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Abstract Biocatalyzed synthesis of nucleoside ana-
logues was carried out using two thermostable nucleo-
side phosphorylases from the hyperthermophilic aerobic
crenarchaeon Aeropyrum pernix K1. The synthesis of
the 2,6-diaminopurine nucleoside and 5-methyluridine
was used as a reaction model to test the process. Both
the purine nucleoside phosphorylase (apPNP) and uri-
dine phosphorylase (apUP) were functionally expressed
in Escherichia coli. The recombinant enzymes were
characterized after purification, and both enzymes
showed high thermostability and broad substrate speci-
ficity. Both enzymes retained 100 % of their activity
after 60 min at high temperature, and the optimum
temperature for the enzymes was 90–100 °C. The nu-
cleoside phosphorylases obtained from A. pernix are
valuable industrial biocatalysts for high-temperature
reactions that produce nucleoside drugs in high yields.

Keywords Nucleoside analogues . Purine nucleoside
phosphorylase . Uridine phosphorylase . Biosynthesis .
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Introduction

Nucleoside analogues are used extensively in antiviral thera-
pies (Balfour 1999). Since 1985, when the anti-HIVactivity of
AZT was discovered, many nucleoside drugs have been
designed. These compounds mainly act as inhibitors of viral
replication or cellular DNA replication (Van Rompay et al.
2003). Purine nucleoside analogues such as abacavir (Carr et
al. 2002; Foster and Faulds 1998), fludarabine (Rai et al.
2000), cladribine (Minton 2009), and amdoxovir (Thompson
et al. 2005) as well as pyrimidine nucleoside analogues such
as stavudine (Sacktor et al. 2009), zidovudine (Scruggs and
Dirks Naylor 2008), and lamivudine (Xu et al. 2009) are
widely used in the pharmaceutical industry.

Traditionally, nucleoside analogues are prepared by var-
ious chemical methods. There are many disadvantages of
using chemical synthesis methods for nucleosides, which
involve multiple procedures and require harsh reaction con-
ditions, leading to pollution and increased time consumption
(Hassan et al. 1994; Rao et al. 2007). In contrast, utilizing
enzymatic methods for the synthesis of nucleoside ana-
logues avoids the protection and deprotection steps that are
required for chemical synthesis and circumvents the diffi-
culties inherent to the formation of glycosidic bonds (Hori et
al. 1989; Liang et al. 2010; Trelles et al. 2003). For example,
Okuyama et al. heterologously expressed a thermostable
pyrimidine nucleoside phosphorylase from Bacillus stearo-
thermophilus and used it in the synthesis of 5-methyluridine
(Kiyoshi et al. 1996). Tang et al. synthesized 5-fluorouridine
by recombinant Escherichia coli pyrimidine nucleoside
phosphorylase (Tang et al. 2010). Visser et al. developed a
method for high-yield enzymatic synthesis of 5-methyluridine
using a novel purine nucleoside phosphorylase from Bacillus
halodurans ALK36 (Gordon et al. 2011; Visser et al. 2011,
2010b). Ge et al. synthesized 2,6-diaminopurine riboside by
recombinant E. coli (Ge et al. 2009).
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It is well-known that enzymes catalyzing the transglyco-
sylation of ribonucleosides and deoxyribonucleosides are
widely distributed in mammalian cells and bacteria, of
which nucleoside phosphorylases are the main ones. Of all
the nucleosides that can be selected as ribose donors in the
synthesis of nucleoside drugs (including both purine and
pyrimidine nucleoside analogues), inosine and guanosine
are the least expensive. The main process for the synthesis
of nucleoside drugs is shown in Fig. 1.

Purine nucleoside phosphorylase (PNP, EC2.4.2.1) plays a
key role in the salvage pathway, which provides an alternative
to the de novo pathway of purine biosynthesis (Bzowska et al.
2000). Two main types of PNPs have been identified: high
molecular mass hexameric PNPs (type I) showing broader
substrate specificity and low molecular mass trimeric PNPs
(type II) specific for 6-oxopurines and their nucleosides. Type
I PNPs tend to be bacterial in origin, with the PNP from E. coli
being the most typical. Type II PNPs tend to be eukaryotic in
origin, with the PNP from humans being the most typical
(Lewkowicz and Iribarren 2006).

Uridine phosphorylase (UP, EC2.4.2.3) is a key enzyme
in the pyrimidine salvage pathway that catalyzes the revers-
ible phosphorolysis of uridine to uracil and ribose 1-
phosphate (Leer et al. 1977). UP belongs to the nucleoside
phosphorylase superfamily 1, which includes enzymes that
share a single subunit with either a trimeric or hexameric
quaternary structure and accept both purine and pyrimidine
as substrates (Lewkowicz and Iribarren 2006). UPs are
widespread in prokaryotes, yeast, and higher organisms,
and the amino acid sequences of UPs are highly conserved.

One bottleneck in the current process of synthesizing
nucleoside analogues is that the sugar donors, inosine and
guanosine, are relatively insoluble. Elevating reaction tem-
perature by utilizing thermostable nucleoside phosphorylase
is an efficient way to increase the solubility of the substrate
in an aqueous solution and improve the reaction kinetics
(Gordon et al. 2011); Higher reaction temperatures improve
solubility, leading to improved productivity. Hori et al. used
thermostable nucleoside phosphorylase from B. stearother-
mophilus to synthesize 5-methyluridine (Hori et al. 1991a,
b, 1989), and Visser et al. found a thermostable purine
phosphorylase from B. halodurans ALK36 (Gordon et al.
2011; Visser et al. 2010a, 2011).

Recently, extremophiles have attracted considerable at-
tention, and research on extremely thermostable purine
phosphorylase from Sulfolobus solfataricus has revealed
some insight into the mechanism of thermostability
(Appleby et al. 2001; Cacciapuoti et al. 2005, 1999, 1994).
However, this thermostable nucleoside phosphorylase has
not been employed to synthesize nucleoside analogues. In
contrast to thermostable purine phosphorylases, only few
thermostable uridine phosphorylases have been reported in
previous studies.

Aeropyrum pernix was the first strictly aerobic hyper-
thermophilic Archaea to be discovered. It was originally
isolated from heated marine sediments and venting water
collected in 1996 (Mochizuki et al. 2010). This article
describes the cloning, expression, characterization, and ap-
plication of the thermostable nucleoside phosphorylases
from A. pernix. Evidence for intersubunit disulfide bonds
was found in uridine phosphorylase for the first time, and
useful processes for the synthesis of both purine and pyrim-
idine nucleoside analogues via the two thermostable nucle-
oside phosphorylases were developed.

Materials and methods

Materials, microorganisms, plasmids, and culture conditions

Purine, purine nucleosides, pyrimidine, pyrimidine nucleosides,
and isopropyl-thio-β-D-galactoside (IPTG) were purchased
from Sigma (Germany) or J&K Scientific (China). Restriction
enzymes, pEasy-T vector, and T4 DNA ligase were purchased
from Takara Bio, Inc. (Japan). ATIANgel Midi Purification Kit
was purchased from Tiangen Biotech (Beijing) Co., Ltd. and
was used according to themanufacturer's recommendations. All
organic solvents of high-performance liquid chromatography
(HPLC)-grade were purchased from Acros Organics (USA).
All other chemicals used were analytical-grade reagents and
were purchased from Beijing Chemical Co., Ltd.

The genomic DNA of A. pernixwas purchased from NITE
Biological Resource Center in Japan (NBRC 100138). E. coli
DH5α cells (Novagen, USA) were used for the cloning stud-
ies, and E. coli BL21 (DE3) (Novagen) strains were used as
hosts for the expression of the gene. pET28a and pET30a

Fig. 1 Process for synthesis of nucleoside analogues from inosine
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(Invitrogen, USA) were used for standard cloning and gene
expression studies. E. coli cells were routinely grown in Luria
broth (LB) medium or on LB agar plates at 37 °C. In order to
select bacteria carrying recombinant plasmids, 50 μg/ml of
kanamycin was added into the medium. DNA was purified
using the TIANgel Midi Purification Kit.

Cloning of the A. pernix apPNP and apUP

The genes encoding the purine nucleoside phosphorylase and
uridine phosphorylase were amplified by polymerase chain
reaction (PCR). The gene sequence encoding the purine nucle-
oside phosphorylase (apPNP) was amplified using the primers
listed below based on the genomic DNA sequence annotation
of A. pernix in GenBank (APE_0993.1). The sense primer
apPNP-NdeI-fwd was 5′-gggaattccatatgaggaagccggttca-3′, and
the antisense primer apPNP-HindIII-rwd was 5′-cccaagctt
gactcctcctgtgaggac-3′; the NdeI and HindIII sites (underlined)
were added to the forward and reverse primers, respectively.
The gene sequence encoding the uridine phosphorylase (apUP)
was also amplified based on the genomic DNA sequence in
GenBank (APE_2105.1). The sense primer apUP-NdeI-fwd
was 5′-gggaattccatatgggagacgagagtct-3′, and the NdeI site is
underlined. The antisense primer apUP-XhoI-rwd was 5′-
ccgctcgagtgtgcgtctgcacgccaggctc-3′. The antisense primer
apUP-HindIII-rwd for the native enzyme was 5′-cccaagcttt
catgtgcgtctgcacgccaggctc-3′.

PCR was performed with Red-Pfu DNA Polymerase
(Biocolor BioScience & Technology Co., Beijing). The
thermal cycling program involved an initial cycle of prede-
naturation at 94 °C for 5 min (first step), followed by
30 cycles of denaturation at 94 °C for 1 min (second step),
annealing at 55 °C for 1 min (third step), and extension at
72 °C for 1 min. This was followed by a final extension at
72 °C for 10 min.

The PCR-amplified apPNP gene was purified and cloned
into the NdeI and XhoI sites of the pET30a vector. The
PCR-amplified apUP gene (primers apUP-NdeI-fwd and
apUP-XhoI-rwd) was purified and cloned into the NdeI
and XhoI sites of the pET28a vector and pET-30a vector,
respectively, to construct double fusion and C-terminal fu-
sion enzymes, respectively. Primers apUP-NdeI-fwd and
apUP-HindIII-rwd were used to construct N-terminal fusion
enzyme genes and native enzyme genes, respectively, into
the pET28a vector and pET-30a vector, respectively.

Functional expression and purification of the apPNP
and apUP

The constructs were transformed into E. coli BL21 (DE3)
cells and grown overnight at 37 °C. Stock culture (5 ml) was
transferred into 500 ml fresh culture medium and grown
until the optical density at 580 nm (OD 580) was 0.8. IPTG

was then added to a final concentration of 1.0 mM, and after
incubation for another 4 h (OD 580 was about 1.2), the cells
were harvested by centrifugation (4,000×g for 10 min).

Cells from the expression culture (500 ml total) were
suspended in 40 ml binding buffer (50 mmol/l−1 NaH2PO4,
300 mmol/l−1 NaCl, and 10 mmol/l−1 imidazole; pH8.0) and
sonicated. The cell-free extract was then heated at 90 °C for
30 min and centrifuged at 12,000×g for 15 min. The clear
supernatant was then applied to a 1-ml Novagen HisBand
gravity flow column that had been equilibrated with 20 ml
Ni-NTA binding buffer. The column was then washed with
20 ml wash buffer (50 mmoll−1 NaH2PO4, 300 mmoll−1

NaCl, and 20 mmoll−1 imidazole; pH8.0). The His-tagged
proteins were eluted with 10 ml elution buffer (50 mmoll−1

NaH2PO4, 300 mmoll−1 NaCl, and 200 mmoll−1 imidazole;
pH8.0). For the apUP, size exclusion chromatography was
employed as a second purification step to obtain the protein in
high purity. The column used was a 16/60 Superdex G75 prep
grade (Amersham Biosciences) gel filtration column and was
equilibrated with two column volumes of buffer (25 mM
Hepes, 50 mM NaCl, pH7.0). Subsequently, the protein solu-
tion was applied onto the column at a flow rate of 1 ml/min.
Elution was performed with a flow rate of 1 ml/min and the
wavelength chosen for detection of the protein was 280 nm.
The fraction size was 2 ml and protein containing fractions
were analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

To remove the imidazole present in the elution buffer, the
eluate was applied to a 5-ml HiTrap desalting column
connected to an AKTA FPLC system (GE Healthcare, USA),
and the column was eluted with 50 mM Tris–HCl buffer (pH
7.5, 150 mM NaCl). The protein samples were collected and
dialyzed against 5,000 ml of 20 mM phosphate buffer (pH7.2).
The buffer was changed three times over a period of 24 h, after
which time the samples were ready for use. On-column trans-
formation was carried out by re-equilibrating the protein-
absorbed column with 20 ml Ni-NTA binding buffer.

Protein concentration was determined using the BCA Pro-
tein Assay Kit (Pierce Protein Biology Products, USA), with
bovine serum albumin as the standard. SDS-PAGE was per-
formed with a 6 % polyacrylamide stacking gel and a 12 %
polyacrylamide separating gel. Aliquots of cell samples (5 μl,
~5.0 of OD 580) were loaded into the wells of the gel.

Enzyme activity assay

Enzyme activity was assayed by adding 30 μg of enzyme to
500 μl of the universal buffer (50 mMTris, 50 mM boric acid,
33 mM citric acid, and 50 mM Na2HPO4; pH adjusted by
NaOH to 7.0), which contained 5 mM substrate (inosine for
the apPNP, 5-methyluridine for the apUP) (Visser et al.
2010a). The reaction solution was incubated at 90 °C for
60 min and ended in ice. The reaction solution was then
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centrifuged, and 5-μl aliquots of supernatant were analyzed by
HPLC on a Shimadzu HPLC system interfaced with Shi-
madzu LC solution software, which was equipped with a
detector at 260 nm and a Dikma Diamonsil C18 column
(250×4.6 mm, 5 μ) at 25 °C. The mobile phase was 92 %
water and 8 % methanol, with a flow rate of 1.0 ml/min. All
purine and pyrimidine nucleoside analogues were analyzed
separately by HPLC as a reference standard to identify the
products. Conversion and production were calculated accord-
ing to the peak area in the HPLC results.

Homology modeling and tertiary structures

Protein homology searches were conducted using BLASTX,
and ClustalW was used for sequence alignments (Larkin et
al. 2007). Homology modeling was performed using
Accelrys Discovery Studio 2.0. The model of the apPNP
was performed based on structures 1JDS of S. solfataricus
(Appleby et al. 2001) and 1ODI of Thermus thermophilus
(Tahirov et al. 2004). The model of the apUP was based on
structures 3QPB of Streptococcus pyogenes (Tran et al.
2011), 3C74 of Salmonella typhimurium, and 1K3F of E.
coli (Morgunova et al. 1995). Substrate binding was simu-
lated by ligand docking with AutoDock Vina (Seeliger and
de Groot 2010), and both the structures and docking were
visualized with PyMOL.

SDS-PAGE was performed at room temperature using
12 % acrylamide resolving gel and 5 % acrylamide staking
gel. The enzymes denatured in the presence and in the
absence of dithiothreitol (DTT) were analyzed. Gel filtra-
tion was performed on an AKTA FPLC system equipped
with a 23-ml Superdex HR 200 10/30 column (GE Health-
care). The column was calibrated with molecular mass
standards (SERVA, Germany). After the column had been
equilibrated with 0.5 M HEPES buffer containing 10 %
(v/v) glycerol and 100 mM NaCl (pH7.5), samples were
eluted by the same buffer solution. For each chromato-
gram, a 2-mg sample was added to the column and 0.5-
ml fractions were collected at 0.3 ml/min. The column was
calibrated by using standard proteins of known molecular
weight (phosphorylase B, 97.4 KDa; ovine serum albumin,
66.2 KDa, ovalbumin, 45.0 KDa; carbonic anhydrase,
31 KDa; trypsin inhibitor, 21.5 KDa; and lysozyme,
14.4 KDa).

Kinetic parameters and physical characteristics

The apparent kinetic parameters were determined by Line-
weaver–Burk plot. Enzymatic reactions were carried out
with substrate solutions of different concentrations (ranging
from 0.05 to 2.5 mM). To ensure accuracy, substrate con-
version was controlled so that it did not exceed 10 %.
Inosine, guanosine, and adenosine were used as substrates

for the apPNP assays, while uridine and 5-methyluridine
were routinely used as substrates for the apUP assays. The
activity temperature profile was determined at pH7.5 to be
40–100 °C for the apUP (50–130 °C for the apPNP). Reac-
tions over 100 °C were carried out in an autoclave using test
tube. The thermal stability of the enzymes was determined
by measuring their residual activity under standard condi-
tions after incubation at a temperature ranging from 40 to
100 °C (apUP) or 50 to 130 °C (apPNP) for 60 min. The
activity–pH profile was determined at 90 °C in buffers with
pH values ranging from 3.0 to 12.0. To determine the
stability at various pH values, the enzymes were incubated
at 90 °C in various buffers for 60 min without substrate, and
then, the residual activity was measured under standard
conditions. The buffer used was universal buffer (50 mM
Tris, 50 mM boric acid, 33 mM citric acid, and 50 mM
Na2PO4). The buffers were adjusted by NaOH or HCl to
obtain buffers with pH values ranging from 3.0 to 12.0.

Substrate specificity and enzymatic synthesis of nucleoside
drugs

Substrate specificity of the apPNP toward various purine
nucleosides and that of the apUP toward various pyrimidine
nucleosides was determined using standard methods. The
purified enzyme and different purine nucleosides (5 mM)
were incubated in 50 mM universal buffer (pH5.0) at 90 °C
for 60 min; standard enzyme assays were then performed,
and the highest activity which was set to 100 % 2,6-diami-
nopurine nucleoside was synthesized using inosine and 2,6-
diaminopurine as the starting materials, and 5-methyluridine
was synthesized using guanosine and thymine as the starting
materials. The products were confirmed by standard sample.
For the synthesis of 5-methyluridine, small scale screening
experiments were conducted in order to establish the oper-
ating conditions of the biocatalytic reaction and identify the
most important variables. Key reaction parameters such as
pH, temperature, concentration of buffer, and substrates
were investigated. Then, final reactions at a larger scale
were conducted.

Results

Enzyme expression and purification

The gene encoding the apPNP was cloned by PCR amplifi-
cation from chromosomal DNA into the cognate restriction
sites of expression vector pET-30a (+); this vector adds a
hexahistidine C-terminal tag in order to facilitate the purifi-
cation of the protein. Heterologous expression of the apPNP
was induced in E. coli BL21 (DE3) cells through the addi-
tion of IPTG (1 mmol/l−1). The resulting gene product was
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expressed efficiently in the host, and only the soluble frac-
tion of the apPNP was used for further purification. The fact
that the apPNP comes from an extreme thermophilic organ-
ism, with an optimum growth temperature of 100 °C, allows
for the use of an easy purification method. The soluble
extract was first heated to 90 °C for 30 min. This procedure
allowed removing at least 80 % of the host protein by
centrifugation. The His-tagged protein was purified effi-
ciently by Ni2+ chelate affinity chromatography, from which
a very pure recombinant protein was obtained (Fig. 2).
Approximately 4.8±0.1 mg of the recombinant protein
was purified from 2,000 mg of crude extract.

Three constructs of the apUP gene were prepared and
expressed as His-tagged fusion proteins. Double fusion pro-
teins (N- and C-terminal fusion proteins), N-terminal fusion
proteins, and C-terminal fusion proteins were expressed in
inactive form. According to the SDS-PAGE analyses, most
of the expressed fusion proteins were expressed as inclusion
bodies in cell pellets. The native apUP proteins (pET30a-
apUP) without fusion tags were actively expressed, and
about 50 % of the proteins were found in the soluble fraction
of the cell lysate.

The native protein was purified to homogeneity by size
exclusion chromatography after heat treatment (90 °C,
30 min, Fig. 2). Approximately 5.0±0.1 mg of the recom-
binant protein was purified from 2,000 mg crude extract.

Homology modeling and tertiary structures

Sequence analysis showed that the closest related structure
to the apPNP in the protein databases was the 5-
methylthioadenosine phosphorylase (MTP) from S. solfatar-
icus (44 % identity). According to the sequence identity, the

apPNP belonged to the type I PNP family, and the
phosphate-binding site, the ribose-binding site, and the
purine-binding site were strictly conserved. According to
the alignment results, the phosphate-binding site of the
apPNP was composed of Gly22, Arg26, Arg88, and
Thr91; the ribose-binding site consisted of His6, Ile66,
Glu187, and Met187; and the purine-binding site was com-
posed of Phe165, Glu168, and Asp210. Docking and mod-
eling studies corroborated these results (Fig. 3a). The
protein was denatured in the presence and in the absence
of DTT and was analyzed on a 12 % SDS-PAGE gel. The
results showed that in both the absence and the presence of
the reducing agent, the predominant tertiary confirmation
was a monomer. The estimation of molecular mass by gel
filtration on a calibrated Sephacryl S-200 column also gave
the same result, indicating that the apPNP is a monomer
protein with a molecular weight of about 30 kDa that is
different from both type I and type II PNPs. Even without
the formation of disulfide bonds (which are present in the
MTP from S. solfataricus), the apPNP still showed great
thermostability. It is likely that several complex factors
contribute to the thermostability of the enzyme.

The apUP displayed moderate homology (around 40 %
identity) with the uridine phosphorylases from S. typhimurium
and E. coli. For these proteins, the sequences for the
phosphate-binding site, the ribose-binding site, and the
uracil-binding site were strictly conserved, too. Docking and
modeling studies were performed based on the alignment
results (Fig. 3b). The phosphate-binding site of the apUP
was composed of Arg41, Arg59, and Arg102; the ribose-
binding site consisted of His21, Arg102, Glu208, and
Met207; and the uracil-binding site was composed of
Gln177, Arg179, and Arg233. The apUP structural gene was
an 843-bp fragment. The native construct expressed a 32.0-
kDa protein, which is accordance with the predicted weight of
30.2 kDa. The native protein was determined by gel filtration
to be approximately 185.3 kDa. Judging from the results, the
fusion enzyme would appear to be hexameric. The apUP was
denatured in the presence and in the absence of DTT and was
analyzed on a 12 % SDS-PAGE gel. The results showed that
in the absence of the reducing agent, the apUP was a dimer,
indicating the presence of three disulfide bonds that are prob-
ably intersubunit bonds, resulting in the organization of the
enzyme into three dimers (Fig. 2).

Physical characteristics

As shown in Fig. 4a, the optimum temperature of the apPNP
was found to be 100 °C, and the recombinant protein had
nearly 100 % activity when incubated at 100 °C for 60 min.
The apPNP showed an optimum pH of 5.0, retaining nearly
100 % activity between pH3.0 and 11.0 when incubated at
90 °C for 60 min (Fig. 4b).

Fig. 2 SDS-polyacrylamide gel electrophoresis of PNP and UP. Lane
M: marker. Lane 1: Nonreduced UP treated without DTT. Lane 2:
Reduced UP treated with DTT. Lane 3: Nonreduced PNP treated
without DTT. Lane 4: Reduced PNP treated with DTT
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The hydrolysis activity of the apUP reached a maximum
at 90 °C. After incubation for 60 min at 90 °C, the enzyme
remained 100 % active (Fig. 5a). Maximum activity of the
apUP was found at pH9.0 in universal buffers for uridine,
and the apUP displayed extraordinary pH stability ranging
from pH3.0 to pH9.0 (Fig. 5b). The apPNP and apUP did
show good stability at different values of pH, with no
change in activity over time and excellent stability under
90 °C. Therefore, they can be used as industrial biocatalysts
in the synthesis of nucleoside drugs.

Substrate specificity and kinetic properties

Linear transformation of velocity data obtained for varying
initial substrate concentrations showed a good linear regression
fit. Based on the values calculated from various plots (Line-
weaver–Burk, Eadie–Hofstee, and Hanes–Woolf),Km and Vmax
were determined. Subsequently, the turnover number (Kcat) and
the specificity constant were calculated using the monomer
molecular weight; these values are listed in Table 1.

According to previous studies, type I PNPs show broad
substrate specificity. The apPNP in this study belongs to the
type I PNP family, so its broad substrate specificity was
consistent with these previous findings. The enzyme can
accept both 6-oxo- and 6-aminopurines, but it cannot accept
6-chloropurines. It also can accept 2′-deoxy purine nucleo-
sides, illustrating its great potential for use as an industrial
biocatalyst. Eight uridine derivatives were tested for enzyme

specificity of the apUP. The results listed in Table 2 indicate
that the optimal substrate for the apUP is uridine. The apUP
showed no activity for 5-fluorouridine, cytidine, or 2-
deoxycytidine (even when incubated with the substrate un-
der optimal conditions for 24 h), indicating that it is a
uridine phosphorylase rather than a pyrimidine nucleoside
phosphorylase.

Enzymatic synthesis of nucleoside drugs

The target nucleoside analogue 2,6-diaminopurine nucleo-
side, which is an important intermediate, was successfully
synthesized in a 60 % yield using inosine and 2,6-diamino-
purine as the starting materials, and 5-methyluridine was
synthesized in a high yield using guanosine and thymine as
starting materials. In optimal conditions, 5-methyluridine
was synthesized in an 85 % yield with a guanosine conver-
sion of 96 % (Fig. 6). All processes can be performed at a
high temperature, which will highly increase the solubility
of the substrate; therefore, these processes are suitable for
industrial applications.

Discussion

Current advances in genome sequencing projects have rev-
olutionized research in biotechnology, enabling not only a
glimpse into the uncultured microbial population, but also

Fig. 3 Homology modeled
three-dimensional structure of
PNP (a), UP (b), and the en-
zyme–substrate interactions

Fig. 4 Effect of temperature
and pH on the activity of the
purified PNP (triangle). Effect
of temperature and pH on the
stability of the purified PNP
(square). The error bars in the
figure indicate the standard
deviations from three
independent samples. The
highest activity was set to
100 %
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the high-throughput discovery of new enzymes for industrial
bioconversions (Ferrer et al. 2007). Recently, interest in ex-
tremely thermophilic microorganisms has increased consider-
ably, resulting in the discovery of novel thermostable
biocatalysts. The thermostable phosphorylases described in
this paper originated from the hyperthermophilic aerobic cren-
archaeon A. pernix, which was first isolated from heated
marine sediments and venting water (Mochizuki et al. 2010).

Both the purine nucleoside phosphorylase and uridine phos-
phorylase were cloned, expressed, and purified, and their enzy-
matic properties were determined. Although some inclusion
bodies were formed during expression, about 60 % of the
apPNP was found in the soluble fraction of the cell homoge-
nate. Using an easy two-step purification method comprising
heat treatment and Ni2+ chelate affinity chromatography, the
recombinant apPNP was quickly purified to homogeneity and
functionally characterized. While the expressions of the fusion
apUP gene in E. coliwere unsuccessful, with most of the fusion
proteins expressed in the form of inclusion bodies even after
many attempts to optimize expression, the native apUP gene
was expressed well. Because of its high thermostability, the
protein was purified to 95 % homogeneity by heat treatment
and gel filtration. In this study, His-tags resulted in the forma-
tion of inclusion bodies.

Both the apPNP and apUP showed high thermostability.
The optimum temperature of the apPNP was obtained at
100 °C, and the recombinant protein had nearly 100 %
activity when incubated at 100 °C for 60 min. The hydro-
lysis activity of the apUP reached a maximum at 90 °C.
After incubation for 60 min at 90 °C, the enzyme remained
100 % active. Recent research on 5-methylthioadenosine
phosphorylase from S. solfataricus has revealed some inter-
esting results: the enzyme is hexameric, and there are six
disulfide bonds formed between the subunits. Previous stud-
ies have shown that the involvement of disulfide bonds

plays a key role in whether an enzyme is thermophilic and
thermostable (Appleby et al. 2001). According to their se-
quence similarity, the apPNP in this study was likely to have
a similar structure as the S. solfataricusMTP. Attempts were
made to validate the hypothesis that some of the cysteine
residues in the recombinant apPNP were in reduced form,
but unfortunately, these efforts were not successful. Inter-
estingly, the apUP was found to have this special property.
The three disulfide bonds are probably intersubunit bonds,
resulting in the organization of the enzyme into three
dimers. This is the first known documentation of this char-
acteristic in uridine phosphorylase.

The substrate specificity of the apPNP and that of the
apUP was examined in detail. The apPNP showed a broader
substrate specificity in that it can accept both 6-oxo- and 6-
aminopurines, as well as 2′-deoxypurines. It cannot, how-
ever, accept 6-chloropurines. These results were similar to
those for previously reported PNPs from E. coli (Luo et al.
2011). In addition to the high Km values of the apPNP, the
Kcat values were considerably higher than for other PNPs
such as the PNP from B. halodurans (Visser et al. 2010b),
indicating that it could serve as a useful biocatalyst in
biochemistry and industrial biotechnology. The apUP was
highly active on many uridine nucleoside analogues like
uridine, 5-methyluridine, thymidine, and deoxyuridine, and
the most closely related UPs, e.g., the enzymes from E. coli
and S. typhimurium, also have similar specificity (Leer et al.
1977). However, the apUP was inactive on cytidine ana-
logues and 5-fluoro analogues. 5-Methyluridine is an inter-
mediate in the synthesis of thymidine and antiretroviral
drugs such as zidovudine and stavudine, and the apPNP
and apUP can be employed in the synthesis of 5-
methyluridine using guanosine as the ribose donor.

As mentioned previously, in the synthesis of nucleoside
analogues, inosine and guanosine are the least expensive

Fig. 5 Effect of temperature
and pH on the activity of the
purified UP (triangle). Effect of
temperature and pH on the
stability of the purified UP
(square). The error bars in the
figure indicate the standard
deviations from three
independent samples. The
highest activity was set to
100 %

Table 1 Kinetic characteristics
of PNP and UP Parameter (units) Inosine Adenosine Guanosine Uridine 5-Methyuridine

Km (μM) 318 578 690 615 247.5

Vmax (mmol/min) 9.78×10−7 5.75×10−6 1.46×10−6 1.65×10−6 6.2×10−7

Kcat (s
−1) 838 3450 876 150 56

Kcat/Km 2.63 5.997 1.27 0.24 0.23
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ribose donors, with very low solubility in water. Elevating
reaction temperature by utilizing thermostable nucleoside
phosphorylase is an efficient way to increase the solubility
of the substrate in an aqueous solution and to improve the
reaction kinetics (Gordon et al. 2011); the higher the temper-
ature at which the reaction is performed, the higher the pro-
ductivity. Researchers have devoted a lot of attention toward
screening new thermostable nucleoside phosphorylases. The
PNP and UP from B. stearothermophilus JTS 859 were suc-
cessfully used to synthesize 5-methyluridine (Hori et al.
1991b). Visser et al. found a novel thermostable purine nucle-
oside phosphorylase from B. halodurans ALK36, whose ac-
tivity was highest at 70 °C and whose half-life was 20 h
at 60 °C (Visser et al. 2010a). In combination with the uridine
phosphorylase from E. coli and under optimal conditions, a
guanosine conversion of >95 % and a >85 % yield of 5-
methyluridine were achieved. An overall productivity of
10.6 gl−1h−1 was obtained, with a final product concentration
of 84 gl−1 (325 mM) (Gordon et al. 2011). Furthermore,
replacement of the wild-type uridine phosphorylase with the

mutant allowed the reaction temperature to increase to 65 °C.
The elevated reaction temperature can increase the reaction
productivity from 10 to 31 gl−1h−1 (Visser et al. 2010a).
Therefore, in this system, highly thermostable purine nucleo-
side phosphorylases and uridine phosphorylases are superior
to their mesophilic counterparts.

While several thermostable purine nucleoside phosphory-
lases have been the subject of previous studies, there have
been very few reports on thermostable uridine phosphory-
lases. To the best of our best knowledge, the uridine phos-
phorylase described in this paper is the most thermostable
uridine phosphorylase reported to date. In this study, a highly
thermostable purine nucleoside phosphorylase and a highly
thermostable uridine phosphorylase from A. pernix were
revealed and characterized. Both the enzymes maintained
100 % activity after being incubated at a high temperature.
Using the apPNP, the 2,6-diaminopurine nucleoside was suc-
cessfully synthesized in an approximately 60 % yield. Utiliz-
ing the two thermostable nucleoside phosphorylases, the
synthetic process for 5-methyluridine was developed. Under

Table 2 Substrate specificity of
PNP and UP

aThe reactions were performed
as described in the “Materials
and methods” section. The
highest activity was set to 100 %

Name (for PNP) Relative
activitya (%)

Name
(for UP)

Relative
activity (%)

Inosine 98 Uridine 100

Adenosine 100 5-Methylurdine 92

Guanosine 99 5-Fluorouridine 0

2,6-Diaminopurine nucleoside 90 Trifluridine 0

2-Deoxyadenosine 92 Thymidine 60

Ribavirin 0 Deoxyuridine 66

6-Chloropurine nucleoside 0 Cytidine 0

2,6-Dichloropurine nucleoside 0 5-fluorocytidine 0

Fig. 6 HPLC analysis of the
products from in vitro reactions.
5-methyluridine and 2,6-
diaminopurine nucleoside were
synthesized via thermostable
phosphorylase
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optional conditions, a guanosine conversion of >96% and a 5-
methyluridine yield of >85 % were achieved. Higher reaction
productivity (50 gl−1h−1) can be obtained because the reaction
can be performed at a higher temperature (Zhu et al. 2012).

This work has described the enzymatic synthesis of nu-
cleoside analogues via thermostable nucleoside phosphory-
lase from A. pernix for the first time. These processes have
an important impact on the biosynthesis of nucleoside ana-
logues such as 5-methyluridine and 2,6-diaminopurine nu-
cleoside, which are important drug intermediates. Thanks to
the enhanced solubility of the substrate at an elevated reac-
tion temperature, both of these processes provided high
yields of nucleoside analogues. Therefore, these novel pro-
cesses are suitable for large-scale industrial preparations.
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