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ABSTRACT

A simplified mathematical model for the production of high-purity fructo-oligosaccharides by the
mixed-enzyme system of fructosyl transferase and glucose oxidase was proposed and compared with
the experimental results. The kinetic parameters including K Vaax and K were estimated at 40 C, in
which K, values decreased and K¢ and Ve, values increased compared with those of fructosyl trans-
ferase alone. The kinetics of the mixed-enzyme system was successfully described in the form of
Michaelis-Menten equations. At the reasonable sucrose concentrations tested, the simulated sugar pro-

files were of good agreement with the experimental ones.
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Ae}o 2 ¥E| QYA EE fructo-oligosaccharides—
Bifidusalz}, AMzzeld, FX|dMbazest ohet
9] o) 7hx] AEBA 7)5eR o AT A%
AE 2NZA 2 o) 7k e s G
g 7154 ztolgo|(], 2). Fructo—oligosacc-
harides o}Aagte} A~ Bey o AE9] 43}
27] SME AFAAHAH(3, 4) WS vlFe]x,
Aspergillus niger == Aureobasidium pullulans 5
o] u) P& 7)) FA(fructosyltrans ferase)E i

40

55 Aebel) A1 A Ak uhyel o8 A
o2 hek AR ¢ oA FHArH(5-9). AiAeR
AAE T 9 AEFS fructo-oligosaccharides &
gko] 55~60%(w/w)oll E3slz, vjub3-®l Mg
15%, 283 $AHEel ¥53e] 25~30% A= &
ghe]o] gl Alglelth(10-14). webA fructo-olig-
osaccharides®] 7158 A& ¢ 0487
e detst 2evde] AAY 1k AF N
wro] @ FEA Helewl, T oo tig vt A
P37 glo] ek AFo] AEE F Ude A
o2 7t
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Fructosyltransferaseel] 2J3) Aeto 2 Hg] fruc-
to-oligosaccharides& AJ4tet o] A3}-go] 55~
60% TFolA o o] F71HR] ke AL o] AA
o aslehd B4, & uSHAER ko A
& SAEE Lxgd 3 A il Aoz
olu] ek2iAd QItH(12). WA nFwe AFL o
7] $13F w0 2 o H.o] Meijidl#he] 3725(15)
# Yun 5(16)& <fAtA] ckole w& ¢x|(XT-
1007) % 7HAHYg <kol@- & A (SK-1BL)E 7
7+ o]438 chromatographic separationo| <}3l
fructo-oligosaccharidesS 15T & elslaa} 3
Aotz Aed L2 fructo-oligosace-
harides®} EF&EA o] Salste] gabael Bels) o
&1 scale upe] sk AL okw glr}.

# Yund Song 5(17, 18)<& glucose oxidase
2} fructosyltransferase S £4]ol| fructo—oligosa-
ccharides AJAbel] H438 E£A 4 HHEAE o] 43}
o 98% 9 yvx AEE MEd 4 gtk By
shoich. EFRAAAE o83 A3, glucose oxidase
of oaf Txrdo] s AP RN 4 AN
Aol A= 2 Az} Adeko] A9 RF fructo-
oligosaccharides® %H== A5 A}, o] &
A& glucose oxidase HHg-o] Al4 TFE Ag
3ty EE HeH(50% o]Ab)E wke Z|AE o)g
& 4 glom whg ¥AHEal gluconic acidE A7
stedof 3= 59 @S g You, IFT
fructo-oligosaccharides 4AH& $13+ A<= FAo.
2 FE3 54 75T Ao sgEeh

Fructosyltransferase®} glucose oxidase®) &%
a4 93 1% fructo-oligosaccharides A3
A w34 fructosyltransferase el &2 Aol
o3 A== AHEY 2A49E FXE HolE
bl sdch (17, 18). Adeto X fructosyltransfe-
rasel] 9J&k fructo-oligosaccharides A4 w2 o
FHE shi(12), 271 AAEQ 1-kestose
(GF.)7} fructosyltransferase®] 7|AZ o]45 1
nystose( GF3)7F A4 ==, A4 4 GFE3H fr-
uctofuranosyl nystose( GF,)7} AWAEc}. wali
RSl Fol o5 WA Eo] THEE HAIHo] glo
A dAg vl gl e} 2 o] 9] YAHEFo] A%
Mo g A Zlolrd. zey EFaLA o8
A% fructo-oligosaccharides®] &AL HB (17,
18)ol41e] A&Az}e| 48 fructosyliransferase
el 34A9 kineticse}= Aro|atA] 1-kestose 2
nystoseZ} Z+2+ 436, 54.7%(w/w)E o}$ TEn
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2 FAHASANE EF8 1 fructofuranosyl-
nystose= 7| (1% vlt)o] WA=} o]
EgasAdE e oA} A2 g2 ki
netics®l] 93 fructo-oligosaccharides?} AJAts =
Ao Mg 5 <l

£ AT 4E fructosyltransferase?} glucose oxi-
dase &3 AaAldl dF 1+E fructo—oligosace-
harides A4S 918+ 3 EA] whe-F A EE A
Adl gt 3t RS Aotgo 24 Aegt 3
F2AY kinetics® sty EFEANLE vl
SAFE A58 Bz} shgdr.

A& Sy

ARz

e ubge 71AE AHe-E Aeke Alel-o g )
#E= AF 5FE AHEsgen, 299 Aeke
EFAIFS AM23l4c). Glucose oxidased] HF-S-o
AHEE AR TR 995% 9 08k A S AlgE
ot

g2

Fructosyltransferaser Aureobasidium pullulans
KFCC 102458 7wl A|(raw sugar 10g/¢, yeast
extract 2g/¢ ; pH 5.2)el4] 30°Cell4 247} ujok
g b2, 50mle] wl A (sucrose 200 g/¢, veast
extract 10g/¢, K,HPO, 5g/¢, MgSO,- 7TH,0 05g/¢,
NaNO; 10g/¢; pH 6.0)7} 49 250ml flaske]
HEsled 30CAA 547 wiekstede}. HF: 549
AL cell | 249 2% 50unit/ml, cell®] &4 9]
739 30unit/ml A=t whef 42 H A pulle
lans brothE YAE-2)sle] 25542 23] 433 o
+ 20%(w/v) TR A7), 345 3537
8 lysozyme( EC.3.2.1.17)2  Kitalase( Kumiai
kagaku, d&)E 2%(w/v)5%rt €A e o
= 45°CellA 2217 FoF whEAIY F FREZR o
Hate] AAgNE A28}

Glucose oxidaser Sigma Chemical Co.ol4] 4}
AHE B4 (A. niger 714, 25000units/g)E W% 9
A& A g 0.1 M citrate buffer( pH 5.5 o] &gt
glo] Alg-sh ot

B4 Mo 2X
Fructosyltransferase 842 HB(12)9 49} &
Ak o 2 2Askedw, 55CelA] 187 1 mole
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9] glucoseE A8l 2o 249 oFE lunit
2 Aot

Glucose oxidase 4 =A< ¢4 2¢ F2.9
ul-¢7]( BIOLAB, B. Braun, =4 )] 400g/¢ glu-
cose 0.7 % Y3 252 40CE A3 F 1mlY
glucose oxidase &3¢ 718} th& 0.7¢ /min &
T8 S5 LS FEEEA e Fdskdrt
ol 14% <}uolE ]84l ukg-Fo| pHE
552 Aojs) Folx w&EE 550rpmZ fA8
och. vk 308 F MEE AFste] HPLCE o4
3t glucose AR#E Akslz 187 1moled
glucoseZ At3}A7l=dl Zadk 249 & lunit

Z A3k ock(18).

Eglgao Hig

Ewgl ddo] ¢l & 23R4 vk 24 4t
$718 o)lgste] thgat & EAFA 25417
oF syt 27 Adebsx, 600g/0; wuks
550rpm; AtA FFSE, 074 /min(1vvm); 343
7}ek, Ader 289 fructosyltran—sferase % glu-
cose oxidase 27t 10units; +%, 40°C ; pH, 5.5.

i

SS9 24

BE REE(ZF)Y £42 Aminex HPXH42C
00mmx 7.8mm, BIO-RAD, v]%) columne] #
=l HPLC( Varian, v )& AH&-3}9%, detector
RIHA refractive index detector( Varian), °|&
02 2542 AR(1ml/min)édtge™ column
85CE dAsHA FA3 FUck(18).

—
o

flo oz rir o

Az 8 a%

Fructosyltransferase % Glucose oxidase Z¢§
2ol CHet =& =

Jung®} Yun(12) 52 A. pullulans 719 fruc-
tosyltransferase®) F.4ukg w7hES 53 fru-
cto-oligosaccharides®] 44 uk-g-7]24al sucrose
2HE x7]o 1-kestose(GF.: G, glucose; fruc-
tose)®} glucosert MAH o (GF+GF-GF.+G)
glucoser ¥ Fol A& 451, GFxe th
fructosyltransferase?] 7|22 ol&-5&= dF9 dis
proportionation ¥+$(GF,+GF,—GF.-,+GF.:1)
o] 93} fructo—oligosaccharides7t A ¥ ciz X
2& u} gleh. o] Edlol 93w A s Al glucose
o] ¥57} ZtastAY 4438 AAZ BT fructo-
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0, HO
GF ——> Glucose — Gluconic acid+ H:0,
FT GO

GF,—— GF

FT
GF——> GF,

FT
GF.

Fig 1. Proposed reaction scheme for the produc-
tion of high-purity fructo-oligosaccharides
by the mixed-enzyme system of fructo-
syltransferase and glucose oxidase: FT and
GO refer to fructosyltransferase and glucose
oxidase, respectively.

oligosaccharides 44 &%7} 3718t A= 2%
wleB 29 frycto-oligosaccharides FHaFo| &7}
317 & Zlolgts AL 453 4 itk olefdt 54
S 98 AR AL speAde] dE T FF
glucose MFasrzE glucose isomerases}t glu-
cose oxidase® 5 & dedl, Az A4+ fruc
tosyltransferase®} 33 4AE JHYS of &4
ah-Soj 49 sk Qlzpyh wakA =i, glucose
isomerase®] 7Feduk-g-A)& W3lA|7]7] &9 fruc-
to-oligosaccharides?] A3-8-S S7HA14 4= slsdch
(19). 22} glucose oxidased] A%+ wi$ &3}
HoloJ4] glucosed 3] A Aste] A LS =
B A3 989% o)A ¢ 1+ %E fructo—oligosa-
ccharides®] A 4to] 71538l 9lch. Fructosyltrans-
ferases} glucose oxidase?] &E3ta Al ik &
2 8k 25212 Fig 19 reaction networksl] wh
g} AzfsH ko) Al(1)~(5)2 ¥E F ok
(27) sucrose 55 8ME 7}4).

oy 7] 4] 180, 342, 504, 666, 828 & 77+ glu-
cose, sucrose, 1-kestose, nystose % fructo—fur-
anosyl nystose®] #-z}gkojc},

o]7]14 (8)4& catalase’} F8#% =AF o
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dis_‘ _ Vms * S +
dt™  [Kast+S+( KmS/KlG)G]
2x342 V' K

4x501 " (Ko + K)

d'}{:4><504>< Vas * S _
dt — 8%x342 7 [ Kus+ S+ (Kns/Ki )G
Var K n 504 X Vo' N
(Ko +K) ' 2x666 " (Kan+N)
®:2X666 % Vacr K Vo N
dP 828 Van' N

At T 2x666 "« (Kt N) (4)
dG_4x180 Vas* S
dt ~ 8x342 7 [ Kus+ S+ (Kns/Ki )G]

dGGO

e (5)

12)3 glucose oxidaseol] o2&k ub-gEwAle o}

&2l A (6)«8)E vlebd 5 9lr}.
Glucose +0, — d-D-gluconolactone+H,0,  (6)

d-D-gluconolactone — Gluconic acid (7)
2

H.0, -

HO + 1/2 O, (8)
catalase

glucose”} 448 Abzlsle wks&wAlald], 2 o
TollA] AH8g g EANAE catalased HER
A7)s)7) sk glucose oxidaseol] E3HEo] 3l vl
2uto] o]-8-5]glov} catalased] specific activity:
th2 gl wlE ek £7] wEel (8)4 ukbeS
T FE o gk EFasANMY gl
cose oxidased] Fukg-2 (6), (7))l g Ao
T (8)A)9 uhgo] FRHo g oJojdriar & 9l
o},

g o725 o] glucose oxidaseo] th3+ kinet-
ics F&@ollA] o] &4} F 7HA 8H-717(glucose,
A2)e g 7 sl=d s B8l Michaelis-Men™\
ten A& o]-§-5ko] s Agk v} AUck(20-24).

(5)49] — dG‘ © & glucose oxidaseel g glu-
cose?] 7+ 4;_5/1} o}8-9 37} Michaelis-
Menten 422 yepd 5 glc}.
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(1)F7+ AWXE  6-Dgluconolactoner} 74 AA
A2 43, Ka, Vi @] MBS 9 &
EAbA gkl vl#Fhe A9

dGeo_ VG
dt Kucl 1+ I/KD)+G

_ KOEG
KO1+K)TG

(2) vkg-ol 29| glucose &0 vz} AbLETr}
of-¢ 22t & 7R E B a7 AR 73 two
-substrate model& A4 A4

_ dGeo _ KOEG
dt OG ‘+‘ Km(;O( 1 + I/K( ): KmoG

(3) A" HO7F glucose oxidase % ¥H3-
o uXE GEE FAIEE, (2), (3)Y 27&
25 peskA] g AS-:

A
al
)
=

_dGoo_ VucG
dt  Kut+G

Gibson %(25)2 &-D-gluconolactone®] #3l
Aw glucose oxidased] kineticsell 719 %S
o)A ok AHEE uf§ el B wskgeh. Cho
5(26)8 Ki, Vi el BF £2449) 5o
vlEgtle Buslew, Hsieh 5(27)8 Az}olA
£ Vau 39 Aoy sd vldshd Koy F3st
oty ®usbgdeh. g9 Malikkides 5(28)& AA
2 H0,9 23} glucose oxidase’} A& AL g
243 Azt 120417 vb5 3 27] &4 < 16%
Awzl AgEgichs 2A3E 2asldy, Tse &
(29) H,0. 93 glucose oxidase?] A& w7}
UES ofe] 9ol die) AskdeR sj4stsct.
o] 59 A7zt wzm, HO0,9 3% 75 F
ool QA A Aol A vl ZA el o) 244
7 Foke] ek A9 zfolr} BAH A oFotet
Bastec), ojabe o2 odfatEe] A}, &
AFol| 4] A9 =7 AvE5el §~D-gluconola-
ctone?] FEE HHsl7] e A, ubgARke] 25
A7be 2 ol HO0 2)&F glucose oxidased] 4
FHCE FAR ¢ 9 A 5 &R 2gas
Ao xje] mdle)] Bat4e sistr] $lsled (3)82
Michaelis-Menten 45418 A43lo] ndlg o

aslict.
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&3t FAANMSY SHEH 4(Kny Vi Kid)

o]u] <3} u}9} 3to| fructosyltransferasest glu-
cose isomerase®?} 2] &3 FAAE o]438l4 fructo
—oligosaccharides®] A4S 72 4 $sld
olf-7F &3 EaAlClAY FHEA gk W3
o 5-9)o) ulsdzl v} ¢l=d(19), 2 AT A% fructo-
syltransferase®} glucose oxidase &3 A AA <A
ZAz+e] Aol g YA A AU
WA fructosyltransferaseol] ohgh 3t &3 Fank
SolAdet Fodd =AY e, 700ml; 2X,
40C; pH, 55; A& FHEE, 700ml/min; &4
A28k fructosyltransferase 10units, glucose oxi-
dase 10units)ollx Z7] Aubs: g H3FA|F|HA
74zt 3087F vheA17] F, uh-S HPLCE ¥4
slo] z7] whe&cE ARSI Lineweaver-Burk
plotZ o]&3}ed kinetic parameterso ZAA3H
t}. &4 glucose oxidased] 74+ Hed £l
A Ade} dj Al glucosed ¥H-71AE AMEH T, glu-

*h 4/g)

1

—X 10

1
—x10°( ¥/g)
S (/g

Fig 2. Lineweaver-burk plot for determining the
kinetic parameters of fructosyltransfera-
se in the mixed enzyme system of fruc-
tosyltransferase and glucose oxidase:10
units of fructosyltransferase and 10 units of
glucose oxidase per gram sucrose, at 40C ;
(O)without glucose, (@)40g/¢ of glucose
was supplemented.
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cose oxidase?to & wh2-A}#ch(Fig. 2, 3). Table 1
o] ] fructosyltransferase T+ EAHF-E-A ol 4]
9} 23 5449419 kinetic parameter £ A2
ujwalde). whe2re} §4 ARSEke] M2 HehA
24 wlwd e glod, o8] 71x] 713 g K,
Viao Ko 50l 25 AolshA viepyde}. o] Az
= A (19)e4 B3k glucose isomerases}e] &
g ZaA e o E S o 5 l=dl, glucose
isomerase®} 2} &3 T AANAE K& U189
Vo= BH3G =0 B8], glucose oxidase}?] &
g AaAN e Ko 2283 Vot 711
o}, duldo @ K7} Z7ja4E gauksofae]
A @t Axe Tadhe ZleR oA e,
23 gaANA 9 fructosyltransferasedl) thgt K
e o B AN gk 30g/¢ o wlE ok
719l 35g/0 2 velydth, o]f Atz 3 &
2Ael 98 7+ % fructo-oligosaccharides7} A
AEE 718 glucosed] 28+ AsaiAte] TR
# fructo-syltransferase] transfructosylation &
Kol 2718+ A2} glucose oxidases] 23 glucose
7} AA"e 24 AA  fructo-oligosaccharides?)
ghefo] F718E o] F 28 Yalo 2 A 4 gl

*(h 8/g)

— X 10

1

! 2,
— 0/g)
S><10( /g

Fig 3. Lineweaver-burk plot for determining the
kinetic parameters of glucose oxidase at
40°C :10 units of glucose oxidase per gram
sucrose.
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Table 1. Comparison of the Kkinetic parameters
for fructosyltransferase alone with the
mixed—enzyme enzyme system of fructo-
syltranaferase and glucose oxidase in
fructo-oligosaccharides production®.

Kalg/2) Vaulg/L - h) Kilg/ L)

Substrates “Lroed FT Mived FT Mined
Sucrose 330 300 130 170
Glucose - 72 - 15 30 35

1~kestose 750 690 30  SG¥
Nystose 850 83" 16 19”

¥ The kinetic parameters for fructosyltransferase were
cited from reference 12:FT and Mixed refer to the en-
zyme system of fructosyltransferase alone and the
mixed—enzyme system of fructosyltransferase and glu-
cose oxidase respepectively.

" Predicted values.

ot

29 HE

Fructo-oligosaccharides AAtell ¢loiA] F 48
olz} o] shl= ubgrdel Mure yrE £ &
oi=ul, o]Re AR oluzl FEFA F9
downstream processing Bl-&olj7kx] A4 33kE
olx)7] wtelo}, 27] AREEE IFEEUTE &

=

23l A A9 15 % ol (sugar solution )| A= g
cose oxidasett-gol] LQ3F Abae] o] 33 A
ghE]o] ukg-Fol Abr e FTUb vig wA fAHE
Fatell gick. o] A} Fig 4, 5ol|A BoF& njo}
7ro] 400 % 500g/¢ M sxelA 90% o]
fructo-oligosaccharides A3&(AA wE F
fructo-oligosaccharides®] u]g)o] 7}hssdbedont
600g/0 A= wE2AE AsES AS 5 9l
t}. Alet®l 24& fructo-oligosaccharides AAbel
o]Abxle) MEMerE dEdled Hes £ A,
zde] AFe AHE T2 ¥4, F 400, 500,
600g/¢ ol tialA 2+ A& o] A gk AgH
o} wdlgle] AR A U3 oM Fig 4-6),
glucose®] 79+ AYPA ¥} 2Rz} s A
velytel. o] Azk= wdA £ glucose oxidation
uhe& e Als thpslshe FACAA ehd ez
BrEch w3 400, 500g/0 o) g fructo—oli-
gosaccharides®] Zk(1-kestose, nystose)ol| =3l
M AR el ndlg RE AAgh ghe] A2 4 o

45
100 G T T T T
80 - -
¥
i=
L2
g %or A A B
€ [ ]
S o A A
s
Y
& 40 a =
] r'Y
ju]
|
20~ -
o a
0 MR- S-St 1
V) b 10 15 20 25
Time(hr)

Fig 4. Sugar composition of the high-purity
fructo-oligosaccharides by the mixed en-
zyme system of fructosyltransferase and
glucose oxidase using 400g/2 of sucrose as
a substrate: ((J) sucrose, (A) glucose, (A)1
—kestose, (H)nystose, (—)model predic-
tion

Sugar composition(%)

Time(hr)

Fig 5. Sugar composition of the high-purity
fructo-oligosaccharides by the mixed en-
zyme system of fructosyltransferase and
glucose oxidase using500g/¢ of sucrose as
a substrate:((J) sucrose, (A) glucose, (4) 1
—kestose, (M) nystose, (—)model predic-
tion.
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100 I3 T T T T

80 - -1

GO .

Sugar composition(%)
»0

20 | E

Time(hr)

Fig 6. Sugar composition of the high-purity
fructo-oligosaccharides by the mixed en-
zyme system of fructosyltransferase and
glucose oxidase using 600g/¢ of sucrose as
a substrate:((J)sucrose, (A) glucose, (A) 1
—kestose, (M) nystose, (—)model predic-
tion.

Fructo—oligosaccharides(%)

30

Time(hr)

Fig 7. High-purity fructo—oligosaccharides pro-
duced by the mixed enzyme system of
fructosyltransferase and glucose oxida-
se:(0)400g/¢ of sucrose as a substrate,
(@) 500g/¢ of sucrose as a substrate, (—)
model prediction
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A stgcH(Fig. 7). o] ARE2ZHE 2 dAFdA A
otel &3 AAAle digt dedt md AHex &
3 A4 ubgdd Adst 27) A" 5EE CE7)E
A AFUt. £ a4 b2, JE EH &4
AR, MR E, AR SEER ol WEA Hd
wily 2Ad4) £ 449 i 23 kinetic
parameter 5 F3lod wdo] gsld B ol
A Aok 2dg e 48 5 9)E Hes #

shslgieh.
2 o

Fructosyltransferase®} glucose oxidase®] &3}
EAAE o]88 1F%  fructo-oligosaccharides
Arpulgof 2 o] kA wdlg Agksly AEPHoF
53 A AgAe} md gro] Mz A dXs A
t}. 23 ZAAlA F 8549 kinetic parameter
£ 78 A3, fructosyltransferase @ Aol
9] 5ol vls Ko #E2 25393, K Vo
5L Frlskedh. £ 2aAY wkeelhEe
AA Ao 2 Michaelis-Menten kinetics® £ +
Az, A" wdg o]&£3t IFE fructo—
oligosaccharides AJ4toll o]4#ql Hegs® g A&

& 4 sl
2 A
£ A7 199349 st daldT3A

o
7o) Qy2A A7HE AYHARA Fetafeie) 7
A= Gy,

A&7 %
E initial enzyme concentration( g/¢ )
F fructose concentration(g/¢ )
G total glucose concentration{ g/¢ )
Geo : glucose concentration resulted from glu-

cose oxidation(g/¢ )

I inhibitior concentration of glucose oxi-
dase(g/¢ )

K : 1-kestose(GF.) concentration(g/¢ )

K: : product inhibition constant of glucose ox-
idase{g/¢ )

K, : proportional coefficient of K.{-)
k : proportional coefficient of Vp.{ ¢ /unit:

s)
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Kic : competitive inhibition constant for glu-
cose(g/¢ )
K.r :  Michaelis constant for fructose(g/¢ )

K. :  Michaelis constant for glucose(g/ ¢ )

K.x : Michaelis constant for 1-kestose(g/¢ )

K.y : Michaelis constant for nystose( GF;,
g/l)

K.o : Michaelis constant for oxygen(g/¢ )

K.s : Michaelis constant for sucrose(g/¢ )

N : nystose concentration(g/¢ )

0 oxygen concentration in reaction mix-
ture(g/¢ )

P fructofuranosyl nystose( GF,) concentra-
tion(g/¢ )

S sucrose concentration( g/4 )

t : time (h)

Vor ¢ maximum reaction velocity for fructose
(g/€-h)

Ve : maximum reaction velocity for glucose
(g/4-h)

V.x © maximum reaction velocity for 1-kestose
(g/£-h)

Va.y © maximum reaction velocity for nystose
(g/£-h)

Vas © maximum reaction velocity for sucrose
(g/€-h)
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