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Phosphosugars are found in all living organisms and are commercially valuable compounds with possible applications in the
development of a wide range of specialty chemicals and medicines. In carbohydrate metabolism, fructose 6-phosphate (F6P)
is an essential intermediate formed by phosphorylation of 6' position of fructose in glycolysis, gluconeogenesis, pentose
phosphate pathway and Calvin cycle. In glycolysis, F6P lies within the glycolysis metabolic pathway and is produced by
isomerisation of glucose 6-phosphate. For large-scale production, F6P could be produced from starch using many enzymes
such as pullulanase, starch phosphorylase, isomerase and mutase. In enzymatic reactions carried out at high temperatures,
the solubility of starch is increased and microbial contamination is minimized. Thus, thermophile-derived enzymes are
preferred over mesophile-derived enzymes for industrial applications using starch. Recently, we reported the production of
glucose 1-phosphate (G1P) from starch by Thermus caldophilus GK24 enzymes. Here we report the production of F6P from
starch through three steps; from starch to glucose 1-phosphate (glucan phosphorylase, GP), then glucose 6-phosphate
(phosphoglucomutase, GM) and then F6P (phosphoglucoisomerase, Gl). Using 200 L of 1.2% soluble starch solution in
potassium phosphate buffer, 1,253 g of G1P were produced. Then, 30% yields of F6P were attained at the optimum
reaction conditions of GM : GI (1 : 2.3), 63.5C, and pH 6.85. The optimum conditions were found by response surface
methodology and the theoretical values were confirmed by the experiments. The optimum starch concentrations were 20 g/L

under the given conditions.
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77 53 w9 @ 4 Qg AT AdFHo R §-8351)
AFEE 4 Qe YAE 71e-ul tlEZ Q) Thermus sp.o] Al
FRE7E A 783 FHz Ao g 2 7pA]7}
OIS =obATH3, 4). 238y UgA 8428 o] &3 7|54
SdtE, 53] QA EEel FoPe) o A de) #A3 W
T otAAA &zl ukvk A9l Qo

CH,OH CH,0PO ;-
2-03PO0H,C o CH,OH
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Figure 1. Chemical structure of three phosphosugars ((a) Glucose

1-phosphate  (G1P), (b) Glucose 6-phosphate (G6P), (c) Fructose
6-phosphate (F6P)).
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Figure 2. Possible pathways for the enzymatic production of F6P from
readily ~available substrates (MP: maltose phosphorylase, HK:
hexokinase, G6P: glucose 6-phosphate, PI. phosphglucoisomerase, SP:
starch phosphorylase, GP: glycogen phosphorylase, ScP: sucrose
phosphorylase, B-PGM: B-phosphoglucomutase, FK: fructose kinase,
ATP: adenosin triphosphate).

ANTY AR VY ATRA F2F B osE
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FEH  #7 (fructese)?  GIPE  FA3h=
mesenteroides 2 ¢ A¥<143 A4 (sucrose phosphorylase)
7h Hiiwo] glom(s), k3 ¢33 57 (a-glucan) B &
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o, Aeropyrum pernix, Thermoplasma acidophilum &3} 7
& HAE fFils Hiso| skoill, 12). GIP, G6P, F6P2]
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A2 4l plasmids

2 oo 88 BRF © 4HAE TR AT
FAYESF o)A Ropigton AZzFE FFEE E coli
DH5a7} plasmid 2| 248 $13F 72 AMEH oW, 44 =
25 9| $F vl &F-& Luria-Bertani ¥ 2| (LB, 10 g/L bacto-tryptone,
5 g/L yeast extract, 10 g/l NaCD)E- 7| & v} x| 2 A} &3} HT}H &
SALS % F29 3 TAL Choi 5(13)9] WY = AHE-st

At

x| % 2} 2

3z HEE T2 v L2200 ml CPGY (50 g/L glycerol,
30 g/L. peptone, 5 g/L. yeast extract , 3 g/L KH;PO4, 7 g/L
Na;HPOy, 3 g/l. (NH4)2SO4, 5 g/L glutamic acid, 1 g/. MgSO,, 1
g/L citric acid) B} A1 & A}-8-3}] 37 C oA 150 pm o2 24 A 7F
2 ehu) oF 3ttt 88 oF-& 5 N HClo) -&3]  trace metal (10
g/L FeSO, 7TH,0, 2 g/l CaCls, 1.5 g/L. MgSO, 7TH;0, 1.5 g/L
(NH4),SO4, 2.2 g/l ZnSO4 TH,0, 0.5 g/L MnSO4 4H,0, 1 g/LL
CuSO,4 5H;0, 0.1 g/l (NHy)sMO,0, 4H,0, 0.02 g/l. Na,B,O,
10H0) £ 98-S 1 myLZ 3 7}3 CPGY ¥ A& ALE-3lH o,
F7HN S-S 93 H7F v X = 500 g/L glycerol, 200 g/L yeast
extract, 1.5 g/, MgSO, TH20, 1.5 g/L (NH4),SO,E A48} 53T}
& 2 FUjeke 5 L W8 % (KoBiotech Co. Korea)S A&
StRom, £ ujek i A] 2.3 Lol A v < viA 0.2 LE ©f3}o
2.5 L2] working volume 2. 2 7}53H. 75 242 37C, ¥
71 0.5 vwmol B, &2 atEEE HEAA H 2 10%
= A AT Y pHE 28% R+ E HUlsle 6.8=
1459t

chiy e

AE 94 & FE AAD 2499 2ud ke BCA protein
assay kit (Pierce Biotechnology, Inc., USA)E ©]&-3|
UV-spectrophotometer (Ultraspec 3100pro: Amersham Pharmacia
Biotech, Uppsala, Sweden)Z Z A3 F{ 4. X EA Z+= kit U
¥ 35 bovine serum albumin (BSA)-S AR&-3) v]g] +3F Az
M= o] &3te A5 dild w28 T8t

SM A= =d| & SDS-PAGE
Hj el o 2 R E] 3] ¥ A EE Eppendorf tbed]] oF 0.1 g-&
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T2 % glass bead ¢} 0.2 g3} 50 mM potassim phosphate buffer
500 uLE & 7}A] 7] 1 vortexingdte] Al EE 314819 2 min
7t Vortexing $, L& 1 min B 1+ HA L 33 dlE3g
T}. Vortexing &5 S tubeE 100TC 2] 2= A 20 min ¢}
QA St A S WAL, o] F A EE R A A3
2 4590e E4E B2 ARE AL8319{T). SDS-PAGE ¥4
2 12% acrylamide gel 2 ©|-&3) @& 257} 30 ugo] HE2
ko] AEE ZYsigon, Ar|dgEs e CoomaSSIe
staining © 2 221391,

Agd 53

= A ARER Al FRHY WEAd 529 842
pulsed amperometric detector’7} A 2H AT Lol w3
A A ZZvlET#YE (high performance anion exchange
chromatography, HPAEC =& Bio-LC, Dionex Corporation,
Sunnyvale, CA, USA)E o] &3tol Z4atgith ¥Ao| AHg
" ZYL CarboPac PAl (4 mm x 250 mm)& A ZHPR7
2 Bae¢} Shin 59 W3 FAsg T4, 15).

a-Glucan phosphorylase (GP)= 1 M potassium phosphate
buffer (pH 7.0)0] &34 AL L 5% T2 0] 7 | mL
of &4 50 uLE 247}6}04 70T A 30 min7k ¥H-3-3} %
U}. Heat shock®. 2 ®I-8-8 ZZA17|1 WzZHA]7] 3 QAR
gleta] SFFE o83t 100u] 343 AFE BioLCE
ol g3ty EAMEAUT. A4 BATNE A7 vz
A B AAEE 1 pmole GIPE 1 wmit®2 AFost¥o).
Phosphoglucomutase (GM)¢] 74-¢+= 10 mM GIP 100 pL, 1
M MgCl, 2 uL, &5 800 uL, &4-89% 50 uL7} 38
E¥ES GP vhgxdn FYA ARG 5249 &
ST A7) Be2ANY 2 AT | mols) Gop
1 wmitZ A 2}3}$9 T} Phosphoglucose isomerase (GI)e] 73
= 10 mM G6P 100 pL, 1 M MgCL 2 uL, <54 800 |
, BagdY 50 pL7t ¥9HE SRS GP RheZ2A% 54
o RrSAIZTH B4 SR Y] R
AE= 1 umol®] F6PE 1 unit2 A 9353t}
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SAMo M=

Thermus sp. w=FolA Fef3F GIPFAAE o g 4
7o A E Qs8] 5 L fermentero A working volume 2
L, 700 rpm, & 7] % 1 vvm, W% 37C, 5 10%
2 3l ujoFe A ARt Batch cultureE A W3HE 7
L H3 MEFo] OD. 149 HET O} fed-bacth cultureE
Ae A9 H3 Ao OD. 474K ZAFE & 7}
9] 91tHdata not shown). ©] wj a-glucan phosphorylase (GP)
EAE A2tstr] Y3 HIlEe IPTGY s=+ 5 mMo| 3]
oh E3h B d7dA AEHE grs Z:ds
(Thermus caldophilus) 3¢ A 23 ﬁ)‘o] AAEET A}
2] &7 &4 (phosphoglucomutase, GM)9} Q1AL o] A4
3} 8.4 (phosphoglucose isomerase, GI) HAl 19} 22 HWH
oz Y wjFAle A 2FRE 4SS 4 Urhdata
not shown).
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Table 1. Production of G1P from soluble starch
G1P concentration (mM)

Enzyme Dose

(U/g-starch) 1h 4 h 8 h 72 h
13 - 20 60 141.6
25 45.1 91.7 100 152.2
50 55.5 95 109.8 158.7

HEo28EH 1-QlMxEo H=xE

G1P= &84 % -E—_Q_
3] o)A AAZTHCE. Thermus sp. -7l 2
-glucan phosphorylase 1L (70T o]l A whgo] g
A o] FAAEZ HEY LEE F/AE F U
T 7]1dRkgo] 7hedk AHol Utk 5% & HE
3} 1 M potassium phosphate buffer (pH 7.0)¢} &7 70T 9
N EE 1 UgARE ARoEM wgel Adsde
W, 72 h Ad 5 141.6 mM GIP7} A4 QthTable 1).
HhH AR & H%’H AFEoZ vhg-g & A5 &3z A
gtog 23] nFTe FES 7[EE of&¥ & flUth
Z 2% g%/‘% 24 -3} 300 mM potassium phosphate buffer
(pH 7.0)8} 87 70T A &AL 37 Ug-AR O Z ko] o
20l4d AL 153 mMe] GIPE E& F U B84 &
R FxW GIPY AAZFE Table 20| Yt 714
557} ol d4E GIPY ANFE Z713RTHTable 2)
gt A, &S 1 Ao §hgo] a&Ho]
U W% A4AdE GIPY AL nels| 510 gL W
ol A AHE-3hE Aol feistkelel ddET

YE] a-glucan phosphorylaseol| 2
Az «a

Table 2. Production of G1P from insoluble starch
Starch concentration

GIP concentration (g/L) Productivity (Ys/g)*

(g/L)
1 0.5(0.2) 0.17
5 10(3.3) 0.67
10 10.8(3.6) 0.36
20 15.3(5.1) 0.26

300 mM potassium phosphate buffer (pH 7.0) was used.
*Ys/g = GIP concentration (g/L)/starch concentration (g/L)
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HMEo=2RE 1-QlMx o] T2 MM

G1P9] o ZFA S ﬂﬂ 500 L ®H&7]o)A4 200 L9
working volume©. 2 ZYH-& F-33}H T} 200 mM potassium
phosphate buffer (pH 7.0)o] 1.2% &34 AL L = L9
S 7|8Z o] £3l9 a-glucan phosphorylased) 2]&+ 707 o
AO16A17 WES A3 A" GIPE 1253 go g gig *
1A% 8 50%7F ABEHAT o] GIPE E7 A
FoP A1h3 913 =7] 7|42 X AE-3td T

Table 3. Effect of (a) starch and (b) buffer concentration of GIP,
G6P and F6P production

(2)
Concentration Conversion yield (%)
(g/L) GIP G6P F6P
0.1 8.3 81.9 9.8
0.5 7.9 81.4 10.7
1.0 8.9 82.3 8.8
5.0 10.6 82.7 6.7
(b)
Concentration Conversion yield (%)
(mM) GIP G6P F6P
5 8.1 77.8 14.1
10 9.0 82.0 9.0
25 19.9 71.5 8.6
30 26 74 nd

GIP 4 mM, MgCl, 2 mM, GM : GI = 1: 1, 1 ml vol, 70 C, 21 h reaction

100

80

60

40 -

Conversion yield (%)

20

0 10 20 30 40 50 60 70 80
Time (h)

Figure 3. SDS-PAGE of three enzymes (M: molecular weight marker,
A: a-glucan phosphorylase, B: phosphoglucan mutase, C: phosphoglucan
isomerase).

1-01 M EE%‘QE—'?'—EI -l At atEtol M X

B AR AL8H BaT Thermus sp. §2]¢9 dd B3
2 61 kDa<] xﬂéi} A& A84A  (phosphoglucomutase
(GM), EC 5.4.2.2.)9} 46 kDa2] oA A3l & A (phosphoglucose
isomerase (GI), EC 5.3.1.9.)0|c}. A A}&¥H A 712 &
29 A79%E 2 BAF @91 DS Fig 30] Yl
o] A4S Thermus sp. 3¢9 AZXF E}‘E/’yﬂ ke oo
Bk ofel o8 §hg A S| 5‘”“}04 ot @A T &
2E A VPt WE-S HAAIE 4tk wkE7)o) 25
gl GIP, 2 mM MgCl,, GM &2 0.05 U, Gl fi4 005 US
welsta 70TeIA 7241 B3t AR Ei okl AR
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_%,

A E3AZ T O E3 44 holl H FePAIAE: 21%E 7]
0w, Alzke] Aol W} F6Pe| o] 3 GOPYO] T
7he o] A EATHFig. 4).

Table 4. Optimization of F6P production using response surface
methodology((a) predicted and experimental results and (b) result of
ANOVA analysis)

(a)
Enzyme . F6P yield F6P predicted

Rows ratio Temp. () pH (@) (o/L)
1 1:2 70 5 1.65 1.60
2 1:2 70 S 0.14 0.08
3 1:2 50 7 1.17 1.48
4 1.5:1.5 70 7 1.23 1.21
5 1.2 30 9 0.13 0.05
6 2:1 30 9 0.15 0.17
7 1.5:1.5 50 7 1.38 1.25
8 2:1 70 9 0.31 041
9 2:1 70 5 1.92 1.95
10 1.5:1.5 50 7 1.43 1.25
11 2:1 30 S 0.11 0.12
12 1.5:1.5 50 5 0.92 1.07
13 2:1 50 7 1.88 1.72
14 1.5:1.5 30 7 0.11 0.28
15 1:2 30 S 0.11 -0.03
16 1.5:1.5 50 9 0.32 0.33

- 20 mM (6.6 g/L) GIP: 500 ul (10 mM), 1 M MgCly: 2 ul 2 mM),
200 mM buffer (pH 5,7,9); 100 ml

-enzyme: GM - GL =2 Q1 1) - 1 QOS5 U), L5 QO75S U) : LS
0075 U), 1 005 U) : 2 (0.1 U) (total 150 ml, 0.15 U), D.W. 350 ml,
30-70C, 24 h

(b) ANOVA Analysis

Source Model Error  Corrected total
Sum of squares 7.163 0.265 7.428
Degree of freedom 9 6 15
Mean square 0.796 0.044
F-value 18.037
Prob>F 0.001

Optimized value; Enzyme ratio: GM : GI =
5T, pH: 6.85, the FOP yield: 30%

1 : 1.23, Temperature: 63.

203,000

120.000 a—Glucan

g0.000 Phogphorylase
(90KDa)
Phosphoglucan

51,700 Mutase (61KDa)
Phosphogiucan
Isomerase (46KDa)

34,100

28,000

Figure 4. Time course of FOP production from GI1P (Reaction conditions
are as follows; reaction volume: 1 L, G1P: 25 gfI, MgCl>: 3 mM, GM
: GI =1 :1 (total 260 U)).
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4 ot oA F6P Aitol| Uojr HE
FE7F F6PY Ate] A EHE
o] &Y. Lo T 4 mM GIP (1.32 gfl)
mM MgCl, AAE F=EE HJes F 7172 &
g EF HUrs ‘%‘}%%‘% 70CoA 21 h & Pgs
TYsIAT. FoP A4HS sted glo] g AEHAE F
starch®} phosphate buffer_J FeES ZAlS|E A3} Table 3
7 2ok AP Ay AEI} phosphater= HEAE F6PE A

%
Wshed BE A3 482 Hu e B 5 A% 0
A AECZEHE FP LS 9% 5459 FA ¥R
U= 4 GIPE #AstL o2 RH FoPE Aitele 2¢
A e SR8k Aol FeiHold B,
10
5 g/l
s B
60
40 -
20
0 | | ] |
10 g/l
- 80
>
= %
2 s
>
g
® wf
[<F]
-
g
@) 20 |-
0 | ] ] |
20 g/l
80 I
—
60
40 |-
20
0 | | | I\?

0 10 20 30 40 50
Time (h)

Figure 5. Time course of FOP production at the optimum conditions
with different concentrations of GI1P.

HMISEHBAMHZE S6t F6P Mo X X35

F6Po] Aito] Qlo] Hop §&FQ g =1L ZAS}
7] 48] FAIAH 712l response surface method (RSM)E
ARE-SEE T HFSEL 10 mM GIP, 2 mM MgCl, 20 mM
potassium phosphate buffer& o] &3}, B3 7 WEz=
<%, pH, enzyme ratios A AP o H=E 21E-<2l FoPe
AAFES BATT,E Yriste] Table 49 22 Ay}t =

M

>

Qo B AFAg N He vhel To] A9 Ane
A Az Alole] ATTAE RgHo| 096, R°gEo] 0.91
AY I o]23ko] UAFTS & & Uy H%E
Al (response surface analysis) ZA3}of mp=d A0 A

© GM : Gl =1: 123, 2% 635T, pH 6.852 4 o] %

oA 30%9) FP &S B HZA whgx7dos AAQY
Atk o] AL VEoZ 3o HEY v=F FUHAIIH
N B8 APe FAsel 1 AAE Fig Sol ey
r}. o] Axts AHEY 1020 g/LY AEsEX 30% ©
el FoP %% "1:%*% LRl 7,’5\-% %} T 01‘:} v A

o rE HI O

lo M

o

1 Fe BE FIIACA HAEHE 5 ookt w8
AL A3 9tk E3] glucose 1-phosphate (G1P), glucose
6-phosphate (G6P), fructose 6-phosphate (FOP) & 3l E )
A, FRAHA, sa sy © ANs s ¢
w3 garsh ouA A4 dAe Fad 944 F72E3
ojt}. £3] 3|FHA A FoP= G6PY o] A 3nk3-d 2
st A EY. FoPY diFAE AES oj&ste 4]
hsdu, $4 A%l AUBELE e} GIPE

o] GIPE A& 7§ 4 (phosphoglucomutase, GM)%} o] A
A3} &4 (phosphoglucoisomerase, GI)& a4 07 483}
o] G6Ps} F6PE AbstAl ®uh s2wkgo F5 A&

AL,

8% F7h S5y F F vAEY 29UA &
Yot T4 AaETE 124 A4 52 JEA 345
b Az B dte Al kA WEd E2E o838t
AECRRYH F ﬂlﬂk—g—gi FoPE Aibsl= Aol &3
Aol of Abg® Bae AT 2dEE A=

A9 R

FAZA, §49Y gd—% 7]-/51 HHOC}Z% o] “5‘]—%\13]—. 1.2%
7H8-Ad AE 200 L&

it g o o E ]%
* 493 5 A3 o
49 o430 GM
Z 70| TEEon,
iR
& % 212

F& 2 FoP
%—% 1 Aot WAL
=1 1.23, 63.5C, pH 6.859]
= T3 20
= FeP7} A& &<l

2z Al
o] =R 20079 AT “HUFHE BUE AYY
4 AdE (NURD' Qelbgarglel A% a7l Ao

oa) s34 ¥ Aoln, oo PA=YY T
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