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a b s t r a c t
The open reading frame TM1080 from Thermotoga maritima encoding ribose-5-phosphate isomerase type
B (RpiB) was cloned and over-expressed in Escherichia coli BL21 (DE3). After optimization of cell culture
conditions, more than 30% of intracellular proteins were soluble recombinant RpiB. High-purity RpiB was
obtained by heat pretreatment through its optimization in buffer choice, buffer pH, as well as temperature and duration of pretreatment. This enzyme had the maximum activity at 70 °C and pH 6.5–8.0.
Under its suboptimal conditions (60 °C and pH 7.0), kcat and Km values were 540 s1 and 7.6 mM, respectively; it had a half lifetime of 71 h, resulting in its turn-over number of more than 2  108 mol of product
per mol of enzyme. This study suggests that it is highly feasible to discover thermostable enzymes from
exploding genomic DNA database of extremophiles with the desired stability suitable for in vitro synthetic biology projects and produce high-purity thermoenzymes at very low costs.
Ó 2012 Elsevier Inc. All rights reserved.

Introduction
The production of biofuels and biochemicals from renewable
carbohydrates would decrease net greenhouse gas emissions,
create new biomanufacturing jobs, and enhance national energy
security [1]. Numerous biofuels have been produced based on different key metabolites through natural or non-natural biochemical
pathways, for example, ethanol production from pyruvate [2], nonfermentative alcohols from keto acids [3], fatty acid-derived hydrocarbons from malonyl-CoA [4], isoprenoid-derived hydrocarbons
from isopentenyl pyrophosphate [5]. On a basis of the pentose
phosphate pathway, theoretical yield hydrogen (i.e., 12 mol of dihydrogen per mol of glucose and water) was accomplished by in vitro
enzyme cocktails [6,7]. Hydrogen produced from renewable sugar
is believed to be the best future biofuel based on its production efﬁciency [8] and energy utilization efﬁciency [1]. However, its largescale production requires low-cost production of stable enzymes
[9,10].
In vitro synthetic pathway biotransformation, a new direction of
synthetic biology, is an emerging low-cost biomanufacturing platform due to its unique advantages, such as high product yield, fast
reaction rate, easy access and control, broad reaction condition

⇑ Corresponding author at: Biological Systems Engineering Department, 304 Seitz
Hall, Virginia Tech, Blacksburg, VA 24061, USA. Fax: +1 540 231 3199.
E-mail address: ypzhang@vt.edu (Y.-H.P. Zhang).
1046-5928/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.pep.2012.01.017

[9–12]. To produce low-value biofuels by cascade enzyme factories,
one of the perquisites is highly-stable enzyme building blocks with
total turn-over number (TTN)1 values of more than 107–108 mol of
product per mol of enzyme [9,10,13]. Therefore, the discovery of
stable enzymes from extremophiles, enzyme engineering, and enzyme immobilization are among top priorities for the preparation
of build blocks for in vitro synthetic biology projects [9,10].
Ribose-5-phosphate isomerase (Rpi, EC 5.3.1.6) is responsible
for catalyzing the reversible conversion between an aldose
phosphate – ribose-5-phosphate (R5P) and a ketose phosphate –
ribulose-5-phosphate (Ru5P) in the non-oxidative pentose phosphate pathway, the Kevin cycle, and in the process of photosynthesis [14]. This enzyme was ﬁrst described from yeast [15] and then
further studied in Escherichia coli [16]. Mutant studies in E. coli
have shown that Rpi is important to bacterial growth [17]. Another
medical research has revealed that a deﬁciency in human Rpi can
cause the destruction of myelin sheaths, which in turn leads to
brain abnormalities [18,19]. Two completely unrelated RpiA and
RpiB have been identiﬁed. RpiA is the most common, occurring
in all three kingdoms of life, including most eukaryotic organisms,
fungi and some bacteria; while RpiB has so far only been found in
the genomes of some bacterial and protozoa [20]. RpiA is a highly
conserved enzyme with no primary sequence similarities to other
1
Abbreviations used: TTN, total turn-over number; R5P, ribose-5-phosphate; Ru5P,
ribulose-5-phosphate; ORF, open reading frame; RpiB, ribose-5-phosphate isomerase
B; IPTG, b-D-1-thiogalactopyranoside.
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known protein families [16]. RpiB belongs to the RpiB–LacAB family of enzymes, including RpiB as well as both LacA and LacB subunits of the galactose 6-phosphate isomerase [17].
In addition to high-level expression of recombinant enzymes in
E. coli, it is vital to purify recombinant enzymes at low costs.
Although afﬁnity chromatographic techniques are the most popular protein puriﬁcation technology in academic laboratories, they
are too costly for the production of industrial bulk enzymes with
selling prices of tens of dollars per kg of dry weight enzyme.
Several low-cost scalable protein puriﬁcation technologies have
been developed, such as heat treatment, ammonia sulfate precipitation, self-cleaving aggregation [21], one-step adsorption and
immobilization [22]. Among them, heat treatment may be the
most promising because it does not involve any chemical reagent,
protein tag, and adsorbent. Its application, however, was limited to
thermostable enzyme production in mesophilic hosts like E. coli.
During the process, crude cell extract containing the heat-resistant
recombinant protein was heated. The denatured E. coli cellular
proteins can be removed by centrifugation. For example, a recombinant Thermus aquaticus DNA polymerase (Taq polymerase)
produced in E. coli was often puriﬁed by simple heat treatment.
However, there lack detailed studies of heat treatment puriﬁcation
for thermostable proteins.
Thermotoga maritima is an anaerobic, rod-shaped bacterium,
originally isolated from geothermally heated marine sediment. It
has an optimum growth temperature of 80 °C [23]. T. maritima
is regarded as an invaluable source of intrinsically thermostable
enzymes [24]. The open reading frame (ORF) TM1080 was designated to be a ribose-5-phosphate isomerase B (RpiB) and its crystalline structure has been determined [25]. However, its basic
biochemical properties were not characterized yet. In this study,
the ORF TM1080 encoding RpiB was cloned and over-expressed
in E. coli. High-purity RpiB was obtained through optimized heat
treatment. Its basic properties were characterized for the ﬁrst time.
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72 °C), and a ﬁnal extension step (10 min at 72 °C). After NdeI and
XhoI digestion of the PCR product and plasmid pET20b, the ligated
product was transformed to E. coli DH5a, yielding plasmid
pET20b–rpiB. The DNA sequence of pET20b–rpiB was validated
by sequencing by Virginia Bioinformatics Institute (Blacksburg,
VA).
Expression and puriﬁcation of recombinant protein
The protein expression plasmid pET20b–rpiB was transformed
into the strain E. coli BL21 (DE3) for yielding E. coli BL21
(pET20b–rpiB). The freshly-prepared strain E. coli BL21 (pET20b–
rpiB) was cultivated in 250 mL of the LB medium supplemented
with 100 lg/mL ampicillin in 1-L Erlenmeyer ﬂasks at a rotary
shaking rate of 220 rpm at 37 °C. The recombinant protein expression was induced by adding isopropyl b-D-1-thiogalactopyranoside
(IPTG) (0.1 mM, ﬁnal) when A600 reached 0.6  0.8. The cell cultures were incubated at 18 °C for 16 h. The cells were harvested
by centrifugation at 4 °C, washed once in a 50 mM Tris–HCl buffer
(pH 7.0), re-suspended by 30 mL of 50 mM Tris–HCl buffer (pH
7.0). The cell pellets were lysed in an iced bath by ultra-sonication
by Fisher Scientiﬁc Sonic Dismembrator Model 500 (3-s pulse, total
90 s, at 50% amplitude). After centrifugation at 10,000 rpm for
20 min, the supernatant of the cell lysate was used for protein puriﬁcation by heat treatment. The pellets from 1 mL of the cell lysate
were washed with 1 mL of 50 mM Tris–HCl buffer (pH 7.0). After
centrifugation and re-suspension in 0.1 mL of the SDS–PAGE protein loading buffer followed by 5-min water boiling, 10 lL of the
boiled sample was analyzed by SDS–PAGE. RpiB was puriﬁed by
heating the supernatant which was recovered after the centrifugation of the cell culture. The samples were heated 40 min at 80 °C
and then centrifuged at 14,000 rpm for 8 min. The supernatant
containing high-purity RpiB was analyzed by SDS–PAGE.
SDS–PAGE and determination of protein concentration

Materials and methods
Chemicals and strains
All chemicals were regent grade, purchased from Sigma–Aldrich
(St. Louis, MO, USA) and Fisher Scientiﬁc (Pittsburgh, PA, USA), unless otherwise noted. Ribose-5-phosphate and ribulose-5-phosphate were purchased from Sigma–Aldrich. Restriction enzymes,
Taq DNA polymerase, T4 ligase, and a broad range protein marker
(2–212 kDa) were purchased from New England Biolabs (Ipswich,
MA, USA). The T. maritima MSB8 genomic DNA was purchased from
the American Type Culture Collection (Manassas, VA, USA). E. coli
DH5a was used as a host for recombinant DNA manipulation;
E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA, USA) was used
as a host strain for recombinant protein expression. The Luria–
Bertani (LB) medium was used for E. coli cell growth and recombinant protein expression. Ampicilin (100 lg/mL) was added in the
E. coli media. The oligonucleotides were synthesized by Integrated
DNA Technologies (Coraville, IA, USA).
Protein expression plasmid construction
The DNA fragment containing the ORF TM1080 (GenBank
Accession No AE0005120) was ampliﬁed by PCR from genomic
DNA of T. maritima MSB8 by using a forward primer (50 -GCA TAC
CAT ATG ATG AAG ATC GCT ATT GCA TCG-30 , Ndel site underlined)
and a reverse primer (50 -CCT CAG CTC GAG TTA AAC CTC ATC GAT
CTT TCT G-30 , Xhol site underlined). PCR conditions were as the following: initial denaturation (5 min at 94 °C), 30 cycles of denaturation (30 s at 94 °C, annealing 30 s at 55 °C, and elongation 60 s at

The protein samples were analyzed by SDS–PAGE with 15% separate gel and 5% stacking gel. The gel was stained by the Bio-Rad
Coomassie Blue 250 kit. Protein concentration was measured by
the Bio-Rad Bradford protein kit with bovine serum albumin as a
reference protein.
Enzyme activity assay
One unit (U) of enzyme activity was deﬁned as the amount of
enzyme required to produce 1 lmol of ribulose 5-phosphate per
min from ribose-5-phosphate. Ribose phosphate isomerase activity
was assayed by a modiﬁed Dische’s cysteine–carbazole method
[16,26]. The enzyme (20 lL, the ﬁnal enzyme concentration in
the reaction mixtures ranged between 2.5 and 8 ng/lL) was mixed
with 180 lL of a pre-warmed substrate solution containing 5 mM
ribose 5-phosphate in 50 mM Tris–HCl buffer (pH 7.0). After
5 min incubation at 50 °C, 20 lL of 2 M HCl was added (ﬁnal concentration is 0.2 M) to stop the reaction and then the mixture
was put in an iced water bath. One mL of 66% (vol/vol) H2SO4 containing 35 lL of 0.12% ethanol-dissolved carbazole and 35 lL of
1.5% (wt/vol) cysteine chloride was added into each tube and
mixed by vortexing. After incubation at 37 °C for 30 min, the absorbency was measured as 540 nm.
The optimum pH of RpiB was determined in a series of buffers
at 65 °C for 5 min. The buffers were 100 mM sodium dihydrogen
phosphate–citric acid (pH 4.6, 4.8, 5.0, 5.2, 6.4, 7.0, 7.6, and 8.0),
Tris–HCl (pH 7.5, 8.0 8.5 and 9.0), as well as glycine–NaOH (pH
8.8, 9.6 and 10.6). The optimum temperature was tested at different temperatures (30–99 °C) in 50 mM Tris–HCl buffer (pH 7.0) for
5 min. The kinetic parameters of RpiB were determined based on
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initial reaction rate at the ﬁrst 2 min. The reactions were conducted in a 50 mM Tris–HCl buffer (pH 7.0).
Thermostability
Thermostability of the puriﬁed RpiB was studied by incubating
the different concentration enzyme (0.1, 0.01 and 0.001 mg/mL) in
50 mM Tris–HCl (pH 7.0) at 60, 70 and 80 °C. After heat incubation,
the residual RpiB activity was measured according to the RpiB
activity assay as described above. Each result was an average of
at least three repetitions.
Results
Overexpression of RpiB
The 456-bp ORF TM1080 from T. maritima encoding a putative
RpiB was ampliﬁed by PCR. After digestion with NdeI and XhoI,
the PCR product was inserted into pET20b vector, yielding a recombinant protein expression vector pET20b–rpiB. The sequence of the
cloned RpiB gene was conﬁrmed by DNA sequencing.
Expression conditions of RpiB in E. coli BL21 (DE3) were optimized by varying several factors: cultivation temperature (18
and 37 °C), IPTG concentration (0.01, 0.1, and 1 M), and different
induction time. It was found that the optimal protein expression
conditions were 0.1 M IPTG, induction at A600 = ca.0.6–0.8, and
18 °C for cultivation for 16 h. Under this condition, the target recombinant protein was highly soluble (Fig. 1A, lane 1), accounting
for approximately 30% of the overall soluble cellular protein. No
obvious protein bands were observed for the pellets of the E. coli
cell lysate (Fig. 1A, lane 2), suggesting that no RpiB inclusion body
was formed.
Optimized puriﬁcation of RpiB
In our initial attempts, we planned to purify this protein based
on its His-tag. Due to its high expression levels and thermostability, we investigated the feasibility of simple protein puriﬁcation
through heat treatment. Heat treatment has been widely-used as
the ﬁrst step for purifying thermostable enzymes produced in mesophilic hosts because most mesophilic enzymes denatured and
aggregated during the heat treatment. To our limited knowledge,
no one mentioned its optimization by testing different buffers
and at different pH values. First, it was found that the buffer used
had large inﬂuences on the purity of the target protein. As shown
in Fig. 1A, heat treatment was conducted in 50 mM Tris–HCl buffer

(pH 7.0) at 80 °C for 40 min, yielding high-purity RpiB (Fig. 1A,
Lane 3), much better than that in 50 mM HEPES buffer at the same
pH (Fig. 1A, Lane 4). Second, it was found that pH values of the
Tris–HCl buffer from 6.5, 7.0, 7.5 to 8.5 greatly inﬂuenced the purity of the targeted protein (Fig. 1B, Lanes 5–8). When pH was 8.5,
the supernatant protein contained numerous impurities (Fig. 1B,
Lane 8). The optimal pH of the Tris–HCl buffer was 7.0. Also, heat
treatment temperatures from 60 to 95 °C and treatment duration
were optimized (data not shown). In general, longer heat treatment time and higher pretreatment temperature resulted in higher
purity of the targeted protein, examined by SDS–PAGE. However,
too long treatment time and too high temperature also deactivated
RpiB, resulting in lower speciﬁc activities of RpiB (data not shown).
The optimal puriﬁcation conditions were the preparation of the cell
lysate in 50 mM Tris–HCl buffer (pH 7.0) followed by heat treatment at 80 °C for 40 min. After centrifugation, the purity of the
puriﬁed RpiB in the supernatant was more than 95%, examined
by SDS–PAGE (Fig. 1A, Lane 3). Molecular mass of RpiB without
any tag was 15,867 based on its deduced amino acid sequence,
close to the estimated value from the SDS–PAGE analysis. Approximately 11.2 mg of RpiB was puriﬁed from 250 mL of the cell culture with a puriﬁcation yield of 31% (Table 1). This enzyme had a
speciﬁc activity of 290 U/mg on ribose-5-phosphate at pH 7.0
and 50 °C.
Basic properties
Previous research suggested that RpiB was metal-independent
aldose–ketose isomerase [27]. Therefore, the effect of metal ions
on its activity was not investigated. The pH proﬁle of RpiB activity
at 50 °C is shown in Fig. 2A. It had the maximum activities in the
sodium dihydrogen phosphate–citric acid buffer at pH 6.5–8.0
and in 50 mM Tris–HCl buffer pH 7.0–9.0. Because pH value of
the Tris–HCl buffer decreases with increasing temperature (i.e.,
0.03 per °C), this enzyme had optimal pH values ranging from
6.5 to 8.0. This enzyme remained 65% activity from pH 8.8–11.0
in the glycine–NaOH buffer. At low pH values, it exhibited very
low activities.
The temperature effect on RpiB activity from 30 to 99 °C was
measured in a 50 mM Tris–HCl buffer (pH 7.0). Its activity
increased signiﬁcantly when the temperature increased until
80 °C (Fig. 2B). The optimum temperature was 80 °C. The activity
at 30 °C was 25% of that at 80 °C. The enzyme activity decreased
after 80 °C. It was still highly active when the temperature reached
99 °C, 90% activity of that of 80 °C. This enzyme showed relatively
high activity (above 50% of its maximum activity) over a large temperature range of 40–99 °C.

Fig. 1. SDS–PAGE analysis of RpiB puriﬁcation in 50 mM Tris–HCl buffer (pH 7.0) and 50 mM HEPES buffer (pH 7.0) by heat treatment at 80 °C for 40 min. M, marker; lane 1,
the supernatant of the soluble cell lysate containing RpiB; lane 2, the pellets of the cell lysate; lane 3, the supernatant of heat-treated cell lysate in 50 mM Tris–HCl buffer (pH
7.0); lane 4, the supernatant of heat treated cell lysate in 50 mM HEPES buffer (pH 7.0). (A) SDS–PAGE analysis of RpiB puriﬁcation in 50 mM Tris–HCl buffer with different pH.
M, marker; lane 1–4, the cell lysate containing RpiB at pH 6.5, 7.0, 7.5 and 8.5; lane 5–8, the supernatant containing RpiB at pH 6.5, 7.0, 7.5 and 8.5 (B).
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Table 1
The RpiB puriﬁcation from 250 mL of the E. coli cell culture.
Fraction (mg)

Vol. (mL)

Protein (mg/mL)

Total protein (mg)

Sp. act. (U/mg)

Total act. (U)

Yield (%)

Cell lysate
Puriﬁed RpiB

35
34

1.57
0.33

55
11.2

187
290

10296
3254

100
31.7

Sp. act., speciﬁc activity was measured in 50 mM Tris–HCl (pH 7.0) at 50 °C.

Fig. 2. The proﬁles of pH (A) and temperature (B) of the puriﬁed RpiB. Black square
symbols represent activities measured in the sodium dihydrogen phosphate–citric
acid at pH 4.6, 4.8, 5.0, 5.2, 6.4, 7.0, 7.6 and 8.0; red cycle symbols represent
activities in the Tris–HCl buffer at pH 7.5, 8.0, 8.5 and 9.0; and blue triangle symbols
represent activities in the glycine–NaOH buffer at pH 8.8, 9.6 and 10.6.

The kinetic parameters of RpiB were examined at 60, 70 and
80 °C (Table 2). The kcat value increased from 540 ± 6 to
1192 ± 88 s1 when the temperatures increased from 60 to 80 °C.
The Km value ranged around 7.6–12.1 mM (Table 2).

Fig. 3. Thermo-inactivation of the puriﬁed RpiB (0.1 mg/mL) at 60, 70 and 80 °C in
50 mM Tris–HCl buffer (pH 7.0) (A), and different concentration RpiB from 0.001 to
0.1 mg/mL at 80 °C in 50 mM Tris–HCl buffer (pH 7.0) (B). kd, degradation of
constant; T1/2, half lifetime.

0.10 mg/mL but decreased to only 2.3 h at a low concentration of
0.0010 mg/mL. Under its suboptimal condition (pH 7.0, 60 °C, and
0.10 mg/mL), this enzyme had the turn-over number (TTN) of
2.2  108 mol of product per mol of enzyme, where TTN value
can be calculated as TTN = kcat/kd [22,28].
Discussion

Thermostability
Thermostability of RpiB in 50 mM of Tris–HCl buffer (pH 7.0)
strongly depended on temperature (Fig. 3A). RpiB at 0.10 mg/mL
was very stable at 60 and 70 °C but it deactivated at 80 °C. The degradation constants were 0.009, 0.013 and 0.108 h1, at 60, 70
and 80 °C, respectively. That is, it had half lifetimes of 70.8, 53.1
and 6.4 h at 60, 70 and 80 °C, respectively.
Also, the half lifetime of RpiB at 80 °C greatly depended on its
mass concentration from 0.10, 0.010 to 0.0010 mg/mL (Figure
3B). The half-life time of thermo-inactivation was about 6.4 h at

Heat treatment could be widely-used as the ﬁrst step for protein puriﬁcation. However, our study demonstrated to obtain
high-purity RpiB through the optimization of heat treatment conditions – choice of buffer, buffer pH, treatment temperature, and
treatment duration (Fig. 1). Therefore, it was feasible to obtain
high-purity thermostable enzymes through temperature treatment only at very low costs.
The development in basic enzyme building blocks was urgently
needed for the commercialization of in vitro synthetic biology projects [9–12]. Economic analysis suggested that enzyme costs in
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Table 2
The kinetic characteristics of RpiB based on ribose-5-phosphate as the substrate.
Temp. (°C)

Conc. (mg/mL)

kcat (s1)

Km (mM)

kcat/Km (mM1 s1)

kd (h1)

T1/2 (h)

TTN (mol/mol)

60
70

0.10
0.10
0.010
0.10
0.010

540 ± 6
767 ± 35

7.6 ± 0.2
10.3 ± 1.0

71.1
74.5

1192 ± 88

12.1 ± 1.9

98.5

0.009
0.013
0.110
0.108
0.189

71
53
6.3
6.4
3.6

2.2  108
2.1  108
2.5  107
3.9  107
2.3  107

80

Table 3
Comparison of ribose-5-phosphate isomerases from different sources in the literature.
Organism

Topt Sp. act. (U/mg) Half lifetime
(°C) (Condition)
(Condition)

Arabidopsis thaliana
Bacillus caldolyticus

37
NA

Clostridium thermocellum

65

Escherichia coli
37
Mycobacterium tuberculosis 37
Pichia jadinii
50
Thermotoga maritima

80

Thiobacillus thioparus

NA

NA
52.7
(65 °C,
25690
(65 °C,
NA
NA
356
(50 °C,
290
(50 °C,

1 h (50 °C)
1 h (91 °C)

Ref.
[29]
[30]

pH 6.5)

96 h (50 °C)
pH 7.5) 4.7 h (65 °C)
2.2 min (60 °C)
NA
NA
pH 7.5)
70.8 (60 °C)
pH 7.0) 53.1 h (70 °C)
6.4 h (80 °C)
1.2 h (90 °C)
544
1 h (57 °C)
(40 °C, pH 6.5)

[31]
[32]
[33]
[34]
This study

[30]

Topt, optimal temperature of the enzyme; Sp. act., speciﬁc activity; NA, not available.

cascade enzyme factories could be minimal when all of the enzymes have TTN values of more than 107–108 mol of product per
mol of enzyme [8,9,13]. In this study, another enzyme suitable
for in vitro synthetic biology projects was obtained. As compared
to other reported Rpi enzymes (Table 3), the T. maritima RpiB
seemed to be a good building block, which had high activities at
a broad temperature range and nearly neutral pH values as well
as had great stability even without enzyme immobilization.
In summary, high-purity T. maritima RpiB was simply puriﬁed
by optimized heat treatment and it exhibited high TTN values under its suboptimal conditions.
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