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Abstract: Succinic acid, a representative biomass-derived
platform chemical, is a major fermentation product of Actino-
bacillus succinogenes. It is well known that carbon dioxide is
consumed during the succinate fermentation, but the bioche-
mical mechanism behind this phenomenon is not yet under-
stood well. In this study, it was found that the addition of car-
bonic anhydrase (CA)s into media significantly enhances the
succinic acid production by A. succinogenes during the fer-
mentation supplied with carbon dioxide. It is likely that the
(bi) carbonate produced by the CA activity from gaseous car-
bon dioxide is favoured by A. succinogenes for consumption
and utilization. Therefore, the MgCO; requirement could be
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significantly reduced without compromising the succinate pro-
ductivity. Furthermore, because of too high price of the com-
mercial carbonic anhydrase, it was undertaken to economi-
cally overproduce a cyanobacterial carbonic anhydrase by the
use of a recombinant Pichia pastoris. An expression vector
system was constructed with the carbonic anhydrase gene
PCR-cloned from Cyanobacterium Synechocystis sp., and
introduced into P. pastoris for fermentation studies. About
95.9 g/L of succinic acid was produced in the production me-
dium with 30 ppm of carbonic anhydrase, approximately 2 fold
higher productivity compared to the parallel process with no
supplementation of the enzyme. It is expected that this me-
thod can provide a valuable way of overcoming inefficiencies
inherent in gas supply during CO,-based bioprocesses like
succinic acid fermentation.

Keywords: Succinic acid, Actinobacillus succinogenes, Car-
bonic anhydrase, Carbon dioxide, Carbonate

1. INTRODUCTION
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o} A H= 3F AMEE |t B E714 s
o] 159 oA At F8 FHFAER A4
Aot Aoz A A QY [1] AR A5 &, 9
OFE, Al A, Bl SetAE, AFR 7RI 2ol W
o AFLE= S E 2| Lof = 1,4-butanediol, tetrahydro-
furan, y-butyrolactone, adipic acid, n-methylpyrrolidone 5}
2 71 Akt Al Y A sgtE R AL Qi 4
FAHE O] AT AT WS S 2 A7 2 o
=AM A7 AE S AR E ARESHH o] Ak}
HAaE 1St vAEYRE T 44k A A
Z13H7 opshA| & A AP o &2 FEE I QY [1,2].

A A 07 LA AL AAS = 2= Mannheimia suc-
ciniciproducens, Actinobacillus succinogenes, Anaerobiospiril-
lum succiniciproducen 5-°] 2+ &2 A QIt} [3-9]. & Ao A
AFESE o= B E 7| A M7 Q] Actinobacillus succinogenes
2A, 3714 S ol M= AP A 2l s g g o TCA cycle %
ARAALAE F3f oA S} FA o F4l0] o] Fofl
o} Wb of| /7] 1} o) ihaketar &2 59 2H4 of A= phos-
phoenol pyruvateo]| A o] 4F3FetA o] 11 of] o] o U 2| & A
ot A 2= diAtY o] AgtE|=d], o] f FF A==
Al <Al Abo| ABBHA T} [1). &3] Actinobacillus succinogenes
O] -+t Ao Aol W= AL, WA AE O Ta Y T
Shofl A &= AL = ujGFo] 7Hs5hH, o] AkSte A o] F o] F
3 A7 2N e 2 SAAS AEAAT 5 Qe
S8o] 9= Aoz &E A Q) [1,2]. Actinobacillus succino-
genes+= <AL 0] @] o] &=, acetic acid, formic acid, ethanol 5
ekt RS A sk, o] flAE S A4
2= g, acetyl-CoAZFE] A H= Aoz A
Qlth [1]. o] &} Zro| Actinobacillus succinogenes®]| 23t <Al
AFARS Sl A= olatabeR A o] Fago]l B U S o 4
Q= [11-13], o] AAbt=9] o] Abatetas 2h-gof e w A
s}ek2} 714k 9 o]of| o} s}= transportero] thaf A= A 2
A Bk glek 28y s SAA TR S SeiA = o]
AbahekaoF 97| thEF ] carbonate g0l B8 Th= A
< o]4ksteta7t 71 4] CO,2} B9 (bi) carbonate 3 B = &=
Az Wi e A 4= 335 ehAlR [14-17]. whebA COo,
2} (bi)carbonate @] A& AEHS EAISHA|Z 7S total carbo-
nate 20| 8§ S Sl sAlat A o] A= 2 et
o5& 4 Stk

o e} Zr-2 714 st A, i Aol A= S AIAF Ak fgt
Actinobacillus succinogenes®] W& 2 vl % A], o] Ak} ERA 9
bicarbonate 2 2] A} & H3HS A A 7] = Z0jj o] BFAHLSS
f 4 (carbonic anhydrase)E B A A E S 2 H7l6t= AdS
5Tt & B3 G275 AA g b of] 24
sz Arej o) A 7] A o] AtEt et A S FF3 79 bicarbonate ]
A o] FAIE AL, o] = CO%b= Y AL 2 A== 7]
A2 Foll Al W= A o] SAA A o 282 4 QL
< 20 ® st AR A ofdo] AFH
metalloenzyme © = t}Fgt 7] Aol A A E | Apgholut

o
ox i

o

298] A g Lo A WA E = aTlF, AU HEFolA
WA= BLE 5 579 family= -4 = of ATt [18-20]. &
AHR3E A a e AlEolu 247 (algae) Toll Al o 4katEr4: 9]
AT} G AFgo ofshal FEolu ARl 24 Yo
4] pH homeostasis, calcification, bone resorptiono] 3+¢]3}+=
Ao 2 oA Qlrt [21-23]. SA A 02 SAtR 43t a4
BAA o7 F2s] ESEaA}, AlQHAlt (cyanobacterium)
e o gkt 3t A aE cloningdt 5, @ H M ¥ Pichia
pastoris 55 0|4 o] ALE A= AFE
Yol =& S 2 Pichia pastoris®] H|oFN O Z Eu|x
AQEAE 72 &) BhARE 3L A E UF-3 43S Bl 5541
3, o] & SAIAF A4l 2] 9] BF AR O & H7Feh= uf kAl
3yskoich. o] 9 o] jHAHE 3} A E o] &-5ko] A
AN A S A 7= g el tisi A =
O] H gl vl gl A QbAlF -2 &) §HAHE 3

ANz et A Gep DHAIA A4 i<
T AN7F R B QLo o] = sl AME =
&3l olm] Al = A3 H olitaberaof &g
= AF2A, A EZ o) A] o] Absteta Bl Atk
FAA7) DA ok 2 A2 W8Tk Aol
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2. MATERIALS AND METHOD

21. N9 A=

3 A3 o AHEEL Ao 9 w]E & ofgl o} 2k

Corn steep solid (C8160), MgCO; (M7179), yeast nitrogen base
(51483), biotin (B4501), histidine (H0750000), carbonic anhy-
drase (C2624) ¥ NH,OH (320145)+= Sigma-aldrich (USA)°]|
A FA5Fo] AFESETE EST yeast extract (3254027), TSA
(1074969), TSB (1296840) 2 peptone (2019985)- BD Difco
(USA)of| A 31T} o] 9 glucose (3020-4460)+= Daejung
(South Korea), NaHCO; (D9A561)2} KH,PO, (CBC531)=
Duksan (South Korea)of| A} Z+2F JL9)5Fth. G-ARF 22 A
32 Y3F pGEM T vector (A3600)+= Promega (USA), pPICZa
B vector (V19520)+= Invitrogen (USA)f| A Z+ZF Q150 A}
I

22. 45 9 H|R

B AL A AFL3E 5= Actinobacillus succinogenes UK13
(KCTC 12233BP) Ho]Fro]t}, o] o= H A LAl of A EMS
mutation & rational screening& F-3f 7|&ot <= AlAF 21 ABAE
4 ol Folt}. o] FFE B4 0.2 1R|uA] 2 TSA (tryp-
tic soy agar: 15 g/L pancreatic digest of casein, 5 g/L papaic
digest of soybean, 5 g/L sodium chloride, 15 g/L agar) plate®]|
A Z35}0] 38°Col| A] solid stock & &2 X 3319 0w, A7 B3
2 YA E= 20% glycerolO] oE =22L,g liquid stock-&
A zske] -80°CollA] H A3kt (LA > SGMOE g
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W), Actinobacillus succinogenes®] MA; A7} wfj oFof| A A}
£ 5 v} x] (LGM)+&= TSB (tryptic soy broth: 15 g/L pancreatic
digest of casein, 5 g/L papaic digest of soybean, 2.5 g/L. dext-
rose, 5 g/L sodium chloride, 2.5 g/L dipotassium phosphate)E
AREBRSATE 2414 A AR AR 7] (PM)= 109 /L glucose,
13 g/L yeast extract, 19 g/L corn steep solid, 10 g/L. sodium bi-
carbonate®] ZA] 0 &2 LA E Q) Bl R W2 2 A3} Mail-
lard reaction W 2| 5}7] 9l8f &, A4, 71 HFE 25}
of 121°Coll A 1527+ 5345kl 2m, 7 -9-of whe} 0.45 (um)
9] filterE AH-&-5F 3Tt

23. 93 B3 WY

A. succinogeness SGMO| H £ T 38°Col| A 24A] 7t ufj oF
5101 sced 2 AHESLSITT. Ok 54t WIFE LOME AF§31o]
38°Col| A 9AIZF Fet Y5l o] B a Al o] & ARGk
9] seed® ©]-&35}% T SekA T A %2 30 mL working
volume®] LGM-E AH&-aFo] =351 9] o0 HEF-2 1% (viv)
= FgFshdh s vl ek X ul k7] o 4] 38°C, 150~200
rpme] 71,2 2217+ etk

2.4. XA BAE 9§ A. succinogenes &) L H R Hjj %
A 2 0] 7] A Q1w b2 1R}, 23 A 7wl oF ) A Ak oF e
7|20 2 sto] Y5} GlTt. ui A= ShA] A3t Al <] &F
AP A& o] gkl o, HE v 1% (viv) e &2 FE5)
of ufjeFatitt. Rk == 100~300 (rpm) o= =48 =3
© 1 gas purging rate= 0.1 (vvm) 2.2 DA A A} Haz AY
At oFL- 2 7k 4238519l o 1, ¥ g 7] &= 5L KF5 (Kobiotech,
South Korea) &8 7| & AF85}ith 157 = rushtone disc
turbine impellerE A}-8-3}9 1 nine hole spargerS £3f] o]AF
Sheta 7EAE F7)AZ

2.5. £A1XL 3, Glycerol, Methanol ¥ A %= &3
ool o £AIAF BE 24 o) AT BE 543
RS 045 um ofT4A|2 o] §3ko] 2 of3ke F HPLC
(HPLC 9500 system, Younglin, Korea)E ©]-&3}o] E43}%
t}. A< 7]+ UV detector (UV7255, Younglin, Korea)E A&
3} Organic acid column (Aminex HPX 87H) (Bio-Rad,
USA)& AR&SHTE 20 L] Al& &5 FYAIX %, 25°Co] A]
0.01 N H,SO,Z 0.8 mL/min®] £ =2 0] A7 24549
=

vl ool | o, glycerol 2 methanol'= HPLCE: o]-&3}of &
Aakelch, East] Aol ARE 12,000 rpm (12074.4 g,
RCF)o| 4] 1087t 33] A& (VS 15000CFN II, Vision,

Korea)s} 1 th. A 3t 45 A2 0.45 pm o 22| & 0]-§-5} o
o] 145+ & HPLCOl =3+ At} 7% 7] %= RI detector (Young-
lin, Korea)E A}&-3}$1 31 Amine column (250 mm x 46 mm)
(RS Tech, Korea)Z ]85} 45} %t} 40°C k=0 oA
EYUEY : B =7525 (vW)E 2T o] BAS §4 1.2mL/
min®] &&= & o] EA|Z om A& 20 uLE FE¢sto] BAI5}
k.

M| 32 7 2%2F (Dry cell weight, DCW) 24 of] 94 &
20 mlZ 4,000 rpm (1341.6 g, RCF)O] A 105-7F YA 22
Aok A HS AAT F FFT= 39 A3 £ 90°Col|l A
A W37t §l& W 7hA] A2kl DCWE 273kt

4o S 12

2.6. XNISHA| S (cyanobacterium) {8 9] €H4FR43 G4
(carbonic anhydrase) AJ 4t

2.6.1. A OFAJla2(Synechocystis sp. PCC 6803) Hj oF
Cyanobacterium Synechocystis sp. PCC 6803-& ATCCOJ| A -
o]ato] BG-11 (C3061, Sigma)if 2o agarD A 7}at uj =2
AT S BET T 30°Ce] LEoA] Hokarge
v LEDAT-2 o] 85Fo] 12417k 54t 4000 lux o] 4+9] 32
0.2 ZAAZLOH 1240708 B ZALE oA otk A
HAHET U melng FA} Ak ooz
B} 2 transfer 3} LutA o 2 TAUOA 14 w7 7S
Folon 1 o4k ujeFe] 23E = 9lo], humidity airs
A0 2 agar v} 27] QA 7I3ko] 9T,

2.6.2. BF{FRES3) G4 cloning

ERALRE =S G 4 cloning®l] $EA] Synechocystis PCC 6803 2]
O Ap|}& 4B ATt o] 2 913 944 ] (BG-11)e] 1%
(v/v) seed HZ & 30°C, 200 rpm A 0| 4] 16~18A] 7+ 5-2F ul]
ottt YA = Fol Bt A = HE kit (i-genome
BYF, Intron) & ©]-8-5}o] &4 DNAE 3|45} ¢ith. o7} =2
2 795 5ol S dMA DNAY EA & g<ls)
ok B S} § A 0] S AR} A (GenBank ID: U45962.1)
2 v}E O 2 primerE A|&F5Fal (Table 1, Macrogen, Korea)
o] & o] §slo] eAHE3t A FHAE SEHT T A7 Y
F2 B9l 7 EAS S5kt (825 bp). o] F FHE A
Z}E pGEM T vectoro] ligation 314 cloning vector@} 2 $HA|
Atk

X .

2.6.3. Carbonic anhydrase2] cloning vector& ZH= E. coli
stock 7} EF

Cloning vectorE Pichia pastoris®|| 27 transformationS 4=
35} 7] A o cloning vectorE 23l )= stock T E $|5}9]

Table 1. Primers used for the amplification of the cyanobacterial carbonic anhydrase (CA)

Sequence' Restriction enzyme
Forward AAGAGAGGCTGAAGCTGCAGGAATGCAAAGACTCATCGAGGGAC Pstl
Reverse GAGTTTTTGTTCTAGAAAACGGGAGCCTCGATAAATGCGCTC Xbal

'Underscore: restriction sites.
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E. colio] transformation A3-& 433} ¥ t}. Cloning ¥l CA
FAAE 2= E. coli 55 SRTOEHN, BHAHESE &
& AR B Y o]% & W32 Pichia pastoris©|
ih A S B

fs

transformationdt BFAFR 435

A~
% glsint

A 2+et pGEM T vectorE ©]-&-3t A HE-E 98l CaCl,
HFH S 0]-235}9] E. coli DH5a2] competent cell-S A| 2519
o} [25]. F A AZ-S 93l W E DNA 10 pLe} competent cell
200 uLE &3 5 307t A 20 A] cell-DNA H3HE F- =
Shoit. o] = mlg] FH[H 42°C f242o A 9027t & &
A& 7ksto] oAk Ao A 9] 287 M SHE A% $ LB
(Luria-Bertani) B} 2] 800 pLE H7}s}o] 37°Coll A 2417t &
ok e sl Hlok  H1ke 50-200 wLE 93] A9 (am-
picillin)o] 33t A LB v of Z=E5to] 12~16A17F &
colonyE &FQlstqich. mpx|uto g2 PAHS of 55 colony
PCRZ 5-3ff &elstqict.

2.6.4. Pichia pastoris 2] &2 Z 2}

%] Trg W g 9l pPICZa B #E 2] multiple cloning site (MCS)
2 shlstol 45k Ak s AesHa, DNA 917]u 2
2] open reading frame (ORF)o] 242 ®}gk o &2 A3l &
o) ZF=A] 218t 4= Q)= = forward primer$} reverse primer
O ARt A g th =27 FHISHGITE FH | SRS a4
o] Ao} pPICZa B #lE o 2}7} A3tasg A2t &
ligationd} $1 0.1 0] % transformation2 4~3§ 5} 4 T}

P, pastoris X-339] %3 electroporationS ¢]5}o] o4 &=
TS oh )k Aok WA Al e $18 YPDA sl 4] (yeast
extract 10 g/L, peptone 20 g/L, glucose 20 g/L, agar 15 g/L)&
o|-§stoith At JAutS HeiA= YPDAO Al agare
A 2}t YPD v 2] & AHE-5} 31 Tt

Competent cell2 #|2}3}7] 9J3f YPD H] %] of| A 30°C, 250
rpm Z 7ol 4] 2417t 5 QF v okt & A2 2] W=7} 5~7x10
cells/mLof| o] 5 wj7}A] 12~16A] 7t 23} v Q¥ 5} et 4+
& E3 #+AE 343t & 1 M DTT (dithiothreitol)2 7}
ShaL 30°Co| A 158-7F v oFstgitt. 1 & 1 M sorbitol S &
Jbstol Baket H R41MEIE Bol AHEo1S AA B o of
2 39 o et A5 AR ST 10
cells/mL7} ¥ =5 24 AH A s}t

Electroporationg 53¢t & 2 A &to]] ¥rA] =H] % competent
cell 40 uL e} pPICa-B vector 10 pg2 &35t 5 0.2 cm cuve-
tteo]] @1 2.0 kV A2 7}5te] (Micropulser, Bio-RAD) &
AXTS Festlth JEHASAE AEst7] sl A 24l
(zeocin)©] EL3FE YPDA Hf 2o =25}9 21 colony PCR
= T35 Zeocino] ZIHE A A u R o A A F =
ol 7}4 9 ORF (Open reading frame) 93 5 282 7] clo-
ning ¥ 755 A5} 0|, putative transformant+= &
AT v oFS £3) methanol 2 inductiondt -, v OFol Q] EL
£ 313l RNAZS F%3}13L cDNAE 3133t 31 ¥ cDNA
£ T4 AU S Fo) Ut §0R 0} 412) 9w

o B2E 3holstgith. Ad AT}, carbonic anhydrase -4 A}
825 bpE E3St Pichia pastoris GAA| W2 4% Hl g 9]
MCSE YEH = 1476 bpol| /4-§-5H= MHE7F UEfU= A
2l 4= Qi o, olof] A&2A %l A7} 7hsdkaL A]54
o Aol = B3k & Wo] Wakx) gk oA E AL FE
£ 3H 5 4= AT} (P, pastoris X-33 PCA4 & Y.

265 AJOME 9] BHHF2 B4 0] YL H A
&} P. pastoris X-33 PCA4 o 552) dFa = v gF & v gF 2 A
E Ao A ZA| NAE P pastoris X-33 PCA4 +FE zeo-
cino| 3E3HE T A H X] (YPDA: 20 g/L glucose, 20 g/L peptone,
10 g/L yeast extract, 20 g/L agar)ol| 4] 3L 7t vl oF (30°C)3t F
@Y colonyE 3]4~3}4] 50 mL test tube (working volume = 5
mL)o]| 3 F3}F St} (YPDHR A]). 30°C, 180 rpm 271 o] 4] ODgyy
ol 030 o2& (A A v st on sd =
73} 500 mL flask (working volume = 50 mL)o]| A ODyy 4k
o 5.00f ] w744) 22 A4S AT o] F seed
2 Abgate] SLrE ol 10% (i) W] &2 A5 steeh

52 QAL vhopoll AR WA o] 242 kSt g (1L
H): 40 g glycerol, 10 g yeast extract, 20 g peptone, 13.4 g yeast
nitrogen base, 100 mM potassium phosphate (KH,PO,), 4x107
% biotin, 1 g histidine. ¥} %F %= pH (Mettler-Toledo, Switzer-
land), DO probe (Mettler-Toledo, Switzerland)E 3 € of] A
Astol Letel mUE Y shelov] ok A5 A BT Abe
T3S 3 DOE saturation A] .1 8| &F Z0]| = DO level
of webA wHEEES 180~300 rpm R 9fofl A 25k
15% NH,OHE o]-&-5}¢] pHE 6.0 2 7R3} 2w A4
H HE= 1 vwmo]§lth pHE} DO Fho] S7Fshe Al g
50% (w/v) glycerolZ feeding& A]Z5l$ 21 induction &
histidine®] 2 & X &&= 2 5% histidine 5 mLE &7} 34
5} th. Glycerol?] feeding 7 & SHAME,SE G4 2 &
EE $]3 methanol feedingS A 25} t}. Methanol-2 o}
Eq. 1o 235 H}2} Z-o] exponential feeding & e 2 535}
At} [34-37).

F(t) = F,e" (1)
7N|A F= 38 S22 g9+ mlho| Fe= 27 33
o]

H
t}. = induction Z-9] A|7to] o] A| 7t (h) @Y 2 AAs}
= A ZO v A4 = & VERY oLt = hlo| ),

E
=

o
=
A

2.6.6. RT-PCR-S o] &5 -R-FI <} 515 B9

A PARSA ] AR SE B G L of RS
o151 Ak RT-PCRE 4=3§3}5ith. 4 RNeasy mini kit
(Qiagene)2 ©]-&-3to] A 2 ¥ total RNAE 3]4=5} %1t}
cDNAE &AJ5F1Lx} PCR tubeof A] total RNA 3 uL, RTS
primer (20 pmol) 1 pL, NTP (10 mM) 1 pL, DNase free water
7 uLE &38Rl 65°Cofl Al SEZE HEGAIX] & ice= AT
o] gh-3-of o] 5X RTase buffer 4 uLe} 0.1 M DTT 2 pL, RNase
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inhibitor 1 pLE 3 7}kl thA] 42°Cof| A 2871 Bh-g-A ZiTh.
0] & Superscript TMII RTase 1 uLE % 7}-8} L 42°Cof| 4] 605
ZF WESAIZL F 70°Col A 1SE7E RTased #2Hs}ato]
¢DNA A4S 27319k

3FA = ¢DNA 3 pLoj| 10X buffer 5 pL, 2.5 mM dNTP 5 pL,
10 pmol specific primer Z} 2 uL, Taq polymerase 5 Unit, ~12]
T X% Ruj7k 50 uLrt HEE 2R 47k 5 PCRS
s,

267, oMt Rae] BIESE Bb0 2§ 2 8
PEr

P. pastoris X-33 PCA40| A & &, A|EQ & Eu|5 &
st aao el ffs) AAls S AT &

)
mlm
4o
:?L_‘,
au
=
X
Q
]
=
=N
=
4o
R
ot
N
X
am
w2
s
tlo
o,
o
ofi
o,
(o 38 oX

4] Ba)slo] Algol-S 85 5111 o] & UF membrane (lab-scale
TFF system, Millipore)2- ©]-&5}0] 58] =35} 9 T}, o] & Ni-
NTA columng: 0|83} affinity chromatography (Pro Bond TM
Purification System, Invitrogen)E £33l 45 A A5l
BAE Bl AFE A7EA] 4°Coll A Bl

pNPA (p-nitrophenyl acetate) 71523 WH-g-of 1t E =
PE sk Bo BaTes 5ao WAL S48
[26-29]. HF-5-2 ¢3f buffer (15 mM Tris sulfate, pH 7.6, 1.
mL)?} 3 mM pNPA (1.0 mL) &3¢ &8 &35l a4 5
27189 (0.1 mL) BFS 7 A] 3 55 712] 348 nm 7}4}of 4] <]
3 HoE =4 3F4 T} (Spectronic 200, Thermo scientific).
T4 T ofd] A% o] §3tel A,

3714 5.0 pH 7.6, 00]| 4] 9] p-Nitrophenol®] &34 #|4=0]
o} [26-29]. AF7} HE-g-of] )3t FF %= W3} 7] o B wlj A5t
7] 913} buffer W pNPA &3+-&o0 o 21l ZLA % blank AH
AIE o] &3 B S st

o & oo

3. RESULTS AND DISCUSSION

3.ex AAE & JET Y9 SAFeS 54E A
7+ At R o A 9] <414 B4k

Zw 3 o] 4bst e A O] F -2 4. succinogeness ©]-§3t 1l
= AL A AYe] B el Rolt), o] Ashetas) Bra
Hlj oF2} 74 of| &1, phosphoenol pyruvateo]| 4] oxaloacetate® &
gt = tAF B5 o] AstA feste] Ao g <Al AY
ol 27 Zrbshe Ao BaE u 9k [10,13,34]. 4,
succinogenes®| 0|43t eRA A 3o TEAH AY3tsHE] 7] 2o
o= A G A AR o At o g s SAA
A Sl = CO, B ther o] carbonate 0] &7-H&
e o, 4. succinogeneso) = CO,2} T & 9] carbonateE 4]
7, &&ot= Aol 2AE 7HsAdo] =k whEbA w4l
Ab A AFT} -8 = total carbonate 352 A AL 18T
a7} gk gekE gl

H Lo A= eFAE 43 § 4 (carbonic anhydrase, CA)9]

A 7}7} A. succinogenes ] <3414 A AHd of] 1
P AT BARE RS B o] 4kaEkA o}
carbonate] A3 A3 tffst= AR vfA| o HA7F A &
=% CO,E bicarbonate (HCO;)Z A&st= I 435}
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= YA [15-17]. WA 0 & s E AL TR S 9
3| A= th 2] (bi) carbonate ¥+ 0] H 2 5tth= AM = o] &
S5t} [10,11,14,35]. 31 (bi) carbonate @] 4 3] £-89|
COY A Bt ¥ & 7 A= EA3th

SAAH R Al A7 7 A AR A s s 4l4E
st YA AL oHA Hl B2 thEF| o] AbstetAE
3} [35]. 2 A Aabs v o] F26HA] ¢ total
carbonate7} < A1AF AYARS: A ghel 4= 9l on, RhAE =3} &
a5 o]-§sto] COHth Akl A5 2 &-8§-o] 7Ha3h (bi)
carbonate 2 A A9 ALY AT BF4to] 7Ha g
< AAlsl =3l 1t} (Fig. 1). (Bi) carbonate® B & A | % ©]
ASRRATE 4 AIAE ATHY AL o] 45 7] o] o el
£ 271491 A7 BT ACR Mol 48R0 A
o] Al #2E] = CO,-concentration mechanism [19,22]3} §-A}
3t 712Fo] 22 W 1 A O 7 Q3 A succinogenes= (bi)
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Fig. 1. Succinic acid production in the production medium supple-
mented with 28.6 ppm of bovine carbonic anhydrase (CA) as com-
pared to the parallel medium with no supplementation of the CA
enzyme.
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Table 2. Results of the succinic acid fermentations by A. succinogenes using the production media containing bovine carbonic anhydrase

(CA)
Media Pi(@L) S:(L) Qr (L)’ Yor %)
PM with CA (30 ppm) added at 0 hr* 70.0 76.6 1.5 49
PM with CA (30 ppm) added at 12 hr 65.2 103.9 1.4 46
PM with CA (30 ppm) added at 24 hr 354 103.5 0.7 25
PM with MgCO; (10 g/L) and CA (30 ppm)* 96.5%* 81.0 23 68
PM with MgCO; (20 g/L) and CA (30 ppm) 77.2 87.5 1.8 54
PM with MgCO; (30 g/L) and CA (30 ppm) 77.2 83.3 1.8 54

'Final succinic acid concentration. “Consumed glucose concentration. *Volumetric productivity of succinic acid.
*The ratio (%) of observed yield to theoretical yield based on glucose consumption (observed/theoretical).

&4 AAE £ AU 499 AT B Y
carbonateg E-F AL v ) R A o) A 2] &A14F JAF
SAAF U 270) N BAHRAE} B A0] oS W B S
< I Shalst/] 13 £/ A e Agsisict. £
A eSS R (2 BT S0 w5 AAE T
5 5.2 (Sigma C3934)] W7] U} 27} A8 W) A suc-
cinogenes 2| A AL A ALA o] m) 2] = 9 EkS ZAFSFYITE o]
S fl8l SATes B4 2T AR S WA A $0,12,24

Azhez MBI AWE Sasch B A% T 12,
AT A2 AR AR B GAHE AR oz 2
& SIeF. 48 A 45447 oAl Baeest 8ty
2Qae A9, mrt O FEo] £A4 Akto] T5Te

o] &) (Table 2). 0] = 9FA AF3H vl-¢} Zro] <x AlA A AL
o] gl A7) 9] & oAbeteta @ P 535}

L) glo BAT4T B4V 38 4L FIHT US
& HojZrh AR 02 X437 Tk A48 f 4
Eol /\]J,]ZA(E/\]-E] /\/\]A]—l-—_E_‘:_]‘zl_/‘L_]. Q}‘Eﬁ\_‘%/\]‘—g—
SHA] &= dhg Aol fARSE &S BojFit) (Table 2,
Hgﬂﬂ#@%ﬂ1ﬂ4%ﬂaﬂﬂ*§gAEEMﬂ

7o ufoF A} /\] 15} O_'__Q]_ B W ake] thA e =
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PM with MgCO3(10 g/L) and CA{30 ppm)
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|
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Fig. 2. Succinic acid production by 4. succinogenes using the pro-
duction media supplemented with various amounts of bovine car-
bonic anhydrase (CA) and MgCO;.
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ol W3-8 = g2 e uff t}eFQ] (bi) carbonate A=
COE 9 Aeihg<= £AT 7HeA = Ut [20].

BEZ O R A succinogenesE )&t <3 AAF AL A] BHAE

3t g A0 Folo] o] Akstet A S8 583 A7,
A F7F 9| carbonate@} E-3 EQ] A] L AIAF A AT o A T
5= =2 total carbonate & F AL THEA| 7| HA 1%
T AL (96.5 /L2 A o] 2& tjH] 68% B4)E 7}
oM T ghQlgt 4 9l STt (Fig. 2).
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Fig. 3. The Schematic procedure for the development of the recombinant cells of Pichia pastoris X-33 for the production of cyanobacterial

carbonic anhydrase (CA).
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Table 3. Activities of the carbonic anhydrases (CAs) used in this
study

Specific activity'
Enzyme source P ty

(Ulmg)
Bovine erythrocyte (Sigma C2624) 224.6
Synechosystis sp. PCC 6803 276.5

(produced by the recombinant Pichia pastoris)

'See experimental section for the activity unit definition.
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Fig. 5. Succinic acid production in the production medium supple-
mented with 30 ppm of bovine carbonic anhydrase (CA) as com-
pared to the parallel medium with 30 ppm of cyanobacterial CA.
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