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Abstract The gene encoding the Pyrococcus furiosus
extracellular a-amylase (PFA) was amplified by PCR
from P. furiosus genomic DNA and was highly expressed
in Escherichia coli BL21-Codon Plus (DE3)-RIL. The
recombinant o-amylase was mainly expressed in the
form of insoluble inclusion bodies. An improved purifi-
cation method was established in this paper. The solu-
bilization of the inclusion bodies was achieved by 90°C
treatment for 3 min in Britton—-Robinson buffer at pH
10.5. The solubilized PFA was then diluted and subse-
quently purified by Phenyl Sepharose chromatography.
The overall yield of the new purification method was
about 58,000 U/g wet cells, which is higher than previ-
ously reported.
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Introduction

a-Amylases are among the most important commercial
enzymes, having wide applications in starch-process-
ing, brewing, alcohol production, textile, and other
industries [3, 5]. Therefore, any improvement in the
enzyme production yield, thermostability or activity
will have a direct impact in the process performance,
economics, and feasibility [14].

a-Amylases (EC 3.2.1.1) are endo-type enzymes that
hydrolyses a-1,4-glucosidic linkages in starch substrate
backbone. They make up the first step in starch lique-
faction process and play a key role in starch conversion
technology. Thermostable and acid-stable amylases are
preferred since gelatinization of starch granules is com-
pleted above 100°C, and the natural pH of starch slurry
is ~4.5. Moreover, the commonly used thermostable
a-amylase usually required additional Ca®*, which is a
potent inhibitor for xylose isomerase subsequently
used in processing starch hydrolysate to fructose syrup.
The extracellular a-amylase from Pyrococcus furiosus
(PFA) displays a temperature optimum of 100°C and
retains above 80% of maximal activity at pH 4.5 with-
out calcium salt addition [8]. These predominant prop-
erties of PFA make this enzyme a potential candidate
for industrial application.

Due to the inherent difficulty of cultivation of
P. furiosus, it is difficult to obtain a sufficient amount of
cells for large-scale enzyme production. Several studies
have focused on the production of recombinant PFA.
The PFA gene has been cloned and expressed in active
form in Bacillus subtilis and Escherichia coli succes-
sively [5, 8]. However, when higher level expression
was achieved, the recombinant PFA always accumu-
lated in the insoluble form as the inclusion bodies.
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Several studies have tried to express the PFA as the
soluble form. Results have shown that coexpression of
PFA with thioredoxin in E. coli at 18°C is able to
diminish inclusion body formation [5], and fusion
expression of PFA with intein in E. coli also lead to a
lower level of inclusion body formation [7]. However,
all these soluble expressions resulted in the lower lev-
els of total recombinant protein production. Previ-
ously, a method to extract the recombinant PFA from
the inclusion bodies with glycerol has been reported
[12]. We have tried the glycerol extraction method in
our experiment and found that glycerol could only
extract a portion of the recombinant proteins. Large
amounts of protein remained insoluble after glycerol
extraction thrice. We reported here an efficient method
to purify the recombinant PFA from the inclusion bod-
ies. By this method, a higher yield of active enzyme was
achieved.

Materials and methods
Cloning and expression of PFA

The PFA gene without its signal peptide sequence was
amplified by PCR from genomic DNA of P. furiosus.
Forward primer 5'-ATGAAATACTTGGAGCTTGA
AGAG-3' and reverse primer 5'-AAGAAGCTTATC
ACCCAACACCACAATAACTC- 3' were deduced
from the open reading frame of the P. furiosus extra-
cellular o-amylase gene (GenBank accession no.
AF001268) [5]. A Hind III recognition site (under-
lined) was fused to the reverse primer. The PCR prod-
uct amplified by Pyrobest™ DNA Ploymerase (Takara
Bio, Shiya, Japan) was digested with Hind III and
ligated into the Ndel (blunted with T4 DNA polymer-
ase) and Hindp site of the pT7473 vector to get
pT7473-amyl, then transformed into E. coli DH5a. The
pT7473-amyl was isolated and the cloned gene was
confirmed by DNA sequencing. The plasmid was then
transformed into E. coli strain BL21-Codon Plus
(DE3)-RIL for expression.

Isolation and Purification of inclusion bodies of PFA

Escherichia coli strain BL21-Codon Plus (DE3)-RIL
cells transferred with the pT7473-amyl plasmid were
cultured in LB-ampicillin (100 pg/ml)-kanamycin
(50 pg/ml) medium at 37°C to an optical density at
600 nm of 0.7-0.9, then induced at 37°C with isopropyl-
B-p-thiogalactopyranoside (IPTG) at a final concentra-
tion of 1 mM. Cells were harvested by centrifugation
after 4 h of induction and suspended in 50 mM Tris—
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HCI buffer (pH 8.0) containing 100 mM NaCl and
1 mM EDTA (buffer A). The cell suspension was then
subjected to sonication for disruption and centrifuged
at 12,000 g for 30 min to isolate inclusion bodies from
cell debris. The inclusion bodies thus obtained were
washed with buffer A containing 1% Triton X-100.
Finally, the pellet was washed twice in distilled water
to remove contaminating salts and detergent and
stored at 20°C until used.

Solubilization of PFA from inclusion bodies

Solubilization of PFA was carried out in 120 mM Brit-
ton—-Robinson buffer (40 mM boric acid; 40 mM acetic
acid; 40 mM phosphoric acid adjusted to appropriate
pH with NaOH) at different pH and temperature. Typ-
ically, 1ml purified inclusion bodies (5 mg/ml) in
50 mM Tris buffer (pH 8.0) were added in each micro-
centrifuge tubes and centrifuged. The supernatant was
discarded and 1ml of Britton—-Robinson buffer at
different pH (2.5-12) was added, respectively, to the
pellets. The suspension was vortexed and heated at
90°C for 3 min, then quickly chilled on ice. The sam-
ples were again centrifuged at 10,000 rpm for 30 min.
Protein concentrations in the supernatant fractions
were determined by the method of Bradford [2] and
the enzyme activities were assayed by the DNS method
[1] after appropriately diluting. To determine the effect
of temperature on solubility of the recombinant pro-
tein, a fixed amount of inclusion bodies was solubilized
at pH 10.5 and heated at different temperatures (from
50°C to 100°C).

Purification of PFA

The PFA inclusion bodies from 5.8 g of wet cells
were solubilized in 60 ml of 120 mM Britton—-Robin-
son buffer (pH 10.5), and heated at 90°C for 3 min,
then centrifuged at 17,000 g for 40 min. The superna-
tant was diluted five times with 120 mM Britton—
Robinson buffer (pH 8.5) (pH was adjusted to about
9.0). After another centrifugation step, PFA in the
supernatant was further purified by hydrophobic
interaction chromatography. The protein solution
was loaded onto a phenyl Sepharose 6 Fast Flow col-
umn (Amersham Pharmacia Biotech, Freiburg, Ger-
many), which was pre-equilibrated with 120 mM
Britton—Robinson (pH 8.5) at a flow rate of 0.8 ml/
min. Then the column was washed with five column
volumes of equilibration buffer followed by a ten-
column-volume increasing linear gradient from
50 mM sodium acetate (pH 6.0) to 50 mM sodium
acetate (pH 6.0) containing 50% (v/v) ethylene
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glycol. The PFA was eluted from the column with
50 mM sodium acetate (pH 6.0) containing 50% (v/v)
ethylene glycol.

The glycerol extraction method reported by Linden
was also performed according to the same procedures
presented in the reference [12] and the purified pro-
teins were used for enzyme assays as standards.

Enzyme assays

o-amylase activity was assayed according to Bernfeld
[1]. In brief, 0.02 ml of suitably diluted enzyme solution
was incubated with a reaction mixture containing
0.48 ml of 1% (w/v) soluble starch in 50 mM of acetate
buffer, pH 5.5 at 98°C for 15 min. A control without
enzyme was used. The hydrolysis was stopped by cool-
ing the mixture on ice. The reducing sugars formed
were measured by the addition of DNS (3, 5- dinitro-
salicylic acid) reagent, using glucose as the standard.
One unit of enzymatic activity is defined as the amount
of enzyme required to liberate 1 umol of reducing
sugar as glucose per minute under the assay conditions.
Protein concentration was determined by the Bradford
method [2] using bovine serum albumin as the stan-
dard.

The thermal stability of recombinant o-amylase was
investigated by determination of residual activities of
enzyme solution after incubation for different periods
at high temperature. The enzyme samples were incu-
bated for various times at 90-128°C. Samples were
removed at regular intervals and cooled on ice and the
remaining activities were assayed.

Gel electrophoresis

Protein samples were analyzed by polyacrylamide
denaturing gel electrophoresis (SDS-PAGE) using
10% gels essentially was performed according to Lae-
mmli [11]. Protein samples were treated in denaturing
buffer [2% SDS and 100 mM DDT (final concentra-
tions)] at different temperatures for 10 min before
loading. Low-MW protein markers were used as stan-
dards. Native PAGE was performed under the same
conditions as described above except for the absence of
SDS in the gel and buffer system. Proteins were stained
with Coomassie brilliant blue R-250.

For the detection of protein band exhibiting amylase
activities the gels were immersed in 50 mM acetate
buffer (pH 5.5) at 40°C for 15 min, then incubated in
the same buffer containing 1% (w/v) soluble starch for
15 min at 100°C, and finally incubated in a solution
containing 10 mM iodine and 100 mM potassium
iodide until a clear zone became visible.

Results
Cloning and expression of PFA

The PFA gene was amplified from P. furiosus genome
DNA by PCR. The expression plasmid was con-
structed as described in materials and methods. The
expression level of PFA was around 20% of the total
cellular protein and most of the recombinant PFA was
expressed as inclusion bodies. The molecular weight of
the expressed protein was around 43 kDa (Fig. 1),
which was very close to the calculated molecular mass
of the amylase.

Solubilization of PFA from Inclusion bodies
in different pH and temperature

It has been reported that heating for a while facilitated
solublilization of recombinant proteins from P. furio-
sus expressed in E. coli in some cases [5, 6, 15], and
PFA was stable at 90°C. Thus we tried to solubilize the
PFA inclusion bodies at different pH at 90°C. Protein
concentrations and enzyme activities of PFA solubi-
lized in Britton-Robinson buffer at different pH after
heating at 90°C for 3 min were shown in Fig. 2a. Inclu-
sion bodies were difficult to solubilize at pH among
4.0-6.0 (Fig. 2a). Both of the protein concentration and
the enzyme activity tended to increase with the
increase of pH (Fig. 2a). At pH 10.5, the enzyme activ-
ity was about eight times higher than that at neutral
pH. Higher alkaline pH (>10.5), even though helped to
solubilize more inclusion bodies, resulted in lower
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Fig. 1 SDS-PAGE analysis of recombinant PFA expression in E.
coli after induction with IPTG. Lane 1 E. coli BL21 (DE3) RIL
with plasmid pT7473; lane 2 E. coli BL21(DE3) RIL containing
plasmid pT7473-amyl after induction with IPTG; lane 3 superna-
tant of total cell lysate after induction, containing pT7473-amyl;
lane 4 pellet of total cell lysate after induction, containing
pT7473-amyl; lane 5 protein molecular mass standards
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Fig. 2 Influences of pH (a) or temperature (b) on the solubiliza-
tion of PFA inclusion bodies. Protein concentration was mea-
sured by Bradford [2] and the enzyme activity was assayed by
DNS

enzyme activity (Fig.2a), pH 10.5 was a preferable
choice for both protein solubility and enzyme activity.
The effect of different temperatures on the solubility
and enzyme activity of PFA was presented in Fig. 2b.
Although the highest activity was observed at 80°C,
solubility was much lower (less than 2.0 mg/ml). Con-
sidered both of the enzyme activity and protein solubil-
ity, the preferred condition for solubilization of the
inclusion bodies was selected as pH 10.5, at 90°C for
3 min.

Purification of PFA

The PFA was so hydrophobic that it could be directly
absorbed onto the phenyl-sepharose column in the
absence of any salt [5]. PFA inclusion bodies were sol-
ubilized in Britton—-Robinson buffer (pH 10.5) after
heating at 90°C for 3 min. The protein solution was
then diluted fivefold and pH was adjusted to 9.0. After
centrifuging the supernatant was loaded onto a phenyl
Sepharose 6 Fast Flow column for purification. The
protein was eluted by 50% (v/v) ethylene glycol
(Fig. 3a). SDS-PAGE of the purified protein showed
two bands (Fig. 3b). Previous reports showed similar
results that the PFA tends to form a homodimer even
on SDS-polyacrylamide gels [S]. Analysis of the puri-
fied protein by native gel showed one single protein
band with the same size as determined by activity
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Fig. 3 a Elution curve of hydrophobic interaction chromatogra-
phy of PFA. PFA was solubilizated in Britton—Robinson buffer at
pH 10.5 after heating and diluted into Britton—Robinson buffer at
pH 8.5 before loading onto Phenyl Sepharose. Stationary phase:
Phenyl Sepharose 6 Fast Flow; linear gradient elution: 100% solu-
tion A, 50 mM sodium acetate (pH 6.0) to 100% solution B,
50 mM sodium acetate (pH 6.0) containing 50% (V/V) ethylene
glycol. Flow rate: 0.8 ml/min. b SDS-PAGE of samples taken
from various steps of PFA purification. Lane 1, pellet of bacterial
lysate; lane 2, solubilized sample by Britton—Robinson buffer (pH
10.5) after heating; lane 3, sample after dilution; lane 4, purified
PFA by phenyl sepharose; lane 5, protein molecular mass stan-
dards

staining (Fig. 4a). The behavior of the purified protein
treated at different temperatures in denaturing buffer
was shown in Fig. 4b. The 66 KD band showed enzyme
activity and disappeared after heating at 121°C
(Fig. 4b, lane 2) indicating as a dimeric band. By this
method we finally acquired 91.9 mg purified enzyme
from 5.8 g of wet cells and the specific activity was sim-
ilar to previous reports [5, 12] (Table 1).

The glycerol method for purification of PFA [12]
was also performed and the purified protein was used
as a standard for thermal stability analysis.

Thermal stability
It was reported that the purified enzyme by glycerol

method exhibits similar characteristic properties as the
recombinant enzyme that was expressed in soluble
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Fig. 4 a Native PAGE of the purified recombinant PFA. Lane 1
was stained by Coomassie blue; Lane 2 zymogram staining for
a-amylase activity. b Behavior of PFA in SDS-PAGE. Protein
bands were visualized by staining with Coomassie blue (lanes
1-4) and a-amylase activity band by zymogram staining (lanes 5-7).
The protein samples were treated in denaturing buffer at 121°C
(lanes 2, 5),100°C (lanes 3, 6) or room temperature (lanes 4, 7) for
10 min before loading. Lane I protein molecular mass standards

Table 1 Purification of PFA from 5.8 g of wet cells

Purification step Total Specific Total Purification Yield

protein activity activity (fold) (%)
(mg)  (Umg) (U)
Total cell protein  1,056.3  138.2 145,950 1.00 100
Centrifugation 8348 1421 118,650 1.03 81.3
Solubilization 4524 1,165.1 527,100 8.43 361
Dilution 3474 1,489.6 517,500 10.78 355
Phenyl Sepharose 91.9 3,644.2 334,900 26.37 229

form [12]. We have purified the recombinant PFA by
the glycerol method according to the reference [12] at
the same time and compared it with the PFA purified
by the alkaline method presented in this paper. The
residual amylase activities were measured according to
materials and methods. As shown in Fig. 5a, the puri-
fied PFA by these two different methods presented the
same thermostable properties after incubating at 100
and 120°C. The thermal stabilities of the recombinant
PFA purified by alkaline method at different tempera-
tures were shown in Fig. 5b. The PFA purified by alka-
line method showed a half-life of 3h at 120°C and
retained over 10% of its maximal activity even after
40 min of incubation at 128°C (Fig. 5b), which were
similar to the results reported before [7, 8, 10].

Discussion

Large-scale and simple purification process with low
cost is essential for PFA to meet the requirement in
starch industry. This study presents an effective
method for purification of PFA from insoluble inclu-
sion bodies. In the present study, PFA gene was cloned
and expressed at high levels in E. coli as inclusion

a
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Fig. 5 a Thermal stabilities of the recombinant PFA purified by
alkaline method (filled square and multi sign) and by glycerol
method (filled diamond and filled triangle) at 100°C (filled square
and filled diamond) or 120°C (multi sign and filled triangle).
b Thermal stabilities of the recombinant PFA purified by alkaline
method in 50 mM acetate buffer (pH 6.0) at: 90 (filled diamond),
110 (filled triangle), 120 (multi sign) and 128°C (+)

bodies. The inclusion bodies were solubilized
efficiently at alkaline pH along with heat treatment and
subsequently purified after passing through a phenyl
Sepharose column. The purified enzymes by this alka-
line method showed similar characteristic properties
with that purified by glycerol method and other meth-
ods reported before [5, 8, 12].

One of the major problems associated with high-
level expression of recombinant protein in E. coli is the
formation of inclusion body. A variety of methods can
be used to solubilize inclusion bodies; however, the
choice of solubilizing agent can greatly impact the
subsequent refolding step and the cost of the overall
process [4]. Although inclusion body is generally
considered to be devoid of biological activity [16, 18], a
few reports indicated previously that some recombi-
nant proteins expressed in E. coli may form insoluble
particles which containing native conformation. Ultili-
zation of milder solubilization conditions may help to
recover the proteins in the native form from such insol-
uble particles [17, 18]. On the other hand, proteins
inside inclusion body aggregates have been reported to
have native-like secondary structures [9, 13, 16]. It is
assumed that restoration of this native-like secondary
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structure using mild solubilization conditions will help
to improve the recovery of bioactive protein in com-
parison with solubilization using high concentrations of
chaotropic agents [13, 16, 18]. In our present study, the
recombinant PFA aggregates exhibit high enzymatic
activity of 142 U/mg, thus a milder condition is pre-
ferred for the solubilization of the inclusion bodies.

Alkaline pH has been successful used to purify
recombinant proteins from inclusion bodies [4], espe-
cially in the large-scale production of bovine growth
hormone [9, 13, 19]. On account of its mildness, low
cost and easily scale-up, extreme pH was selected to
solubilze PFA inclusion bodies in this study. We found
that PFA inclusion bodies could be efficiently solubi-
lized at alkaline pH following a short time of heat
treatment. By this simple, economical and efficient
method, the yield of active enzyme was greatly
increased compared with the works previous reported
[7]. This study might be beneficial for the future works
on the large-scale productions of thermostable (-amy-
lases with industrial potentials.
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