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Bioreactor with NAD-Regeneration System

Sun Young Park and Se Eok Yun
Department of Food Science and Technology, College of Agriculture,
Chonbuk National University, Chonju 560-756, Korea

ABSTRACT

An anion-charged membrane was used for selective retention of coenzyme NAD(H) in
reactor without any chemical modification. The membrane could reject permeation of NAD
(H) (80.9%) but not reject permeation of product. The retention ratio was enhanced in the
presence of albumin and Tris-maleate buffer.

A bioreactor equipped with a membrane, NTR 7410 was constructed and used in the re-
peated batch production of sorbitol. NADH-dependent sorbitol dehydrogenase from sheep
liver was used for the production of sorbitol from fructose. The coenzyme oxidized was re-
generated with alcohol dehydrogenase. 47 g/ sorbitol was produced for 198 hr with a sub-
strate conversion ratio of 70%. The retention ratio was almost maintained throughout the
entire reaction.
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2 & Afede BasrE 71dY FEue
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Ae 293 NADP)#AA3 bioreactorA]2gle|
#3 A7(1-3) 9 FAuRAe} ATPAERAE
Zogt ATPA| A3 bioreactorA]2~ele]] #Agk A+
(4-8)7} i3] Pt glek AA} A& R
F4AAA bioreactorA|2dlo] dHE A$, BRE
2924 ahe) QAU olfo] Thsel A
Aol webd 49 BH ol4EE Y4 29Y
Aolc.

olel| Fedste] B dF o= uhE-9] model 2A
NAD<J&EA Absbsid G4 9 sorbitol dehydrogen-
aseS o]&& frutoseZ e} sorbitole] AAHS- 23t
&89 NADx|A3 bioreactor system<- 7%ta}
17} akgdrh. Sorbitol2- vitamin C2) 23 9187}
e FAl AdeF | ERA Fo0 B Hest
Eo A, A YAESE o] 835t L33l
A glucoseol| T437H A3t Az ded o]
u S diA)3)7] 913 NAD(P)E& REAE 31 re-
ductase®F&AlI9} NADAANILAIE 29417 &4
Aol ©Jgk sorbitol o WAihE ER3LAA} 3]t

2™ NADe 849 AEAEdelng 14
3t5)7) o2 AelE bioreactor Well T3 F3&
5ol AENEsFel AAES 3 FEEH ¥
2]l 2 NAD7} bioreactor24%¥ fZ8o] o]
bioreactor Wel| retention3d}A 4] &3}A 02 regen-
eration # g Q& & 34| ¢kow qhdrt.

NADS) retention #o 2 NADE insoluble
polymer matrix(9,10), water-soluble polymer
(11-13) we 439 Boo 2GAA 12745
A|7]AvH(14,15), FAel oidt affinity7} & NAD
Z A&AHo R recycling A|7|224 NAD7} hi-
oreactor Wel| WE-2E 2 sl= v (3,16) 5] 3)
21} NADe 3EAR8she A4 A AY 2
4348 NADE £a4e] NADs vfsto] Km}
Z7hshe 5] Aol 3o, recyeling B A
43l= 75 NAD7E A4z f&5se FAMS
ok 9ith. olekd] HZ NADE native Ae=
bioreactor Wel retention A|7]7] Y&k vhjo] A%
i ¢l+=dl(17,18) o]+ NAD7} pI olake] pH
o| 4] phosphodiester bond7} LionAteol] ¢lo P&
olg{gt pH ZAF}eA, $2o2 3AAZ mem-
brane(anion-charged membrane)-& o]&%& 7%
membranes} NADZ} || electrostatic repulsiono]
71224 NAD7} membraneg wavtzd = 9=
APAE- 0]-23F 7o 2 NADE modifyd}A @1 1
2 o)]g-3h= Aol glrh.
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% NADH regeneration W22 3}8h4] uhy,
Wlste w9 wad o] kel A4
e Fukg xhe) uhge] ekl A% w8
Q8 NADE 9] 528 olste] AR mE 1)
ABIA)71E HP o2 RS Ty gAY
ol A 744 ZpAQl W o2 7|tiE 2 9)k(20).

B dpoe aihduo® NAD regenera-
tiong #3}1 anion-charged membraned ©)4-3}
o] NADE bioreactorto] retentionA]7]+= NAD
A3 bioreactor system& 75, EAHdbHe] 9
& sorbitol §4+e] 7PsAE HEIAC.
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1. &

Sorbitol dehydrogenase, Alcohol dehydrogen-
ase, NADH ¥ NAD+ SigmaZi-¢ T9J3142
™, sorbitol# fructose &#4- Kit¥ Boehringer
Mannheim 9] A& AR&-3}4it}

Membrane-2 Nitto Electric Industrial Co.(d
2) AlFe NTR 74108 AR&siglc). ©] mem-
braned 9k spongy$9] Aol o5 3Hd
sulfonated polysulfone®2 coating® #0224
UHP-25K  Ultrafiltration apparatus{Advantec
Toyo Kaisha Ltd., d&)el H-2ste] ARg-3}9ct.

2. 4

(1) Sorbitol dehydrogenase #4134}

NADH(0.4 mM), SDH(1.75 ug)E g3t
Tris-Maleate buffer(100 mM, pH 7.5) £oej D-
fructose(400 mM) £ 7}sto] 25C oljA] 3087} vh8-
A1 ¥ 340nmol| A8 FRE ST A8

(2) Alcohol dehydrogenase #4312

Ethanol(4 M), NAD(10 mM)& &3k Tris-
Maleate buffer(100 mM, pH 8.8) &<lo] ADH
(1U)E 7lste 25TelA 3087 uheAlZl ¥
340nmel A&} F3= F71EHE S48

(3) Fructose2} Sorbitol &3

Boehringer Mannheim#|¢] Kit& A}-3lo] 33
shalet. =,

@ NADH(28 mg), ATP(75 mg), NAD(22
mg), pyruvate(32 mg), MnSO,& &-#% pH 8.0
triethanolamine buffer(total volume 12mé) Z24-¢
0.1mfE 33l 0.1mf2] sampleg-He) 7}3t2, 1.9
m 8] FFTE5 718t 37t whEA| A
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® ©9 &Hol| lactate dehydrogenase(13
U), hexokinase(80 U), glucose-6-phosphate dehy-
drogenase(40 U)E& 3k &% (total volume 0.
3nd) 0.02nE 7psld 1587F ¥he-A17] 3 340nm
A e FREE S8 (—~ A,)

® @Y L9 phosphoglucose isomerase
(210 U) &9 0.020% 7}3le] 1587 A7
% 340nmel A9 FBEE FAHAL.(~ Ay

@ B9 &9 SDH(25 U)LY (total volume
0.25m¢) 0.02mfE 7}sled 3087 wheAR)
340nmol A9 FJ=F FAst. (- A)

ool A FAH FREEHE o S o,

fructose®} sorbitol ] oF&- AAlkstsdr).

Content of fructose( g /100g )

_ Citg/e)
~ Sample soln.(g/ ¢ )

[cr = 24 AA)]

X 100

Content of sorbitol( g /100 g )

_ Cs(g/t)
~ Sample soin.( g,/ ¢)

[Cs = 22T (A-AD)]

x 100

(4) Charged membrane®] $3A &4

AMgE=  charged membrane(NTR 7410)9]
NADS F3& o= Ax AAg=AE FHE3}
813} UHP-25K Ultrafiltration apparatusel] 3}
Aekg Aasly NADEH(ImM) 10mlE 715t
N, gasZ 33 (3kg/ci) & 715t 2mé7} F& w7t
Z| dead end filtrationg- 23}t

Retention ratiox [(H 452 NAD=/ 74 2]
NAD=Z}) x 100]¢] weg velyoun NAD9
¥+ 260nme] FREEH S

(5) Anion-charged membrane bioreactor®] -4

UHF-25K Ultrafiltration apparatuse] NTR
74108 Azsly, o] Fo| D-fructose(400 mM),
ethanol(400 Mm), NAD(4 M), SDH(300 U),
ADH(300 U), NaN;(0.02%), BSA(1.5%)& =4l
Tris-maleate buffer €24 (100 mM, pH 8.0)10m/-E-
Yo 25T oA #h2-A|7 o semi-continuous op-
erationg- &}t
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A7} 9 B

1. 28 0|88t sorbitol ALY 7hsM HE

Sorbitol & & VAZu)-& ARS-gE 31274} 5]|
9] glucoseol| ] pa HrPkgo &) Az
e, &d Zymomonas mobilisE )&% fruc-
tose, glucose % sucroseZH-E] sorbitolE& AAFs}7)
A3 HEA o] AmE glevt(20-23), W&
B4 dhg 0 2 RE sorbitolF FE|#oksh=
59 TARE NAE He| dof sich. AAuk-S o]
23 739 3lek Ao EEHRE AAE 5 gl
Aot abEdd akgk FAE 7 549 o] ¥
5z ¢rom ekxT). Zymomonas mobilis ©]$)ol| Ba-
cillus subtilis(24), Candida boidinii(25), Candida
tropicalis(26 ) o] sorbitol dehydrogenases 3HA4d
e Ze R od#A olv dl 3 Candida trop
icalis® e Ba] AA% sorbitol degyd-rogenase
+ glucose® F-E sorbitol®] AAte) 7leAe- B
Z9]01}(18), o] &Ast aAAel BT 7l 9
o]4%x w7}l NADPH o|&EAojung B oo A
= o} sz sbde] % NAD oJz4ezs
AlgE]7 9l sorbitol dehydrogenases ©]-4-3}o]
fructose Z4-€] sorbitol AAe- 38}x} 849t

2 4= reductive activity7} ¢J2-8 #eldhy
o, fructose® 4B sorbitol2¢] 4dul2-&
d3kd & sle FrHAY 27 #Aste ZEsG
t}. & Bufferg-oie] $579} pHell me} &Ade 3}
o7} ¢l& 7o g dAatge] 100mMe] Tris-HCI,
Tris-maleate, Potassium phosphate @+ gly-
cylglycine buffer&4-& 77} pH €.0, pH 7.0, pH
7.5 % pH 8.02.2 ZA5le] o}5 buffer£-fujjol) 4
9] sorbitol dehydrogenase®] &uj&i-s =3, u)
w3tk 2 A3 pH 7.5¢] Tris-maleate buffer
g0l 74 F& B ehpoln,

B £ 520 246 AT 271 metal ions
I} sodium azide ¥ bovine serum albumin(BSA)
9] o338 73 A3} (Table 1) metalol &g 38
2 29 e} sodium azide®l BSA= ¢F 2u]¢] &4
2 ZA39E etk ol sodium azides}
BSA~7} coenzyme stabilizer 24 2+-8-8}937] of £l
Aoz oAAZ}

2. Charged membrane2] NADO| tH&l selective
retention
Bioreactor Wol|A] k& 453% F w-EAAE
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Table 1. Effect of metal ions and stabilizers on sor-
bitol dehydrogenase activity

Compounds Concentration  Relative activity

(mM) %)
FeCl, + 6H,O 10 125
Pb(CH;CO0), + 3H,0 10 95
CaCl, * 2H:0 10 60
MgS04 * TH,0 10 72
CuS0s * SH,O 10 82
Na:SO0, 10 78
Sodium azide 0.02% 220
Semicarbazide + HCI 002% 117
BSA 1.50% 196

= membraned §3A|AH F45 TEAPRMERA
g &, Festaad dol AEAEF] NAD
(MW = 663.44)7} u+-AA1E3} &7 bioreactor
e §3¥t A% YAss] slstel NADS
bioreactor Wel &) retention ratios =o]7] ¢35t 7
EE 5ot

NAD®] membrane Well®] retentionel] tjgt
buffer g-ole] F/o} BSAY s ARt}
NADE §4-2# 4 (sorbitol dehydrogenase) 2] %
A pHel 7504 Fong He S0z Al
membrane¥} A 7|3 uwhito] A7 slolmd pH
7.59 o252 buffer 29 (100 mM)eo] NADE
1 mM¢ 52 82847 & 500 RPM9 &5 &
kst Al 3kg/erie] N, gas®] obg 7lste] 4o
o volumeo] 10mfZHE 2002 ZolE 7R
membrane-3- %3 A]7]9] NAD2] retention %
& 24spelct

2 A3 Table 2¢)4¢} 7to] Tris-maleate
buffere} Glycylglycine buffer & ej) 4] retention
ratio7} ¥9k2.v Tris-HCI buffer#} Photassium
phosphat buffer £9elj4] wgll=d), &0 2%
9] buffer €9¢] o iono] NADY membraned]
ong A2 Z 4 NAD9 membrane?ts]
ectrostatic repulsione] 7tA3}ed 7] ool 7o
Z2%)9dt}. Tris-maleate buffer &-oe] 4 7}
+-2 retention ratios Y ol=dl 62.8% o
stdek. et 1.5%¢ BSA £48 NAD
Mol  7}8te] membraned FEH}A|IZE o

glo

e

oo iz ot
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NADS9] retention ratio:= #% Zrlsigon,
Tris-maleate buffer &le] g)ej A= retention
ratio7} 80.9% e¢] <)t}

Table 2. Retention ratio of NAD in sulfonated poly-
sulfone membrane with various buffer so-

lutions
Buffers Retention ratio(%)
(100 mM, pH 7.5) -BSA +BSA
TrissHCL 328 62.5
Potassium phosphate 27.2 625
Glycylglycine 60.2 70.5
Tris-maleate 628 809

3. Charged membrane bioreactor(CMBR)2| +#

Mol CMBROIAME sorbitole] AAL

NAD¢] Charged membranewel|+]2] retention
ratio= BSA 9] A7}lE vf$- Zx15¢lom, sorbitol
dehydrogenase®] 24 BSA2} NaN;2 *7}o
oa] FrtEglens wkg-dFo BSA9 NaN,9
A7he geH o). wg NAD regeneration(NAD
— NADH)ell&= glucose dehydrogenase(18), hy-
drogenase(1), acetaldehyde dehydrogenase(19),
formate dehydrogenase(27), alcohol dehydrogen-
ase(19)5o] 0|42 4 gl& ol o]59] vkt A
8 w7#sle] alcohol dehydrogenased o]4-3}
a2k &hdenl (Fig. 1),0]& 7F4o] 4 ethanolo]
71Ao] =] PAE<l acetaldehyde= ¥H5-4 <] pH

Fructose

E
/ \ Sorbitol

NADH NAD

Acetaldehyde \ / Ethnol
E:

E: : Sorbitol dehydrogenase
E:: Alcohol dehydrogenase

Fig. 1. Schematic diagram of reactions in produc-
tion of sorbitol.
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wW3lol] 338 F32| ¢k boiling point7} wi$-
LB 2(21T), $Hl o3 HAHEE FE 1A
e T e XJ“&M 471 wEol et

¥k$-¢] pHE sorbitol dehydrogenase9] %2 pH
9l 759} alcohol dehydrogenases] #3 pH<el 8.8
o 27 Hxal pH 8.0°0% 393 Table 37} 7+
Z A A] sorbitol JAJuF--2- 3}gic).

Table 3. Enzyme reaction conditions

Components Conditions
Fructose 400 mM
Ethanol 400 mM
NAD 4uM
SDH 300U
ADH 300U
NaNj 0.02%
BSA 1.50%
Tris-maleate 100 mM, pH 80
Temperature 5T
Reactor volume{working volume) 1omé

Batch processel| 4] fructose®] sorbitol 2. A3t
& (conversion ratio)¢] 70% H+& A Hol|A] HF-Z-A
of st¥& 7lsle] wkg-He] 90%E membraned
E3}o bioreactore] wez o33k X, 0.02% ¢
NaN;& &5 71389 (fructose®} ethanol) 9mé
Z 7}3lo uks-9do] 10mf7} HEE 34} Sorbi-
tol dehydrogenase, alcohol dehydrogenase, NAD
% BSA& &34 4 membranes F3H3to| A
A g]9long Hh-& FAY w7tA] Az F53HA
ket

A23], #1339 batch processol] A% A7)}
vz 2 7)) T0%e ke AlH A
RSN ES £54)7]2 71AYE Baslolch

A13)¢] batch processel| 4] 7]|AAE-g-o] oF 70
%ol Dshed|d] 454)7ke] Q= goH A|23], A
33 9] batch processol| glolAlw= 62X)7F ¥ 914]3}
o] 2 8%%c}(Fig. 2).

33)9] repeated batch operationel| 4] alcohol de-
hydrogenase?] 7% 84%2] A&28A1S ehysl
21} sorbitol dehydrogenase®] &AL 46% %
A Age] Hom B 339 repeated batch opera
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v 2sr
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L 1 L . 1 L i
0 80 160 240

Time (hr)

Fig. 2. Repeates batch production of sorbitol in the
CMBR. Arrows show the additions of sub-
strates.

tionol| A WH-& FAs}od=u] 19847 9] whg-of A4
sorbitol &} AAA-2-47g/L o|gith(Table 4).

Table 4.Result of semi-continuous operation

Operation time 198 hr
Residual acctivity of SDH 46%
Residual activity of ADH 84%
Conversion ratio 70%
Sorbitol concentration 47 g/L.

Candida tropicalis 7]4¢] sorbitol dehydrogen-
aseE o]8-3t glucoseZH-E] sorbitol AJAkul-g-of 4]
o] F49) a7} 88047 o] odw AR (18) ol 4
Fol & ATl AHER HL QAL WS o
okl w3 sorbitole] A ¢l % TkemiE
(18) 9] Aol nlzte] £ A9 Avpe= v gt
=t o= AR EAo Ao gAY w= ub
Sxzabarel B Z 33)9) repeated batch process
£ Yl 3le] NADe= 339 batchA]elut 7}stsd
=d| 339 batchol|4 NAD2| 34% 7} Aahslele
2E A#Ho R iAo sl AR oA
uebA AAAIE Eol7] flstele w39 batchAln}
o} NADe H7to] Hgd 7o 2 AR o]
stod= Alg AgF gl

3} membrane®] bioreactor systemeo) A3t
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%o MzlS HEeF A7) 339 ARdA retention
ratio®] 7}ai= vl$¢ =okc}.(Table 5)

Table 5. Membrane permeation charcteristics be-
fore and after reaction

Permeation rate Retention ratio

(mé/cnt/hr) (%)
before 0.25 81
after 0.21 75

The test solution contains 400 mM fructose, 400 mM ethanol, 1
mM NAD, 1.5% BSA and 1 mM Tris-maleate(pH 7.5)

x| Pk 549 AL F o S 5
AEF 3o Wh7|zate] EAAE A" As
CMBR& NAD9JE aiubgel f-83HdA o844
T A TS EAFdd

2 %

NADA| Q¥ bioreactorg &gl glo] Sol&
sSHTe olgskna sheich AET Be folake)
NAD9] 532 #z)5te] 80.9%Z bioreactoryol
£&73=4d] NADY bioreactordjol|d] &2&-82
Tris-maleate $h38-8& AM&-3}3 albuming A7}
e Z71E %

Sol2slHete A3k bioreactortjo A Fuks-
242 A sorbitol dehydrogenases} A Aukgaiz
A] aleohol dehydrogenase® AF8-3ted NADH=Y]
A3 A fructoseZH-E] sorbitol &) AJ4He- 33}
At

MRS AL M EEe Fatge) o o)
o} 70% 9] Aggo] B Aria BeAl F gl
9] 90% 5 3<% & fructose®} ethanolg feeds}
o ohg9) 3Euk-S Y3ldt}. Sorbitole] At
L 198A)17ke] uhgof| A 47g/Leo|ic}. g Al
2te] NADESEL M-85 A 7asz|
23kt
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