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Introduction

Ribose-5-phosphate pyrophosphokinase (RPPK, EC 
2.7.6.1) catalyzes the transfer of pyrophosphoryl group 
from ATP to C1 hydroxyl group of ribose-5-phosphate 
resulting in the production of phosphoribosyl pyrophos-
phate (PRPP) and AMP. PRPP plays a central role in sev-
eral processes of life, including the synthesis of nucleo-
tides, co-enzyme NAD+, and amino acids histidine and 
tryptophan (Hove-Jensen 1988). RPPK has been character-
ized from all the three domains of life, including eukarya, 
bacteria, and archaea. Among eukaryotes, it has been stud-
ied from Saccharomyces cerevisiae (Hove-Jensen 2004), 
Ashbya gosypii (Jiménez et  al. 2008), Arabidopsis thali-
ana (Krath et  al. 1999), spinach (Krath and Hove-Jensen 
2001a), mosquito (Hong et al. 2013), rat (Roth et al. 1974, 
Kita et al. 1989), and human (Nosal et al. 1993). The bacte-
ria from which RPPK has been investigated include Salmo-
nella typhimurium (Switzer 1969), Escherichia coli (Wil-
lemoës et al. 2000), Bacillus subtilis (Arnvig et al. 1990), 
Bacillus amyloliquefaciens (Zakataeva et  al. 2012), and 
Mycobacterium tuberculosis (Lucarelli et al. 2010). Among 
archaea, the third domain of life, it has been characterized 
from Thermococcus kodakarensis (Rashid et  al. 1997), 
Methanocaldococcus jannaschii (Kadziola et  al. 2005), 
Thermoplasma volcanium (Cherney et  al. 2011), and Sul-
folobus solfataricus (Andersen et al. 2015).

Based upon their properties, RPPKs can be divided into 
three classes. Class I enzymes are limited to ATP and, in 
some cases, dATP in their specificity for pyrophosphoryl 
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donors. They are allosterically inhibited either by ADP or 
GDP or both. Furthermore, they are activated by phosphate, 
which may be regarded as an allosteric activator as phos-
phate  binding competes with ribonucleoside diphosphate 
binding at the allosteric site (Willemoës et al. 2000). Class 
II shows broad pyrophosphoryl donor specificity by accept-
ing GTP, CTP, or UTP (in addition to ATP and dATP). Allos-
teric regulation has not been detected in this class and their 
activity is independent of phosphate (Krath and Hove-Jensen 
2001a, b). Members of class III do not appear to be allosteri-
cally regulated by ribonucleoside diphosphate, but activated 
by phosphate (Kadziola et al. 2005). Thus, the characteristics 
of this class are a mixture of those of class I and II.

Here, we report cloning and characterization of an efficient 
RPPK from the hyperthermophilic archaeon Pyrobaculum 
calidifontis, a facultative aerobe that grows optimally between 
90 and 95  °C (Amo et  al. 2002). The complete genome of 
the microorganism has been determined (http://www.ncbi.
nlm.nih.gov/nuccore/CP000561.1). Genome search revealed 
the presence of an open reading frame Pcal_1127 annotated 
as ribose-5-phosphate pyrophosphokinase. To get functional 
information, we expressed the gene encoding Pcal_1127 in E. 
coli and characterized the gene product.

Materials and methods

Chemicals and materials were purchased either from 
Sigma Aldrich Co. or Thermo-Fisher Scientific Inc. or 
Fluka Chemical Corp. Cloning vectors, restriction enzymes 
and DNA purification kits were purchased from Thermo-
Fisher Scientific Inc. Gene-specific oligonucleotides were 
commercially synthesized from Macrogen Inc. Vectors, 
pTZ57R/T (Thermo-Fisher), and pET-21a (Novagen, Mad-
ison, WI, USA) were employed for cloning and expres-
sion purposes, respectively. E. coli cells DH5α and BL21-
CodonPlus(DE3)-RIL (Stratagene, La Jolla, CA, USA) 
were used for cloning and expression purposes.

Gene cloning, expression in E. coli, and purification 
of recombinant Pcal_1127

RPPK gene, Pcal_1127, from P. calidifontis was 
amplified by polymerase chain reaction (PCR) using 
sequence-specific forward, Pcal_1127F (5′ CATATG-
GACAAAATAAATAGCCGTGCTTTGTATACGCC 3′), 
and reverse, Pcal_1127R (5′ CTATAGCAGTTTCTC-
CACCTCTC 3′), primers and genomic DNA of P. calidi-
fontis as template. Recognition site for restriction enzyme 
NdeI (underlined sequence) was introduced in the forward 
primer. The PCR-amplified DNA fragment was ligated in 
cloning vector pTZ57R/T using T4 DNA ligase as recom-
mended by the supplier (Thermo-Fisher Scientific Inc). 

The resulting plasmid was named as pTZ_1127. Pcal_1127 
gene was liberated from pTZ_1127 using NdeI (introduced 
in the forward primer) and Hind III (from multiple cloning 
sites of pTZ57R/T) restriction enzymes and cloned in pET-
21a expression vector utilizing the same sites. The resulting 
recombinant plasmid was named as pET_1127.

Escherichia coli BL21-CodonPlus(DE3)-RIL were 
transformed using pET_1127. The transformed cells were 
cultivated in Luria–Bertani (LB) medium supplemented 
with 100 μg/mL ampicillin at 37  °C till an optical den-
sity of 0.4–0.5 at 660 nm was reached. The 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. Cell pel-
let (3 g wet weight from 1 L culture) was resuspended in 
30 mL of 50 mM Tris–Cl buffer of pH 8 containing 0.2 mM 
phenylmethylsulfonyl fluoride and β-mercaptoethanol. 
Cells were then lysed by sonication. Soluble and insolu-
ble fractions were separated and supernatant containing 
recombinant Pcal_1127 was heated at 80 °C for 25 min to 
denature the heat-labile proteins of E. coli. The denatured 
proteins were removed by centrifugation at 20,000×g for 
20 min. The supernatant containing Pcal_1127 was loaded 
onto HiTrap Q anion exchange column.

The proteins were eluted using a linear gradient of 
0–1  M NaCl. The fractions having the desired protein 
were pooled, dialyzed, and loaded onto Resource Q anion 
exchange column. The proteins were eluted in a similar 
way as described above. Protein concentration was deter-
mined spectrophotometrically at every step of purification 
using Bradford reagent (Bradford 1976).

Molecular mass determination

The molecular mass of recombinant Pcal_1127 was deter-
mined by the SDS-PAGE analysis as well by gel filtration 
chromatography. For gel filtration chromatography, Super-
dex 200 10/300 GL gel filtration column (GE Healthcare) 
was equilibrated with 150  mM NaCl in 20  mM Tris–Cl 
(pH 8). 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 sample proteins were pre-
pared in 20 mM Tris–Cl (pH 8) containing 150 mM NaCl.

Enzyme assay

Enzyme activity of Pcal_1127 was measured by flouro-
metric coupling reaction. Formation of PRPP from ribose 
5-phosphate (R-5P) was measured through its utilization 
by anthranilate phosphoribosyl transferase (TrpD) to form 
N-5′-phosphoribosyl anthranilate (PRA) as summarized 

http://www.ncbi.nlm.nih.gov/nuccore/CP000561.1
http://www.ncbi.nlm.nih.gov/nuccore/CP000561.1
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below. The absorption and emission wavelengths for 
anthranilic acid (AA) are 315 and 390  nm, respectively. 
Anthranilic acid reacted with PRPP (produced by 
Pcal_1127) and its utilization resulted in decrease in emis-
sion/fluorescence at 390 nm.

Assay mixture contained 1  mM R-5P, 5  mM MgCl2, 
2.5  mM ATP, 100  mM Tris–Cl buffer pH 8.5, 25  µM 
anthranilic acid, 100 µM ZnCl2, 20 µg BSA, 1 mM EDTA, 
20  µg of RPPK, and 100  µg of anthranilate phosphoribo-
syl transferase in a total volume of 2  mL. For estimation 
of optimal temperature for Pcal_1127, enzyme assays were 
performed at various temperatures ranging from 40 to 
80 °C keeping the pH constant. For estimation of optimal 
pH, assays were performed at various pH keeping the tem-
perature at 55 °C.

One unit of enzyme activity is defined as the amount 
of enzyme required to catalyze the synthesis of 1  µmol 
of PRPP per min which is equivalent to disappearance of 
1 µmol of anthranilic acid per min.

For thermostability experiments, Pcal_1127, in 20 mM 
Tris–HCl, was heated at 90 °C for various intervals of time 
and the residual activity was examined at 55  °C and pH 
10.5 in 50 mM glycine-NaOH buffer.

Circular dichroism analysis

Structural stability of Pcal_1127 was analyzed by circular 
dichroism (CD) spectroscopy using Chirascan-plus CD 
Spectrometer (Applied Photophysics, UK). The protein 
samples were incubated at different temperatures ranging 
from 50 to 100  °C. The CD spectra of the protein solu-
tions were recorded in 20 mM Tris–Cl pH 8.0 in the far-
UV range of 200–260 nm. Solvent spectra were subtracted 
from those of the protein solutions.

Denaturation studies of Pcal_1127

For denaturation studies, protein samples were prepared 
in different concentrations of urea (0–8 M final concentra-
tion) or guanidinium chloride (0–6 M final concentration) 
and incubated at room temperature for 30  min. Resid-
ual enzyme activity of these samples was examined as 
described above.

Results

Genome search of P. calidifontis revealed the pres-
ence of an open reading frame, Pcal_1127, annotated as 

R-5P+ ATP → PRPP+ AMP

PRPP+ AA ↔ PRA+ PPi.

ribose-5-phosphate pyrophosphokinase. The gene consisted 
of 891 nucleotides encoding a polypeptide of 297 amino 
acids having a theoretical molecular mass of 32,741  Da 
and an isoelectric point of 6.97. Pcal_1127 displayed 
highest identity of 76  % with an uncharacterized enzyme 
from Pyrobaculum neutrophilum. Among the character-
ized enzymes, Pcal_1127 displayed highest identity of 
38 % with RPPK from T. kodakarensis and S. solfataricus. 
When amino  acid sequences of the characterized mem-
bers of this family were aligned and a phylogenetic tree 
was constructed, three distinct groups were demarcated. 
Group I consists of RPPKs from eukarya and bacteria, 
including S. cerevisiae, human, rat, spinach, A. thaliana, 
B. subtilis, M. tuberculosis, S. typhimurium, E. coli, and B. 
amyloliquefaciens. Group II seems to be specific for plants. 
It comprises two isozymes from spinach and two from A. 
thaliana. Pcal_1127, along with all the RPPKs character-
ized from archaea, neither cluster in group I nor in group 
II. Archaeal RPPKs make a third and relatively dispersed 
group (Fig.  1). Alignment of amino-acid sequences of 
all the characterized RPPKs revealed the presence of six 
highly conserved regions. Regions I to IV contain active-
site residues (typed bold in Fig. 2) according to the crys-
tal structures of RPPK from B. subtilis, M. jannaschii, and 
S. solfataricus. They are involved in substrate binding. In 
these regions, 41Phe, 43Asp and 45Glu (Region I), 102Arg 
and 103Gln (Region II), 134Asp and 136His (Region III), 
and 198Lys and 200Arg (Region IV), according to B. subti-
lis numbering, are involved in ATP binding. 41Phe, 43Asp, 
and 45Glu define specificity for adenine base. 198Lys and 
200Arg are involved in the binding of triphosphate chain 
of ATP and stabilization of transition state (Eriksen et  al. 
2000; Kadziola et al. 2005; Andersen et al. 2015). All these 
residues are conserved in Pcal_1127. Region V is reported 
to be involved in substrate (R-5P) binding in the enzymes 
from above three microorganisms. This region is highly 
conserved in archaea. In this region, amino-acid residues 
224Asp, 225Asp, 231Gly, and 232Thr are conserved in all the 
characterized RPPKs. Region VI has been reported to play 
a role in allosteric regulation in RPPKs from B. subtilis and 
human (Eriksen et al. 2000; Li et al. 2007). This region is 
found only in class I RPPKs which are allosterically regu-
lated and absent in the characterized members of class II 
and III (Fig. 2). These results are consistent with the exper-
imental data demonstrating that class II and III enzymes are 
not allosterically regulated (Krath and Hove-Jensen 2001a; 
Kadziola et al. 2005). 

Production and purification of recombinant Pcal_1127

Analysis of production of recombinant Pcal_1127 in E. 
coli cells harboring pET-1127, by SDS-PAGE, demon-
strated that a high amount of Pcal_1127 was produced in 
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the cells induced with IPTG. Recombinant Pcal_1127 was 
more than 20 % of the total proteins of the host. When the 
soluble and insoluble fractions, after lysis, were analyzed, 
it was found that recombinant Pcal_1127 was produced in 
the soluble form (Fig. 3). The first step of purification was 
based on the thermostability of recombinant Pcal_1127. 
The protein sample was heated at 80  °C which resulted 
in precipitation and removal of most of the heat-labile 
proteins of the host. Further purification by ion exchange 
column chromatography using HiTrap Q and Resource Q 
columns resulted in a final yield of 17 % with a 4.6-fold-
purification (Table 1).

Molecular mass determination

Molecular mass and subunit number of recombinant 
Pcal_1127 were determined by gel filtration chromatogra-
phy. Pcal_1127 eluted at a retention volume of 15.8  mL, 
which corresponded to an approximate molecular mass 
of 32  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 recom-
binant Pcal_1127 existed in a monomeric form similar to 
RPPK from T. kodakarensis (Rashid et al. 1997). All other 
RPPKs, characterized either from bacteria, eukarya, or 
archaea, exist in more than one identical subunits (Roth 
et  al. 1974; Kadziola et  al. 2005; Cherney et  al. 2011; 
Andersen et  al. 2015; Li et  al. 2007; Hove-Jensen and 
McGuire 2004).

Biochemical characterization of Pcal_1127

The enzyme activity of Pcal_1127 was examined in Brit-
ton–Robinson buffer, a universal buffer, at various pH. 
The optimum pH for Pcal_1127 enzyme activity was 10.5. 
Activity decreased rapidly at pH above 10.5 (Fig.  4a). 
Pcal_1127 is the only RPPK that exhibits optimum activity 
at such a high pH.

When we examined the activity of Pcal_1127 at vari-
ous temperatures, we found that the enzyme exhibited 

Fig. 1   Phylogenetic tree of Pcal_1127 and all the characterized 
RPPKs, whose amino-acid sequences are available in the data-
base. Unrooted tree with branch length was constructed using the 
neighbor-joining method. Bootstrap values and segments corre-
sponding 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_1127), ABO08552; S. solfataricus, AAK41307; T. kodakaren-
sis, BAD86424; M. jannaschii, AAB99374; T. volcanium, Q97CA5; 
B. subtilis, P14193; B. amyloliquefaciens, CBI41177; B. caldolyticus, 
P42816; S. typhimurium, P0A1V6; E. coli, P0A717; M. tuberculosis, 
P9WKE3; S. cerevisiae, P38063; Human, P60891; rat, P09330; A. 
thaliana, Q42581, Q42583, Q93Z66, Q680A5, Q64888; and S. olera-
cea, Q9XG98, Q9XG99, Q9XGA0, Q9XGA1

http://clustalw.ddbj.nig.ac.jp/
http://clustalw.ddbj.nig.ac.jp/
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highest activity at 55  °C (Fig.  4b), although the optimal 
growth temperature of P. calidifontis is between 90 and 
95 °C. This characteristic of Pcal_1127 is similar to other 
RPPKs from hyperthermophilic sources, including T. koda-
karensis [50  °C; (Rashid et  al. 1997)] and S. solfataricus 
[60 °C; (Andersen et al. 2015)]. RPPK from M. jannaschii 
is an exception which displayed its highest activity at 85 °C 
(Kadziola et al. 2005).

When thermostability of Pcal_1127 was examined by 
incubating the protein at 90  °C, the optimal growth tem-
perature of P. calidifontis, for various intervals of time 
and measuring the residual activity, Pcal_1127 was found 
to be highly thermostable with no significant loss in activ-
ity even after an incubation of 240 min. As Pcal_1127 was 
highly stable at 90 °C; therefore, we heated the enzyme at 
95 and 100 °C for various intervals of time and examined 
the residual activity. Half-life of the enzyme was 50 and 
15  min at these temperatures, respectively (Fig.  4c). No 
reports on thermostability of RPPKs are available in litera-
ture except for RPPK from T. kodakarensis which exhibited 

Source Region I Region II Region III Region IV Region V Region VI 
B.subtilis  41FSDGE 102RQDR 134DLH 198KRR 224DDIIDTAGT 311SVSYLF 

B.amyloliquefaciens  41FSDGE 102RQDR 134DLH 198KRR 224DDIIDTAGT 311SVSYLF 

B.caldolyticus  39FSDGE 100RQDR 132DLH 196KRR 222DDIIDTAGT 309SVSYLF 

H.sapiens  35FSNQE  96RQDK 128DLH 194KER 220DDMADTCGT 308SVSYLF 

R.norvegicus  35FSNQE  96RQDK 128DLH 194KER 220DDMADTCGT 308SVSYLF 

S.oleracea.1  57FADGE 118RADR 150DLH 217KRR 243DDMIDTAGT 330SVSSIF 

S.oleracea.2 115FADGE 177RADR 209DLH 276KRR 302DDMIDTAGT 389SVSSIF 

A.thaliana.1 124FADGE 185RADR 217DLH 284KRR 310DDMIDTAGT 397SVSSIF 

A.thaliana.2 121FADGE 182RADR 214DLH 281KRR 307DDIIDTAGT 394SVSSIF 

A.thaliana.5 109FADGE 170RADR 202DLH 269KRR 295DDMIDTAGT 382SGAIEP 

M.tuberculosis  43FANGE 104RQDK 136DLH 202KTR 230DDMIDTGGT 317SVTGLF 

E.coli  34FSDGE  96RQDR 129DLH 194KRR 220DDMIDTGGT 308SISAMF 

S.cerevisiae  45YSNKE 108RQDK 140DLH 205KER 231DDMADTCGT 316SVSYLF 

S.typhimurium  35FSDGE  96RQDR 128DLH 194KRR 220DDMIDTGGT 308SISAMF 

A.thaliana.3 133FDDGF 194TSER 231DIH 296KVR 321DDLVQSGGT ---------- 

A.thaliana.4  60FADGF 121SFER 158DIH 223KVR 248DDLVQSGGT ---------- 

S.oleracea.3 128FEDGF 189TSER 226DIH 291KVR 316DDLVQSGGT ---------- 

S.oleracea.4  41FDDGF 102SFER 139DIH 204KVR 229DDLVQSGGT ---------- 

M.jannaschii  39FPDGE  99RQDK 130NPH 193KTR 219DDIISTGGT ---------- 

T.volcanium  32FPDGE  91RQHQ 122DIH 184KKR 210DDIISTGGT ---------- 

S.solfataricus  35FPDGE  96RQDR 128EPH 191KER 219DDIISTGGT ---------- 

T.kodakarensis  30FPDGE  89RQDR 120DTH 183KRR 209DDIISTGGT ---------- 

P.calidifontis  42FPDGE 101RQDR 133DLH 194KYR 222DDILSTGGT ---------- 

C
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Fig. 2   Alignment of six conserved regions found in the characterized 
RPPKs. Regions I to IV contain the amino-acid residues of the active 
site of M. jannaschii (Kadziola et  al. 2005) and B. subtilis (Eriksen 
et  al. 2000). Region V is involved in the ribose 5-phosphate bind-
ing. Region VI has been reported to play a role in allosteric regula-

tion which is present only in Class I RPPKs. Names at the left hand 
side indicate the source organism from which the sequence origi-
nated. The numbers show the position of the amino acid in the protein 
sequence

Fig. 3   Coomassie brilliant blue stained SDS-PAGE showing the 
purified recombinant Pcal_1127. Lane 1, soluble fraction of E. coli 
cells harboring pET-21a; lane 2, soluble fraction of E. coli cells con-
taining pET-1127 plasmid; lane 3, soluble fraction after heat treat-
ment of sample from lane 2; lane 4, Pcal_1127 after HiTrap Q col-
umn; lane 5, recombinant Pcal_1127 after Resource Q column; lane 
M, molecular mass marker
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a half-life of 40 min at 70 °C (Rashid et al. 1997). Based on 
these facts, we propose that Pcal_1127 is the most thermo-
stable RPPK characterized till now. Structural stability of 
Pcal_1127 was also confirmed by circular dichroism spec-
troscopy (Fig. 5).

Stability of Pcal_1127 was also examined in the pres-
ence of denaturants, such as urea and guanidinium chlo-
ride. The protein samples, after treatment with these dena-
turants for 30  min, were examined for enzyme activity. 
When Pcal_1127 was incubated in the presence of various 
concentrations of urea, there was no significant difference 
in the enzyme activity till 8  M, indicating that there was 
no inactivation of the protein. Similarly, when guanidinium 
chloride was used, we found that there was no significant 
difference in the enzyme activity till 4  M. However, the 
enzyme activity started decreasing above 4 M final concen-
tration of this denaturant and a 50 % residual activity was 
detected at 6 M guanidinium chloride.

Pcal_1127 displayed enzyme activity without addition 
of any metal ion. However, a drastic decrease in enzyme 
activity was observed when 1  mM EDTA was added in 

Table 1   Purification of recombinant Pcal_1127

Purification step Total protein (mg) Total activity (U) Specific activity (U/mg) Purification-fold Yield (%)

Cell lysate 8.28 869 105 1 100

Heat treatment 2.12 604 285 2.7 69

HiTrap Q 0.43 171 400 3.8 20

Resource Q 0.31 147 480 4.6 17

Fig. 4   Effect of pH and temperature on Pcal_1127 enzyme activity. a 
Effect of pH. Activity assays were performed in 50 mM Britton–Rob-
inson buffer at 55 °C. b Optimal temperature for enzyme activity. The 
activity assays were conducted at various temperatures (40–80  °C) 
in 50 mM Britton–Robinson buffer of pH 10.5. c Thermostability of 

Pcal_1127. Recombinant Pcal_1127, in 20 mM Tris–HCl, was heated 
at 90  °C (filled circle), 95  °C (open circle), or in the boiling water 
(open square) for various intervals of time and the residual activity 
was examined at 55  °C and pH 10.5 in 50  mM Britton–Robinson 
buffer. The data are average values of three independent experiments
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Fig. 5   Circular dichroism studies on Pcal_1127. Far-UV spectrum 
of Pcal_1127 (200 μg/mL) was analyzed by examining the circular 
dichroism spectra from 200 to 260 nm at 50 °C (filled circle), 60 °C 
(open square), 70 °C (filled triangle), 80 °C (open circle), and 90 °C 
(filled diamond)
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the reaction mixture. This result indicated that enzyme 
activity of Pcal_1127 is metal ion dependent. The activ-
ity observed without the addition of any metal ion could 
be attributed to the metal ions bound to the enzyme dur-
ing production in E. coli. 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 (Fig. 6a). Although various metal ions could acti-
vate Pcal_1127, highest activity was found in the presence 
of Mn2+ or Mg2+. Therefore, enzyme activity was exam-
ined in the presence of various concentrations of Mn2+ and 
highest activity (a 5-fold increase compared with the activ-
ity without the addition of any metal ion) was observed 
at a concentration of 300 μM. There was no increase in 
the activity at higher concentrations of Mn2+. Similarly, 
when enzyme activity was examined in the presence of 
various concentrations of Mg2+, highest activity (an 8-fold 
increase compared with the activity without the addition of 
any metal ion) was found at a final concentration of 1 mM 
(Fig.  6b). Activation of Pcal_1127 by Mg2+ or Mn2+ is 
similar to most of the RPPKs from archaeal sources except 
for the enzyme from T. kodakarensis which shows highest 
activity in the presence of Co2+ followed by Ni2+ (Rashid 
et al. 1997).

When pyrophosphate donor specificity of Pcal_1127 
was examined, we found that the enzyme could utilize all 
the four ribonucleoside triphosphates with a marked pref-
erence for ATP. In the absence of phosphate ions, highest 
activity was observed with dATP, a 2-fold higher than that 
with ATP. However, in the presence of phosphate ions, 
equivalent amount of activity was observed with dATP 
and ATP (Fig. 7). Phosphate although activates Pcal_1127 
but is not an absolute requirement for the activity of the 

enzyme. Apart from phosphate ions, the presence of 
bovine serum albumin, β-mercaptoethanol, and EDTA 
at lower concentrations (less than 1  mM) enhanced the 
enzyme activity of Pcal_1127. A combination of these 
additives resulted in a 4.5-fold increase in enzyme activity. 
Similar results have been reported for RPPK from rat liver 
(Roth et al. 1974).

Similar to other RPPKs (Kadziola et  al. 2005; Gibson 
et al. 1982), the enzyme activity of Pcal_1127 was inhib-
ited by ADP. A 40  % decrease in enzyme activity was 
observed when ATP and ADP were present in the reaction 
mixture at an equimolar (1 mM) concentration.

Fig. 6   Effect of various metal ions on the enzyme activity of Pcal_1127. a Enzyme activity in the presence of 100 μM chloride salt of each 
metal. b A comparison of enzyme activity in the presence of various concentrations of Mg2+ and Mn2+

Fig. 7   Substrate specificity of Pcal_1127 in the presence (filled bars) 
and absence (blank bars) of phosphate ions. Each substrate was used 
at a final concentration of 1 mM
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Kinetic parameters

Kinetic parameters towards R-5P were measured by vary-
ing the concentration of R-5P and keeping ATP constant 
at 1 mM. Similarly, when these parameters were measured 
towards ATP, then R-5P concentration was kept constant at 
1 mM and ATP concentration was varied. The enzyme fol-
lowed the Michaelis–Menton equation. Pcal_1127 exhib-
ited a Km value of 60 ± 2 µM towards R-5P and 80 ± 3 µM 
towards ATP. A Vmax value of 570 µmol min−1 mg−1 was 
calculated from Lineweaver‒Burk plot. From the Vmax 
(570 µmol min−1 mg−1) and molecular weight (32,741 Da) 
of Pcal_1127, a kcat value of 311  s−1 was calculated. A 
comparison of specific activities and Km values of the char-
acterized RPPK is given in Table  2. Pcal_1127 displayed 
the highest specific activity among all the characterized 
RPPKs and a very low Km value. These features make 
Pcal_1127 a highly efficient enzyme. Catalytic efficiency 
(kcat/Km) of Pcal_1127 was found to be 5183 mM−1 s−1. To 
the best of our knowledge, this is the highest catalytic effi-
ciency of any RPPK characterized till now.

Discussion

Complete genomes of more than 4200 organisms, includ-
ing 328 eukaryotes, 3650 bacteria, and 223 archaea, have 
been sequenced (http://www.genome.jp/kegg/catalog/
org_list.html). The sequence information has tremen-
dous contribution in identifying the presence or absence 
of particular genes or metabolic pathway in a particular 

organism (Fraser et  al. 2000; Nelson et  al. 2000; Rashid 
et al. 2002). When we searched the genome sequence of P. 
calidifontis for candidate gene encoding RPPK, we found 
an open reading frame, Pcal_1127, annotated as ribose-
5-phosphate pyrophosphokinase. To examine the proper-
ties of Pcal_1127, the gene was expressed in E. coli and the 
gene product was purified. Although Pcal_1127 originates 
from a hyperthermophile with optimal growth tempera-
ture between 90 and 95 °C (Amo et al. 2002), the optimal 
temperature for the enzyme activity was found 55 °C. This 
prompted us to examine the thermostability of the enzyme. 
When we heated the enzyme at 90 °C, the optimal growth 
temperature of P. calidifontis, for various intervals of time 
and measured the residual activity, no significant loss of 
enzyme activity could be observed even after an incubation 
of 240 min. We, therefore, heated the protein in the boil-
ing water, where it displayed a half-life of 15  min. Low 
optimal temperature (55  °C) for enzyme activity may be 
attributed to the instability of the substrate at high tempera-
ture. Amino acid composition is considered very relevant in 
thermostability, as it is related to the hydrophobic interac-
tions (Baldwin 2007; Pace 2009). A comparison of amino-
acid composition showed that Pcal_1127 has quite high 
number of hydrophobic residues L and V which constitute 
24.6 % of the protein. Furthermore, there are 34 (11.4 %) 
alanine residues, the best α-helix former, which may be 
one of the factors responsible for the thermostability of 
Pcal_1127. Amino-acid content of thermolabile amino 
acids, such as C, M, Q (each 1.3 %), and N (2.4 %) was 
very low. These amino acids tend to be avoided in thermo-
stable enzymes (Hensel 1993; Muir et al. 1995; Russell and 

Table 2   Comparison of kinetic parameters of RPPKs from various sources

ND no data available

Source Km (μM) Specific activity (μmol min−1 mg−1) References

R5P ATP

P. calidifontis 60 80 480 This work

M. jannaschii 2800 2600 270 Kadziola et al. (2005)

S. solfataricus ND ND 67 Andersen et al. (2015)

T. kodakarensis ND ND 182 Rashid et al. (1997)

B. subtilis 480 660 190 Arnvig et al. (1990)

B. amyloliquefacien 105 50 37 Zakataeva et al. (2012)

B. caldolyticus 530 310 400 Hove-Jensen and McGuire (2004)

M. tuberculosis 14 25 1.16 Breda et al. (2012)

S. typhimurium 290 193 130 Switzer and Gibson (1978)

E. coli 203 113 170 Willemoës and Hove-Jensen 
(1997)

Spinach 110 170 13.1 Krath and Hove-Jensen (2001a)

Human 52 21 25 Nosal et al. (1993)

Rubber tree 40 200 12.2 Gallois et al. (1997)

http://www.genome.jp/kegg/catalog/org_list.html
http://www.genome.jp/kegg/catalog/org_list.html
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Taylor 1995; Russell et al. 1997). High thermostability of 
Pcal_1127 may be attributed to higher content of α-helix 
formers along with higher number of hydrophobic residues 
and lower number of thermolabile amino acids. Recom-
binant Pcal_1127 exhibited several unique and novel fea-
tures which include high thermostability, high enzyme 
activity, and catalytic efficiency. Another unique feature 
of Pcal_1127 was its highest activity with dATP in the 
absence of phosphate.

Mostly, the proteins lose their enzyme activities in the 
presence of high concentrations of denaturants like urea 
or guanidinium chloride, because these chaotropic agents 
disturb the native physiological active structure. However, 
a few proteins from hyperthermophilic archaea are reported 
to maintain their structures, and hence, the enzyme activi-
ties, in the presence of these denaturants (Rasool et  al. 
2010; Chohan and Rashid 2013; Gharib et  al. 2016). We 
found that there was no inactivation of Pcal_1127 in the 
presence of even 8  M urea. However, there was a 50  % 
decrease in activity in the presence of 6  M guanidinium 
chloride. This can be due to the fact that guanidinium 
chloride is a salt as well as a denaturant, whereas urea is 
an uncharged molecule, hence, deficient in ionic strength 
effects. We could not compare the CD spectra of the pro-
tein samples containing urea or guanidium chloride or none 
due to interference of these chaotropic agents. Structural 
changes caused by these chaotropic agents are usually stud-
ied by recording the fluorescence of the tryptophan resi-
dues of the protein samples. Unfortunately, there was no 
tryptophan residue in the sequence of Pcal_1127; therefore, 
we could not measure these structural changes, if any.

In conclusion, the results obtained in this study demon-
strate that Pcal_1127 exhibits a combination of properties 
of class I and II RPPKs and is highly stable against temper-
ature and denaturants. Furthermore, the catalytic efficiency 
reflects that Pcal_1127 is the most efficient RPPK charac-
terized to date.
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