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Abstract  Polyhydroxyalkanoates { PITA) were biodegradable thermoplastics. Due 1o their broad applications, direct hiosynthesis
of PHA from inexpensive substrates. such as carbohvdrates, is actively pursued. It has been recently revealed that { R )-3-
hydroxsacyl-ACP; CoA transacylase (PhaG) played an important role in this pathway. In this study, a pelvmerase chain reaction
{PCR) protocol was developed for the rapid and specific identification of phaG gene from various hacteria . Using the PCR straie-
gv, the complete open reading frames of two phaG genes from Pseudomonas stutzeri 1317 and Pseudomonas nitroreducens 0802
were cloned from the genomic DNA and functionally expressed in Psendomonas putida PHAGy-21. Furthermore, this strategy
was successful applied in non- Pseudomonas strains, such as Burkholderia . These resulls suggest that PhaG-mediated pathway of

medium-chain-length polyhydroxyalkanoates was widespread among bacteria.
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1 INTRODUCTION

Polvhvdroxvalkanoates (PHA} are produced by various
microorganisms as intracellular carbon and energy storage ma-
terial under nutrient-limiting conditions- - . Most fluorescent
Pseudomonas strains belonging to the rRNA homology group 1
containing ¥ subdivision Proteobacteria are able to accumulate
PHA consisting of various 3-hydroxyalkanoates (3HA) with
carhon-chain-length ranging from 6 to 14 carbon atoms ( me-
dium-chain-length, MCL)-*-

alternatives for petrochemical-based plastics because they are

PHA are expected to become
biodegradable lhermop]astics:'i: . and are also considered as
new tissue engineering materials due to their excellent bio-
('umpalibilil_\':f’_;

Composition of PHA depends on the svnthase, the car-
bon source, and the metabolic routes involved-'~* . It has
been reported that several fluorescent Pseudomonas accumu-

fate MCL PHA {PHA ., } from carbon sources non-related to
PHA structure bv emploving a faity acid de novo hiosynthesis
pathway-' "% . Via this route, { R)-3-hvdroxvacyl-ACPs, the
intermediates of fatty acid de nove biosynthesis pathway, were
converied to their corresponding CoA derivatives lo serve as the
substrates of PHA synthase. This eonversation can be mediated
in a one step reaction catalvzed by an (R)-S-hydroxyacyl-
ACP: CoA transacvlase (PhaG). encoded by phaC genezsi .
Interestingly , heterologous expression of phaG in Escherichia
coli led to extracellular accumulation of 3-hydroxydecanocic
acid®* , with the assistant of thivesterase [ .

However, due to the complexity of the bacterial ge-
nome. phaG genes were only isolated from four Pseudomonas
strains by complex heterologous- probe-hybridization method to
date, including Pseudomonas putida *- | Pseudomonas
aeruginosa:”-' Pseudomonas olecvorans >, and Pseudo-
monas sp. 61 - 38 though a high efficiency identification
method has been pursued for a while .

In this study. a rapid and convenient polvmerase cham
reaction ( PCR) strategy. utilizing short conserved stretches of
published phaG genes, was performed to clone the phaG
gene from two PHA svnthesis Pseudomonas strains that syn-
thesize PHA. Complete pha€ genes of these microorganisms
were directly cloned and identified from their genomes for the
first time. Furthermore, the strategy was also successful in
cloning phaG gene from a non- Pseudomonas PHA-synthesis
strain Burkholderia carvophyili AS 1.2741, which belongs to
the rRNA homologous group [l containing # subdivision Pro-

teobacteria .

2  MATERIALS AND METHODS

2.1 Bacterial strains, plasmids, and growth conditions

Baclerial strains and plasmids used in this study are

summarized in Table 1. Pseudomonas stutzeri 1317, Pseudo-
monas nitroreducens 0802, and B. carvophylli AS 1.274]
were isolated from oil-contaminated soil samples in north
China and identified by the Institute of Microbiology. Aca-
demic Sinica in Beijing, China. All strains were cultured at
30°C and 200 v/min overnight in Luria-Beriani (LB) medi-
um. 1 ml inoculum from the ovemight-cultured broth was
added to fresh mineral salt ( MS) medium and grown at 30°C
on a rotating shaker ( NBS Series 25D, New Brunswick,
USA) at 200 r/min for 48 h-'® . Carbon source, such as glu-
cose. sodium octanoate, and lauric acid. was added at the
beginning of the fermentation, and the pH was adjusted to
7.0, If necessary, 50 mg/L kanamvein was added to the me-
dium to maintain the stability of the plasmids.
2.2  Cellular dry weight and PHA analysis

To determine the cellular diy weight (CDW), liquid
cultures were centrifuged at 10 000 x g for 15 min, the cells
were washed twice and lvaphilized for 24 h. Determination of
the intracellular PHA content and polvmer composition by gas
chromatographv were performed as described previousl)':wr .
2.3 DNA manipulations

Ex Tag DNA polymerase were purchased form TaKaRa
( Dalian, China}; T4 DNA ligase and pGEf\HIR -T vector sys-
tem | were purchased from Promega ( Madison, WI, USA);
restriction endonucleases were purchased from New England
Riolabs { Beverly, MA, USA). All primers used in this study
(Pl: 5'-CCC CAA CAT ATG AGG CCA GAA AT-3'; P2:
5'-ACC CAG GAA TTC AGA TGG CAA AT-3; P3: 5°-CGC
TCT AGA ACT AGT GGA TCC CCC GGG CAA GTA CCT-
3'; P4: 5'-TTC CTG CAG CAT ATG TTG ATT GTC TCT
CTG CCG TCA-3") were supplied from BioAsia company
( Shanghai, China}. The conjugation technique was conduct-
ed as described by Simon et al .-** . in which Escherichia
coli 517-1 was emploved as a donor strain. All other genetic
techniques were performed following either standard proc-
edures "*- or the instructions from the manufactures.

Touchdown PCR technology ( emploving the P1-P2 prim-
er pair) was applied to obtain the preferred produet and mini-
mize artifacts. Briefly, after the initial 2 min of denaturation
at 95°C . the annealing lemperature was changed from 65°C
{5 cveles) to 60%C (5 cvcles) and then to 557 (25 o-
cles) . Elongation was at 72 for 2 min. with the last step
for 5 min at 68°C .
2.4 Nucleotide Sequence Accession Number

The nucleotide sequences of phaG genes identified here
will appear in the GenBank databases under accession num-

hers:  AF516488 ( phaGp from P. 1317 ).
AY039839 ( phaGp, from P. nitroreducens 0802), and
AY039840 { phaG, from B. caryophyvili AS1.2741}.

stuttzeri
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Table 1 Bacterial strains and plasmids used in this study
Strains and plasmids Helevant characteristic(s) Source or refzrence
Strains
Escherichia coft S17-1 recA 3 harbors the tre genes of plasmid RP4 in the chromosome; prod thi-1 "14”
Pseudomonas putida PHAG-21 PhaG-regative mutant of P. putida KT2440 8

Pserdomonas stutzeri 1317
Pseudomonas nitroreducens 0802
Burtholderia carvophyili AS 1.2741

rRNA homalogy group I, non-fluorescent pigment produced. PHA-producing
natural relationship is tentative, fluorescent pigment produced, PHA-producing

tBNA homology group T1. PHA-producing

Lab collection
Lab collection
[ab collection

Plasmids
pGEME T Aplr)i dacPOZ’ 5 T-vectm Promega Co.
pBluescript SK- Apir): lacPGZ’ “15°
pBBRIMCS-2 Kn(r): broad-host-range vector J16.
BHRSS pBluescript SK™ containing Wautersia ewropha polvhydroxybutyrate synthesis aperan 17
" downstream of fec promoter T
Bluescript SK~ containing R . ewtropha PHB-synthesis-locus ' s promoter with a Vde
oLZZHO7 P P sonlarnng > ’ promater wath # This study
T site at the exactly translate start point
. pBBRIMSC-2 cumumining R. eutrophe PHB-synthesis-locus ' s promoter with a Nde ] .
plZZH13 . . This study
site at the exactly translate start point
pLEZL06 plZZH13 containing pheG gene cloned from o ostutzerd 1317 This study
pLIZGO8 plZZH13 containing phaG gene cloned from P nitrareducens Q802 This study
pLZZG09 pLALAHLS contairing phel gene cloned from B . caryepliylli AS 1.2741 This study

" dp(r}, ampicillin resistant gene; Kn(r). kanamycin resistant gene; gene phal encodes { R )-3-hydroxyacyl-ACP; CoA transacylase .

Table 2 Growth and PHA accumulation of Pseudomonas and Burkholderia strains cultivated on varions carbon sources®

] ) Carbon CD%* PEA/CDW Composition of PHA (mol % }*

Baciera strein source” /(L) (% Wiw) 3HB 3HHx 3HD 3Hp 3HDD
G 1475007 20,5545 2.53 1.51 18.81 67.43 9.72
P stut=eri 1317 0 1.37+0.08 9.34 +0.93 NDY 6.62 76.38 12.67 4.27
L 1.22£0.08  34.24:1.17 ND 3.67 39.47 46.57 10.29

G 0.16 = 0.02 D - - - _ _

P nitrareducens 0802 0 159012  52.11+1.83 100 ND ND ND ND
L 1.06+=0.02 34.32+1.28 G7.39 ND 0.19 1.86 0.59
G 1.650.11 4.4+ 0.52 2.7 1.00 8.57 55.21 32.51
B. carvaphylli AS1.2741 0 1.69£0.09  31.48+2.58 ND 4.68 89.96 3.78 1.58
I. 2.46£0.15  35.37£1.32 .26 4.20 45.30 40.12 10.12

* Cells were cultivated on M8 medium containing various carbon sources. After 48 h cultivation at 309 and 200 ffmin, cells were harsested wnd detected. Results

were ohtained from three separate fermentation expedments ;

* G: 20 /L glucnse; O: 2.5 g/L sodium octanoates L: 5 g/L lausic acids

* CDW, cellular dry weight: 3HB. 3-hydroxybutyrate; 3HHx, 3-hydroxvhesanoate: 3HO. 3-hydroxyoctancate; 3HD, 3-hydrovydecancate: 3HDD. 3-hydrosydo-

decanoate ;

® NI, not ddetectable

3 RESULTS

3.1 Growth and PHA accumulation of Pseudomonas
and Burkholderia strains cultivated on various carbon
sources

As a typical PHA -producing strain, P. stutzeri 1317
utilized both glucose and fatty acids to svnthesize PHA, con-
sisting of 3-hydroxyoctanoate {3HO) and 3-hydroxydecanoate

{3HD) as the major monomers {Table 2). P. nilroreducens

0802 only accumulated large amounts of PHA when fatty acids
were provided as carbon sources; glucose supported almost no
PHA accumulation. Interestingly, as the chain-length of the
fatty acid substrates increased from octanoic acid {(Cg) to
lauric acid (C;; ). PHA synthesized by P.
0802 shifted from 3-hydroxybutyrate homopolymer ( PHB) to

nitroreducens

various monomers containing longer side chains ( Table 2.
B . caryophylli AS 1.274]1 was also able to utilize both
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Fig.1 Polymerase chain reaction (PCR) amplification of phaG
genes. Purified genomic DNA and Ex Tag DNA polymerase
were used in the reactions
1: DNA size marker D1. 2000 (TaKaRa, Dalian, China}; 2: genomic
DNA of P. stutzeri 1317 was used as the template; 3: genomic DNA of
P . nitroreducens 0802 was used as the lemplate; 4: genomic DNA of B.

caryophylli AS 1.2741 was used as the template

1 64

Ppu
Pae
Pol
Psp
Pst
Pni
Bea

MRPE A 1 GQYR T FY AA TIIL NGS TTASFAQTV L P NVVL D

Ppu
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Pol
Psp
Pst
Pni
Bea
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121 180
Pou RRE e OB
Pae
Pol
Psp
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Ppu
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Psp
Pst
Pm
Bca

I TIPLFNG D YT

Ppu =
Pae
Pol
Psp =
Ps1 SO
Pn1
Bea

F [ AGIFDEKA LFLP R hAfAT
Fig.2 Alignment of the deduced amino acid sequences
of various bacterial phaG
Ppu: P. putids; Pae: P. aeruginosa; Pol: P. oleovorans; Psp:
Pseudomonas sp. 61 = 3; Pst: P. stwzeri 1317; Pni: P. nitroreducens
0802; Bea: B. caryophylli AS 1.2741. Conserved amino acid residues
were listed. The HX, D motif is underlined

glucose and fatty acids as a carbon source. Many monomers of
PHA were synthesized when cultivated on both structural non-
related and related carbon sources { Table 2), distinguishing
this strain from all other Burkholderia strains, which are re-
ported o synthesize only PHB! - .
3.2 PCR cloning and molecular analysis of phaG genes
The coding regions of known Pseudomonas phaG genes
display great homology, especially in both terminal sequenc-
es. Highly conserved sequences of these coding regions were
used as primers for the PCR screening protocol . Purified ge-
nomes were used as templates, and touchdown PCR technolo-
gy (employing the P1-P2 primer pair) was applied to obtain
the preferred product and minimize the artifacts. A distinct
PCR product of approximately 900-bp was obtained, in good
agreement with the length of phaG genes (Fig. 1).
Subsequently, the PCR products were separately cloned
into pGEM® -T and sequenced. These sequences were ana-
lyzed, and the complete open reading frames { ORFs) were
identified by computer analysis ( Vector NTI, InforMax,
USA). The corresponding protein sequences of the new iso-
lated DNA fragments processed high similarity with the PhaG
sequences of known Pseudomonas strains (identity 47.3%,
positives 96.3% ). Furthermore, the conserved HX, D motif,
which has been proposed to play an important role in enzy-
matic catﬂlysis‘“ - 12 , was also found in all these cases
(Fig. 2).
3.3 Construction of plasmids to heterologous expression
of phaG genes

To evaluate the function of the translational products of

these new isolated DNA fragments, a broad-rang-host expres-
sion vector pLZZH13 was constructed. It is a derivative of
vector pBBRIMCS-2 and contains the promoter of Wautersia
eutropha (formerly as Ralstonia eutropha)} phb operon with an
Nde 1 site. Briefly, the 1.6-kb Xba I - Pst | fragment con-
taining the W. eutropha PHB-synthesis operon with an Nde
1 site inside was amplified from plasmid pBHR68 using
primers P3 and P4, and then subcloned into the respective
sites of plasmid pBluescript SK™ . The resulting plasmid,
pLZZHO7, was hydrolyzed with EcoR I and Sme 1, and
the 1.6kb fragment was inserted into the EcoR I and Hinc
[ sites of pBBRIMCS-2, resulting in the vector pLZZHI13
(Fig. 3). The phaG genes of P. stulzeri 1317, P. nitrore-
ducens 0802, and B. caryophylli AS 1.2741 were subcloned
into Nde I and EcoR I sites of pLZZH13 under the control
of a W.eutropha PHB-synthesis promoter, leading to
pLZZG06, pLZZGO8, and plLZZGO9, respectively (Fig.3).
3.4 Analysis of PHA synthesis in P. putida PHAGy-21
carrying the new isolated phaG genes

Plasmids pLZZG06, plZZGO8B and pLZZG(9 were intro-
duced into the PhaG-negative strain P. putida PHAGy-21 by
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conjugation. Since PhaG mediates PHAy synthesis using a
fatty de novo biosynthetic pathway and non-related earbon
sources in P. putida , recombinant strains carrying the phaG
gene were able 10 synthesize PHAy, when cultivated on glu-
cose as sole carbon source { Table 3), All these PhaGs medi-
ated PHA ¢, accumulation consisting of 3HO and 3HD as the
mainly monomers ( Table 3) , similar to the PHA produced by
wild type P. putida (3HHx 1.6%, 3HO 32.1%, 3HD
62.7, and 3HDD 3.6% )" | Thus, PhaG,,, PhaG,,, and
PhaGg, functionally replaced PhaGy, .

4 DISCUSSION

As the key player in direet production of
PHAya * "' and HAye ' from carbohydrates, PhaG
presented a favorable chance in direct biosynthesis of
HA,o o Unfortunately, due to the complexity of the bac-

terial genome, only four phaG genes were identified employ-

Amplifying Py by PCR Ap(r
with P3-P4 primer pair, and
subcloning into Xba 1/Pst [
sites of pBluespeript SK°

ing complex heterologous-probe-hybridization method, even
this protein interested a lot of researches.

To obtain more information of this useful protein, a PCR
protocol was developed in this study to clone phaC gene from
a typical PHA-producing strain P . stutzeri 1317 (Fig. 1).
This gene, which is under the control of the promoter for the
W. ewropha PHB-synthesis-operon, enabled strong PHA .
putida
PHAGy-21 grown i glucose as sole carbon source { Table
3). This indicated that the newly isolated DNA fragment ex-
erted the same functional role as demonstrated for phaG of P.
putida enceding a ( R }-3-hydroxyacyl-ACP: CoA transacy-
lase . This strategy was also facilitated cloning of phaG gene

synthesis in the PhaG-negative mutant host P.

from other two Pseudomonas strains belong to rRNA hamology
group I: Pseudomonas pseudoalcaligenes, and Psewdomonas
mendocing { GenBank accession nos. AF396832 and

AY338498, data not shown) .

pLZZHO7

-

1.6kb Sma VEcoR | fragment
subcloning inte Hinc 11/EcoR |
sites of pBBR1MCS-2

P stutzeri 1317

P nitroreducens

0802 Amplifying phaG genes by PCR
with PI-P2  primer
subcloning into Nde I/EcoR 1 sites of

B. caryophylli
AS 1.2741

pair, and AN

Nde | EcoR |

L pLZZH13, respectively

Fig.3 Construction of the plasmids used for the heterologous expression of phaG genes cloned
Ap(r), ampicillin resistant gene; Kn{r), kanamycin resistant gene: Py, , promoter region of phbCAB operon of Wautersia eutropha s phoG genes presented

in pLZZG06, pLZZGO8, and pLZZGO9Y were isolated by polymermse chain reaction from P. stuizeri 1317, P. nitroreducens 0802, and B. caryophylli AS

1.2741, respectively

Interestingly, phaG gene also presented in the genomic
DNA of P. nitroreducens 0802 (Fig. 1). Additionally, it
mediated PHAy producing in P. putida PHAG,-21 when
expressed heterologously ( Table 3}, although its function was
not observed in the wild type. On the other hand, this strain

only accumulated PHA from fatty acids, but not from carbo-

hydrate (Table 2) . Similar phenomena were also observed in

{12]

P . oleovorans'**' . The cryptic character of P. nitroreducens

0802 phaG was presumably due to inefficient transeription;

similar to the phaG of P. oleovorans'' .
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Table 3 PHA in P. putida PHAG.-21 harboring plasmids containing
various phaG from various strains grown in glucose’

Composition of PHA (mol % )*

PHA/CDW
/% WiW]) 34 3HHx 3HO 3HD 3HDD

Plasmid CDW?
Harboring Hgl)

pLZZH13 1.08+0.08 1.35+£0.26 ND° ND 10.29 58.39 31.32
pLZZG06 0.85+0.08 7.72:£0.62 ND 2.31 16.01 72.65 9.03
plZZGO8 ©.99+0.04 6.2120.72 ND 2.16 20.07 63.77 14.01

plZZG0% 0.99:0.10 8.73+0.81 ND 2.43 15.01 72.37 10.18

 Cells were grown in MS medium containing 20 g/L glucose. 50 mg/L kana-
myein. After 48 h at 30°C and 200 rpm, the cells were harvested and ana-
Ivzed. Results were {rom four separate fermentation experiments;

* CDW . cellular drv weight; 3HB, 3-hydroxybutyrate; 3HHx, 3-hydroxy-
hexanoate; 3HO. 3-hydroxyoctanoate; 3HD, 3-hvdroxydecancate; 3HDD, 3-
hvdrexydedecanoate ;

“ ND, not detectable.

New isolated strain B. caryophalli AS 1.2741, which
belongs to the rRNA homologous group II, accumulated
PHA ¢, from hoth glucose and fatty acids (Table 2), unlike
other Burkholderia strains'"- .

cloned from this strain { Fig. 1 and Table 3) . B. caryophylli

A functional pha®: gene was

is the first non- Pseudomonas strain found to contain a phal
gene.

In conclusion, this study demonsirated that the PCR
cloning protocol deseribed above is a rapid, simple and spe-
cific method for isolation phaG genes from most PHAyq -pro-
ducing microorganisms. High homology of phal genes (Fig.
2) also indicated that the gene is quite conservative. The re-
sults shown above support the hypothesis;n; that the PhaG-
mediated pathway represented a general principle of PHAy
synthesis and could be widespread among bacteria, including
Pseudomonas spp. thal can or cannot accumulate PHAu.
from non-related carbon seurces, and even non- Pseudomonas

strains.
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