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OFHIER] (acetoiny> 215} sFshitdoA] EHE
Aol A= Ak 8H(metabolic engineering)S ©]--

AR o]gH Ao w ket 380 Thss Edoltt &
}Oq obMIER1 ] AAatfo]| L7182 Kiebsiella pneumoniaes
TESIATE 94 2,3- 580 2(2,3-butanediol Y34 3l ANZE A AFET K. preumoniae (KMK-05)14 5 714
2,3-butanediol dehydrogenase (budC, dhaDys AA|oA 2| ATl oA ER] Arlaks E2]ar, HARIAL 5 3hiel
AcoKE A7 381 O}Kﬂiﬂé E—OHEFL— L«] L?i 25 &390k 18]3 NADH oxidaseS L&AA A U A3} §
¥ 73 (redox balance)s BH At olg A YAlEERS T3 :rL?E] ANZ3r Klebsiella pneumoniae
(KIJW-03-nox)= oFA|ES] A4t Eh} iﬁﬂ 361131 B f7FA HlekE Rt 51 g/Le] oAER] FEY)
FHo A 2.6 gL/ 2k

Abstract — Acetoin is variously applicable platform chemical in chemical and food industry. In this study, Klebsiella
pneumoniae was engineered for acetoin production using metabolic engineering. From the recombinant Klebsiella pneu-
moniae (KMK-05) producing 2,3-butanediol, budC and dhaD genes encoding two 2,3-butanediol dehydrogenases were
deleted to reduce 2,3-butanediol production. Furthermore, a transcriptional regulator, AcoK, was deleted to reduce the
expression levels of acetoin degrading enzyme. Lastly, NADH oxidase was overexpressed for adjusting intracellular redox
balance. The resulting strain (KJW-03-nox) produced considerable amount of acetoin, with concentration reaching 51 g/L
with 2.6 g/LL/h maximum productivity in 36 h fed-batch fermentation.
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O QLS ot kg A5re] ApIF| 0% FolglE B RA ARE o8k QATH3). SFAIRE R 8= vk o] &8k X3 A
Soll k= o] ATH1]. oA EQI S =2 O F oERQIS AAke 4= QLY. Serratia marcescens (4], Hansenia

A 2210 sh)E Y= S5 F A}%—ﬂﬂ% B AR, sporaguilliermondii [5), Bacillus subtilis [3], Paenibacillus polymyxa

9] S U= =2 T o] 8-FIT} o] Qo o)A [6], Klebsiella pneumoniae [7], Enterobacter cloacae [8] 52 T

A, SJoHE 9 sfe B0 F0 5 ofel sl o] ul4E WaS Bo) oEgl Ale] A7Hlo] stk <17

folE

AelM A7A R 0] 8571 gheh2]. obESE AAkslr] $laiA oAM= A3 A Aol o Yo7t -4k (by-productys 4171 €}
©w 7h ek A o] EAlE). Telolelsh e 5t 3 opHlERl RelE %01 redox imbalance EojFo] that

S22 =70 M oM ESQ] AR Z=TIA AT n| Y=
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fo] = yHrsta IAE wide] S 7Idstel FaEglisych
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synthase (BudA)$} a-acetolactate decarboxylase (BudB)°ll 2] 3l 2-
Al REg o2 AakEth 123 obA EQIS NADH 28 AE
NAD'Z 733} 2,3-butanediol dehydrogenase (BudC)ell 2] 3l
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Fig. 1. Acetoin production pathway through glycolysis in Klebsiella
pneumoniae. The red crosses represented the pathway steps deleted
for metabolic engineering. The gene of /dhA and pfIB were deleted
in parental strain KMK-05 [9]. Additionally, budC and dhaD
genes were deleted in this study.

2,358 25 WHETHFig. ).

K. pneumoniae= 47 27t Wh2 3 {2 A|z=Fo] §olsh
ofe] 7H] el AT 7 Qo] tiikgstel ARgslr] A9kt o
T2 wol AFH AT B3 K preumoniae= 1,3- 2 3 t] 23}
2358 &S o s BAkehes R g A AvH1L,12]. 2,3+
e &-2] ATA071 viR b ERQI0] 7] wizell, + Aol =
ALE8hS B3l K pneumoniae®| Al metabolic fluxs 8 3}10] oA
EQ1S AAksl Al STt oA EQ1S AAtEly] Sis) A 2,3-%-
ekt g- Aikol] A 3she AZ2E K preumoniae KMK-05 (AwabG,
AldhA, ApfiByg Bat=2 AHE31oq, ololl F7HAR1 - 3A}f Alxdh-e
gt} obA|EQ] AAtel] A ske 75 YA ST 0] F
wabG A= Gram negative bacteria®l| 4 lipopolysaccaride (LPS)2]
ATS Fdshs a4 F sfuolnt. LrsE g <] dllo] 7=
F7] Woll wabG X7 F AAEH LPS7H R0l #1A] ¢dar, WA
A5 Y 5 UTH13,14]. 18] 3 ldh4+= D-lactate dehydrogenase
& T AR 1 3RS pyruvatedl A D-lactate® F S SH=
55 7S} Wild type K. preumoniaes WSS wf FA4
& 5 D-lactate”} 714 B2 0|52 2A8kaL o] 2 ¢18) vj#] <] pH
7} @o] Wel7b7] wioll, ldhd 3445 A Al &5 =olal
pHE B2} 3FTHI]. vHAl 9 S 2 pfIB+= pyruvate formate
lyaseE TH=A= FHAMR pyruvateol] 4] acetyl-coAR AZA 7] G4
% 7|2 olM T2 A-gsh= G40t} K preumoniae X pfIB
TS AASISLE o) '#E F2H=<] ethanol, acetate, succinate®
7333 Y T vk= AR A7 ASATHL.

2 AFNM = K preumoniael A oFHERQ1S A4k $1314
A71A] OiAbs-eh Aeks ARt -4 2,3-F-8H0]8 kel 243}
B A2 K preumoniae KMK-05 [9]0114] o} EQ1S 2,3- 5]
&% A%ehs 824591 BudCok DhaDE A7 8e] obAlER] 4k
2S5 THFig. 1). 183 oAIEQIS MM Eaflshe 42
W EES =o] = AcoKE A ASH] A S oA ERIS] T3]
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Fig. 2. Operon of acetoin dehydrogenase enzyme system (acoABCD)
and the deleted transcriptional regulator (acoK) located on the
genomic DNA (a) and plasmid map of pZAnoxE for overex-
pression of NADH oxidase (b).

5 #2438} 3 th(Fig. 2A). 8t F-4HE (byproduct)yS 1ol 7] S5l
AAASE F3A7F AAR 13l B3Y$ NADH &40 S 017 ¢
3}o] NADH oxidases #PEEA| ZTHFig. 2B). WH=01%] w7+ o}
AEJS H 22 550t &2 THE oM 714 vieks B8 1
Ve Sdiglstarzt sigict.
2. M= U

2-1. Mg 2=, E2fA0|E, Z2jo|

2 AN = wabG, ldhd, pfiB F-AA7F AAR AZH
preumoniael] KMK-05 [958 B2 ARt 18] 22 v
WO % budC, dhaD, acoK A7WA 72 B2 58 AlAs3A
ot 4, budC RS AATE] Y18l pRedET plasmidE E 33k
KMK-05 T2 30 °Cel| 8|31 optical density (ODgy)7} 0.2
] 24 mM L-arabinoseE H7}FSH}. pKD4E 73 0 2 A28l flp
recombination target (FRT) sites A[°]ol] &A1= kanamycin 4] 3d
FARE Zelo| ™ (budC-Kan-fw, budC-Kan-rv)S ©]-&3] PCRE
FEAZITE, 2zeto]n] A Ztel= 7]Ee) W K. preumoniae 71
A A71LES o] €35IATH10]. PCR producti= pRedET Z2}~1] =
S} A K. preumoniae®. 374 %= 11, 25 ug/mLe] kanamycin©]
k3% Luria-Bertani (LB) agar =[|o] EollA] AH ), vix|elo g
budC2 45 AZTL budC-con-A, budC-con-B ZE}o|H = x5
sk ZF=2 PCRe|| 2]3fl ST, mpAEO 2 FRT site Abo] ol &A1
3l kanamycin A& FAAE AASE] §3l 707-FLP S8k
EE budC A7 AAE K. preumoniae -0l B2 HA|7] 11
budC-con-A, budC-con-B Zefo|H 5 L33 21 PCRE 53l
kanamycin A &73 AR} A A= =] GRlgict, o] g} 22 vt
HE T3l dhaD$} acoK AR 25 A UIR AAE QG o] Ay
oM AR B AE3E ok FEkAT L= Table 10 AlA o]
Art.

il
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Table 1. Strains and plasmids in this study

Strains and plasmids

Genotype, relevant characteristics or sequence

Source or reference

Strains

KMK-05 Klebsiella pneumoniae KCTC 2242 AwabG, AldhA, ApfIB Jung et al. (2014)
KIW-01 KMK-05 AbudC This study
KIW-02 KIW-01 AdhaD This study
KIW-03 KIW-02 AacoK .

K . This study
KJW-03-nox KJW-03 noxE plasmid expression

Plasmids

pRedET A-Red recombinase expression plasmid, repA, pSCI1010vi, Py, gam, beta alpha, recA, tet® Gene Bridge
707FLP Flippase expression plasmid, pSC101ori, repA, cI578, FLPe, tet® Gene Bridge

pKD4 FRT flanked resistance cassette involved vector, oriRy, Knm® Datsenko and Wanner (2000)

pZAnoxE NADH oxidase plasmid, p/35A4ori, Cm® This study

71231 Lactococcus lactis ++21 2] NADH oxidaseE & st7] £
St pZAnoxE k| E FEHPH-E o} 9} At} KCTC AAEAR
AE] 2 F-E] FURE2 Lactococeus lactis (KCTC 3115)2] genomic
DNAS] noxES Q5 polymerase= AH8-31] PCR 3131 1L (NEB, USA),
pZA31 MCS E2&2~7] = U] €] Multiple cloning site Yol 9] %] 3=
Sall-HindIII $]X] ol #|$ta 4 =] 2] 3k 4] 5 tHINEB, USA).
pZA31 MCS (Expressys, Germany)i= chloramphenicol A& 5%
Z7F A E o] 3121, lac promoter 714512] tetracycline operator
YA A 2EE 7 I Qs Sk Eolth noxES] AR IE €
Q13171 913l Klebsiella pneumoniae 7+ electroporation ¥ =
Z8-5t FAAU3E Pt RS © F 5 chloramphenicol
(50 ug/mie] 3E3HE LB AfAlollA Eejagl o, bl FrYE
A ste] vk d ol A8kt vk A] Z7] exponential phase
(OD~0.6)°1| anhydrous tetracycline (20 ng/ml)= 3 7}6}od noxE2]

WS T

2-2. H{QJoHI} HHQY 2t

ZekT o] 312wl uiek oA KEEE 7 F2 uleellA
ARE-E Hjokel-e- 80 g/L glucose, 3 g/ KH,PO,, 6.8 ¢/l Na,HPO,,
0.75 gL KCl, 535 /L (NH,),50,, 0.28 g/L Na,S0,, 0.26 g/L. MgSO,-
TH,0, 042 g/L citric acid, 5 g/L yeast extract, 10 g/L. casein hydrolysate,
0.3 mL microelement £ -2 3-5}12 31T Microelement £ -2
342 g/L ZnCl,, 2.7 g/L FeCly-6H,0, 10 gL MnCl,-4H,0, 0.85 g/L
CuCl,2H,0, 0.31 g/L H;BOs= 738kl Qlvk. SekAsl 3154 Hi
Follr = LFulE PR B 250 mL FEkaT0l] 25 mL HlkelS
o] 250 rpm, 37 °C Wi F7] oA vl FetSAeh. 712 vk 5% (viv)
seedE 58101 3L 2-5F2] vl|%F7](Bio Control and System, Korea)|
Al 1L ujeF o= Zasgitt, 712 vioES 2lallA 271 glucose
T 90 g/LE A A I, %1 37 °C, pHE 6.5, agitation
speedi= 500 rpm ©. % Bt5=o] X18H3Irt. pHi= 5 M NaOH= 34
31231 antifoam 204 (Sigma, USA)S & 2 A A 718153t w7
oM 3714 712 2.0 vvmOE A5t Sk 32 )
&2 Luria Bertani (LB) 5% (v/v) seedE & Bl %(seed culture) .3
ARSI AL, W71 E B8 7 FA AR 2 k) F el A
-2 vjeklS ARESISITE. Feeding 492 700 g/L glucose, 20 g/L
MgS0,-7TH,05 FH|3F31 3L, FA glucose & =1= 50 g/L ©5k=
iri=

2-3. A Bl 3 (7]

ODyy= DU370 Spectrophotometer (Beckman Coulter, Caguas,
Puerto Rico)= AHg-810] ST tAF2] 1492 918l vijekel&
13,000 rpm®l| 10323} centrifuge s Y3k A5 94-& -20 °Cell A
ZaISltt. AlE 2]l A= thA (2-ketogluconate, glucose, lactate,
succinate, formate, acetate, acetoin, 2,3-butanediol, ethanol)= SH1011
column (Shodex, Japan)= “-2+8t ACME-9000 (Young-Lin instrument,
Korea) high performance liquid chromatography (HPLC)®l 2] 3] &
2 E ek 054 10 mM H,S0, 5 =2 ¥H50] F 17, 0.5 mL/min
flow rate™ 3= $IT}. Column heater®} refiactive index (RI) detector:=
77} 75 °CS} 45 °C2 23t

3. 4n} % nF

3-1. CHA} B&k(metabolic engineering)S 0|25l H|Zi=El xHZTEH
Klebsiella pneumoniae

A, KMK-05914] of Al EQ1 0 & 23-F8hr] &-§ Th=1= 23
butanediol dehydrogenase2] -4 budC AR5 A A 1L
o] ¥F5 KIW-01=2 Hrg3toirt. ZetA=9] 332 vofFs A
g A7}, KIW-01-2 KMK-050] 1|3} ofA|ER] 557} 4.6 g/LollA
24.7 gLZ °F 5ul] S/ L, 2,3- 8] 82 322 g/l oflA] 7.7 gLE
oF 76% ZFAstATE oA ERIS] 82 0.05 g/gollA] 033 g/gl &
ok 68l S7FISITHFig. 3). ©] HHO R budC FAAE A|ASH= Zlo]
OPERIE Artal= H QloA 7Hd Tt S o o Atk
133 dhaD AR} glycerol dehydrogenase®} 2,3-butanediol
dehydrogenase®] ¢J3hs FA]ol| goh= AR A57F AAUTH15]. ©]
off et KIW-015-2] -4kl dhaD 734 AARE 5 o)1=
KIW-022 Hgatoict. Zahka= wjok Ax, ol EQl e F it
KIW-019] 13} 24.7 g/LellA] 28 g/LZ oF 13% 57181, 2,3- &

£2 7.7 gLollA 6.5 g/LZE °F 15% AAskdth 82 033 g/g
ol 034 g/g© 7 ok 3% Z7BIITHFig. 3).

oA Brke o ERIS wAE WellA] FQ kA o] 12
815 ] acetoin dehydrogenase enzyme system (acoABCD)®l 2] 3]
acetyl-coA %} acetaldehyde® -3 | o] oL 2 A}8-2 4= ¢l39]
o4 QleHi6]. o] kS sk A4 FRIAF 28-S A R acok
A7} W= AARIAZ T acoABCD B 9] positive regulator® A
&S FHFig. 2A)[16]. TEHA] opHERl0] HaHs £ 52 Zo)
7] 913l KIW-020114 acoK A4S Al718kal KIW-03° % gt
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Fig. 3. Acetoin and 2,3-butanediol titer (g/L) (a) and acetoin yield
(g/g) (b) of KMK-05, KIW-01, KJW-02, KJW-03 and KJW-
03-nox in the flask cultivation. The flask cultivation was
conducted for 24 h under aerobic conditions. Error bars
indicate standard deviations (n=3).

L

QUTE o] TR FeAT WS FA S A, o ER] S EE
KIW-02¢1] H]3l 28 g/Loll A 29.6 g/LZ <F 5% S 716kl &
0.34 g/goll A 0.36 g/g© 7 oF 5% S7F3IATtHFig. 3).

oA 9 o] A AABte] o ER] FEs} &) Tt
QAR ldhA, budC 2] 3027} NADH 2845 W7|Z shk= vt
5017] wie] o]3t f-AFE0] AlAE WA NADHZ | o)A F o]
v] 285 o] redox imbalance T4 5 -F235HAl © T} o] 23 redox
imbalance ‘A& S Ashd AlEZ A A H fgs] A 5= )
& 710|141, o]i= oM ER] Ak F7LR o]0 = Qlg Ao E o
A1 1] 523k of| 2 oF A E Q1 YA E Serratia marcescens® A =
NADH oxidaseZ A A oFHER] ABrteS T7HA171 AP A7}
ASAEH18]. -2+ redox imbalance =A41E 3 A k7] 918l Lactococcus
lactis 12 2] NADH oxidase (noxEyE X3t plasmidEs T-%3}+3)
I(Fig. 2B) 15 KIW-03°] A% 2|71 T o] 475 KIW-03-
noxz YIS o] A5 R TekAd wiokS XS Ay,
oM Bl FE = KIW-03°] Bl 29.6 gLolA 31.1 gLE °F 5%
ZS7Fskar, 2,3- 51 22 6.4 g/lLollA 2.5 gL=Z oF 60% 745k
oh 88 036 g/golA 039 g/g 7 °F 8% 57 13F th(Fig. 3). wh
24, NADH oxidase(noxE)2] o} 2@ o 53t vl o] NADH
%22 93}5}9] redox imbalance FA| S s A slo] oA EQl Ak
Fi TEe SIS Zg IRIsISITE. 11 A3 K preumoniae
KIW-03-nox?] o} Q] &= 4.6 g/lLolA 31.1 gL® & 752
KMK-053.T} 85% 5718k a1, 2,3-F-8H0] 22 322 g/Loll 4] 2.5 g/
. 92% ATk 18] 31 ofHESR] 282 0.05 g/gellA] 0.39 gl
°F 87% 5713 S Rl

Mo r
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Fig. 4. Fed-batch fermentation profile of KJW-03-nox for 36 h. The
concentration profiles of glucose (circle), acetoin (square),
2,3-butanediol (diamond) and optical density at 600 nm (ri-
angle) (a) as well as the concentrations of byproducts, such
as succinate (circle), 2-ketogluconate (square), lactate (trian-
gle) and ethanol (diamond) (b).

3-2. OIMIEQI MAZO| B7Fet M=%} Kiebsiella pneumoniae
(KIJW-03-nox)2| R71A] HHQS

Zeta 31wl A o ER] AEE SR AT
K. pneumoniae (KIW-03-nox)E ©]-8-3F°1 500 rpm, 2 vvm Z71
oA 36ARE I F7 A EEE I 1 AT, 51 g/Le] o MR
AZ AL, 78 022 g/g¥ AV 1.41 g/LhE HERHSL
ThFig. 4A). T 0.2 FAHE AR, 23-F 8] &2 36417
2 11.7 gLE ABAMEF AL, succinate 6A1HF-E] 3] S
sto] 11.2 g/LE WHEQITE 18] 37 lactater= 18A1ZHFE] 5718171
AlAste] 6.2 g/LE ARl 1 F 7P el vl FAE 2-
keotogluconate Hl, 24 A1 JH-E] 5481 S718Fo] 36413l =
20.3 g/L7HA] ABATEIIT) (Fig. 4B). Al F 5 (0D )= B2 5
7Vehs oS Holthr| 2-keotogluconate”} L2 7] A &S 244]
Thell H 1A 2750 =2et &, TAsHAThFig. 4A). 712 i
oA Ho & U A2 3~15A]3F Afolof] ASE o 7}
7} 0.34 g/g glucose B 2.6 g/L/h o]tk T 7oA 3714 2749
F7H w S XA RS wf 244 7F o] Fofl = W ®hA o] 2-
ketogluconate®. 3| UL, o]of] uhe} oM ER] 780 "ol &=
Fdo] e E 33 2-ketogluconate pathwayS 2 sl= 1
Hol As]ofof & Flo|r}, IS 2,3-butanediol dehydrogenases
AAB SOl = E7skal 712 wiekel A 2,3-Fdr] o] 11.7
g/L BAE RO pudC, dhaD ©1£12] F7H4]1 2,3-butanediol
dehydrogenase s FFEE AR A A 0= o= o] &
AAS= Aw HeE Aog,



ANz K. pneumoniaes: ©)

v A= HeEE Egk oA ERD AL 71ES] Afslet 58S o
oIt} & AFelA= treEs

59 A3 K preumoniae?] KIW-
03-noxE T-F3FATE AT 75 AZstAA AL 34 &
2,3-butanediol dehydrogenase (budC, dhaD)E A A 3h= Z 0] o}All
EQl AAte] Qo] 7H T3 QAhERs AS & A, AlAR
A= Q18] LAY S}+= redox imbalance - #] S NADH oxidase
(noxEys FEEsto] ehslAl7)= MRS B8l ofER] et &
<33R oR S7MAA U AT o ® f7H vk &3t
o oMAEQ] FE 51 gLt Hl & 2 A3 0.34 g/g glucose}t
2.6 g/L/h & 217y D73319iet. o] A, tlAbg ek o] 438l ofMERd
W W 8 T AT AE AT vlol e sk E F

3 ohHEQ] YALO 2 MRBHS $L ST 9L Zolk.
AL

B A= oflux) 71437 (KETEP)2] Al A A olU A 2] AR
of] &l 4= AS-(No. 20143030091040).
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