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Pilot Scale Production of (R)-3-Hydroxybutyric acid by Metabolically Engineered Escherichia coli.
Choi, Jong-il', Seung Hwan Lee!, Sung Jun Choi!, and Sang Yup Lee'*". Department of Chemical & Bio-
molecular Engineering and BioProcess Engineering Research Center, Korea Advanced Institute of Science and
Technology, 'Metabolic and Biomolecular Engineering National Research Laboratory, ?Department of BioSys-
tems and Bioinformatics Research Center, Korea Advanced Institute of Science and Technology, 373-T Kusong-
dong, Yusong-gu, Tagjon 305-701, Korea - Production of (R)-3-hydroxybutyric acid (R3HB) by fed-batch cul-
ture and continuous culture of metabolically engineered Escherichia coli harboring Ralstonia eutropha PHB
biosynthesis and depolymerase genes was examined in a 30 1 pilot-scale fermentor. A new stable two-plasmid
system, pBRRed containing the R. eutropha PHB depolymerase gene and pMCS 105 containing the R. eutro-
pha PHB biosynthesis genes, was developed. Among a variety of E. coli strains harboring plasmids, recombi-
nant E. coli XL.-10 Gold (pBRRed, pMCS105) was able to produce R3HB with the highest efficiency in a
batch culture. By the fed-batch culture of recombinant E. coli XL-10 Gold(pBRRed, pMCS105) in a 30 1 fer-
mentor, the final R3HB concentration was 22.4 g/l giving a productivity of 0.97 g/l-h. To produce R3HB to a
high concentration with high productivity, a new strategy of fed-batch culture followed by a continuous cul-
ture was investigated. The maximum productivity and R3HB concentration were 5.06 g/l-h and 25.3 g/,
respectively. These results show that economical production of R3HB is possible by recombinant E. coli in
large scale.
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B-ketothiolase, acetoacetyl-CoA reductase X PHA
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[1215 AHA| constitutive promoterE ©]-8-3ted ¥ A7) o
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Alg #F % Plasmids

£ Ao AM-E 79} plasmidE-2 Table 10] 4]
s}, A 22 A3 A3 AT vk Luria-
Bertani W] A](LB, 10 g of Bacto-iryptone, 5 g of Bacto-
yeast extract, 10 g of NaCl per liter)Z A8t} 3
A 22he] ubAl wE o) He] TR BRI
Polymerase chain reaction(PCR)-2 ExpandTM High Fidelity
PCR System(Roche Molecular Biochemicals, Mannheim,
Germany)E ©]%3}o1 PCR Thermal Cycler MP(Takara
Shuzo Co., Shiga, Japan)Z 43838} v}. DNA sequencing
- Bigdye terminator cycle sequencing Kit(Perkin-Elmer
Co., Boston, MA, USA)#} Taq polymeraseE A}-4-3}ed
ABI PrismTM 377 DNA sequencer(Perkin-Elmer Co.)ZE
2Az)o1e).

HHQF =7

Az WAL 2HE R3HBE Ak $lsle] =<
A5 AHEt e wiAl ] 242 A3 2] 6.75 ¢
KH,POy, 2 g (NHs)HPOs, 0.7 g MgSO,7H,0, 0.85 g
citric acid, 22}3% 5 ml trace metal solutions ¥jA] 1 14)
=9 om wix]e] pH= 6.72 FAs|9dv}. AME trace metal
solution®] A& 5 M HCI 1 1o 10 g FeSO47H,0, 2 g
CaCly, 2.2 g ZnSO47H,O, 05 g MnSO4H,0, 1 g
CuSO45H,0, 0.1 g (NHy)¢Mos0.,44H,0 18] 0.02 g

Table 1. Bacterial strains and plasmids used in this study.

NapB;0710H,02 o} Fo 3t stAPh o2 = 20 g9
glucoseZ A9, A71E thiamine®] %=+ 20 mg/
1det. dastk A9 A S ARl on, AL FEE
50 pg/ml ampicillin®} 34 pg/ml chloramphenicol ] $iv}.
F7H wikEe) pH 2YL 28% FEvol £98 Algs}
o A%

30 1 2 E7](KoBiotech Co., 1A, di3tal=F)el|Aj2)
FS $18 Fufeke 2.5 1 jar WHE7] (KoBiotech Co.)ellA
Tt =2]. 30 1 HEI]ME 10 19] wiekF]E 7}
Aot

=4 =d

TA Fxe oA Fole] MEAS d4Felste] Ao
= FAIZ 95°C dry ovenelld] YA Agko] & wff 7px] A
A7) &, 88 Fg Az A AHoes A s
PHB 5=+ n-benzoic acids internal standard® AM-3}od
GCE o83} M3ATH2]. PHB 332 Al = ot
PHB 559 ¥i3-&2 FAJSlolet. wixly) 29| St
glucose analyzer(model 2700, Yellow Springs Instruments,
USA)YE °]43le] ¥4 3}9dv R3HBS 5=+ high-
performance liquid chromatography(HPLC)E- o] -8-8}o] 2
5135k 7]. PHBZF Al FW depolymeraseel] &Ja|A] Zal7}
2 o] djF2o] dimertt oligomer 3B} R3IHB monomer
o} A wiA = FulElct. R3HB dimere} 382 oligomer
= alkaline 7oA 2] 2315} Y4 E]E R3HB monomer
FE 2 3]z 7].

Strain, plasmid
or primer

Relevant features

Source or reference

E. coli Strains

XL1-Blue  supE44 hsdR17 recAl endAl gyrA96 thi relAl lac F'(proAB” lacl® lacZAM15 Tnl0(tet")] Stratagene®
XL10 Gold Tet" A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac Hte Stratagene
[F’ proAB lacl"ZAM15 Tnl0 (Tet") Amy Cam']
DH54 SupE44AlacU169(¢80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relAl LTIP
W3110 F mcrA mcrB IN(rrnD rrnE) 1N KCTC®
Plasmids
pUCRed  pUCI19 derivative; phaZig.; Ap" 7
pBR322 cloning vehicle; Ap; Tc' New England Biolabs?
pBRRed  pBR322 derivative; phaZig.; Ap"; Tc" ) This study
p5184 pACYC184 derivative; R. eutropha phaCABg,,, parB (hok/sok) locus of plasmid R1; Cm";Tc" 7
pBBRIMCS  cloning vehicle; Cm" 4
pMCS105  pBBRIMCS derivative; R. eutropha phaCABg,,, parB (hok/sok) locus of plasmid R1; Cm" This study

 Stratagene Cloning Systems, La Jolla, CA, USA

®Invitrogen Life Technologies, Carlsbad, CA, USA

¢ Korean Collection for Type Cultures, Daejeon, Republic of Korea
dNew England Biolabs, Inc., Berverly, MA, USA.
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Pilot #20Me| HHFS 9t OPESH M=t CHENE MIE

HA], Lee and LeeZ} 73t o|= plasmid A28 |23}
WA XL-1 Blue(pUC19Red, p5184)t 34l W] At Al
28l Aj 23 AT B-PHA+(pUCI9Red_stb)S ©]-8-3}oq
pilot TFE(30 1) ¥iokE 3dslsdet. 20 gne] Ex=re] 7t
o] gJa= || A pilot TR wiekAF}, 2.5 1] lab
TR wieke] A el 50%0l X vIXE= e R9ick(data
10t shown). WHE}A], pilot T+ viokel] A3 N2 Ax
g o] FHoL Fyssict. o|F $lsle] A& 22 PHA
AR} A XA o)Al A 2% s
12, pilot TFEAA AAre] gt A2F WA systems
A zbs}ed v}, pBR322 plasmidel] R. eutropha -2 2] PHA
depolymerase A2 E%]3}e] pBRRedE Al=tsli,
pSYL105 plasmid2%E] PHA 34 323} hokisok -4
72 pBBRIMCS plasmidell =d8ke] pMCS1055- #)|2ts}
Qo o] 223 plasmidS- Fig. 1o Yeplgdeh. L3t
WE WElE o] gslviete ok SRl diAdeb dhA
o] ¥ A =7t o= AelE #Adsted o] pBRRedst
pMCS1052 A3+ XLI-Blue, XL-10 Gold, DH5a,
W3110 5ol 34 =343 F, 212} wiokg B3l oA &
et TA S T sledvh. 34 wleke 20 g1o] 2
Exto] 3he whg= wixl (&) pH 6.7) 10 P} ©71 30 1%
F7VelAM 37°C, 200 rpme] AL ® a5} 74 AxF
Hgtol ofgt dapA|e] AT dA B2 Table 29} 2
ot HA AR o8 spA] AT shEE, XL-10
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Fig. 1. Construction of plasmids pBRRed and pMCS105.
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Table 2. Pilot-scale production of (R)-3-hydroxybutyric acid by
various recombinant E. coli (pBRRed, pMCS105) in a defined

medium?®,

Plasmid Cell R3HB
concentration (g/l)  concentration (g/l)
XL-1 Blue 1.01£0.3 7.6310.5
XL-10 Gold 1.34+0.3 8.2510.8
DHS5¢, 1.21£0.2 4.9240.5
W3110 2.35£0.4 2.1110.3

®Cultures were carried out in triplicate.

Gold(pBRRed, pMCS105) 74-5- ME AJAfe] 71E8] A|AH]
o ")d}e] =9kl 44 A)7Yol] R3HB %7} ¢F 8.2 g/l &
shdct. w3, A A Jiell PHB S3@ARE HelA] ¢
orom, H]E oj3F-2e] R3HBY} o)A Hej2 AYAE
or) 7] 27 1AZE 71 sE o2 5 R3HB ©
2 Hel2 WA E(T]. o] Fo] wjdellM of AT
55 o|-8sle] wiokS 3ot

Z7] shAadel] gt A3E FAs| H5kd, 2] £
o2 EEE 2 5, 10, 20 /1= 3l 3EA] ujsks 213 31
o}, Table 35} Zo] X=Fe] BE7} 5 oI o) H=EA2] A
Ake] AL glow, FAFErF AR ket v R
Erwde] vl & S S wEErE A4 =00
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Table 3. Pilot-scale production of (R)-3-hydroxybutyric acid by
recombinant E. coli X1.-10 Gold (pBRRed, pMCS105) in a

defined medium®.

Glucose Cell R3HB
concentration (g/l)  concentration (g/1)  concentration (g/1)
2 0.8 £0.3 0
5 1.81£0.1 0.13+0.02
10 1.5540.1 3.7840.3
20 1.3 +0.1 8.2 0.3

Cultures were carried out in triplicate.

7S weAe) RS wu|ElL, - FAlEES Ko
HAFS o] g3le], 23 22 /1A FFAHE AM-s)
Aok ME AApo] B3 27|ollE F2 TE} FT(5
gHE WS 3l 4 25 7ML, 24 =0t &
of A& W20 g/l o|Ah) ETEY FEQ0 g/yE FI7HAIA,
e e] Aate] LolaHAl St 30 [ HES 918 Fmiek
2 5 g0 TEFE T3 | 19 W wiRE o]§3le] 2
a5}, wjoF £x= 37°CE A|olslglom, wioF £ pH
B EERe] 347 Qs A FTRRe 71bs Algskals
pHi= 28% NH,OH &% o|-83led 675 Al
7FA] uleke] feeding solution 500 g/l EX=3} 20 g/l
2] MgS0,47H,02} 250 mg/l thiamine o]-8-3}ic), Mk

= 500 pm7bA] 2L sl on, 85 AbawE 2ahE
7] =2 40% ol FABI . ©adde] A% pHe}
4E Abdek 7o) S71E wlFe] o 4 9lold

Fig. 204 Mo], 714 714 FFA TE] 555
5 g/l oJ8t2 WA 251818 W, PHA ©HkA9] F=7}

S, o)s} w2 27] BAKe) A7t AHez B
E_Q_
2

i o rfr

Concentration (g/l)

Time (h)

Fig. 2. Time profiles of cell concentration (Il), R3HB
concentration before ([J) and after (@) alkaline heat
treatment, and PHB concentration () during fed-batch
culture of recombinant E. coli XL-10 Gold harboring pBRRed
and pMCS105 in a chemically defined medium in 30 1
fermentor.

o whe wbH (< 3 g/l), M ES] HT v S w9k
Hu>0.3 hh, 28}, 16472 o] FHE] f7HA] wljokgol)
A71EE 2530 $52020 ghE T wikshd, FAl%
£o] Frh= Holx| ¢, gl F-5e] EEgo| kA E A
A= A En. #FE FAlEEE 287 g, Al
B 224 g/l, AL 0.97 gl-hE el

Pilot TF20lM2] 154! b0l 2|§t R3HB] it

Pilot TFROA 714 wijoFo 2 BE] RIHBE 224 g/19]
xR A8 F AUSRIE AAE 097 gl-he] T 7
Fet. PHAS] AAlel A3t A H7t25E Qade| A
Ab ©hlol] of3kS wXE T 89F Fo s #HeA
7] woll, 3284 R3HB AJARE $18F Q54 wieks: 4
33t

E d7olMe &S A& wikE lsl] et
7] vk & o] 83 2 wHA iR MRl &,
pilot TFEIAM HA3H 714 wjokS B3l AT ES
ol 1H4 ¢} dilution rate?} 7] 2] FEE TAsle] A
& wjoel= oxtAle] F wHA| R vre] wijokE AlsiElgdc
f71A wjeke 2 doixl AIFig. 2)F BIE 3o, 4
&gt A 22 viek AFE Fig. 3o FAISIE

15HA] f712) WAl 27] 79| FEE 5 g/ 9
3l2 fAlsl A $ =T TP, ol F 20 g0} X
5} HES FE feedingd AN 1 A} 23
A7) wjok A7t o] 3 A FEE 2735 ¢/, R3HB 5%
= 234 g7} Qi3 v} Feeding solution®] A 7fol| wlebr]
30 1 EFE 7| e] wijx]e] Ful= 12 17 F7isisict.

AA4:2) vioF systeme 30 1 52| W&E7]9} peristaltic H
(07524-45, Cole-PharmerA}, 2| =), 283 feedingS $
3 50 1 tank® o] o)A ot wiR= 50 g/1e) Fxrde] A
7tsle] ole wuiA| S ARSEldeh 25kA) A5 wl okl

4 T batch 02 o1 015 (') ¢
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Fig. 3. Time profiles of cell concentration (ll), R3HB
concentration after alkaline heat treatment (@), and residual
glucose concentration (A) during continuous culture of
recombinant E. coli X1.-10 Gold harboring pBRRed and
pMCS105 in a chemically defined medium in 30 1 fermentor.




M= F0re) 257} 50 ghE ZHe ©e WALE, dilution
rates 0.2 h™'2 A8l A wioks st A5
wjekS- 7A17F Bt e Bt -2 lA9] R3HB &
T 24 o1E FAE U, A FEE 27.35 g/l A
21.5 glZ 7rAslge). o] ¥ A2 wifllA dA s=E
SAANF)7) Y5l dilution rateE 0.1 h'E o) 154]
] @44 wioF g4t R3HBS 3% 23 g/l olAbE i
slgdom, FA BT 20 g ol E A e KA
odch. o] 3 wioF A7} 80X 7R 254|7F -S4t dilution rate
£ 0.15 h™'2 frAlsked d454] ok $33]19]c}. Dilution
rate’} 0.15 h'ol A% R3HBY) FEE 24 gl o|AHE 4
slodom, FA 5 20 g/l ol dAF FE FAIE
%t

olelgt AZSEHE pilot-scalecl| M AEA] wiFE o4
slod TAPAMY 2 R3HB7F Pofd 4= sivhs Aol #als
QT o] AFZ ulEro R YA 42 g AATL St
o] A& wioF d3 Al A= .
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Ars1# R3HBY AARS: A3 A= 2] pilot TE
ol 4] f71A ekt d<A] wlekS sl Pilot
S} R3HB AR $181e] <FAI8E two plasmid system
pBRRed?} pMCS105% Aaslsdom, A2l plasmidsg: ©]
23te] oJ] o2 OiAS A A deiAl Az
F AAFEE 30 19] HET)IA S EA] wiekst A3} oAt
& XL-10 Gold(pBRRed, pMCS105)7} 714 ¥ R3HB
E5E Wk 30 1 YaEZA AT XL-10 Gold
(pBRRed, pMCS105)2 §7}2] wiekst A 224 g/19]
R3HB7} ddoizlem, AL 0.97 gl-hE BH 5%
2] R3HBE A2 7] flsled firhd] vk E &
2 A yEE 42 F A4 vk R R3HBE A4k
RS sl 2 A3 02 h'e) dilution ratesl A
R3HB A2 5.06 g/l-hs B}, o|2fg Aap= AkdH
TFRAA] AN ZF YAFS o] 43l RIHBE 5%, A
Aoz Qg 4 Qv g Hefrt

HAe 2
o] A= AbIAIE- AR71ME7 1A ZE BK21 program
o] A7u] x| Yol oJsted FIYE LT, ofe FAF=FY
o}, LGER} Mahag Aol = ZA =R
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