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ABSTRACT: Pseudomonas aeruginosa P-5 is an unusual organism capable of synthesizing polyhydroxyalkanoates (PHAs] consisting of
3-hydroxyvalerate (3HV) and medium-chain-length (MCL] 3-hydroxyalkanoate (3HA) monomer units when C-odd alkanoic acids are fed
as the sole carbon source. Evaluation of the substrate chain-length specificity of two 2. aeruginosa P-5 PHA synthases (PhaC1p.s and
PhaC2p5) by heterologous expression of PhaClps and PhaC2p5 genes in Pseudomonas putida GPp104 revealed that PhaC2p.s
incorporates both 3HV and MCL 3HAs into PHA, whereas PhaC1p.s favors only MCL 3HAs for polymerization. In order to obtain PhaC2p.5
mutants with altered substrate specificity, site-specific mutagenesis for PhaC2p_s was conducted. Amino acid substitutions of PhaC2p_s at
two positions (Ser326Thr and Gln482Lys) were very effective for synthesizing copolymers with a higher 3HV fraction. When recombinant
P. putida GPp104 harboring double mutated phaCZp.5gene (phaC2r.sQKST) was grown on nonanoic acid, 2.5-fold increase of copolymer
content with 3.8-fold increase of 3HV fraction was observed. The phaCZp.s0KST-containing Ralstonia eutropha PHB-4 supplemented
with valeric acid also produced copolymers consisting of 3HV and 3-hydroxyheptanoate with a high 3HV fraction. These results suggest
that recombinants containing phaCZp.sQKST could be useful for production of new PHA copolymers with improved material properties.
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(C6~Cl4) 2 FEH T A 57| HAE 720 PHA A9t
A #FE9] 7 SCL-PHAs2} MCL-PHAs = 3t 7|9
AT 4= =T, ol A3 EA2 A= thE HaAks 4ol
£ 7FA| &= (R)-hydroxyalkanoyl-CoAs®]| t gt PHA synthases
9] 7)1 E0]X(substrate specificity)©]] 7]213It} <, SCL-PHAs
A m A B2 BhA4=71 5 013191 (R)-hydroxyalkanoyl-CoAs
ofut e} # Fo]4dS Holi=SCL-PHA synthase S 2. -5h=
] Halo), MCL-PHAS AgH4] o1& Bhadr} 6 ol4k)
(R)-hydroxyalkanoyl-CoAs©]| 7]&E0|AS UEl=MCL-PHA
synthase S 2r31 Q)tH(Kim et al., 2007). Polyhydroxybutyrate
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(PHB)& | 3 %]+= SCL-PHAs = ZAAFHE o} 5= 27} H]
WA & H7EA RAFEA O] A EE 2 Qi o]of vt
5to] MCL-PHAs= 27HA]of] 7] ftaeabsS 7 e =28 274
SHef}t 5 2L H| A W IR 52 2 oL
EAFE] S 7HRIT. o] 2fgt &4 &f Atolof] &J sl SCL-PHAS
9} MCL-PHAs= 717} 31-5-0] §- e &2 282 &= QAT 59]
MCL-PHAs 9| 79 AR5 = o= 2 ©haglof uheh 27HA]
o] Sro|uf ko] Zx317|(C=C 2 L C=C 23 59
7171671 F 2= MCL-PHAs A3 o] 7hsst = o}
Fe =49 7158 LEAE AET - e RS A
THKim et al., 2000; Hazer and Steinbiichel, 2007; Kim et al.,
2007).

2|2 2 AA59] o714 of| A= nonanoic acid, heptanoic
acid9} Zro] 4709 eFAE ZH= alkanoic acids S R
57 FF39-E 1, MCL 3HAs ©]2]9]| 3-hydroxyvalerate
(BHV)E DA R 3= 353AE AT Pseudomonas
aeruginosa P-5 w55 ¥ 1158} QItiWoo et al., 2012). ©] o+
FEEE WA= S TA W 3HV Y kg2 o] whet
5-10 mol% 4=5=0|1, valeric acidE H 27| =2 H7} A] 26
mol%7HA] A FX1E 4= QI3Iek oA F SCL @¢{4|12F MCL
RA7E 2ol EASk= SCL-MCL-PHA 353 A|= mi$-
Eolat EAFR A 7]22] SCL-PHAs & MCL-PHAs2}= &
5] FREE 84S 7} 0 2 n]gE TEAe] A1 H S
| HAE A7 =d 78S Ao m Y E E3F P
aeruginosa P-5 w52 5-€] PHA synthase -2 A& 22|35} 12
B3 A}, o] = 5 712 MCL-PHA synthases (PhaClp.s
I} PhaC2p.s) S+ AAE 4551 2F SCL-PHA synthase -2 <}
= dof=o] = Aoz UEdt(Woo et al., 2012). o] 3t 2
k= P-5 7#522] MCL-PHA synthases”} MCL (R)-hydroxyacyl-
CoAs®} ulzt71R] & (R)-3-hydroxyvaleryl-CoA S 3 HH3-9]
A2 QABh EET 7| AEo] 4 o) BAS Ak 2T,
A =7FA] MCL-PHA synthase7} SCL (R)-hydroxyacyl-CoA 1
(R)-3-hydroxybutyryl-CoAS- 7|22 Q1X|5}] 3-hydroxybutyrate
(3HB)Z 3}-9-3}= SCL-MCL-PHA Z33412 A48 5= Q)
& R Pseudomonas < 750 A A E HE QLo LH(Abe
et al., 1994; Lee et al., 1995; Chen et al., 2001; Hein et al.,
2002), 3HVE §-9-31= SCL-MCL-PHA 22314 9] 354
o uj& =& Fxilolti(Kang et al., 2001).

Pseudomonas aeruginosa P-5 w52 PhaClp.s1} PhaC2p.s+=
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717} 55971 &f opw| Akt 5607 €] ofn|ieihe 2 SAdE of Q)
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of| 7]1¢15H=A] 5 8}3]7] 9]3}od, PhaClp.s2} PhaC2p.s 3RS
Z¥zy PHA A3/ d-s0l Aold S o] F5(Pseudomonas
putida GPp104%} Ralstonia eutropha PHB-4)0]| A Zr& A]7|
AN E PHAs O] 2782 2ARTC 2 7F 5 4:9] 7|7 50|
A& v 3}k T3 MCL-PHA synthase 2] £% ofn] 1Ak
210 O A4 B 7] S 0] 4| WIskS 7] 915}
o] 2223 & Ho| A A(site-directed mutagenesis)S 4>3Y
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PHA synthase QZiXIe| 22 U 2IX|XIH SHHO MM

pGEM-T easy vector®|| P. aeruginosa P-52) phaClp.s2}
phaC2ps & Z¥Z} 224 31 §, broad host vector= a7l
pBBRIMCS-2 (Kovach et al., 1995)°]| =3}7] 93} At
2 Sacl 2} Kpnl o] Z-4-97] A 210] k2 Wyl oupa
o AFE ol m e Azteigon] oA Z2E 717t
phaClps2} phaC2p.;9] E2TtAU| =5 £ 0 7 3to] PCRS
33kt o] & FEH AHE3 pPBBRIMCS-29]| Saclzt
KpnlS 23t 5 A3 2w, phaClps©] =% plasmid
£ pBRCl1, phaC2p.57} =) 5 plasmidE pBRC2 2 HH3}%
tHFig. 1).

phaC2p.59) opu| 1Ak 326 3428 1 O] ofr| AL 2] 1S 9
2 917074 AL S}] 9190 7] H AL i
primers €1 S326X, S326rev 712 11 Q482X, Q482rev-2 A X5
2THTable 2). Z+2+o] pBRC13} pBRC2E 23 0 & 5lo] ¢
ol A A|&FRE 3A| E 9] primerE @il PCRES =8 51o] ofm| i
41326113} 482112] 7] 4] 20] W H PCR AHE-S A3,
PCR %712-95°C 55 8HS- 3 95°C | 1, 55°C 1 &, 72°C 75
50% #|2]& 163] RH55FAL upX] 2} extension A 25}t
$Jo14 @101 pBRCI 9 pBRC2, 12131 phaC2y.s o) obv e
AF 326HH1} 428 0] mutation® plasmids+= PHA $HA
negative 75=21 P. putida GPp104 2} R. eutropha PHB-40] A

7123 (electroporation) ¥ 5 (Iwasaki ef al., 1994)2 o]&
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Table 1. Bacterial strains and plasmids used in this study

Strains or plasmids
Bacterial strains
Pseudomonas aeruginosa P-5
Pseudomonas putida GPp104
Ralstonia eutropha PHB-4
E. coli DH5a

Description Source or reference
Lee et al. (2011)
Huisman et al. (1991)
Schubert ef al. (1988)

PHA-synthase negative mutant of P. putida KT2440
PHA-synthase negative mutant of R. eutropha H16

Standard cloning strain

Plasmids
pGEM-T easy vector
pBBRIMCS-2
pBRC1
pBRC2
pS326T

pQ482K

pQ482R

PQKST

Amp', pSKBluescript derivative, lacPOZ Promega Co.
Km', broad host vector, lacPOZ Kovach et al. (1995)
pBBRIMCS-2 derivative, phaCl of P. aeruginosa P-5 This study
pBBRIMCS-2 derivative, phaC2 of P. aeruginosa P-5 This study
pBRC?2 derivative, mutant phaC2p.s .
Ser326—Thr This study
pBRC?2 derivative, mutant phaC2p.s .
GInd82—Lys This study
pBRC?2 derivative, mutant phaC2p.s .

Th
GInd82—Arg is study
pBRC?2 derivative, double mutant phaC2p.s This study

Ser326—Thr, GIn482—Lys

Table 2. Oligonucleotide sequences used in this study to amplify phaClp.s and phaC2p_s

Primers for amplification of phaCp.s
CIF-Sacl
CIR-Kpnl
C2F-Sacl
C2R-Kpnl

5'-GCCGGAGCTCATGAGTCAGAAGAACAATAACG-3'
5'-CTGTGGTACCTCATCGTTCGTGCACGTAGG-3'
5'-GTCCGAGCTCATGCGAGAAAAGCAGGAATCGG-3'
5'-CTTGGTACCTCAGCGTATATGCACGTAGG-3'

Primers for Ser326 site mutagenesis
S326X*
S326rev

5'-CACCTACCTGGTCAGCCTGCTCGACAGCCAG-3'
5'-CTGGCTGTCGAGCAGGCTGACCAGGTAGGTG-3'

Primers for GIn482 site mutagenesis
Q482X
Q482rev

5'-CAGCGGGCACATCCAGAGCATCCTCAACCCT-3'
5-AGGGTTGAGGATGCTCTGGATGTGCCCGCTG-3'

Bases underlined indicate Sacl and Kpnl restriction sites in F and R, respectively. Double underlines indicate the substitution codons for Ser326 (AGC) and GIn482 (CAG) in
$326X and Q482X respectively: Ser326—Thr (AGC—ACC), GIn482—Lys (CAG>AAG), and GIn482—Arg (CAG—CGG).

* X indicates the mutant amino acid residues.

Plasmid7} AU AT 7 E-S 26 Bl ol g3to]

7ZnS04+7TH,0, 1.98 g MnCl,-4H,0, 1.67 g CaCl,-2H,0, 2.78
g FeSO4-7H,0, 2.81 g CoSO4-7H,0, 0.17 g CuCly-2H,07} =
oFQl=-glfo|tk. WA, 1THA| 2 PHAs g glo] Al A7yt
0] Z7] 913} kanamycin (200 pg/ml)©] %7} nutrient brothoj|

100 m12] mineral medium©] =¢1%)+= 500 ml 2] AzF=&epAT
of| 4] 200 rpm, 30°C 2] A © 2 uj|%F5}4 tt. Mineral medium
© 2]E]50.2 g NHiNOs, 5.8 g K;HPO, 3.7 g KHaPO,, 0.37 g
MgSO4-7H,02} 3 ml 2] trace element stock solution©| 3£ &%
"l x| o]}, Trace element solution 1 N HCI -840 0.29 g

A Az 55 20412 vigstsict 0% AR e s Fot
o] A EZE 453} 5, alkanoic acids7} 2 g/L 3+l mineral
mediumo]| 3E-5}o] 48 A1 7k 5k 7 WA oA o v S 3
5to] PHA & fr=shsith

A 327 252K (dry cell weight)-2 Bl &FE ]
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(o
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phaCl, phaZ, ;

phaC2, ;

PCR and restriction
with Kpn I and Sac 1

Restriction with
Kpn Tand Sac 1

Kpn1

Ligation Sac 1

Sac 1

Fig. 1. Construction and restriction maps of plasmids pBRC1 and pBRC2.

Bho] SB35}, 20°ColA A2 ), EAARS|E
A2 74 2454300 A4 E PHAsS] 314 2 H A Lee
(201D o R o= sk gith PHA O] A wF 2l 4/ 24
2 PHBE} polyhydroxyoctanoate S ¥EFA| R 2 3}o] gas
chromatography W2 o|-835}9ch GC 2412 913t 27] @
HOr =60°C2 45 59k FX]3F 5 £ 8°CH 280°C7}H4]
Z7 A Z ek PHA ©H]A) 2] 542 gas chromatography-mass
spectroscopy (GC/MS) A of oJ3}%i Tt

=S 79| PHA AiEHM

MCL-PHAsE A A= A o 2 &2 7 rRNA homology
group 1] Pseudomonas Z5-2 5+ £52] MCL-PHA synthases
(PhaC13}-PhaC2)E 71X 3L @itk 1 gQk o] = 7[R 47} 7]
5.0 ofulgh Aoz} =] oj o] tfalol e AAE
of oI5t L7} o] A hTh ZFZ} Pseudomonas chlororaphis
HS212} Pseudomonas aeruginosas A4S 2 PhaCl3} PhaC2
9] 7]-E 0] dof| sto] 2ARRE Chung 5(2012) Qi 5(1997)
2 F Aoyt folautet 714 5ol of Afo] 7} glrkar H gk

&3l A Als2d Al4%

pBBRIMCS-2
5144 bp

PCR and restriction
with Kpn I and Sac 1

Restriction with
KpnTand Sacl

Ligation

B} o), Matsusaki 5(1998)-2 Pseudomonas sp. 61-3 w-5=2]
PhaC13} PhaC29] 7|2 Eo]A]o] Ato]&l, PhaCl o] PhaC2
of H|s}o] 7] 5ol o] §olA MCL-3HAs 5} o2} SCL-
3HAs?Ql 3HB: $HAst= a42tar B sh9th oA, Chen
512004, 2006)2 P. stutzeri®] T A= QJeb= AL A
PhaC27} PhaCl9j B]3}o] 7|2 E0]A]o] YlojA MCL-3HASs
mu} ol 2} SCL-3HAs Q) 3HBE SHA1aHs § 4012 1 18t
b gick

£ Aol A= PhaClp.s 2} PhaC2p.5 9] 71554 2}o]& o}
B7] Y5t 22Y 9 phaClp.s2phaC2p.5& pPBBRIMCS-2
vectoro] 4Fd5te] pBRC12} pBRC2E A| 23191, ol &=
Z¥7; PHA AgHd50] 295 P. putida GPpl104 52} R.
eutropha PHB-4 -30]] 27| H-2HE o|-&38lo] =35} ch
pBRC1 = pBRC27} AHe) & ) 23 P. putida GPp104S} R.
eutropha PHB-4 1-5-+= Z}Z} nonanoic acid2} valeric acid-&
whol Bha9l0 2 Fsto] vjestsich pBRC27H = 9lEl 4
%3} P. putida GPpl04 w5+= 4.4% 3HV7} Z3H= SCL-
MCL-PHAsS AXF2] 12.6% (w/w) E A 4331t 514
I} pBRC1 0] =¥ 5=0]| 4= 3-hydroxynonanoate (3HN)
¢} 3-hydroxyundecanoate (3HU)7} & o] = MCL-PHAs
k3 = QT Table 3). 0] A3 Z3}= £3}o] PhaClps= 7]
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420 MCL-3HAs Wk ¢14]5to] 9Hd st ek oF
PhaC2p.s= SCL-3HAsS] 3HVE-E] MCL-3HAs7}4] K.t} =
HOFL 7| A B0 L 7R a1 Q= A o 2 wohE| 9T} A =3
R. eutropha PHB-4 2] 739, pBRC10] =Y EH IS

PHAE A/d5HA] 3:3H3 21 pBRC27F == 9l o 3HV
7} 72.41% TH3-% SCL-MCL-PHAsE §H4d 3191 tiTable 3).
o] 3t A2 PhaClp.s&} PhaC2ps= Abol3t 7] A E 0] S
7}A 2L 9 o™, 1 % PhaC2p57} SCL-MCL-PHASE A3 3HA]
sh=t 7103tk AM S & o QI 3 PhaC2ps= 2
A= oot ghaxof webA] 3HV Hl&-o] A o SCL-

:a_ © o El

MCL-PHAsS F4T 4 9 2102 et s, o] PHA
9 240 28 Bl N2 ThE B4 nol e iR

= kel Sk Mol M ol 588 Solel 2 4= 9l
PHBS} -2 SCL-PHAs = whths} 31 &F Hajz| = 2L 7]

2ol S8 97} AakE] T 9= Hbm o], MSC-PHAS
L nRery 38 AzbA o] 2L A JtHKim et al., 2007).
o]o] Htsto] SCL-MCL-PHAs= 254 © & SCL-PHAs®}
MCL-PHAs®] 480] Eahel 842 27 9lov), 3537
W ZF Al e] dadol] whet vt 24de HY o=
TS PHAs 2| 831 915 IA A = U A2z 7]
) =22 1 TH(Abe and Doi, 2002; Nomura et al., 2004; Chen,
2011; Leong et al., 2014). A2 of| 4] E2] =)= PHA 3+
2] 1A E-0] g 0] SCL-PHAs -2 MCL-PHAs 2 31714
TRAGRE RALE 2 9] 8-S 1183} uf, SCL-MCL-PHAs S
SR BAEL Bl 7140] QY EIch B3], A7k el
SCL-MCL-PHAs 2§ A] n]REE5-0] SCL @A 2 3HBE o|-&
=) Q5] P. aeruginosa P-52] PhaC2p.s=3HVE T
2 0]-g3tH= Aol A ul|$- T1| 2 MCL-PHA synthase©]t}.

PhaC2r-s2| HXIX|IH =X

SCL-MCL-PHAs2- $HJ3|= u| & 2204 Pseudomonas sp.
61-32] PhaClpgs1.32} Pseudomonas stutzeri 13172] PhaC2pg1317
o] 3HB7} ERHE BETHAE TATICHE Aol 2ol ot
(Matsusaki et al., 1998; Chen et al., 2006). ©] <= Pseudomonas
sp. 61-3= PhaClps132 72+ S0 (random mutagenesis)
2 B3] TEaA| ) 3HB ko] 27 2718 T ] B4l
Ho|FE A tHTakase ef al., 2003, 2004). 5 7] Ho|F9] &
A o] A A2 = Z17F Ser3252) GInd81 24 Ser325= &4
ZX)(active center) <] 2] ofu|=Ato]w, GInd81-2 272
catalytic dyad 2] o} =ALO 2 0]59] 5 0|7} SCL-MCL-
PHA 35313|2| 3HBS] gee] Zrjol Tolshe Aol
223131 )k o]of Shen 5(2011)2 P. stutzeri 13172]
PhaC2p13177} 7152 ©.2 Pseudomonas sp. 61-32] PhaClpss
o 0 Ash, obu Ak A B TAF GARHA Ser3259} Gndg 1
o] Ser3262F GInd82 = U 25131 7] wfiZof| o] & 5L sH
EAH| AJF O 1, Ser326 GInd82E Thr326, Lys482 = &<
Ho| Al FE& 79~ SCL-MCL-PHA 53344 ©] 3HB 2] 3hfo]
S AS Baskyick

o|H gt AWE=L& ule © & P. geruginosa P-52] PhaC2p.s &
A Ser326-S Thr326 2, GInd82-S Lysd82 == Argd822 ]
aha Bl o] Eehan| =8 A%}, ofuliAto] A2k
pBRC2+=PHAs $3-2 Y3l P. putida GPpl04 2} R. eutropha
PHB-40]] %17] @%ﬂ_ﬂ% 3l AFRJal2ich. op4 3 PhaC2e.s9}
v w3l B3-S w T = o|(single mutation) ] PhaC2p.s
L5 PHA 347} 3HV ‘ﬂ]:e_ro] F7HE = Ae gelsklnt
(Table 4). 3}A] 9 GIn482Arg X T} GIn482Lys & & 2|35}
PhaC2p.s7} PHAs $HAJ-&-3 3HV &HeFo] o =3kt Lys4827}
B& Bhio] T2 2l Alsto] Shdsts o Hakeict gt

oS St

[

e

B

Table 3. PHA accumulation by recombinant strains harboring phaC1p.s and phaC2p.5

Plasmid Carbon source DCW PHA content PHA composition (%)
(&/L) (gL’ (%) 3HV 3HHp 3HN 3HD 3HU 3HDD

P. putida GPp104 0.69 ND°
pBRC1 Nonanoic acid (2) 0.58 0.7 19.6 80.4
pBRC2 0.71 12.6 4.4 17.4 69.5 1.4 5.2 2.0
R. eutropha PHB-4 0.69 ND
pBRC1 Valeric acid (2) 0.71 ND
pBRC2 0.78 274 724 26.9 0.8

Cells were grown aerobically in 500-ml Erlenmeyer flasks containing 100 ml mineral medium at 30°C for 48 h with shaking at 200 rpm.

“DCW, dry cell weight.
b ND, not detected.

¢ Calculated from GC area%. 3HV, 3-hydroxyvalerate; 3HHp, 3-hydroxyheptanoate; 3HN, 3-hydroxynonanoate; 3HD, 3-hydroxydecanoate; 3HU, 3-hydroxyundecanoate;

3HDD, 3-hydroxydodecanoate.
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Table 4. Biosynthesis of PHA by recombinant P. putida GPp104 strains harboring mutated phaC2p.5 gene

R Carbon source DCW PHA content PHA composition (%)°
(g/L) (g/L)* (%) 3HV 3HHp 3HN 3HD 3HU 3HDD
P. putida GPp104 0.69 ND®
pBRC2 0.71 12.6 4.4 17.4 69.5 1.4 52 2.0
pS326T L 0.64 25.1 7.3 18.7 67.9 1.8 2.4 1.9
Nonanoic acid (2)
pQ482R 0.47 23.1 6.0 20.4 65.9 2.4 2.8 2.5
pQ482K 0.65 233 11.2 22.5 61.6 1.1 2.2 1.4
pQKST 0.67 30.6 15.3 229 56.5 1.2 2.1 1.9
R. eutropha PHB-4 0.69 ND
pBRC2 0.78 27.4 72.4 26.9 0.8
pS326T L 0.85 34.8 77.8 222
Valeric acid (2)
pQ482R 1.01 27.3 85.9 14.1
pQ482K 0.79 30.0 88.7 113
pQKST 1.08 37.4 95.2 4.8

Cells were grown aerobically in 500-ml Erlenmeyer flasks containing 100 ml mineral medium at 30°C for 48 h with shaking at 200 rpm.

*DCW, dry cell weight.
b ND, not detected.

¢ Calculated from GC area%. 3HV, 3-hydroxyvalerate; 3HHp, 3-hydroxyheptanoate; 3HN, 3-hydroxynonanoate; 3HD, 3-hydroxydecanoate; 3HU, 3-hydroxyundecanoate;

3HDD, 3-hydroxydodecanoate.

o] 3HV ] ke |3l Z7}A] 7] 122} Ser326Thre}
GIn482Lys 9] o]% =<1 o](double mutation; pQKST)-2 #
Y31 tt pQKSTZF AU P. putida GPp104 2] 7-9- PHAs
3H8-2-2.50), 3HV 323,58 27}8}9 tHTable 4). npzt
7HA 2 pQKST7} =¥ A =3t R eutropha PHB-40)| A=
PHAs 3/do] 1.38), 553 ] 3HV Hl&-o] 1.28) F7Fst
%ITH Table 4). w2}A] PhaC2p.5 0] Ser3269} GInd827} 3HVE
148l T BT Aok SaT e Tk AL
oF 4= ATk PhaC2e.58] $1414)74 Belvio] AL B3] 22

[‘
lo

l

ek A ket 244& 7= ST HAE T 4 o
il =/do] th2 PHAsE AAIREO 24 PHA ] 3-8 1915 |
3 2 gll:}L ol A phaC2p ;0KSTES E3FoH= A3t
cARH R {8 A oR Y

H 2

Pseudomonas aeruginosa P-5 5= Z579 @A4E
Z2r= 2ukALS 2 BLE 3-hydroxyvalerate (3HV)%2} medium-
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