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NaE ANz A eutrophus| 2] PGHB) 345 342 A73lth PGHB) AA £450) ol Az A
eutrophus®] #)2-& $]5}0] broad-host-range plasmid pVK101o| P3HB) A F-AAE-2S A¥3l vector systemS- )
2bs}9d 31, electroporationol]l 2%+ P © & 10 transformant/ug -S4 AL & A A3 7142 st A2 A
eutrophus®] P(3HB) $A35-2 £ Aol g 529 Zu]$(C/N)M & 32 A Z A&} PGHB) T-525, 3&
C/N En|golA= 22 PGHB) 338 Jelligich 20 g/L9] glucoseE o]-83F 3] 24) vlokellAl ANZ§ A. eutrophuss}
ok A. eutrophus®] P(GHB) $435- vl A3 A}, A 23t A. eutrophus®] 73%- opA¥ ¥r} =& & P(3HB) ¥

oo
%, P(GHB) &%, 12| 2 PGHB) $AE=E ot

Abstract—In order to improve the productivity of poly(3-hydroxybutyrate)[P(3HB)], Alcaligenes eutrophus was meta-
bolically engineered to amplify the activities of the three enzymes involved in the synthesis of P(3HB). The A. eutrophus
P(3HB) biosynthesis genes coding for P(3HB) synthase, B-ketothiolase, and reductase were cloned into a broad-host-range
plasmid pVK101. Recombinant A. eutrophus strain was developed by transforming with this plasmid by electroporation.
The efficiency of transformation was in an order of 10’ transformants/ug DNA. In flask cultures, the final cell concentra-
tion of recombinant A. eutrophus decreased with increasing carbon/nitrogen(C/N) molar ratio. On the other hand, P(3HB)
concentration was highest at the medium C/N molar ratio. For the fixed nitrogen concentration, the concentrations of cell
and P(3HB) increased with increasing glucose concentration. Comparison of cell growth and P(3HB) production by recom-
binant and wild type A. eutrophus in batch culture showed that the final P(3HB) concentration, P(3HB) content, and P
(3HB) synthesis rate were all higher in the recombinant strain compared with the wild type.
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PHA 712614 713 i ¥4<] poly(3-hydroxybutyrate)[P(3HB) =
polypropylene} A1} 71714 B4& 7HX i 9lon] o2 w AL
Sol Aok Ba=gick(1,2). PGHB)®} poly(3-hydroxyvalerate)



ANzF A. eutrophus T35 W 2 P(GHB) AJale] 3t A7 685

9 ZEFA 2 o] FoiA Biopol™& 39| Zeneca Bio ProductoljA]
AR o2 AabE|gl oy, Ao} U4 WEr] T 452
A Fol = lci3]. 3kx| 2 Pl ES o] -4-3le] AESHH uhHoz A
Al & PGHBY= A A 8215 v]3lA o $- =& A4 27}
£ 7Hde EAAS AT Qi olel’ 2 At A7k
& A15F P(3HB) §H4 FF9 -8, A}zl 23 ¢4 I
N, 8L AEA QACLR) 7)€ e, BAAY E2 - AA
FA L ANt ol 7 AT AAAAH o2 A= 3 T2, 3]

£ A7elA e PGHB)Y] A4 #4-& 913 PGHB) AAEF
2 7V da) 4Rl Alcaligenes eutrophus® N3 744} 71e-S
o]-8-5}¢] P(3HB) A B FAE2] homologous amplificationo]
o] Fo3l Mz FF-& Mt A=¥ A eutrophus T52] 7Y
uhg- 9j3to] PGHB) A FHRS-S E33} vector system®] 7k
3 A. eutrophus2.2) ¥4 AF 716-& AT = Y A=
3t A. eutrophus®] P(3HB) At 5413 opA18 F5-}9] P(GHB) A4t
5 vlasle] Asigich

2. 0| 2

PGHB)E §Ash= B2 ezl djsix] A2 o & 2 /e o
Ab A2} ZA%cks g2l Qo5 A. eutrophusiie] A A
2& 7P de] A=Al 3 dAl APA AEEA] acetyl-CoAZ Y€
PGHB)E APA == A& o|c}. A Fv)ell4] acetyl-CoAx B-ketoth-
iolase & &vl 23}e] E3HA Claisen condensationel] 2]3l] carbon-
carbon Z o] FAAE}. o]=|F A HA whgol oja] HAH aceto-
acetyl-CoA= NADPH-dependent acetoacetyl-CoA reductaseol] ]3|
gAQdA e 2 5] x D(-)-3-hydroxybutyryl-CoAZ W gglc},
o} D(-)-3-hydroxybutyryl moiety+= P(3HB) synthasezl= &49] &
vl 2}-g-ol] 2)3] polyester E2}oll ester 23H- 3}A] o}

ol2]1qt A. eutrophus Yollx] P(3HB) A3 & A5, B-ketothiolase,
NADPH-dependent acetoacetyl-CoA reductase, P(3HB) synthase, &
coding8h= FAAE(Z2} phbA, phbB, phbCye F-21E o]F3 gl
b eid gl 1988 Al e M2 ThE @RS o)
cloning = $1cH6-8]. ¢] 4] FHAEL 3] operong o]Foy phbC
(1767bp =27))-phbA(1179bp =17))-phbB(738bp Z7])e] %02 =
o] 9l.ew, phbC 4H-5-2] promoterdl] 28| AAp7} 2P},

webd olelat A. eutrophushe] PGHB) A4 ThAS| 28 o] &
3tod, & A-7-ellA= PGHB) A5 S flste] AP 54
9 4= e A73ch A eutrophus®] P3HB) ARA &
459 $9AE EFHE vectord AL, o] F o185 oby
¥ A. eutrophus FF5 A AR AFF A. eutrophusE A=}
3}3ic}. Vectori2] P(3HB) A3 AAALE2] AAN= A. eutrophus
W] G5 fAzlel ZA8tEd DA promoterE 2o 2 o] 831
o 34 AR AZF A eutrophuse, YA AN L &
A3z PGHB) A3 x5} &7 A2 £99% vector] P
(GHB) A FAREZHE A AYA 5450 S
2% A fle) o121@ k" 212 A, eutrophusel) 2] P(3HB)
AR 52 G0 Wsle}l PGHB) A4 52 93e oY A
eutrophus 739} v] 3}le] A shedc}.

3. AlEuy
3-1. Bacterial strains?} plasmid

A. eutrophus H16> 2.%-¥] =% glucose ¢]-4 Edo]Fal A.
eutrophus NCIMB 11599 P(3HB) AAF#524 o]-4-3)¢icH9]. A

Z3t A. eutrophus®] 337 A8-E $)3} vector+ broad-host-range plas-
mid pVK101& ©]-&3}e] A)ztslaich. pVK101-2- tetracycline(Tc)3}
kanamycin(Km) resistance $-A+2 7} 2 ¢J+& 21.3kb 27)2} plas-
mide|t}H10]. A. eutrophus®] P(3HB) B34 A= Schubert 5
[71°] A. eutrophus H16 22 %] cloning¥}t P-ketothiolase, NADPH-
dependent acetoacetyl-CoA reductase, 22|31 P(3HB) synthaseS &
F 7RI sl A FAL S (phbC-A-BYE AH-315ict. P(3HB)
A §ARS-S pVK1012] EcoR 1 sitedl] cloning3d}e] 32 plasmid
(Fig. 1)& pVK101-PHB2} == slsict. Plasmid f-4ke] S4)s}e}
AR 238 18 AHSE tiAF-S BRLALS] DHSofsup E44AlacU
169(¢801lacZAMI5YhsdR17recAlendAlgyrA96thi 'relAI}E AH-8hic}.

3-2. K] 3¢ AlSF

FAA} 22HE 917 FA A1 A eutrophuse] 735 NB Wiz &
ARg-sle] 30 °CollA] wiokalsd.ond, diAe] 7ol LB(Luria-Ber-
tani)l x| oA} 37°CZ wjekslsict. NB #lx) & DifcoAke] Nutrient
Broths 8g/Le] F=2 AMS-3l9lw, LB vz} 242 DifcoAte]
Tryptone 10 g/L, DifcoA}2] Yeast extract 5 g/L, 18] 3 SigmaA}l] sod-
ium chloride 10g/LE ARE-3ixit}. Plasmid & zHe= A=x{ F5Fc
iAo} A. eutrophus 5ol 3§} 12.5 pg/mlLe] Tcrl A 71l
uA] ol 4] wjekssdct.

PGHB) A4S 3tod AT SRR wlA)e) 24-E ol
o el dcH9] 54 A 2] pHE 6.82 23}

Glucose, 20 g/L; (NH,),HPO,, 4 g/L; KH,PO,, 13.3g/L; citric acid,
1.7 g/L; MgSO,7H,0, 1.2 g/L; trace element solution, 10 mL/L(liter &
FeSO,7H,0, 10g; ZnSO,7H,0, 2.25g; CuSO,5SH,0, 1g; MnSO4-5H,
0, 05g; CaCl;2H,0, 2 g; Na,B,0,10H,0, 023 g; (NH,\Mo,0,, 0.1g; 25
% HCl, 10mL)

AR h2 = 77ke] iAol 15 g/Le] Bacto-agar(Difcorbys
7kt vtEgict. 53 wiR]ellA glucose2} MgSO, = agars 3
o] A= AL WAs] S8t o8 FAET 225 auto-
claved}ic}.

AR 2348 915t A12-5]l low-melting-temperature agaroset-
PromegaAle] AE-S A8l ow, 7+E Ak &4-9} T4 DNA lig-
ase5-> New England Biolab¥} Boehringer MannheimA}2] A&
5} ARg-shoich.

3-3. PGHB) M4hs 2|8t tjkxA

Flask uj%F-2 250 mL2] erlenmeyer flask 2 o]-83}¢] 50mL u)=]
ol #FE vioksle] AYPslgdch. A eutrophuse} A E3 A. eutro-
phus 25-28] 9 25 = 30 °C, 282 300 rpm ©-2 rotary shakerS-
ol &-3tsict. AV E o] 43 3] FA] wiokE 25L9] jar fermentor
&= LE))E o83t AYsidch pH 2HE 4 N NaOHE A}
4-3}e] pH 6.82 #AI3}g L, E 25+ 30°CE §X5}9i o0, &
Z Ab4¥ saturation AVENS) 40 % §R15b7] QJeked wHEs] e
impeller®) 452 700 pm7}A] =4 3}gdc).

3-4. Plasmid9| ¥2| Q! 3 Mgt

Plasmid -§-8 A= ‘alkaline lysis ¥hlel] o] Ealslgon11], &
A Z2] 34 232 BioRadAl2] Gene PulserE- ©]4-3} electropora-
tion 7}7-& AR5t A= ]2, plasmidZ} =€ 83 Agale)
AL 125 ug/mle] Terd H7he A2 vz o)A $=s0=g)c). &
AL 913} competent cell-&- o}-3-3} - Wby o 2 Fulsiict.

TAE AT A AR vkt F 33 27552 240 A A7
ok A4 F Qoial FAE 10% glycerol 002 AT F, A2
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F32(0Dw)7} 1200] E =2 10% glycerol §-)&- o] g3e] 3
AIZ g0 40uL 4 wHEel A AR H7EA] - 70 °Coll BRI}

3-5. Plasmid Vector2| OtSAM &5

Plasmid2] instability+= structural instability$} segregational instabi-
lity 2 v} 4> 9]c}{12]. Structural instability= plasmid®] 914 -1
o] Aehbhe Ao 2 AxY F79 F 2710 AT} Segre-
gational instability= W23 FA7} £F3HA plasmid7} g™
TAR o] FsH] £317] vl dehhs A0, BE 2§ FA
o] wfekell 0o} segregational instability7} 2|7} =c}. Segrega-
tional instability 23] W2 c}--3} 2},

ANZ2% A eutrophusE 10mLe] NB #j2] & 7} test tubeol] 4] 7]
o ul
7t H =% A B8 A28 NB wiR]o] HZ3aldr}. oluf Aj2
<+ iAol A Es}7) Aol TR 09717 215k FAE-S NBe} Te=
FH3 NB ZAR G wizlo] XA FAE wiFsielch Segre-
gational instability= NB2} TcE 713 NB A3} nijz]¢l}x]] colony
-5 Hlatsle] galslsic)

i O

6. B4

7;_15_77;14] P(3HB) ¥ glucose ¥ 5= Lee S[12]0] ¥ w3l ubHoj
w2} Z43}ich. P(GHB) 2k [P(3HB) content}e AX 7] E% ol
& PGHB) w5 MEg2 Hosigict. dA2FA S5 (e
sidual cell mass concentrationyy= 74 Z F4] FXolA] P(3HB) 35
=W Hez Aesigict. P(3HB) <4< [P(3HB) synthesis rate]=
@9l A7 9] Yo UEFA Fxo) BT AR PGHB) o2
SRR

PGHB) A 3 f40] BAUE AL Lee S[13]9) b
AHg-3}o] B-ketothiolase2} acetoacetyl-CoA reductases]] A 24
stsdct. wjokel o 2 v} Al E2)sle] Pojxl HZE 50mM Tris -
CI(pH 8.1)2} protease inhibitor 2 2h-8-51= 1 mM phenylmethanesul-
fonyl fluoride-&- 7}l -8-2}ol] AHRAe}tA|ZIc}. 4 ‘CollA] sonication(Sonic
and Materials Al)g- o]-8-3le] A ZE 5= £, 5,000x g2 1087+

AEEI3l] AE ofolg Qgjr}. o] oJelg o) g-3le] P(3HB) A

'{]-*" o FAE HAE Foll P-ketothiolase2} acetoacetyl-CoA reduc-
tase?] BT E 23}9ir}. P-ketothiolase] BT thiolysis ®}F
Soll o3t S el on], NS EFE L N ofoo) ole} e
HH-E-& #7)1319d et CoenzymeA, 0.05 pmol; Acetoacetyl-CoA, 0.05
pmol; MgCl, 50 umol; Tris - Cl(pH 8.1), 50 pmol.

Acetoacetyl-CoA reductase®] Z4% 242 98 Arld wes
32, Potassium phosphate(pH 6.0), 50 umol; Acetoacetyl-CoA, 50
pmol; NADPH, 0.1 pmol®] A1-& zh=c}.

4. A ¥ 1F

4-1. Alcaligenes eutrophus P(3HB) MEM SHXHE 2= vector
o mj=t

Az 759 LS $18todE ¥ ARe % vectors] A}
ol ®A 2%} Vectors 7| 2- 02 34 A3L 3}y 9J3t 45
T glofek 3hu, 3 HA AR F5E N
T2 THE 5 UA She markerE 71 3 9lojo} ghe} B A7
ollX AH8-3lei<= A. eutrophusell iA1= o|v) oj) $-AAFES) clon-
ing} A 23 F52) AL #15lod B 7HA) vector systemo] 7{tE]
%Act. Schubert S[7}& A. eutrophus H160l4] P(3HB) A§A A
< cloning3}s] $)8}o] broad-host-range plasmidg] pVK101-&

HEZTE H35A RSE 19979 108

pVK101
(21.3 kb)

. EcoR 1
P(3HB) biosynthesis genes

Fig. 1. Restriction map of a broad-host-range plasmid pVK101 con-
taining the A. eutrophus P(3HB) biosynthesis genes.

AMg-3tc). Pries S[14]% 23 A. eurrophus F32] AL 9
3le] pVK101& ©]-£3}F vector system 7WFs}oict. Plasmid pVK
1012 Tce} Km resistance -?,—7“1?(]—‘1 7 A= plasmid2 4} A. eutro-
phus, Pseudomonads 5-2] 0:]?4 59 32 AL 95t AlLH
At

& AFolE o2’ pVKI01E- ©]431 A. eurrophus®] P(3HB)
A3 FHAE ZHe vector system(pVK101-PHB)S 7jutsisict.
158 pVKI01-E BAl55 resistance R-AAFE-S S£AFA)7)R] ¢
AREA EcoR 102 Adsigic}. 723 o)y cloningﬂ A. eutro-
phus2] P(GHB) B34 H-3 2} B8-S EcoR 108 of T8 & Addslg
ot d<hd pVK1017} PGHB) A4 -A15e] 228 Adtslo
PGHB) A4 #42HE 7HA+= vector2 #2t3l9d}. Fig. 12 o))
& A 22 AlAE pVKI01-PHBE vehiic).

4-2, Alcaligenes eutrophus9| 83 M&

A2742] 422l A eurrophus®) 84 g ub o 2= 7AW uy
Z]el|lA] matingel] )&} conjugation ¥}, calcium chlorideol] 23yt
5ol ARgEA Qo). s oj2igt HbH S-S Yo 8§ Mg
EEO FAARL 7R S{lﬂl- - 7= electroporationo|2h &)
A A e g ¥ ¥ AY 588 R ﬁl-‘l“’] N+
2] A Aghe) 7é—r-°?lt 10° transformant/ug Ak F& ghel B
IE St wehA E Ao o)t T ¥4 M 5L W
o] electroporation-g- A}&3}od A. eutrophus—a— 32 A5} c). Elec-
troporationel] 2{3} A. eutrophus?] ¥4 Agte) B3 A= 27
A 9AR7) e, B Ao FHL 7)AE RS, = YA
A] pulse®] strength, external resistance, competent cell®] A3} A S
@?5}93‘4' H3 d3L % A2 A2 A eutrophus A) =}

< #13t4 ds PGHB) 334 $4215-8 2= pVKI01-PHBS
*}-%%}%ic}.

Pulse?| strength, external resistance, capacity S-¢] electroporation
Z24 W52] 3kl A5 A4l 12.5KV/em voltage, 25 uF capa-
city, 12| 3 200Q external resistanced W ¥& ¥ As T HS
& < 1A} Competent cell®] A} Aol wpe 332 A3 58
T AP A eutrophus7} 4= 241712l ODgollA] 0.49) Zhe
7P 7% 7H8 & 34 AF 588 Jehigdct o)2id 2Ao] 3
H3}=20S W A eutrophus P(3HB) YA 449452 A vectoro]|

2% ¥ AR B.8-L 10’ transformantug #-47} Z4E LehiSic}.



ANz3 A. eutrophus T 7N

4-3. HIEE vectorQ| XIX# Alcaligenes eutrophusL{OAIS]| OHE
-

AL A2 FFZ o] 4T AFYA PAbellA] vectors] HFAL
Z 938 v 7}Alc). Yubd o2 A Y A2 FFet of
3 FFol A S5 I o, oYy 7] AR Sxrl v
7 @gol AEG FFRE vectork Aol Y, AEA A
AR AZG FFN vectorrh foiAl obAY BT
o] ARl =2, Yot AXZ2 AAtAde] dolAlrh. o] WA
8}7] $)5be] A8 FFo] resistance FHAE e FAAE A
AV 744 SR Aol ThE E& A ul-2o] skl Ye2]
waha] B odFol s s AZ§ A eutrophusie] vectord] <t
e Arstedct. Ax§ A eutrophusE NB wiA]ollA] Alchuie)
sho] 81415k plasmid®] segregational stability='Fig. 20l YvFeht Qlct.
AN 235 A. eutrophusS 80 generation7h2] A& 3}5l-& o] Hridt seg-
regational instability:= “}eh}A] ¢dgkel. 80 generation olFol 75%
9] AE7} LR vectorS 7HA T gl AL Yelydch kA A
23t A. eutrophus?re] A E AR PGHB) A5-S A3 ¢
sted A2 A. eutrophuse] Wk A FAA Teg 713l A
slsdct.

4-4. XH=Bt Alcaligenes eutrophusOil 2|8 PGHB)2| &M

A. eutrophus’= F3Fe) Bl EA3}ol] A3} 2L ool
YL A% PGHBYE A - $A3] dEel Aol g 24
22 ¥]&(C/NyE A E A4A3} PGHB) ¥4l & 338 7134t of
A3 A. eutrophusdl] D3|, C/N2| Zu]go] & 7% PGHB)Y
P 8 2 7EE U AT 20 AFTAFe] Hol o]Fe]
A o] Fell doiudr] wiel PGHB)Y 3F Fx=¢ PGHB) 332
2 ke 7Rk w2 ON9) vlge] U & ASele AE
AR Znbel] ook A|gho] A P(3HB) o] FolA|A|qt, <
oFf AlgslolA ME AL FA3] FAasr] dEel A =2
P(3HB) ¥E¥ 232 3h& Jehdc) adebd Hdg CON Ex]EellA
E2 AE A4 PGHB) 3571 €oiAlA =t o]2id ON 2¥]
&9 F3& e A2 A ewrophusel] W34 d7-8Hsdct. Fig.3
ol Az A. eutrophusE R wx)olj 4] ujokslad-& o C/N En]gol
w2 AE 529} PGHB) 528 vielliglch R wix] ol &4
glucose?] F5EE 20g/LE A FAIFHEA, AnYY F=F
WA A Aot C/N2) Bulgo] 14724 £& A+ AE ¥

9} P(3HB)Y] FEi= 713 Yok o}, PGHB) ke 66.05 %2 713

80 4

70 {

50 4
4

30 4

Plasmid harboring celi fracttion (%)

20

T

T T y T .
20 30 40 50 70 86

Number of generations

Segregational stability of pVK101-PHB during the serial sub-
culturing in NB medium without antibiotic supplement.

Fig. 2.

L1

2 PGHB) A4tel] T3t I+ 687
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Fig. 3. Effect of carbon/nitrogen molar ratio on the P(3HB) produc-
tion and cell growth of recombinant A. eutrophus in R medi-
um containing 20 g/L of glucose.

E3ich. ONe| Bu)go] 739 w PEHB) s=v 7H & #4391y
Ly 713k ON2| Enlgo] 4924 7P e ke 7P Aol
AL X257} 695gLE 7P BE e 7HA R, 232¢/L9] PGHB)
¥%, 1237 3338%2] 7V P& P(3HB) 3-8 713t

Slet AgAeA & 4 dRe] PGHB) A dAE 7H
vector24] 84 AEE AN2g A eutrophus2) 7455 oY A eu-
trophuss} 7+e- 7432 Rolw QJrt. & CN Eu|$o] F/1d4%
PGHB)Y k2 Z7lsiA%t HFA o2 QoA= AlZ F=2 P
HB)¢] 5+ & & 7Hx]0], CN9| Eulgo] g 7ol H]
2 22 A FES 9& 5 A ¥ PGHB)Y HEE 7
A} AAZ C/N| Zu]g-o] AgolA 7.3Y d-oA 713} £2 P
(3HB) ¥=& 4& 4 Uscth

BF49 glucose?] EXeoll oS A3 A eutrophuse] A E AR
3} PGHB) $A45& AFslgch ON E0]&L 7322 A
SR A 7)1H A, glucosed] FE5 Sg, 10g, 20go 2 W3tA|A flask
vkt A3 AZ rxo P3HB) %57} Fig 49} 72+ AFE w9l
o} o] w5} 209/l o) Al¥ F=9} PGHB) F=7} M
¥ 3 Jehiich Glucosed] =7t 30g/L o4 S S
X5 9] 7)Ald] 2]§} inhibition effect® 13 2| R3F} A. eutrophus2]
Azto] Ad=Ele Aol A5= AUt

6

1
5 |
4|
&
) :
s 34 i
2
£
§ 24
Qo
s
=3
o
! Lo
od O —e— DCM
O P(3HB)
4 6 8 10 12 14 16 18

20 22
Concentration of glucose (g/L)

Fig. 4. Effect of glucose concentration on the P(3HB) production and
cell growth of recombinant A. eutrophus in R medium.
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o

T T T T 7
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Fig. 5. Batch cultivation of (A) recombinant and (B) wild type A. eu-
trophus in R medium containing 20 g/L of glucose.
(O dry cell concentration, [J P(3HB) concentration, A residual
cell concentration). ’

. 4-5. KNZ=Bt Alcaligenes eutrophus@} O3 Alcaligenes eutrophus
o] P(3HB) &5 Hlw
2 Aol A A=ztEl A3 A. eutrophusst ok 8 A. eutrophus®)
AE A7 PGHB) 458 vl wslr] $1sted asolxe] 3
21 wlokg Agstgrt. R mediumoll A glucose 358 20g/LE
stdS ), Al WE AE F5o} PGHB) ¥+ Fig. 59 2t}
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Fig. 6. Time profile of PGHB) content of (A) recombinant and (B)
wild type A. eutrophus during cultivation described in Fig. 5.
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Fig. 7. Time profile of P3HB) synthesis rate of (A) recombinant and
(B) wild type A. eutrophus during cultivation described in Fig. 5.
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