 
ROK glucokinase of archaeal and bacterial origins dem-
onstrated that the third Cys was replaced by His in all the 
archaeal sequences. Two of the archaeal ROK glucokinases 
from A. pernix (Hansen et al. 2002) and T. tenax (Dörr 
et al. 2003) have been characterized and found to utilize 
multiple substrates as phosphoryl group acceptor similar 
to Pcal_1032. This region is reported to be involved in 
substrate (glucose) binding (Mesak et al. 2004). We can 
speculate that this amino acid change may be responsible 
for broad substrate specificity of the archaeal enzymes. A 
substitution of this His to Cys will be interesting and may 
confirm this speculation.

Escherichia coli expression system is the most popular 
expression system and high levels of recombinant proteins 
are produced. However, occasionally, no expression or very 
low expression is reported due to codon bias or hair-pin loop 
formation in mRNA secondary structure which restricts 
translation. Similar was the case with Pcal_1032 gene. When 
the gene was expressed in E. coli, a very low level of expres-
sion was observed. When the secondary structure of mRNA 
was analyzed using mfold, there was a prediction of forma-
tion of a hair-pin loop with a ∆G value of − 2.8. To remove 
this predicted loop, AAG codon for lysine was replaced by 
AAA. This silent mutation resulted in removal of hair-pin 
loop when analyzed by mfold and ultimately resulted in high 
expression of the gene.

Pcal_1032 was found to be highly thermostable. The 
amino acid composition of a protein seems quite relevant to 
support thermostability as it is related to the hydrophobic 
interactions (Baldwin 2007; Pace 2009). A comparison of 
amino acid composition showed that Pcal_1032 contains 
quite high number of hydrophobic residues Leu and Val 
which constitute 20.9% of the protein similar to 18% in its 
counterpart from hyperthermophilic bacterium T. maritima 
(NP_229269), and in contrast to 13.7% in the mesophilic 

Fig. 9   Lineweaver–Burk plots of initial reaction rates for glucokinase 
activity of Pcal_1032 against glucose (a) and ATP (b)
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counterpart from B. subtilis (accession # NP_390365). Fur-
thermore, there are 34 (11.5%) alanine residues, the best 
α-helix former, which may be one of the factors respon-
sible for the thermostability of Pcal_1032. Thermolabile 
amino acids tend to be avoided in thermostable enzymes 
(Hensel 1993; Muir et al. 1995; Russell and Taylor 1995; 
Russell et al. 1997). Thermolabile amino acids such as Cys, 
Met, Gln, and Asn were very low (5.7%) in Pcal_1032 
similar to 5.3% in its counterpart from hyperthermophilic 
bacterium T. maritima, and in contrast to 10% in the meso-
philic counterpart from B. subtilis. High thermostability of 
Pcal_1032 may be attributed to higher content of α-helix 
formers along with high number of hydrophobic residues 
and low number of thermolabile amino acids.

Proteins usually lose their enzyme activities in the pres-
ence of high concentrations of denaturants such as urea and 
guanidinium chloride, because these chaotropic agents dis-
turb the native physiological active structure. However, there 
are some reports demonstrating stability of some proteins 
from hyperthermophilic archaea against these denaturants 
(Rasool et al. 2010; Chohan and Rashid 2013; Gharib et al. 
2016). Pcal_1032 was also found highly stable in the pres-
ence of these denaturants. When the residual glucokinase 
activity of Pcal_1032 was measured after overnight incuba-
tion in the presence of 8 M urea or 2 M guanidinium chlo-
ride, no significant loss in enzyme activity was observed. 
However, the glucokinase activity of Pcal_1032 was 
decreased at higher concentrations of guanidinium chloride. 
A 55% loss in activity was observed after 2 h of incubation 
in the presence of 4 M guanidinium chloride. This may be 
due to the fact that guanidinium chloride is a salt as well as 
denaturant, whereas urea is an uncharged molecule, hence 
deficient in ionic strength effects.

In conclusion, our results demonstrate that P. calidifon-
tis possesses a hexokinase, for phosphorylation of sugars at 
elevated temperatures, which belongs to ROK family and 
exhibits a broad substrate specificity. The enzyme is highly 
resistant to temperature and denaturants. Pcal_1032 is capa-
ble of phosphorylation of various hexoses with a marked 
preference for glucose. Furthermore, a single-nucleotide 
substitution resulted in high expression of Pcal_1032 gene 
in E. coli. Similar substitutions can be extended to other 
cloned genes which have low levels of expression in E. coli.
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