US 20190144901A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2019/0144901 A1

YANG et al. 43) Pub. Date: May 16, 2019
(54) NEW POLYPHOSPHATE-DEPENDENT 30) Foreign Application Priority Data
GLUCOKINASE AND METHOD FOR
PRODUCING GLUCOSE 6-PHOSPHATE Jan. 15,2016 (KR) .cccoeevvneriiennn 10-2016-0005463

(71)

(72)

@
(22)

(86)

N
Nerrerrereererecrereemeees. LA etaCHO RS

glycosylation Glucose T
e A A
Cellulose { Polyphosphate

ommnsmnsnsansnsansnsnnnc

USING SAME

Publication Classification

enzyme

Ma-tripclyphosphals
f Polyphosphoric acid
ixEtc...

N,
o

ENawhexametap&éyahosphme

Applicant: CJ CHEILJEDANG
CORPORATION, Seoul (KR) (1) Int. Cl
CI12P 19/02 (2006.01)
Inventors: Sung Jae YANG, Suwon (KR); Young CI2N 15/70 (2006.01)
Mi LEE, Suwon (KR); Seong Bo KIM, (52) US.CL
Seongnam (KR); Seung Won PARK, CPC ... CI12P 19/02 (2013.01); C12Y 207/01002
Yongin (KR); Hyun Kug CHO, Seoul (2013.01); CI2N 15/70 (2013.01)
(KR)
(57) ABSTRACT
Appl. No.: 16/070,253
The present invention relates to a novel thermophilic and
PCT Filed: Jan. 16, 2017 thermoresistant polyphosphate-dependent glucokinase hav-
ing excellent stability, a composition comprising the same,
PCT No.: PCT/KR2017/000521 and a method for producing glucose 6-phosphate using the
§ 371 (e)(D), same.
(2) Date: Jul. 13, 2018 Specification includes a Sequence Listing.
S
R —— —
Starch g inventive

Additional

products




Patent Application Publication

[FIG. 1]
Starch
————
tiguefactions
glycosylation
Cellulose
[FIG. 2]

Glucose
MW
1BQ.16

=

May 16, 2019 Sheet 1 of 5 US 2019/0144901 A1

o e
Ghucose

inventive §
Glucose Additional
e 6-phosphate products
Polyphosphate ‘

gnzyme
Na-hexamsatapolyphosphate
Na-tripolyphosphate
Polyphosphoric acid

Efc...

~, s

e i

(]
(o
-

P Qe P o (o P e (3 N
Lo 0
o) O 0
OH O
ATP
O 3
oL
O >0y 707
Q o

G-6-P
MW 260.136



Patent Application Publication

[FIG. 3]

OH

Glucose
MW
18016

[FIG. 4]

May 16, 2019 Sheet 2 of 5

|

OO
0]

O HO )
Hod-b—odr = ¢
\ng n HO 3 i 177 0H
OH
Polyphosphate G-6-P
MW 260.136

US 2019/0144901 A1



Patent Application Publication May 16, 2019 Sheet 3 of 5 US 2019/0144901 A1

o
O

B
i

—8—5A

~J-KPE
e SR
= Trig

Relative activity {%]

a2
<

[FIG. 6]

100 -

40 -

Relative activity [%]

20 =

{} ¥ H ¥ ¥ E H 3 3
25 35 45 85 65

Temperature [°C]



Patent Application Publication May 16, 2019 Sheet 4 of 5 US 2019/0144901 A1

p—
s
—
a
~J
[

00 4

o
oy
%

Relative activity [%]

]
<
1.

[FIG. 8]

100

80

8G

40

Conversion [9]

20

g 3 8 G 12 15 18 21
MgCh concentration {mM]



Patent Application Publication May 16, 2019 Sheet 5 of 5 US 2019/0144901 A1

[FIG. 9]

120 A

160
X 80 \.
= el (1
g o8¢ =500
[ev]
L 40 il B 50

. S 1o
0 ¥ k3 k3 5 3 i




US 2019/0144901 A1

NEW POLYPHOSPHATE-DEPENDENT
GLUCOKINASE AND METHOD FOR
PRODUCING GLUCOSE 6-PHOSPHATE
USING SAME

TECHNICAL FIELD

[0001] The present invention relates to a novel polyphos-
phate-dependent glucokinase, a composition comprising the
glucokinase, and methods for producing glucose 6-phos-
phate using the glucokinase.

BACKGROUND ART

[0002] D-glucose 6-phosphate is a major phosphorylation
product of the glycolysis pathway and the pentose phosphate
pathway in the biological metabolism. D-glucose 6-phos-
phate is industrially very useful because it can be converted
into various metabolites. The development of economic
methods for producing glucose 6-phosphate is of great
importance in biological processes for producing high value-
added compounds from glucose 6-phosphate through a
series of multiple enzymatic reactions.

[0003] According to previously published reports, glucose
as a raw material, adenosine diphosphate (ADP) as a phos-
phate donor, and an ADP-dependent glucokinase (EC 2.7.
1.147); glucose as a raw material, adenosine triphosphate
(ATP) as a phosphate donor, and an ATP-dependent glu-
cokinase (EC 2.7.1.2); or glucose as a raw material, poly-
phosphate (Poly(Pi)n) as a phosphate polymer, and a poly-
phosphate (poly(Pi)n)-dependent glucokinase (EC 2.7.1.63)
are used to directly enzymatically produce glucose 6-phos-
phate.

[0004] According to the method using an ADP/ATP-de-
pendent glucokinase, the phosphate groups of ADP or ATP
are transferred to glucose to produce glucose 6-phosphate
(see Reaction Scheme 1). The method is disadvantageous in
that ADP and ATP are expensive. In an attempt to overcome
the disadvantage, a polyphosphate-AMP/ADP phospho-
transferase and Poly(Pi)n as a material donating the phos-
phate groups to AMP or ADP are simultaneously used to
recover ADP or ATP. However, this attempt is limited in
practical use due to the poor stability of AMP, ADP, and ATP.

Reaction Scheme 1

Poly(Pi)y.; <——=—— Poly(Pi),

()

ATP ADP

\_/

Glucose ————= Glucose 6-phosphate

[0005] According to the method using a polyphosphate-
dependent glucokinase, the phosphate groups of Poly(Pi)n
are transferred to glucose to directly produce glucose
6-phosphate (see Reaction Scheme 2). The use of inexpen-
sive stable Poly(Pi)n makes this method advantageous from
the viewpoint of economic efficiency over the method using
an ADP/ATP-dependent glucokinase.
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Reaction Scheme 2
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DISCLOSURE

Technical Problem

[0006] The present invention is directed to a novel poly-
phosphate-dependent glucokinase, a composition compris-
ing the glucokinase, and methods for producing glucose
6-phosphate using the glucokinase. The stability of an
enzyme is a very important requirement in terms of effi-
ciency for the enzymatic production of a specific compound.
To date, however, a limited number of polyphosphate-
dependent glucokinases in connection with the present
invention have been reported in some microbial species.
Most of the isolated enzymes were derived from mesophilic
microorganisms and were reported to have poor character-
istics such as low thermal stability (Table 1). The present
invention has been made in an effort to solve the above
problems, and it is one object of the present invention to
provide a novel thermophilic and thermoresistant polyphos-
phate-dependent glucokinase with good stability derived
from a thermophile, a composition comprising the enzyme,
and methods for producing glucose 6-phosphate using the
enzyme.

TABLE 1
Optimum temp.
& thermal
Microorganism stability Reference
Mycobacterium NA 1957. Bull Acad Pol Sci Ser Sci
phlei Biol. 5: 379-381
NA 1964. Biochem Biophys Acta.

85: 283-295

Corynebacterium NA 1961. Bull Acad Pol Sci Ser Sci

diphtheria Biol. 9: 371-372
Mycobacteria NA 1978. Acta Microbiol Pol. 27:
73-74
Nocardia minima NA 1979. Acta Microbioiog Pol.
28: 153-160
Propionibacterium  NA 1986. T Bio Chem. 261: 4476-4480
shermanii
Mycococcus NA 1990. Arch Microbiology
coralloudes 154: 438-442
Mycobacterium NA 1996. Biochemistry. 35: 9772-81.

tuberculosis
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TABLE 1-continued

Optimum temp.

& thermal
Microorganism stability Reference
Microlunatus Optimum 2003. T Bacteriol. 185: 5654-5656
phosphovorus temp.: 30° C.
Arthrobacter 40° C., 5 min.  2003. Appl Environ Microbiol.
sp. KM 50% of its 69: 3849-3857

activity was 2004. T Biol Chem

lost 279: 50591-50600

Optimum

temp.: 30° C.
Corynebacterium 50° C., 60 min, 2010. Appl Microbiol Biotechnol.
glutamicum 88% of its 87: 703-713

activity was

lost
Thermobifida 50° C. 25 min. 2011 Appl Microbiol Biotechnol.
Sfusca 50% of its 93: 1109-1117

activity was

lost
Streptomyces Optimum 2013 Biosci Biotechnol Biochem.
coelicolor A3(2) temp.: 25° C.  77:2322-2324
Anabaena sp. Optimum 2014. Microbiology.
PCC 7120 temp.: 28° C.  160: 2807-2819

[0007] Glucose 6-phosphate is a major phosphorylation
product of the glycolysis pathway and the pentose phosphate
pathway in the biological metabolism. D-glucose 6-phos-
phate is industrially very useful because it can be converted
into various metabolites. Economic methods for producing
glucose 6-phosphate are necessary to produce high value-
added compounds from glucose 6-phosphate through a
series of multiple enzymatic reactions.

[0008] ATP or ADP is usually used as a phosphate donor
for enzymatic conversion of glucose to glucose 6-phosphate
in the biological metabolism and its high commercial price
is an obstacle to the development of processes for enzymatic
production of glucose 6-phosphate via the reaction pathway.
Further, microbial fermentation is not suitable for the pro-
duction of glucose 6-phosphate because the resulting glu-
cose 6-phosphate does not cross cell membranes.

[0009] Polyphosphate (Poly(Pi)n) as a phosphate donor is
plentiful in nature or can be economically produced by
chemical processes and is thus considered a commercially
valuable compound. It can be concluded that the develop-
ment of an efficient method for enzymatic production of
glucose 6-phosphate from glucose using Poly(Pi),, is com-
mercially very important.

[0010] However, most of the previously reported enzymes
for glucose 6-phosphate production using Poly(Pi)n react at
low temperature and have poor thermal stability, limiting
their application to the production of glucose 6-phosphate.

Technical Solution

[0011] The present invention is aimed at providing a novel
thermophilic and thermoresistant polyphosphate-dependent
glucokinase with good stability derived from a thermophilic
organism and methods for producing glucose 6-phosphate
using the enzyme.

[0012] Numerous aspects of the present invention will
now be described in detail.

[0013] One aspect of the present invention provides a
thermoresistant  polyphosphate-dependent  glucokinase
derived from the genus Deinococcus.

[0014] Specifically, the polyphosphate-dependent glucoki-
nase according to the present invention may have the amino
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acid sequence set forth in SEQ ID NO. 2. The polyphos-
phate-dependent glucokinase may be any protein that has an
amino acid sequence having a homology of at least 70%,
specifically at least 80%, more specifically at least 90%,
even more specifically at least 95% to the amino acid
sequence set forth in SEQ ID NO. 2 and has an enzymatic
activity substantially identical or similar to that of the
enzyme. That is, a protein variant whose amino acid
sequence has a homology to the amino acid sequence set
forth in SEQ ID NO. 2 and is partially deleted, modified,
substituted or added is also within the scope of the present
invention as long as its amino acid sequence substantially
exhibits the function of polyphosphate-dependent glucose
phosphorylation.

[0015] As used herein, the term “homology” refers to the
degree of identity or correspondence between given poly-
peptide sequences or polynucleotide sequences that may or
may not share a common evolutionary origin and may be
expressed as a percentage. In the present specification, a
homology sequence having an identical or similar activity to
a given polypeptide or polynucleotide sequence is expressed
as “% homology”. For example, the homology may be
determined using a standard software, specifically BLAST
2.0, to calculate parameters such as score, identity, and
similarity. Alternatively, the homology may be identified by
comparing sequences in a Southern hybridization experi-
ment under defined stringent conditions. The defined appro-
priate hybridization conditions may be determined by meth-
ods well known to those skilled in the art (see Sambrook et
al.,, 1989, infra). In one embodiment, two amino acid
sequences are judged to be “substantially homologous™ or
“substantially similar” when at least 21% (specifically at
least about 50%, particularly about 90%, 95%, 96%, 97% or
99%) of the polypeptides match over the defined length of
the amino acid sequences.

[0016] Another aspect of the present invention provides a
polynucleotide encoding a thermoresistant polyphosphate-
dependent glucokinase derived from the genus Deinococcus.
Specifically, the polynucleotide encodes a protein having the
activity of a polyphosphate-dependent glucokinase having
the amino acid sequence set forth in SEQ ID NO. 2.

[0017] As used herein, the term “polynucleotide” refers to
a polymer of nucleotide units that are linked covalently to
form a long chain. Generally, the polynucleotide means a
DNA or RNA strand whose length is above a predetermined
level.

[0018] The polynucleotide encoding a protein having the
activity of a polyphosphate-dependent glucokinase may
include a polynucleotide sequence encoding the amino acids
shown in SEQ ID NO. 2. Various modifications may be
made in the coding region of the polynucleotide as long as
the amino acid sequence of the polypeptide is not altered due
to the degeneracy of codons or in consideration of prefer-
ential codons in an organism where the enzyme is to be
expressed. For example, the polynucleotide may have the
sequence set forth in SEQ ID NO. 1. The polynucleotide
may have a nucleotide sequence having a homology of at
least 70%, specifically at least 80%, more specifically at
least 90%, even more specifically at least 95%, most spe-
cifically at least 98% to the sequence set forth in SEQ ID
NO. 1 and can substantially encode a protein having a
polyphosphate-dependent glucose phosphorylation activity.
It is apparent that a variant whose amino acid sequence is
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partially deleted, modified, substituted or added is also
within the scope of the present invention.

[0019] A composition comprising 1% to 3% by weight of
glucose, 1% to 10% by weight of polyphosphate, 0.1 mg/ml
to 2.0 mg/ml of the polyphosphate-dependent glucokinase,
and optionally 1 mM to 20 mM magnesium ions (e.g.,
MgCl,) based on the total volume of the composition can
achieve a conversion yield of at least 60%, more specifically
at least 70%, even more specifically at least 80%, to glucose
6-phosphate.

[0020] A composition comprising 1.5% by weight of
glucose, 3% by weight of polyphosphate, 0.3 mg/ml of the
polyphosphate-dependent glucokinase, and 10 mM magne-
sium ions (e.g., MgCl,) can achieve a conversion yield of at
least 60%, more specifically at least 70%, even more spe-
cifically at least 80%, to glucose 6-phosphate.

[0021] A composition comprising 5% to 20% by weight of
glucose, 5% to 10% by weight of polyphosphate, 0.1 mg/ml
to 2.0 mg/ml of the polyphosphate-dependent glucokinase,
and 1 mM to 20 mM magnesium ions (e.g., MgCl,) based
on the total volume of the composition can achieve a
conversion yield of at least 50%, more specifically at least
60%, even more specifically at least 70%, to glucose 6-phos-
phate.

[0022] A composition comprising 15% by weight of glu-
cose, 7.5% by weight of polyphosphate, 0.3 mg/ml of the
polyphosphate-dependent glucokinase, and 10 mM magne-
sium ions (e.g., MgCl,) can achieve a conversion yield of at
least 50%, more specifically at least 60%, even more spe-
cifically at least 70%, to glucose 6-phosphate.

[0023] The polyphosphate-dependent glucokinase may be
active at a temperature of 40° C. to 60° C., more specifically
45° C. to 55° C., most specifically 50° C.

[0024] The polyphosphate-dependent glucokinase may be
active at a pH of 7 to 9, most specifically 8.

[0025] The activity of the polyphosphate-dependent glu-
cokinase may be enhanced in the presence of magnesium
ions.

[0026] The magnesium ions may be specifically present at
a concentration of 1 mM to 20 mM, more specifically 5 mM
to 15 mM, even more specifically 5 mM to 15 mM, most
specifically 10 mM.

[0027] A further aspect of the present invention provides
a composition for the production of glucose 6-phosphate
comprising the polyphosphate-dependent glucokinase, glu-
cose, and polyphosphate. The composition may further
comprise magnesium ions. The ingredients used in this
aspect and their contents are the same as those described in
the previous and following aspects, and a detailed descrip-
tion thereof is thus omitted.

[0028] Yet another aspect of the present invention pro-
vides a method for producing glucose 6-phosphate from a
composition comprising the polyphosphate-dependent glu-
cokinase, glucose, and polyphosphate.

[0029] The reaction for the production of glucose 6-phos-
phate is carried out at a temperature of 40° C. to 60° C. and
apHof71t009.

[0030] The glucose may be prepared by liquefaction or
glycosylation of starch or cellulose.

[0031] The polyphosphate serves as a phosphate donor,
and examples thereof include, but are not limited to, sodium
hexametaphosphate, sodium tripolyphosphate, and potas-
sium hexametaphosphate, which are also commercially
available.
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[0032] The glucose 6-phosphate may be produced at a
temperature of 40° C. to 60° C., more specifically 45° C. to
55° C., most specifically 50° C.

[0033] The polyphosphate-dependent glucokinase may
have a molecular weight of 10 kDa to 100 kDa, specifically
20 kDa to 50 kDa.

[0034] The composition may further comprisemagnesium
ions. For example, a source of the magnesium ions may be
MgCl, or MgSO,.

[0035] The polyphosphate-dependent glucokinase may be
present in an amount of 0.1 mg to 0.5 mg, more specifically
0.2 mg to 0.4 mg, most specifically 0.3 mg per ml of the
composition.

[0036] The glucose may be present in an amount of 1% to
30% by weight, more specifically 1% to 20% by weight,
most specifically 3% to 15% by weight, based on the total
weight of the composition.

[0037] The polyphosphate may be present in an amount of
1% to 15% by weight, more specifically 1% to 10% by
weight, most specifically 1.5% to 7.5% by weight, based on
the total weight of the composition.

[0038] Yet another aspect of the present invention pro-
vides a method for enhancing the activity of the polyphos-
phate-dependent glucokinase on the conversion of glucose
to glucose 6-phosphate by the addition of magnesium ions.
[0039] The magnesium ions may be specifically added at
a concentration of 1 mM to 20 mM, more specifically 5 mM
to 15 mM, even more specifically 10 mM in a composition
for the production of glucose 6-phosphate.

[0040] A source of the magnesium ions may be MgCl, or
MgSO,. Any magnesium salt capable of providing magne-
sium ions to the composition may be used without limita-
tion.

[0041] Yet another aspect of the present invention pro-
vides a method for producing glucose 6-phosphate from a
composition comprising the polyphosphate-dependent glu-
cokinase, a diastatic enzyme, starch, and polyphosphate.
[0042] The reaction for the production of glucose 6-phos-
phate is carried out at a temperature of 40° C. to 60° C. and
apHof 71t 9.

[0043] The diastatic enzyme may be selected from alpha-
amylases, glucoamylases, alpha-glycosidases, and mixtures
thereof.

[0044] Yet another aspect of the present invention pro-
vides a microorganism producing the polyphosphate-depen-
dent glucokinase. Specifically, the microorganism belongs to
the genus Escherichia, for example, Escherichia coli, but
not limited thereto.

[0045] As used herein, the term “microorganism produc-
ing the polyphosphate-dependent glucokinase™ refers to a
prokaryotic or eukaryotic microbial strain that can produce
the enzyme therein. Specifically, the microorganism produc-
ing the polyphosphate-dependent glucokinase is a microor-
ganism capable of accumulating the enzyme in a medium or
therein by genetic engineering or natural mutation.

[0046] The microorganism is not specifically limited and
may be any one that can express the polypeptide having the
sequence set forth in SEQ ID NO. 2. The microorganism
may be a prokaryotic or eukaryotic microorganism, specifi-
cally a prokaryotic microorganism. Examples of such pro-
karyotic microorganisms include, but are not limited to,
microbial strains belonging to the genera FEscherichia,
Erwinia, Serratia, Providencia, Corynebacterium, and
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Brevibacterium. Specifically, the microorganism may be one
belonging to the genus Escherichia.

[0047] As used herein, the term “expression” refers to a
process in which a polynucleotide encoding the polypeptide
of the present invention is operably transformed with a
recombinant vector or is inserted into a chromosome. The
expression process is not particularly limited.

[0048] As used herein, the term “transformation” refers to
the introduction of a vector including a polynucleotide
encoding a target protein into a host cell to express the
protein encoded by the polynucleotide in the host cell. The
transformed polynucleotide may be either inserted into and
located in the chromosome of the host cell or may exist
extrachromosomally as long as it can be expressed in the
host cell. The polynucleotide includes DNA and RNA
encoding the target protein. The polynucleotide may be
introduced in any form as long as it can be introduced into
and expressed in the host cell. For example, the polynucle-
otide may be introduced into the host cell in the form of an
expression cassette, which is a gene construct including all
elements required for its autonomous expression, but its
form is not limited thereto. Typically, the expression cassette
includes a promoter operably linked to the polynucleotide, a
transcription termination signal, a ribosome-binding
domain, and a translation termination signal. The expression
cassette may be in the form of a self-replicable expression
vector. The polynucleotide as it is may be introduced into the
host cell and operably linked to sequence required for
expression in the host cell.

[0049] As used herein, the term “operably linked” refers to
a functional linkage between a promoter sequence initiating
and mediating the transcription of the polynucleotide encod-
ing the target protein of the present invention and a gene
sequence.

[0050] As used herein, the term “vector” refers to any
vehicle for the cloning of and/or transfer of bases into a host
cell. A vector may be a replicon to which another DNA
segment may be attached so as to bring about the replication
of the attached segment. A “replicon” refers to any genetic
element (e.g., plasmid, phage, cosmid, chromosome or
virus) that functions as an autonomous unit of DNA repli-
cation in vivo, ie. capable of replication under its own
control. The term “vector” may include both viral and
nonviral vehicles for introducing bases into a host cell in
vitro, ex vivo or in vivo. The term “vector” may also include
minicircle DNAs. For example, the vector may be a plasmid
without bacterial DNA sequences. The removal of bacterial
DNA sequences which are rich in CpG regions has been
shown to decrease transgene expression silencing and result
in more persistent expression from plasmid DNA vectors
(e.g., Ehrhardt, A. et al. (2003) HumGene Ther 10: 215-25;
Yet, N. S. (2002) Mol Ther 5: 731-38; Chen, Z. Y. et al.
(2004) Gene Ther 11: 856-64). The term “vector” may also
include transposons (Annu Rev Genet. 2003; 37:3-29), or
artificial chromosomes. Specific examples of vectors suit-
able for use in the present invention include, but are not
limited to, pACYC177, pACYC184, pCL 1920, pECCG117,
pUC19, pBR322, and pMW118 vectors. Variants of these
vectors, for example, in which promoters are mutated, may
also be used in the present invention.

[0051] Particularly, the vector may be a DMA construct
including a polynucleotide sequence encoding the desired
protein which is operably linked to an appropriate expres-
sion regulatory sequence to express the desired protein in a
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suitable host cell. The regulatory sequence may include a
promoter that can initiate transcription, an optional operator
sequence for regulating the transcription, a sequence encod-
ing a suitable mRNA ribosome binding site, and a sequence
regulating the termination of transcription and translation.
After the vector is introduced into the suitable host cell, it
may replicate or function independently of the host genome
and may be integrated into the genome itself.

[0052] The vector used in the present invention is not
particularly limited as long as the vector is replicable in the
host cell. The vector may be any of those known in the art.
Examples of such known vectors include natural or recom-
binant plasmids, cosmids, viruses, and bacteriophages. The
phage vectors or cosmid vectors may be, for example,
pWEI15, M13, XWEI15, E15, E15, M13, and Charon21A,
but are not limited thereto. The plasmid vectors may be those
based on pBR, pUC, pBluescriptll, pGEM, pTZ, pCL, and
pET, but are not limited thereto.

[0053] The present invention also provides a recombinant
expression vector including a gene encoding the polyphos-
phate-dependent glucokinase.

[0054] The present invention also provides Escherichia
coli BL21 DE3 CJ pET21a-Dg_ppgk transformed with the
recombinant expression vector. The strain was deposited
with the Korean Culture Center of Microorganisms on Dec.
17, 2015 under the deposit number KCCM11793P.

[0055] The present invention also provides economic
methods for producing industrially useful compounds from
polyphosphate and glucose or starch based on one-pot
enzymatic conversions using the polyphosphate-dependent
glucokinase and additional functional enzymes (e.g.,
a-amylases, glucoamylases, a-glucosidases, isomerases,
aldolases, synthases, kinases, and phosphatases).

[0056] Examples of such industrially useful compounds
include, but are not limited to, D-glucose 1-phosphate,
D-fructose 6-phosphate, D-fructose 1,6-bisphosphate, myo-
inositol 3-phosphate, myo-inositol, D-glucuronate, D-glu-
cosamine 6-phosphate, D-glucosamine, N-acetyl-D-glu-
cosamine 6-phosphate, N-acetyl-D-glucosamine, N-acetyl-
D-mannosamine 6-phosphate, N-acetyl-D-mannosamine,
N-acetylneuraminic acid (sialic acid), D-mannose 6-phos-
phate, D-mannose, D-tagatose 6-phosphate, D-tagatose,
D-allulose 6-phosphate, D-allulose, D-glyceraldehyde
3-phosphate, and dihydroxyacetone phosphate. The indus-
trially useful compounds may also include various com-
pounds produced from glucose 6-phosphate.

Advantageous Effects

[0057] The enzyme according to the present invention can
participate in an enzymatic reaction at a high temperature.
The high reaction temperature increases the solubility of
Poly(Pi)n and glucose as substrates, enabling the use of the
substrates at high concentrations. In addition, the diffusion
rates of the materials and the reaction rate can be increased
and the reaction time can be reduced, achieving increased
unit productivity. Furthermore, the high reaction tempera-
ture can minimize contamination caused by foreign micro-
organisms during processing. Moreover, the enzyme accord-
ing to the present invention can be heated to a high
temperature after large-scale recombinant expression in a
mesophile due to its good heat resistance, enabling selective
modification and removal of other proteins derived from the
mesophile.
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DESCRIPTION OF DRAWINGS

[0058] FIG. 1 is a flowchart illustrating a method for
producing glucose 6-phosphate according to the present
invention.

[0059] FIG. 2 shows a reaction scheme for the production
of glucose 6-phosphate from ATP and glucose.

[0060] FIG. 3 shows a reaction scheme for the production
of glucose 6-phosphate from polyphosphate and glucose.
[0061] FIG. 4 shows SDS-PAGE gel images of a size
marker (M), a crude extract (CE) after cell destruction, an
enzyme whose gene expression was not induced as a nega-
tive control (Ne), and a purified enzyme (PE) after gene
expression, which were taken after electrophoresis.

[0062] FIG. 5 shows the pH-dependent activity of a
recombinant polyphosphate-dependent glucokinase.

[0063] FIG. 6 shows the temperature-dependent activity of
a recombinant polyphosphate-dependent glucokinase.
[0064] FIG. 7 shows the activities of a recombinant poly-
phosphate-dependent glucokinase in the presence of differ-
ent kinds of metal ions.

[0065] FIG. 8 shows the activities of a polyphosphate-
dependent glucokinase at different concentrations of MgCl,.
[0066] FIG. 9 shows the activities of a polyphosphate-
dependent glucokinase when heated to different tempera-
tures.

MODE FOR INVENTION

[0067] Glucose is a relatively cheap carbon source and can
be mass-produced from starch or cellulose. Glucose is
currently used as a basic raw material in chemical or
biological conversion processes for the production of vari-
ous compounds that are useful in the chemical, pharmaceu-
tical, cosmetic, and food industries.

[0068] However, phosphorylated glucose as a basic raw
material in biological processes, particularly enzymatic con-
version processes, is currently limited in use due to high
price thereof.

[0069] Glucose 6-phosphate is an industrially pivotal
metabolite in glucose metabolism and can be used as a basic
raw material that can induce very useful reactions based on
the use of various metabolic enzymes present in nature
(organisms).

[0070] Under these circumstances, the present invention is
aimed at providing an enzyme and economic enzymatic
methods for producing glucose 6-phosphate, which is a raw
material for various industrially useful compounds, from
glucose and polyphosphate.

[0071] The present invention is also aimed at providing
high value-added functional compounds in the pharmaceu-
tical, cosmetic, and food industries that can be prepared
from glucose 6-phosphate produced by the enzymatic meth-
ods.

Examples

Example 1: Production of Recombinant Expression
Vector Including Polyphosphate-Dependent
Glucokinase Gene and Microorganism Transformed
with the Recombinant Expression Vector

[0072] The Dg_ppgk gene of a polyphosphate-dependent
glucokinase derived from thermophilic Deinococcus geo-
thermalis, was isolated.
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[0073] Specifically, gene sequences associated with the
novel thermophilic and thermoresistant enzyme according to
the present invention were primarily screened from the gene
sequences registered in Genbank and only the gene sequence
derived from the thermophilic microorganism was finally
selected therefrom. The registered gene sequence (SEQ ID
NO. 1) and the amino acid sequence (SEQ ID NO. 2) of
Deinococcus geothermalis were analyzed to design a for-
ward primer (SEQ ID NO. 3) and a reverse primer (SEQ ID
NO. 4). The corresponding gene was amplified from the
Deinococcus geothermalis genomic DNA by polymerase
chain reaction (PCR) using the synthesized primers. The
amplified polyphosphate-dependent glucokinase gene was
inserted into plasmid vector pET21a (Novagen) for E. coli
expression using restriction enzymes Ndel and Xhol to
construct a recombinant expression vector (pET21a-Dg_
ppgk). The recombinant expression vector was transformed
into strain . coli BL21(DE3) by a general transformation
technique (see Sambrook et al. 1989) to produce a trans-
formed microorganism.

Example 2: Production of
Polyphosphate-Dependent Glucokinase

[0074] In this example, a recombinant polyphosphate-
dependent glucokinase was produced. First, a culture tube
containing 5 ml of LB liquid medium was inoculated with
the transformed microorganism. The inoculum was cultured
in a shaking incubator at 37° C. until an absorbance of 2.0
at 600 nm was reached. The culture broth was added to LB
liquid medium in a flask, followed by main culture. When
the absorbance of the culture at 600 nm reached 2.0, 1 mM
IPTG was added to induce the expression and production of
a recombinant enzyme. The culture temperature was main-
tained at 37° C. with stirring at 200 rpm.

[0075] The recombinant enzyme produced by overexpres-
sion was purified by the following procedure. First, the
culture broth of the transformed strain was centrifuged at
8,000xg and 4° C. for 20 min and washed twice with 50 mM
Tris-Cl buffer (pH 7.5). Then, cells were disrupted using an
ultrasonic homogenizer. The cell lysate was centrifuged at
13,000xg and 4° C. for 20 min. The supernatant was
collected and purified by His-tag affinity chromatography.
The purified recombinant enzyme was dialyzed against
buffer for activity measurement (50 mM Tris-Cl, pH 7.5) and
was then characterized.

[0076] In FIG. 4, M indicates a size marker, CE indicates
the crude extract after cell destruction, Ne indicates the
enzyme whose gene expression was not induced (negative
control), and PE indicates the purified enzyme after gene
expression. The purified polyphosphate-dependent glucoki-
nase was found to have a molecular weight of ~30 kDa, as
determined by SDS-PAGE (FIG. 4).

Example 3: Analysis of Activity of the
Recombinant Polyphosphate-Dependent
Glucokinase

[0077] The purified recombinant polyphosphate-depen-
dent glucokinase derived from the gene constructed based
on the gene sequencing result of the sequence registered in
Genbank was analyzed for activity.

[0078] Glucose (2% (w/v)), MgCl, (10 mM), sodium
hexametaphosphate (1.5% (w/v)), and the purified enzyme
(0.3 mg/ml) were mixed together in 50 mM Tris-HCI (pH
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7.5) to prepare a reaction composition. The enzymatic
reaction was allowed to proceed at 40° C. for 30 min,
followed by HPLC. The HPLC conditions were as follows:
Aminex HPX-87C (Bio-rad) column, 80° C., 5 mM H,SO,
solution as mobile phase, and flow rate of 0.6 ml/min.
Glucose 6-phosphate was detected and analyzed using a
refractive index detector.

[0079] As a result, the gene-derived recombinant protein
was detected to be active.

Example 4: Analysis of Influences of pH and
Temperature on the Activity of the Recombinant
Polyphosphate-Dependent Glucokinase

[0080] 4-1. Analysis of pH Influence

[0081] The influence of pH on the enzyme activity was
investigated. To this end, glucose (2% (w/v)), MgCl, (10
mM), sodium hexametaphosphate (1.5% (w/v)), and the
purified enzyme (0.3 mg/ml) were mixed together in 50 mM
buffers (sodium acetate, pH 4-6; potassium phosphate, pH
6-8; Tris-HCl, pH 7-8) to prepare reaction compositions.
The enzymatic reaction was allowed to proceed at 40° C. for
30 min, followed by HPLC. The results are shown in FIG.
5. The enzyme showed a maximum activity around pH 8.
The activity of the enzyme was found to be higher in the
Tris-HC1 buffer than in the other buffers (FIG. 5).

[0082] 4-2. Analysis of Temperature Influence

[0083] Changes in the activity of the enzyme according to
temperature variation were investigated. To this end, glucose
(2% (w/v)), MgCl, (10 mM), sodium hexametaphosphate
(1.5% (w/v)), and the purified enzyme (0.3 mg/ml) were
mixed together in 50 mM Tris-HCI1 (pH 7.5) to prepare a
reaction composition. The enzymatic reaction was allowed
to proceed at different temperatures of 30° C. to 65° C. for
30 min, followed by HPLC.

[0084] The highest activity of the enzyme was observed at
50° C. (FIG. 6).

Example 5: Analysis of Demand of the
Recombinant Polyphosphate-Dependent
Glucokinase for Metal Ions

[0085] The  polyphosphate-dependent  glucokinases
reported to date are known to demand metal ions. In this
example, the influence of metal ions on the activity of the
inventive polyphosphate-dependent glucokinase was inves-
tigated. To this end, the inventive enzyme was treated with
10 mM EDTA, followed by dialysis to prepare an enzyme
sample.

[0086] Glucose (2% (wW/v)), metal ions (NiSO,, CuSO,,
MnSO,, CaCl,), ZnSO,, MgSO,, MgCl,, FeSO,, NaCl,
LiCl, KCl, and CoCl,, 5 mM each), sodium hexametaphos-
phate (1.5% (w/v)), and the metal ion-free enzyme sample

May 16, 2019

(0.3 mg/ml) were mixed together in 50 mM Tris-HCI (pH
7.5) to prepare reaction compositions. The enzymatic reac-
tion was allowed to proceed at 50° C. for 30 min, followed
by HPLC.

[0087] The enzyme sample before treatment with metal
ions was used as a control. The activity of the control was
compared with the activities of the reaction compositions
after treatment with metal ions. The magnesium salts were
more effective for the production of glucose 6-phosphate by
the polyphosphate-dependent glucokinase derived from
Deinococcus geothermalis than the other metal salts ana-
lyzed, as shown in FIG. 7. Particularly, the addition of
MgCl, was confirmed to exhibit the maximum activity.
Experiments were conducted at different concentrations of
MgCl,. As a result, a higher activity was observed at a
concentration of 10 mM (FIG. 8).

Example 6: Temperature Stability

[0088] The temperature stability of the polyphosphate-
dependent glucokinase was investigated. To this end, the
enzyme was heated to different temperatures of 40-70° C.
for 6 h, and residual activities were measured, compared,
and analyzed.

[0089] Glucose (2% (w/v)), MgCl, (10 mM), sodium
hexametaphosphate (1.5% (w/v)), and the purified enzyme
(0.3 mg/ml) were mixed together in Tris-HCI (50 mM, pH
7.5) to prepare a reaction composition. The enzymatic
reaction was allowed to proceed at 50° C. for 30 min,
followed by HPLC.

[0090] The results are shown in FIG. 9. The activity of the
enzyme was reduced to half of its initial value after 6 h at 40°
C. and after 1 h at 50° C.

Example 7: Analysis of Conversion Yields at
Different Concentrations of the Substrates

[0091] The conversion yields of glucose 6-phosphate at
different concentrations of the substrates were analyzed to
investigate the productivity of glucose 6-phosphate using the
inventive purified enzyme.

[0092] Glucose (3% and 15% (w/v)), MgCl, (10 mM),
sodium hexametaphosphate (1.5% and 7.5% (w/v)), and the
purified enzyme (0.3 mg/ml) were mixed together in Tris-
HCI (50 mM, pH 8.0) to prepare reaction compositions. The
enzymatic reaction was allowed to proceed at 50° C. for
different periods of time, followed by HPLC.

[0093] As a result, the use of 3% (w/v) glucose and 1.5%
(w/v) sodium hexametaphosphate achieved a conversion
yield of 88.5% after reaction for 0.8 h. The use of 15% (w/v)
glucose and 7.5% (w/v) sodium hexametaphosphate
achieved a conversion yield of 74.2% after reaction for 24
h.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 4

<210> SEQ ID NO 1

<211> LENGTH: 813

<212> TYPE: DNA

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: Deinococcus geothermalis
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-continued
<400> SEQUENCE: 1
atgctggcag ccagtgacag cagccagcat ggcgggaagg ctgttacget atctcccatg 60
agcgtgatcce tcgggattga cataggtggg agcggcatca agggggeccce tgtggacacg 120
gcaaccggga agctggtgge cgagcgccac cgcatcccca cgcccgaggg cgcgcaccca 180

gacgcggtga aggacgtggt ggttgagetyg gtgeggcatt ttgggcatge ggggecagte 240
ggcatcactt tccctggcat cgtgcagcac ggccatacce tgagegcagce caatgtggat 300

aaagcctgga ttggectgga cgecgacacg ctttttactg aggegacegg tcegegacgtg 360

accgtgatca acgacgcaga tgccgegggg ctageggagg cgaggttegg ggecggggcea 420

ggtgtgcegyg gegaggtgtt getgttgacce tttgggacag gcatcggcayg cgegetgatc 480
tataacggceg tgctggtgece caacaccgag tttgggeatce tgtatctcaa gggcgacaag 540
cacgccgaga catgggegte cgaccgggece cgtgageagg gegacctgaa ctggaagcag 600
tgggccaaac gggtcageeg gtacctecag tatctggaag gtctcettecag tcccgatcete 660
tttatcatcg gtgggggcegt gagcaagaag gccgacaagt ggcagecgca cgtcgcaaca 720
acacgtacce gectggtgee cgetgeccte cagaacgagg ceggaategt gggggecgeg 780
atggtggcgg cgcagcggtce acagggggac taa 813

<210> SEQ ID NO 2

<211> LENGTH: 270

<212> TYPE: PRT

<213> ORGANISM: Unknown

<220> FEATURE:

<223> OTHER INFORMATION: Deinococcus geothermalis

<400> SEQUENCE: 2

Met Leu Ala Ala Ser Asp Ser Ser Gln His Gly Gly Lys Ala Val Thr
1 5 10 15

Leu Ser Pro Met Ser Val Ile Leu Gly Ile Asp Ile Gly Gly Ser Gly
20 25 30

Ile Lys Gly Ala Pro Val Asp Thr Ala Thr Gly Lys Leu Val Ala Glu
35 40 45

Arg His Arg Ile Pro Thr Pro Glu Gly Ala His Pro Asp Ala Val Lys
50 55 60

Asp Val Val Val Glu Leu Val Arg His Phe Gly His Ala Gly Pro Val
65 70 75 80

Gly Ile Thr Phe Pro Gly Ile Val Gln His Gly His Thr Leu Ser Ala
85 90 95

Ala Asn Val Asp Lys Ala Trp Ile Gly Leu Asp Ala Asp Thr Leu Phe
100 105 110

Thr Glu Ala Thr Gly Arg Asp Val Thr Val Ile Asn Asp Ala Asp Ala
115 120 125

Ala Gly Leu Ala Glu Ala Arg Phe Gly Ala Gly Ala Gly Val Pro Gly
130 135 140

Glu Val Leu Leu Leu Thr Phe Gly Thr Gly Ile Gly Ser Ala Leu Ile
145 150 155 160

Tyr Asn Gly Val Leu Val Pro Asn Thr Glu Phe Gly His Leu Tyr Leu
165 170 175

Lys Gly Asp Lys His Ala Glu Thr Trp Ala Ser Asp Arg Ala Arg Glu
180 185 190
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-continued

Gln Gln

200

Gly Asp Ala

195

Leu Asn Trp Lys Trp Lys Arg

205

Gln
210

Leu Glu Phe Leu

220

Leu Tyr Gly Leu Ser Pro

215

Asp

Ala Gln

235

Gly
225

Gly Val Ser Lys Lys Pro

230

Asp Lys Trp

Thr Thr Leu Val

245

Ala Ala Leu Gln Asn

250

Arg Pro

Ala
260

Gly Ala Met Val Ala Ala Gln Arg Gln

265

Ser

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 31

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Forward Primer

for SEQ ID (1)

<400> SEQUENCE: 3

ctgacatatg ctggcageca gtgacagcag ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4

LENGTH: 31

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Reverse Primer for SEQ ID (1)

<400> SEQUENCE: 4

ctgacatatg ctggcageca gtgacagcag ¢

Val Ser Arg

Phe Ile

His Val

Glu Ala Gly

Gly Asp
270

Tyr

Ile Gly

Ala Thr

240

Ile
255

31

31

1. A thermoresistant polyphosphate-dependent glucoki-
nase derived from the genus Deinococcus.

2. The thermoresistant polyphosphate-dependent glucoki-
nase according to claim 1, wherein the glucokinase is
expressed from the DNA sequence set forth in SEQ ID NO.
1.

3. The thermoresistant polyphosphate-dependent glucoki-
nase according to claim 1, wherein the glucokinase has the
amino acid sequence set forth in SEQ ID NO. 2.

4. A composition for the production of glucose 6-phos-
phate comprising a thermoresistant polyphosphate-depen-
dent glucokinase derived from the genus Deinococcus, glu-
cose, and polyphosphate.

5. The composition according to claim 4, wherein the
composition achieves a conversion yield of at least 60% to
glucose 6-phosphate, when the composition comprises 1%
to 3% by weight of the glucose, 1% to 10% by weight of the
polyphosphate, and 0.1 mg/ml to 2.0 mg/ml of the poly-
phosphate-dependent glucokinase, based on the total volume
of the composition.

6. The composition according to claim 4, wherein the
composition achieves a conversion yield of at least 50% to
glucose 6-phosphate, when the composition comprises 5%
to 20% by weight of the glucose, 5% to 10% by weight of
the polyphosphate, and 0.1 mg/ml to 2.0 mg/ml of the
polyphosphate-dependent glucokinase, based on the total
volume of the composition.

7. The composition according to claim 5 or 6, further
comprising magnesium ions.

8. The composition according to claim 7, wherein the
magnesium ions are present at a concentration of 1 mM to
20 mM.

9. The composition according to claim 4, wherein glucose
6-phosphate is produced at a temperature of 40° C. to 60° C.
and/or a pH of 7 to 9.

10. A method for producing glucose 6-phosphate from a
composition comprising a thermoresistant polyphosphate-
dependent glucokinase derived from the genus Deinococcus,
glucose, and polyphosphate.

11. The method according to claim 10, wherein the
glucose is prepared by liquefaction or glycosylation of
starch or cellulose.

12. The method according to claim 10, wherein the
polyphosphate is sodium hexametaphosphate.

13. The method according to claim 10, wherein glucose
6-phosphate is produced at a temperature of 40° C. to 60° C.
and/or a pH of 7 to 9.

14. The method according to claim 10, wherein the
composition further comprises magnesium ions.

15. The method according to claim 10, wherein the
polyphosphate-dependent glucokinase is present in an
amount of 0.1 mg/ml to 0.5 mg/ml.

16. The method according to claim 10, wherein the
glucose is present in an amount of 1% to 30% by weight,
based on the total volume of the composition.

17. The method according to claim 10, wherein the
polyphosphate is present in an amount of 1% to 10% by
weight, based on the total volume of the composition.
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18. A method for producing glucose 6-phosphate from a
composition comprising a thermoresistant polyphosphate-
dependent glucokinase derived from the genus Deinococcus,
a diastatic enzyme, starch, and polyphosphate.

19. The method according to claim 18, wherein the
diastatic enzyme is selected from alpha-amylases, glu-
coamylases, alpha-glycosidases, and mixtures thereof.

20. A recombinant expression vector comprising a gene
encoding the polyphosphate-dependent glucokinase accord-
ing to claim 3.

21. Escherichia coli BL21 DE3 CJ pET21a-Dg_ppgk
(KCCM11793P) transformed with the recombinant expres-
sion vector according to claim 20.

22. A method for producing a compound selected from
D-glucose 1-phosphate, D-fructose 6-phosphate, D-fructose
1,6-bisphosphate, myo-inositol 3-phosphate, myo-inositol,
D-glucuronate, D-glucosamine  6-phosphate, D-glu-
cosamine, N-acetyl-D-glucosamine 6-phosphate, N-acetyl-
D-glucosamine, N-acetyl-D-mannosamine 6-phosphate,
N-acetyl-D-mannosamine, N-acetylneuraminic acid (sialic
acid), D-mannose 6-phosphate, D-mannose, D-tagatose
6-phosphate, D-tagatose, D-allulose 6-phosphate, D-allu-
lose, D-glyceraldehyde 3-phosphate, and dihydroxyacetone
phosphate, the method comprising reacting a thermoresis-
tant polyphosphate-dependent glucokinase derived from the
genus Deinococcus, glucose or starch, polyphosphate, and
an additional enzyme.

#* #* #* #* #*
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