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Abstract: Biosynthesis pathway of medium-chain-length
(MCL) polyhydroxyalkanoates (PHA) from fatty acid -oxi-
dation pathway was constructed in recombinant Escherichia
coli by introducing the Pseudomonas sp. 61-3 PHA synthase
gene (phaC2) and the maoC genes from Pseudomonas putida,
Sinorhizobium meliloti, and Ralstonia eutropha. The meta-
bolic link between fatty acid B-oxidation pathway and PHA
biosynthesis pathway was constructed by MaoC, which is
homologous to P. aeruginosa (R)-specific enoyl-CoA hydra-
tase (Phall). When the E. coli W3110 strains expressing the
phaC?2 gene and one of the maoC genes from P. putida, Sino-
rhizobium meliloti, and Ralstonia eutropha were cultured in
LB medium containing 2 g/L. of sodium decanoate as a car-
bon source, MCL-PHA that mainly consists of 3-hydroxyhex-
anoate (3HHXx), 3-hydroxyoctanoate (3HO) and 3-hydroxyde-
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canoate (3HD), was produced. The monomer composition of
PHA and PHA contents varied depending on MaoC employed
for the production of PHA. The highest PHA content of 18.7
wt% was achieved in recombinant E. coli W3110 expressing
the phaC2 gene and the P. putida maoC gene. These results
suggest that MCL-PHA biosynthesis pathway can be construc-
ted in recombinant E. coli strains from the b-oxidation path-
way by employing MaoC able to supply (R)-3-hydroxyacyl-
CoA, the substrate of PHA synthase.

Keywords: Escherichia coli, MaoC, B-oxidation, Polyhydro-
xyalkanoates, Fatty acid

1. INTRODUCTION

Z25}to| EE A L7HAL (polyhydroxyalkanoates, PHAS)-2- U]
Ao ehaglo] FRSIN RS, 050 Aol s o
50| RE o) ofuix] 9 B2 BEL Slstel A Eufe]
2431 el DAL Aotk PHAL Alie) 4} A
A3 e Ay o] LB mo| I, Bien o] FRo] whehx
chope 48 tepi) o2l 12 Ag3iet ool g
HIEAE AT A drol e B MR A BE AL
WA 9o} [1,2]. PHAS] Aol 718 S 8.6kaL 4l 49l a4
= PHA synthase©] t}. PHA synthase+= 0| R E-9] tjAI3] 2 &
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23 AE o3k hydroxyacyl-CoA (HA-CoA)S 7| A &2
AH&-8to] PHAE 3H/dghet. wheFo] HA-CoAo] FatehdZ
Aok 2= (R)-forme] 7] w o] PHAS] K.l= ™= R-form
9] fsto] A & A ot} [3]. PHA synthase+= 3, 4, 5, 6- hydroxy-
acyl-CoAE 7| H = ARG S = 9l oL, o] Fof 7Hd asA o
2 0] g3}= 7] A2 (R)-3-hydroxyacyl-CoA (R3HA-CoA) |
T} [1-3]. Bh4 227} 4~127] 9] R3HA-CoAS-0] 1] A o] thok
2 oAbel 2 o] AEIALE S ol 851l Bl A 4 Stk
o] 2, B4%7} 47]91 (R)-3-hydrobutyryl-CoA (R3HB-CoA)
= F2 acetyl-CoAZR K- & a4, B-ketothiloase (PhaA)<2}
NADPH dependent acetoacetyl-CoA reductase (PhaB)o]| )3}
A =, gaxa=7F 670 0]/44¢] R3HA-CoA= A4t of
AL 29l g EA Q1 AT HEEQ] enoyl-CoA, 3-ketoa-
cyl-CoA, (S)-3-hydroxyacyl-CoA, (R)-3-hydroxyacyl-acyl car-
rier protein (ACP) 52 2 K¢ 3= 4= Qlth [1,2]. AR 7R
o] 28t thAETHAHES R3HA-CoAR HgHak 4= Qli= thof
grassol wE oA gtom, A0 AR (R)-speci-
fic enoyl-CoA hydratase, 3-ketoacyl-ACP reductase, epimerase,
3-hydroyacyl-ACP:CoA transferase 5°| &4 ) [4-15].
olHf3t AAE9 At & Y] A3t 759 8 Fl
PHA /g ol ol thALS] 2ol sl B % Ees}A o] s e
T on, 852402 PHAS gHste A2 nA=9 A
Zto] 7k shA = k.

AHHAES o] §81o] PHAS §Hyol oo 5840z
0]-8-51= g AE 7SS enoyl-CoA 2 A, enoyl-CoAE- 3HA-
CoAR H3}3}= f 49l (R)-specific enoyl-CoA hydratase”}
theFRt v A&, 53] Pseudomomas - =of| A] ol 252
Eo| A gkt E3|, Pseudomonas aeruginosa PAO14-5= %
A= Y| 7| o]A9] (R)-specific enoyl-CoA hydrataseS 9
= FAR} (phatl, phat2, phat3 and phaJ4 gene)E A Y 1L Q)
L Ao el 9o, 27k Phark 12 7] 45048
Hgskal ole Aoz A A Qo [10,14,15]. o] Bhsff P
putida®} P. oleovorans -5 H| LA A& 5=22}9] phat A

o o

Table 1. Bacterial strains and plasmids used in this study

A2 BosT
gt AE7F Eds] 2= AL QU [14,15].

Z Lo &8 152 P aeruginosa PhaJ10] MaoC like do-
maing A YL e FEE 7|NFe 2 o] oAb 2] MaoC
Tl 2 o] enoyl-CoAE R3HA-CoAR A 3ol= IS 5l=
A 9rel Bf QLo [13]. =3t ot MaoC T A& o] &5}
of Az thgteoll A A4 thALE] 2 083 medium-
chain-length (MCL)-PHAE &/d AL 25 A2 4= qlot
© B35 gk Qle} [13]. 2ol P putida] A &= MaoC
domaing 2-§-3F @2 (P0580)©] enoyl-CoA hydratase 7|
S stk B3t 919l [14,15].

E A Lo A= P, putida, Ralstonia eutropha, Sinorhizobium
melilotiol] &4 8}= MaoC Tl 22 MaoC domainE ©]-&35t
homology searchE ©]-§-5}o] A=ae|dstgict. Ay
MaoC T 2& o]-g5o], Ak Sad oz ARE-aljA
MCL-PHAE &4 st= A= <t 7ol

r o

2. MATERIALS AND METHOD

21. 45 ¥ Eg2n=

2 Aol ARG 0t SeAn]=E Table 19]] 4 2] 5k3l
oh EefAn = A4 flsto] i+t XL1-Blues ©AE
T2 o|-&stqith AAte 2 R e PHAS AY4bst7] 9]sto]
g W3110 (KCTC 2223)S 3AE F22 ALE519 ).
MaoC 32 A= P putida KT2440, S. meliloti 1021, R. eutro-
pha NCIMN11599 «#5£9] 32 X% 0 2 K ¥ Table 20 A €
¥l efo] o} 2 o] 4540} PCRL $3) ZE5H5c). Leto) o
= P putida KT2440, S. meliloti 1021, R. eutropha NCIMB
115999] 34 AEE 7|¥to 2 A &35}t PCRE PCR
Thermal Cycler MP (Takara Shuzo Co., LTD., Shiga, Japan)-S-
0] 835} Expand%o High Fidelity PCR System (Roche Mole-
cular Biochemicals, Mannheim, Germany) 2. 2 43§35} $ith. &

Strains or Plasmids

Relevant Characteristics

Reference or Source

Strains

recAl, endAl, gyrA96, thi, hsdR17, suppE44, reldl, [, lac’, F’[proAB lacll lacZA

E. coli XL1-Blue Stratagene®
MI15, Tnl0 (tet)']
E. coli W3110 F mcrA merB IN(rrnDrrnE) L1 KCTCP
Pseudomonas putida wild type Lab stock
Sinorhizobium meliloti wile type KCTC®
Ralstonia eutropha wild type KCTC®
Plasmids
p10499A pTrc99A derivative; Ap'"; gntT104 promoter 9,13
pMCS104613C2 pBBRIMCS derivative; gntT104 promoter, Pseudomonas sp. 61-3 phaC2 gene 13
p10499P0580 p10499A derivative; P. putida KT2442 maoC(P0580) gene This study
p10499SmMaoC p10499A derivative; S. meliloti maoC gene This study
p10499ReMaoC p10499A derivative; R. eutropha maoC gene This study

Stratagene Cloning System, La Jolla, CA, USA
PKorean Collection for Type Cultures, Daejeon, Republic of Korea
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Table 2. List of primers used in PCR expriments for the amplification of the maoC genes®

Primer Primer sequence Template used

Primerl 5 GGAATTCATGAGCCGACAATGGCACGAC o b L DNA
Primer2 5- CCCAAGCTTTTACAGGCTCTCCCAACGGCC - pulida chromosoma
Primer3 5-GGAATTCATGAGCGAGCAGACGATCTAT < melilori chromosomal DNA
Primer4 5-CCCAAGCTTTTATTGGATAGTTCCCTCAGGTTT ‘

Primer5 5- GGAATTCATGAACGCCTATCAACTTTGTC R eutropha chromosomal DNA
Primer6 5- CCCAAGCTTTCAGTCCCCGCTGCTGCC :

“Restriction enzyme sites are shown in bold.

2}A 0| = pMCS104613C2 = gntT104 promoters ©]-83}¢]
Pseudomonas sp. 61-3 phaC2 geneE W& 3l+= #l g o]t} [13].
P, putida KT2440, S. meliloti 1021, R. eutropha NCIMN11599
9] maoC FHAAE Wdsh= WE = PCRE o F53
maoC & A5 pl0499A HE [9]9] EcoRI 1} HindlIl A5t
5 Apo| ] 22 3ol AAa gt

2.2, W%g2A

&t XL1-Blue += Luria-Bertani (LB) medium (2] €] 3: 10 g
tryptone, 5 g yeast extract, 5 g NaCl & )0l 4] 37°C=Z v} s}
%Atk PHAS] AYAke 918tod, maoC A2} phaC2 -7 2}
HhE sk A 23 A W31102 100 mLe] LB medium
HrotaL Q= 250 mL S22 o) 4] 96A]7F &<t vl Fsh
4tt. 2 g/L9] sodium decanoate (Sigma Co., St. Louis, MO,
USA)E 7|4 2 LB medium®] &7}t SetA = vjoke
g eF7] ol A 250 rpm} 30°Cof| A =293} et A k= Al
H BHEsto] ot ghS -8 gich. Ampicillin (Ap, 50 mg 11)2}
chloramphenicol (Cm, 34 mg I'')2 #3F9] ZetAn| = oA A

& 9fafod w2 o A7kshsict

tlo et

23. 244

PHAY] =@} PHA X -9 2A-& fused silica capillary
column (Supelco SPB™-5, 30 m x 0.32 mm ID 0.25 mm film,
Bellefonte, PA, USA)©] A2H5 gas chromatography (6890N
GC System, Agilent Technologies, Palo Alto, CA, USA)Z ben-
zoic acid methyl esterE internal standard= A}-8-3}o] E45}
%Atk [16]. PHAS] 5= 9} PHA H1l=m 245 4517 95}
o] th-23} ZHo| 3-hydroxyacid methyl esterE THS-¢ith. PHA
£ AT AR S AR s 53 F 95°C
A 24217 Az 3ko] R W= A ASHC A2 A2
)&t 30~100 mg (PHA contento]] whe} o8& &2]5t492)S
chloroform 2 mL3}+ PHA solution 1 mLE @& H}o| 2o A 95
°C oven©]| 4] overnightd}o] HF-3-3}%t}. PHA solution2 970
mL 2] | g-2¢f 30 mL2] H,S0,7} 8 g2 benzoic acidS ¢
A A 28}l ct. Methanolysis ¥H-§- 5 Aol 4] A oW &
4= 1 mL-& 7}sto] oF 142 71 vortexingsho] 4]of& & &2
H F 709 Z F okl 9] chloroform 25 GCE A5kt
AZ A5 (dry cell weight per liter of culture broth)-2 7]
Zo]| ¥ v o g A3} t} [17]. PHA content (wt%)
L AZRAZST PHA 2] v 2 JoHr),

3. RESULTS AND DISCUSSION

3.1. Identification and cloning of the maoC genes from P.
putida , S. meliloti, and R. eutropha

P putida, S. meliloti, R. eutropha 2} maoC 3R = E. coli
maoC AR} P aeruginosa phall §-AAA LS 7]HEo 2
BLAST (http://www.ncbi.nlm.nih.gov/BLAST/)2] protein ho-
mology searchE Z38]| 238|435} t}. E. coli maoC -§-7 A}
o S Foff 2 htol A A4ate 2 5 MCL-
PHAS AT 4= A7 wiell [13], & Aol A= P pu-
tida, S. meliloti, R. eutropha 5] 2~321'd ¥ maoC F-A R}
o] uel.S ool A2 o Aol 4 MCLPHAS] g4ciA}
322 728117} 519} MaoC §A 2] -2 pl0499A
Zoban|se] 2Rystol, A4H 0 HUT 4 YRS §
=3HAT}. P putida KT24400] Z74|8H= MaoC (PP0580)&-
(R)-specific enoyl-CoA hydratase2 &&# 910, P. putida
o A d 9 o] glE gl o [14,15], AA| &= g+t
H 23 A 23t wtF=ofl A PHA @730l 585 o] §17] Wl
of o1 A A PHA &H/dol &-8&3F3ith. Fig. 19] MaoC
A 4~ 2] multiple alignment 2 1}& A 2] 5} ¢ t}. BLAST search
AWE E3|| P putida, S. meliloti, R. eutropha®] MaoC &4
2= E. coli MaoC a4 2} ul2k7Fx] & MaoC domaino| 2 &
Z50] Q= AL & 4= ATt P putida, S. meliloti, R. eutro-
phaMaoC 84 259 L E. coli MaoC2] 7398} o] &
434 o Z 8.8 obu] Ak 7] 0] 5] 2] H (H)i o 25}
AFD)7h & HEzEo] Uit [13]. PCRE 8l & 53 247}
9] MaoC {825 pl0499A°] S = 5tof 2| 2= o<t Al
Zho|| A3} S Th pl0499AL TN gniTI04 TEHES W
St aRE A, o SRS NS H o2 AT &9
+ WE 2 Wol ARg-E o] $ttt [9,13]. Fig. 29 EA7H4] PHA
A of] A8-H B-oxidation pathway 2] th A8} A 2ka} E o
Tol A &85 MaoCE ©|-&-3 thAla-s Ak A 2l skqlt.
B-oxidation pathway®] = & 4 ?] FadB &2 FadAE AAY
749 B-oxidation pathway?] thAFAHEE©] PHA synthase®]
714 Q1 R3HA-CoA = %} o] PHA synthase®] " vo 2
T PHA7} A Hth= 217} Qloj gttt [4-6,12,13]. SFA|wF
8742 ¢l B-oxidation pathwayS A|\d A 28 thgtoll A=
enoyl-CoA hydratase -2 3-ketoacyl-CoA reductase 5= &
ghan s 2 Z3) ahchdd okl B-oxidation pathway 2] o
AHHEE©] R3HA-CoA= #gHE|o] PHA /e o] &4 &
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Ec MaoC 524 --==THPFRKYFEELQPGDSLLTPRRT

Sm_MaoC 1 SEQTIYYEDYEQGHVRLTS

sDHFYAHMDKTAAAESTFG 578
;D FPHHMDAEFAKT LPGG SS

Pa PhaJl i 8 SQVONIPYAELEVG-QKAEYTSSIAERDL ;DRNPVHILDAAYAATTQFK 55
Pp pp0580 156 sEASEPADPEPD-PLAEA SDIYNPT 210
Re MaoC 1 'ORYFEDFELGEHFNLPS sDNHPV 59
Ec MaoC 579 636
Sm MaoC 56 112
Pa PhadJl 56 ERTAHGF-MLSGALISAAIATVLP( 112
Pp pp0580 211 (AMALAAI 1LPI 260
Re MaoC 60 HMLAHGFQVVIQTAAGAGLFPHMVEESLK 119
Ec M: 637 KQRSAEEKPTGVVEWAVEVFNQHOTPVALYSILTLVARQHGDFVD- 681
Sm MaoC 113 PKRPGAGR---VVEI VINQRGEVVLAADHIL KPEGTI-~-~- 152
Pa PhadJl 113 NRVRMATR--VFNQAGKQVVDGEAE IMAPEEKLSVELAELPPISIG 156
Pp pp0580 261 ~=====—eeee-- PSGQLRLDGHGDVLHMVGI 5 283
Re MaoC 120 'ZVRNONDVCVMEGTOQF 158

Fig. 1. Alignment of the deduced amino acid sequence of MaoC from E. coli, P. putida, S. meliloti, R. eutropha with that of P. aeruginosa
(R)-specific enoyl-CoA hydratase (PhaJ1). Conserved amino acids are shown in boxes. The catalytically important residues Asp and His
are indicated by arrows.

Fatty acids
Acyl-CoA D
Acatyl-Cod FADM,
“—T oan | | Fade |
Fatty acid
3-Ketoacyl-CoA B-oxidation pathway Enoyl-CoA

(B)

Enoyl-CoA hydratase |

£

)-3-Hydroxvacyl-CoA Phal, pp0580, MaoCt,

p (s) v vacy MaoC™, MaoCFE,
(A)

(R)-3-Hydroxyacyl-CoA

| PHA synthase

Cpa >

Fig. 2. Metabolic pathways for MCL-PHA biosynthesis in recombinant E. coli strain through fatty acid b-oxidation pathway. Enoyl-CoA
hydratase, epimerase and 3-ketoacyl-CoA or ACP reductase have been employed to supply PHA precursors. Characters in parenthesis
represent: A, enzymes that have not been elucidated in E. coli; B, amplified enzymes to supply PHA precursors in active b-oxidation
pathway - FabG [7-9], RhIG [9], Phal [10,11] and MaoC [13-15, this study]; X, enzymes that have been inactivated to supply PHA
precursors from fatty acid [4-6,12,13].

olth [7-11,13]. whebA], B A& o A B-oxidation pathwaye]  3.2. Production of PHA in recombinant E. coli strains
enoyl-CoAS R3HA-CoAE A 3517] YajA= MaoCe] &  harboring the PHA synthase gene and the maoC gene
AT EE F WHo] W4Ho]7] Yo pl0499A ME|  MaoCE o] 85 PHA TA AN 2 152 8215}7] $jtel,
o MaoC A5 E24Y35}9], B-oxidation pathwayE Z3f] pMCS104613C22} MaoC § A A& 2Hél 5= p10499A 7|4t
PHAS FA4T 4 9 A2T a2 ARt Zepan|Eg o ato] £ coli W310& 3§ A AT} A %
T A= gt ARk A A2 g t=
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Table 3. Results of flask cultures of recombinant E. coli W3110 strains harboring pMCS104613C2 and a pl0499A derivative containing

different maoC genes®

Condition DCW PHA conc.  PHA content Monomer composition (mol%)
(g/L) (g/L) (Wt%) 3HB 3HHx 3HO 3HD
pMCS104613C2 + p10499P0580 1.0320.01 0.19£0.01 18.740.03 242 812 3942 5182
pMCS104613C2 + p10499SmMaoC 1.45+0.01 0.1£0.01 6.9+0.7 0 122 5012 38+2
pPMCS104613C2 + p10499ReMaoC 1.56+0.01 0.05£0.01 3.2+0.7 0 2242 4782 3182

*Cells were cultivated for 96 h at 30°C in LB medium supplemented with 2 g I"' of sodium decanoate. Cultures were carried out in triplicates.
Abbreviation: 3HB, (R)-3-hydroxybutyric acid; 3HHx, (R)-3-hydroxyhexanoic acid; 3HO, (R)-3-hydroxyoctanoic acid; 3HD, (R)-3-

hydroxydecanoic acid

2 g/L9] sodium decanoate 7} 3-3-5¥ LB mediumoj| 4 30°Co]|
A] 96| 7t 53t vl oF 3} S th(Table 3). P. putida , S. meliloti, R.
eutropha®] MaoC# 49} PHA synthaseE- W3l 5l+= A 25 o
AHEL 5 PHAS v Ao A7}= 2 g/L2] sodium deca-
noate.© 23 E] §481 900, 34 PHAS] F10] = 3-hy-
droxybutyrate (3HB), 3-hydroxyhexanoate (3HHx), 3-hydroxy-
octanoate (3HO), 3-hydroxydecanoate (3HD)o] it} PHA 2]
2 242 MaoC F5H0| what @5t o W, P putida MaoC
7F o] &= o, 3HD Hl=m o] M EA o] F&0] 50
mol%ol| @411, S. meliloti®} R. eutropha®] MaoC 45 %
45H9& o= 3HOS] &Z&-&o] AlY =Tt (Table 3). o
= &2 274 E. coli MaoCE ©]-&F & ol A4 U2
EH.g0] 3HO7} 74 mol%= A =¢kal, 3HDO| B2 0]
Tmol% e o Ao} vl a sl e, I F A} A Abo] A& 5=
MaoC2] 7|8 So]/dof| wpe} A/ ¥l AL#A}] F2-50] 4ol
A = S ofulgitt. /¥ 1R 29| PHA contenti= P
putida MaoC7} A8 ¢S of 18.7 wt%= A =81, R
eutropha MaoC7} o] 853 wo]= 3.2 wt%Z A Y ot

=

4. CONCLUSION

H AGLR-E P putida, S. meliloti, R. eutropha®] MaoC & 45
22 Y3}¢] B-oxidation pathway 2] enoyl-CoAE R3HA-CoA
2 Agels AFRE AL, o ol gotel At
. 23E PHAS sl A2t o A28 e el
Gt 2 Atzlo] 7t MaoCE ©]-8-3t PHA A 4HA| AF)
& FgFThE, thoret Biem] 24€ 2| MCLPHAS A
WAt 2 EE A& 08 YA 4= §lo], theFet =4S Al
o BT 5 US A0z s E
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