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Conversion of 3-hydroxypropionate (3HP) from 1,3-propanediol (PDO) was improved by expressing

dehydratase gene (dhaT) and aldehyde dehydrogenase gene (aldD) of Pseudomonas putida KT2442 under

the promoter of phaCAB operon from Ralstonia eutropha H16. Expression of these genes in Aeromonas

hydrophila 4AK4 produced up to 21 g/L 3HP in a fermentation process. To synthesize homopolymer

poly(3-hydroxypropionate) (P3HP), and copolymer poly(3-hydroxypropionate-co-3-hydroxybutyrate)

(P3HP4HB), dhaT and aldD were expressed in E. coli together with the phaC1 gene encoding

polyhydroxyalkanoate (PHA) synthase gene of Ralstonia eutropha, and pcs’ gene encoding the ACS

domain of the tri-functional propionyl-CoA ligase (PCS) of Chloroflexus aurantiacus. Up to 92 wt% P3HP

and 42 wt% P3HP4HB were produced by the recombinant Escherichia coli grown on PDO and a mixture

of PDOþ1,4-butanediol (BD), respectively.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Bacterial polyhydroxyalkanoates (PHA) are natural biodegrad-
able thermoplastics produced by various microorganisms as
intracellular energy and carbon storage compounds (Rehm,
2010; Steinbüchel and Fuchtenbusch, 1998; Steinbüchel and
Hein, 2001; Verlinden et al., 2007). The potential application of
PHA as alternatives to petroleum-based plastics elevated the
importance of PHA in the field of bioengineering (Rincones
et al., 2009; Keshavarz and Roy, 2010; Chen, 2009). PHA are
biodegradable and biocompatible polyesters with piezoelectricity
and flexible mechanical properties (Chen, 2009; Chen and Wu,
2005). They are used in packaging, medicine, pharmacy, agricul-
ture, and food industry (Chen, 2009; Rehm, 2010; Cheng et al.,
2006). Microbial enhanced production of various PHA have been
realized by metabolic engineered recombinant microorganisms
(Chen et al., 2004; Park and Lee, 2005; Park et al., 2005; Jung et al.,
2010; Tyo et al., 2009a, b).
ll rights reserved.
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3-Hydroxypropionic acid (3HP) is considered as a very impor-
tant bio-renewable platform chemical (Cho et al., 2010; Straathof
et al., 2005; van Maris et al., 2004). For example, bulk chemical
acrylic acid can be produced from 3HP by dehydration both
chemically and biochemically (Straathof et al., 2005; Lee et al.,
2009). Yamada et al. (2001) reported the microbial production of
acrylic acid from 3HP. 3HP can be derived from agricultural
products including sugar, starch, or even cellulose in an anaerobic
stoichiometric way (van Maris et al., 2004). Over 10 synthetic
pathways were designed for producing 3HP from bio-renewable
sources such as glucose or glycerol (Cho et al., 2010; Jiang et al.,
2009). Notably, 39 g/L 3HP was produced from glycerol by over-
expressing aldehyde dehydrogenase (ALDH), a-ketoglutaric semi-
aldehyde dehydrogenase in Escherichia coli (Rathnasingh et al.,
2009).

Bacterial synthesis of homopolymer P3HP was first reported in
2010 (Andreessen et al., 2010). In that report, P3HP reached 12%
of cell dry weight (CDW) when the pduP from Salmonella enterica

serovar Typhimurium LT2 encoding propionaldehyde dehydro-
genase was expressed to function as both aldehyde dehydrogen-
ase and CoA ligase PHA copolymers containing 3HP monomer
were reviewed by Andreessen and Steinbüchel (2010), including
poly(3HB-3HP), poly(3HB-3HP-2HP), poly(3HB-3HP-4HB-2HP)
and poly(3HP-3HB-3HH-3HO) (Fukui et al., 2009; Ichikawa
et al., 1996; Nakamura et al., 1991; Shimamura et al., 1994;
Valentin et al., 2000).
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dx.doi.org/10.1016/j.ymben.2011.10.002
mailto:chenjc@mail.tsinghua.edu.cn
mailto:chengq@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.ymben.2011.10.002


Q. Zhou et al. / Metabolic Engineering 13 (2011) 777–785778

HB

ro-

nd
Two key enzymes, including malonyl-CoA reductase (MCR)
and propionyl-CoA synthetase (PCS) from the 3-hydroxypropio-
nate cycle of phototrophic green non-sulfur eubacterium
Chloroflexus aurantiacus, were identified (Alber and Fuchs, 2002;
Herter et al., 2002; Hugler et al., 2002). Since the over-expression
of all the accABCD genes in E. coli can increase the intracellular
malonyl-CoA level (Davis et al., 2000), pathways that can produce
3HP from sugar were proposed shortly after the discovery of the
3-hydroxypropanoate cycle genes. A simplified version of this
idea was first demonstrated in 2009 where poly(3HB-3HP) were
produced in Ralstonia eutropha (Fukui et al., 2009). However,
there was only a small portion of P3HP in that study. Thus, the
poor yield of all previous studies might imply that either the 3HP-
CoA ligase or the PHA synthase might have low activity for 3HP or
3HP-CoA.

In order to find the reasons, 3HP-CoA ligase or PHA synthase
have to be supplied with sufficient precursors. Therefore, an
alternative pathway of producing 3HP and P3HP from PDO was
proposed based on the fact that genes dhaT and aldD from
Pseudomonas putida KT2442 are very likely to convert 1,3-propa-
nediol to 3-hydroxypropionate because they can convert
1,4-butanediol to 4-hydroxybutyrate for P4HB synthesis (Zhang

et al., 2009).

In this study, a P3HP synthesis pathway combining dhaT, aldD,

pcs’ and phaC1 was constructed for the first time in recombinant
E. coli (Fig. 1). We aimed to exploit possibilities of producing 3HP,
P3HP and novel copolymers of 3HP and 4HB from 1,3-propanediol
or/and 1,4-butanediol.

Fig. 1. Metabolically engineered pathways for production of P3HP and P3HP4

in E. coli. Genes: dhaT, 1.3-propanediol dehydrogenase; aldD, aldehyde dehyd

genase; pcs’, the gene encoding the ACS domain of propionyl-CoA synthase a

functioning like 3-hydroxypropanoic acid CoA ligase; phaC, PHA synthase.
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3. Results

3.1. 3-Hydroxypropionate (3HP) production by A. hydrophila 4AK4,

E. coli BL21 (DE3) and their respective recombinant strains

3-Hydroxypropionate (3HP) production pathway was con-
structed to obtain the P3HP monomer precursor (Fig. 1).
A. hydrophila 4AK4, E. coli BL21 (DE3) and their respective
recombinant strains harboring plasmids pZL-dhaT, pZL-aldD,
pZL-dhaT-aldD, pZQ01 or pZQ02 were cultured in LB medium

supplemented with various concentrations of PDO. A. hydrophila
4AK4 harboring merely pBBR1MCS2 was also cultivated as a
control strain. It was found that the cell dry weigh (CDW) of the
strains decreased with the increase of PDO concentration,
although more PDO led to more 3HP formation (data not shown).
A PDO concentration of 10 g/L PDO was found to be the best for
3HP production. The yield of recombinant A. hydrophila 4AK4
harboring pZL-aldD or pZL-dhaT was 0.31–1.43 g/L 3HP, which
was in great excess of the control strain (0.15 g/L) (Table 3). This
result revealed that functional expression of dhaT or aldD gene
effectively helped improve the conversion of PDO to 3HP.

When both genes dhaT and aldD were introduced into
A. hydrophila 4AK4, 2.34 g/L 3HP was synthesized from 10 g/L
PDO, representing a 15-fold increase compared with that of the
control strain harboring pBBR1MC2 (Table 3).

PRe promoter and T7 promoter had been shown to direct the
gene expression more effectively than with a lac promoter (Chung
et al., 2009; Zheng et al., 2006; Studier and Moffatt, 1986).
Therefore, PRe and T7 promoters were cloned and introduced
into pZL-dhaT-aldD, generating pZQ01 and pZQ02, respectively.
A. hydrophila 4AK4 harboring pZQ01 containing dhaT and aldD

under PRe promoter, produced 2.73 g/L 3HP; E. coli BL21 harboring
pZQ01, produced 2.75 g/L 3HP from 10 g/L PDO. This yield was in
excess of that achieved by strains using a lac promoter;

Table 3
3HP production from PDO by recombinant Aeromonas hydrophila 4AK4 E. coli

BL21 (DEB).

Strain Plasmids IPTG (mM) CDW (g/L) 3HP(g/L)

A. hydrophila 4AK4 pBBR1MCS2 – 1.1870.02 0.1570.04

A. hydrophila 4AK4 pZL-aldD – 2.2370.00 0.3170.03

A. hydrophila 4AK4 pZL-dhaT – 2.5570.04 1.4370.02

A. hydrophila 4AK4 pZL-dhaT-aldD – 3.6570.08 2.3470.19

A. hydrophila 4AK4 pZQ01 – 4.5970.04 2.7370.04

A. hydrophila 4AK4 pZQ02 – 3.2370.05 2.2370.03

E. coli BL21(DE3) pZL-dhaT-aldD – 1.3270.03 2.1670.07
E. coli BL21(DE3) pZQ01 – 1.4470.04 2.7570.09

E. coli BL21(DE3) pZQ02 1 0.7970.05 2.4170.16

E. coli BL21(DE3) pZQ02 – 1.2670.05 0.9870.23

Shake flask experiments was were carried out in 50 ml LB medium for 48 h, and

10 g/L PDO was added before sterilization. Each value represents the average of

three samples. 3HP concentration was determined by HPLC. pZQ01: pBBR1MCS2

derived, dhaT and aldD under PRe promoter, KmR. pZQ02: pET28A derived, dhaT

and aldD under T7 promoter, KmR. Abbreviations: CDW, cell dry weight.
A. hydrophila 4AK4 (pZL-dhaT-aldD) produced 2.34 g/L 3HP and
E. coli BL21 (pZL-dhaT-aldD) produced 2.16 g/L. Thus, expression
of dhaT and aldD was enhanced by PRe promoter compared with
the expression under lac promoter.

Similarly, induced by IPTG, expression of dhaT and aldD under
T7 promoter was also enhanced in pZQ02. As a result, 3HP
concentration in the culture of E. coli BL21 (pZQ02) reached
2.41 g/L in the presence of isopropyl-b- D-thiogalactopyranoside
(IPTG), compared with only 0.98 g/L without IPTG (Table 3).

3.2. Production of 3HP by recombinant A. hydrophila 4AK4 grown in

a 6-L fermentor

Due to the rapid growth of A. hydrophila 4AK4 and its
expression efficiency without induction under PRe promoter,
A. hydrophila 4AK4 harboring pZQ01 was considered as a suitable
strain for 3HP production. In a fed-batch process, A. hydrophila

4AK4 (pZQ01) containing dhaT and aldD under PRe promoter, was
cultured in LB medium containing 10 g/L PDO; a total of 40 g PDO
was supplemented during the growth process (the consumption
rate of PDO monitored by HPLC).

After 59 h of cultivation, 21 g/L 3HP was produced, and
continued to increase after fermentation. 85% PDO present in
the culture was transformed into 3HP with 6 g/L PDO remaining
(ca: 1:1conversion efficiency). Cells measured in CDW were
grown to reach 9–10 g/L after 42 h of cultivation (Fig. 3).

3.3. Production of P3HP by recombinant Escherichia coli

The 3-hydroxypropionate synthesis pathway of Chloroflexus

aurantiacus, together with dhaT and aldD, were combined and
introduced into E. coli. Gene pcs’ encoding 3-hydroxypropanoic
acid CoA ligase was cloned and inserted into modified pBHR68 in
which PHB synthesis genes phaA and phaB were deleted, generat-
ing plasmid pZQ03 (Fig. 2). Appropriate expression of the ACS
domain encoded by pcs’ in pZQ03 could be determined by the
production of P3HP from 3HP. In addition, co-expression of pZQ01
containing dhaT and aldD, and pZQ03 containing pcs’ and phaC of
R. eutropha, should lead to the production of P3HP from PDO by
the recombinant E. coli hosts.

First E. coli S17-1 (pZQ03) and E. coli JM109 (pZQ03) were
cultured in LB medium supplemented with sterilized 3HP con-
taining fermentation supernatant obtained from the above
Fig. 3. Cell dry weight, 3HP accumulation and PDO consumption profile of A.

hydrophila 4AK4 harboring pZQ01 grown in a 6-L fermentor. A. hydrophila 4AK4

harboring pZQ01 cultivated in LB medium produced up to 21 g/L 3HP in

approximately 10.3 g/L CDW. The consumed PDO was converted to 3HP without

by-product with 6 g/L PDO remaining at the end of fermentation.
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cultures. GC and NMR revealed that both recombinants produced
homopolymer P3HP from 3HP (Fig. 4). E. coli JM109 produced far
less P3HP compared with E. coli S17-1 which synthesized 18 wt%
P3HP in 0.98 g/L CDW in the presence of 3.3 g/L 3HP.

E. coli S17-1 harboring plasmids pZQ01 and pZQ03 increased
P3HP production (Table 4); and it accumulated 50 wt% P3HP from
LB medium containing 5 g/L PDO and 89 wt% P3HP from LB
medium containing 10 g/L PDO, respectively. This is by far the
highest P3HP accumulation reported. Obviously, the expression of
pZQ01 containing dhaT and aldD genes significantly enhanced the
conversion from PDO to 3HP and further to P3HP. An increase of
PDO from 5 to 10 g/L not only led to more P3HP production but
also resulted in more CDW (Table 4).

Two additional E. coli strains were investigated to further
improve P3HP production; E. coli Trans5a and E. coli trans1-T1.
Different E. coli strains have different expression capabilities, and
are affected by the toxicity of PDO to different levels. Strains were
cultured in nutrient-rich media, comprising LB’ and TB media.

E. coli Trans5a (pZQ01, pZQ03) grown in 10 g/L PDO accumu-
lated 41 wt% P3HP in LB medium, 67 wt% in LB’ medium and
20 wt% in TB medium (Table 4). While E. coli Trans1-T1 (pZQ01,
pZQ03) synthesized only 16 wt% in LB medium, 4.5 wt% in LB’
Fig. 4. 1HNMR spectrum of P3HP synthesized by E. coli S17-1 (pZQ01, pZQ03).

Table 4
P3HP production from PDO by recombinant Escherichia coli strains harborin

Medium and E.coli strains PDO (g/L) C

LB medium

S17-1 (pZQ01, pZQ03) 0 1

S17-1 (pZQ01, pZQ03) 5 1

S17-1 (pZQ01, pZQ03) 10 2

Trans5a (pZQ01, pZQ03) 0 0

Trans5a (pZQ01, pZQ03) 5 1

Trans5a (pZQ01, pZQ03) 10 1

Trans1-T1 (pZQ01, pZQ03) 0 0

Trans1-T1 (pZQ01, pZQ03) 5 1

Trans1-T1 (pZQ01, pZQ03) 10 1

LB’ medium

S17-1 (pZQ01, pZQ03) 10 3

Trans5a (pZQ01, pZQ03) 10 1

Trans1-T1 (pZQ01, pZQ03) 10 2

TB medium

S17-1 (pZQ01, pZQ03) 10 7

Trans5a (pZQ01, pZQ03) 10 4

Trans1-T1 (pZQ01, pZQ03) 10 4

Shake flask experiments were carried out in 50 ml LB medium for 48 h a

sterilization. pZQ01: pBBR1MCS2 derived, dhaT and aldD under the control o

control of lac promoter, AmpR. Abbreviations: CDW, cell dry weight; wt, we
medium and 7.7 wt% in TB medium, respectively, exhibiting the
lowest P3HP yield among the three E. coli recombinants (Table 4).
In all these shake flask studies, higher PDO concentration of 10 g/L
led to more P3HP production compared with 5 g/L PDO. Nutrient
rich medium including LB’ and TB medium resulted in better cell
growth but not necessarily more P3HP production. Comparison of
the three strains cultured in identical conditions, demonstrated
that recombinant E. coli S17-1 outperformed the other two E. coli

strains, and demonstrated the highest P3HP yield and greatest
CDW. Therefore, E. coli S17-1 (pZQ01, pZQ03) was selected for a
further fermentor study in TB and LB’ media.

3.4. P3HP production in 6-L fermentor containing LB’ or TB medium

When grown in LB’ medium, PDO was initially added into the
fermentor at 16 h. 30 g PDO was used and only 1 g/L PDO
remained after 48 h fermentation. E. coli S17-1 (pZQ01, pZQ03)
produced 5.32 g/L CDW containing 85 wt% P3HP at the end of the
48 h fermentation (Fig. 5A). The CDW reached its peak at 5.52 g/L
after 36 h growth, and P3HP reached its maximum content of
92 wt% after 44 h of growth (Fig. 5A), the maximum yield of P3HP
was 22.2 g/L. During this process, PDO was consumed at a rate of
0.28 g/L/h, accompanying with a P3HP productivity of 0.14 g/L/h
and a CDW formation rate of 0.11 g/L/h. Thus the conversion rate
from PDO to P3HP was 0.50 g/g in our fermentor study.

When grown in TB medium, PDO was initially added at 14 h.
105 g PDO was added during the process and only 9.5 g/L PDO was
remained at the end of the fermentation. 17.2 g/L CDW containing
51.8 wt% P3HP was obtained at the end of the 48 h fermentation
(Fig. 5B). The CDW reached its peak at 20 g/L after 28 h growth,
P3HP reached its maximum content of 66.8 wt% at 44 h, and the
maximum yield of P3HP was 42.9 g/L. During the fermentation
process, PDO was consumed at 0.75 g/L/h, P3HP was produced at
0.26 g/L/h and the CDW formation rate is 0.36 g/L/h. Therefore, the
conversion rate (P3HP/PDO) from PDO to P3HP was 0.35 g/g.

According to the above fermentation studies, it was found that
almost all of the consumed PDO was converted to 3HP with some
of the 3HP utilized for P3HP synthesis. P3HP formation seemed to
be non-growth associated as observed from Fig. 5C and D. The
residual CDW (rCDW: CDW minus PHA) decreased with increas-
ing P3HP formation (Fig. 5C), and the rCDW fluctuated between 6
g pZQ01 and pZQ03 grown in different media.

DW (g/L) P3HP (wt%) P3HP (g/L)

.2770.12 NT NT

.8870.08 50.0371.09 0.9470.05

.1770.16 88.7171.79 1.8270.45

.8370.08 NT NT

.1170.03 32.7471.10 0.3870.02

.6270.09 41.4676.24 0.6770.06

.9670.03 NT NT

.0570.02 11.3572.40 0.1270.03

.1570.04 16.1173.45 0.1970.04

.6570.08 80.5771.00 2.9870.02

.7770.09 67.1578.00 1.2070.19

.1270.03 4.4570.30 0.0970.00

.7670.28 43.4771.45 3.3870.22

.8870.96 20.1370.62 1.0970.08

.0970.06 7.7072.93 0.3170.12

s described in Section 2. PDO was added to the medium prior to the

f PRe promoter, KmR. pZQ03: pBHR68 derived, phaC and pcs’ under the

ight percentage; NT, not detected.



Fig. 5. Cell dry weight, PHA content, residual cell dry weight (rCDW¼CDW-PHA) and PDO consumption profile of E. coli S17-1 harboring pZQ01 and pZQ03 grown in a 6-L

fermentor. (A) E. coli S17-1 (pZQ01, pZQ03) cultivated in LB’ medium produced maximally 92 wt% P3HP in approximately 5.5 g/L CDW, yielding 22.2 g/L P3HP. (B) E. coli

S17-1 (pZQ01, pZQ03) cultivated in TB medium grew to maximally 20 g/L CDW containing 57 wt% P3HP, yielding 42.9 g/L P3HP. (C) Residual CDW (rCDW) in relation to

P3HP production by recombinant E. coli cultured in LB’ medium. (D) Residual CDW (rCDW) in relation to P3HP production by recombinant E. coli cultured in TB medium.
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and 10 g/L while P3HP continued to increase (Fig. 5D). Therefore,
P3HP formation was not affected by the fluctuation of cell growth
when the bacteria were in their steady state. However, better cell
growth is still important for P3HP formation since it leads to a
higher expression level.

3.5. P4HB or P3HP4HB production by E. coli S17-1 (pZQ01, pZQ03)

grown in LB, LB’ or TB medium

The PCS’ enzyme can catalyze the conversion of 3-hydroxy-
propionate to 3-hydroxypropionyl-CoA. Therefore it was likely
that it could also catalyze 4-hydroxybutyrate (4HB) to 4-hydro-
xybutanoyl-CoA, due to the structural similarity between 3HP and
4HB, and thus lead to the formation of novel PHA copolymer
P3HP4HB in the presence of PHA synthase PhaC. To investigate
this, E. coli S17-1 (pZQ01, pZQ03) containing dhaT, aldD, pcs’, and
phaC was cultivated in different media supplemented with
various concentrations of PDO or/and BD (Table 5).

In the presence of 5 g/L BD, supplemented with LB, LB’ or TB
medium, P4HB synthesis was low, merely 2–5 wt% in CDW. This
suggested that the PCS’ enzyme had a much lower activity on 4HB
than on 3HP. Cell growth was greatest in TB medium and the
poorest in LB medium (Table 5). When both PDO and BD were
added to the medium, P3HP4HB was produced, ranging from 23
to 42 wt% in CDW. This was dependent on both the BD concen-
tration and the species of the host strain (Table 5). However, 4HB
monomer content was all less than 2 mol% in P3HP4HB.
3.6. Physical characterization of bacterial P3HP

P3HP produced by E. coli S17-1 (pZQ01, pZQ03) was extracted,
purified and analyzed. 1H NMR spectrum confirmed the PHA as a
3HP homopolymer (Fig. 4). The number-average molecular
weight (Mn) of the P3HP was 3.0�105 Da for the strain cultured
in TB medium, and 1.8�105 Da in LB’ medium. These Mn results
were similar to that of P3HB3HP (Shimamura et al., 1994),
and lower than that of PHB homopolymer, which reached
5–10�105 Da (Fukui et al., 2009; Wang et al., 2010).

The thermal properties of P3HP synthesized in TB medium and
LB’ medium proved to be similar, by DSC analysis (Table 6). P3HP
showed a significantly lower melting temperature Tm of 78 1C
compared with its copolymer P(3HB-co-11 mol%3HP) with a Tm of
152 1C, and PHB with a Tm of 177 1C (Fukui et al., 2009). The
microbial P3HP had a glass transition temperature (Tg) of about –
21 1C and an enthalpy of fusion (DHm) of about 54 J/g. This was
similar to result achieved from P3HP synthesized by ring-opening
polymerization of b-propiolactone (Shimamura et al., 1994).

The tensile strength (st) of P3HP synthesized in TB and LB’
medium were 28.28 and 26.47 MPa, respectively. The elongation
at break (eb) was 683.5% and 583.9% for P3HP produced in TB and
LB’ media, respectively. These results were much higher than that
of traditional plastics polypropylene (PP) and poly(lactic acid)
(PLA) (Jem et al., 2010) (Table 6). The Young’s modulus (E) was
333.3 MPa for P3HP in TB and 327.9 MPa in LB’ medium (Table 6).
The tensile strength (st) and elongation at break (eb) of the



Table 6
Physical characterization of the microbial P3HP compared with other polymers.

PHA samples Thermal properties Mechanical properties

Tm (1C) DHm (J/g) Tg (1C) E (MPa) st (MPa) eb (%)

P3HPa 78.0 54.0 �21.46 333.3 28.3 683.5

P3HPb 77.7 53.6 �20.96 327.9 26.5 583.9

P3HPc 77 74 �19 – – –

P3HBd 177.3 83.0 0.8 – 20.4 5.9

PPe 175 – �20 – 31 200

PLAe 140–175 – 57–58 – 53 6

Abbreviations: P3HB, poly(3-hydroxybutyrate); PP, polypropylene; PLA, poly(lactic

acid); Tm, melting temperature; DHm, apparent heat of fusion; Tg, glass transition

temperature; E, Young’s modulus; st, tensile strength; eb, elongation at break.

a P3HP samples extracted from the strain cultured in TB medium.
b P3HP samples extracted from the strain cultured in LB’ medium.
c Physical properties of P3HP synthesized by ring-opening polymerization of

b-propiolactone (Shimamura et al., 1994).
d P3HB synthesized by E. coli strains (Li et al., 2010).
e Physical properties of traditional plastics including PP and PLA (Jem et al.,

2010).

Table 5
P3HP4HB and P4HB production from PDO or/and BD by recombinant E. coli harboring pZQ01 and pZQ03.

Medium and strain Carbon sources CDW (g/L) P4HB (wt%) P3HP4HB (wt%) 4HB monomer (mol%)

LB medium

S17-1 (pZQ01, pZQ03) BD (5)a 1.7270.03 4.6170.35 NT 100

S17-1 (pZQ01, pZQ03) BD(5)þPDO(5) 1.9570.02 NT 26.7972.85 1.9870.05

S17-1 (pZQ01, pZQ03) BD(5)þPDO(10) 2.2270.03 NT 41.7070.54 0.4970.01

LB’ medium

S17-1 (pZQ01, pZQ03) BD(5) 2.7170.03 4.0970.15 NT 100

S17-1 (pZQ01, pZQ03) BD(5)þ PDO(5) 3.2570.04 NT 24.7070.39 1.4570.01

S17-1 (pZQ01, pZQ03) BD(5)þPDO(10) 3.4670.05 NT 38.7473.18 /

TB medium

S17-1(pZQ01, pZQ03) BD(5) 6.2870.20 1.9970.20 NT 100

S17-1(pZQ01, pZQ03) BD(5)þPDO(5) 7.8070.10 NT 22.5472.65 /

S17-1(pZQ01, pZQ03) BD(5)þPDO(10) 8.3570.07 NT 25.9573.90 /

Shake flask experiments was were carried out in 50 ml LB medium for 48 h as described in Section 2. PDO and BD were added before sterilization. pZQ01: pBBR1MCS2

derived, dhaT and aldD under the control of PRe promoter, KmR. pZQ03: pBHR68 derived, phaC and pcs’ under the control of lac promoter, AmpR. Abbreviations: CDW, cell dry

weight; wt, weight percentage.

a Compound concentration, indicated as g/L; NT, not detected.
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microbial P3HP were both higher than those of PHB (Li et al.,
2010), indicating that P3HP was elastic and quite ductile.
4. Discussion

3-hydroxypropionic acid (3HP) is an important industrial
intermediate, with a diverse range of applications (Cho et al.,
2010; Straathof et al., 2005; van Maris et al., 2004). Biological
production of 3HP has been developed in recent years, mainly
utilizing glycerol or glucose as the substrate (Jiang et al., 2009).
P3HP homopolymer could only be synthesized using chemical
methods until 2010 when bacterial P3HP was accumulated up to
12 wt% from glycerol (Andreessen et al., 2010). This low P3HP
content is insufficient for industrial-scale production. In this
study, a different 3HP synthesis pathway was constructed to
provide sufficient precursor for P3HP, and thus enhancing pro-
duction of P3HP from 3HP or further from PDO, which could also
be obtained from glucose or glycerol (Liu et al. 2010).

Genes dhaT and aldD have been proven functional in the
conversion of BD to 4HB, since 4HB and 3HP are structurally
similar, a plasmid containing these two genes was transformed
into E. coli strains to realize 3HP production, the first step for
synthesizing P3HP homopolymer.
Recombinant A. hydrophila exhibited a fast growth rate, which
is essential for rapid conversion of PDO to 3HP. This strain was
also selected as a host strain for higher 3HP productivity. To avoid
the toxicity of PDO, its concentration was maintained to less than
10 g/L in shake flasks and fermentor studies (Table 3). Less
production of 3HP in the wild strain might be due to a low
expression level of dhaT and aldD. Additionally, A. hydrophila

4AK4 harboring pZL-dhaT produced 1.43 g/L 3HP, which was
much higher than the strain harboring pZL-aldD with a yield of
only 0.31 g/L 3HP (Table 3). Thus, for biotransformation of PDO to
3HP by A. hydrophila or E. coli, dhaT expression may be the
limiting step, since over expression of dhaT produced a more
significant effect than aldD. Simultaneous expression of both dhaT

and aldD led to an enhanced 3HP production of 2.34 g/L compared
with the control strain harboring pBBR1MCS2, which produced
only 0.15 g/L 3HP (Table 3).

This result further suggested that 3HP yield was positively
associated with higher expression level of these two genes and
higher cell density. The promoter of the phaCAB operon from
Ralstonia eutropha (PRe) was shown to be more active than the lac

promoter transcriptionally (Chung et al., 2009; Zheng et al., 2006).
Similarly, T7 promoter was also reported to direct high-level
protein expression in E. coli (Studier and Moffatt, 1986). There-
fore, pZL-dhaT-aldD with dhaT and aldD with lac promoter was
modified by replacing the lac promoter with PRe promoter to
generate pZQ01, and by replacing the lac promoter with T7
promoter to generate pZQ02 (Table 1). Consequently, both higher
CDW and 3HP yield were obtained by strains A. hydrophila 4AK4
and E. coli BL21 (DE3) harboring pZQ01, compared with
A. hydrophila containing pZL-dhaT-aldD under lac promoter
(Table 3). However, expression of pZQ02 containing dhaT and
aldD under the T7 promoter in E. coli BL21(DE3) resulted in very
low CDW (Table 3). This could possibly be attributed to the strong
T7 promoter which led to over production of the proteins and
formation of inactive inclusion bodies with low enzyme activities
(Baneyx, 1999). Thus, pZQ01 containing PRe promoter was found
to be the optimum for 3HP production. In fact, over 80% PDO
added in the culture was transformed into 3HP (without obvious
by-products), providing sufficient precursors for P3HP synthesis.

P3HP was recently reported to be synthesized biotechnologi-
cally by Andreessen et al. (2010) in a two step fed-batch
fermentation process. The genes pduP encoding propionaldehyde
dehydrogenase and phaC from Ralstonia eutropha, were
co-expressed in recombinant E. coli. Cultivation of the resultant
strain with 3HP containing supernatant led to an accumulation of
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12 wt% P3HP. However, none of the previous studies had reached
more than 15% P3HP in CDW. It was estimated that only higher
activity of PhaC or the CoA ligase is not enough for producing
higher P3HP content in the cells, continuous supply of sufficient
intracellular 3HP should also be very important to synthesize
more P3HP.

The propionyl-CoA synthetase (PCS) from the 3HP cycle is a
tri-functional natural fusion protein. According to Herter et al.
(2002), residues 18–850 of the PCS, which is termed ACS domain,
showed high sequence similarity to acetyl-CoA synthase, and this
domain is very likely to function as 3-hydroxypropanoic acid CoA
ligase. Considering the domain distribution determination is the
result of sequence analysis, the cloned segment of the fusion pcs

may affect the activity of assumed 3-hydroxypropanoic acid CoA
ligase.

Although the recombinant A. hydrophila 4AK4 is a good 3HP
monomer producer, it is also a native PHA producer. When
cultivated in LB medium, A. hydrophila 4AK4 produces a small
amount of polyhydroxybutyrate (PHB). In order to produce P3HP
homopolymer without PHB, E. coli was chosen as a host for P3HP
production.

E. coli S17-1 harboring both plasmids pZQ01 and pZQ03
accumulated P3HP up to 89% of the CDW from PDO in shake
flask cultivation, depending on the amount of PDO added to the
cultures (Table 4). The P3HP content of maximally 92 wt% in CDW
in a fermentation process was the highest P3HP content reported
so far. Firstly, P3HP formation seemed to be non-growth asso-
ciated since P3HP formation was not affected by the fluctuation of
cell growth when the bacteria were in their steady state. Sec-
ondly, these results indicated that the ACS domain is an active
3HP-CoA ligase and the R. eutropha PhaC has sufficient activity in
polymerizing 3HP-CoA, although the host strain of the pcs gene,
C. aurantiacusm, grows optimally at 55 1C.

However, 18.9 g/L and 4.5 g/L 3HP monomer were detected in
fermentor culture broth of TB medium and LB’ medium, respec-
tively, for producing P3HP by E. coli S17-1 harboring both pZQ01
and pZQ03, while little PDO was left. If the recombinant E. coli

S17-1 harboring only pZQ03 (pcs’ and phaC) was incubated in LB
medium supported with 2–4 g/L 3HP monomer, no more than
18 wt% CDW of P3HP could be produced. This implies that pcs’
gene may actually require a relative high intracellular concentra-
tion of 3HP monomer. Therefore, increasing the PCS activity and
reducing the 3HP leakages are both possible ways to improve the
yield of P3HP.

Furthermore, since 1,3-PDO can be produced from glucose
(Celinska, 2010; Sauer et al., 2008), it is possible to produce P3HP
from glucose with a two-step fermentation.

On the other hand, a small amount of 4HB could be incorpo-
rated into P3HP to form P3HB4HB (Table 5), demonstrating that
3-hydroxypropanoic acid CoA ligase also has the 4-hydroxybutyr-
ate:CoA ligase activity. But this activity on 4HB was much lower
than that on 3-hydroxypropanoate (Table 5). Since minor
amounts of 4HB could be incorporated into P3HP to form
P3HP4HB, it could be expected that P3HP4HB with high 4HB
content could be synthesized if 4HB specific 4-hydroxybutyrate
CoA transferase (orfZ) (Li et al., 2010; Valentin and Dennis, 1997;
Zhang et al., 2009) or 4-hydroxybutyrate CoA ligase (Msed_1422)
from Metallosphaera sedula (Berg et al., 2007) was functionally
expressed in the recombinants. This is a subject for future
investigation.

In this study, metabolic engineering approaches were success-
fully employed to produce 3HP and P3HP homopolymers. The
new pathway effectively converted PDO to 3HP, and further to
P3HP homopolymer. When BD was added, 4HB was incorporated
into P3HP to form P3HP4HB although 4HB content was minor due
to the low enzyme specificity on 4HB. Most importantly, P3HP
could be produced to approximately 90% of cell dry weight,
demonstrating the mass-production potential of this unique
homopolymer. Furthermore, P3HP synthesized using this path-
way exhibited improved properties for future applications, such
as high ductility and tensile strength.
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