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NOTE

Biosynthetic Pathway for Poly(3-Hydroxypropionate) in Recombinant 
Escherichia coli

Poly(3-hydroxypropionate) (P3HP) is a biodegradable and 
biocompatible thermoplastic. In this study, we engineered a 
P3HP biosynthetic pathway in recombinant Escherichia coli. 
The genes for malonyl-CoA reductase (mcr, from Chloro-
flexus aurantiacus), propionyl-CoA synthetase (prpE, from 
E. coli), and polyhydroxyalkanoate synthase (phaC1, from 
Ralstonia eutropha) were cloned and expressed in E. coli. 
The E. coli genes accABCD encoding acetyl-CoA carboxylase 
were used to channel the carbon into the P3HP pathway. 
Using glucose as a sole carbon source, the cell yield and 
P3HP content were 1.32 g/L and 0.98% (wt/wt [cell dry 
weight]), respectively. Although the yield is relatively low, 
our study shows the feasibility of engineering a P3HP bio-
synthetic pathway using a structurally unrelated carbon 
source in bacteria.

Keywords: poly(3-hydroxypropionate), malonyl-CoA reduc-
tase, propionyl-coenzyme A synthetase, polyhydroxyalkanoate 
synthase, recombinant E. coli

  The discovery of polyhydroxybutyrate (PHB) by Lemoigne 
in 1926 precipitated the identification of more than 150 pol-
yhydroxyalkanoate (PHA) monomer structures (Steinbüchel 
and Lutke-Eversloh, 2003). As intracellular storage com-
pounds for energy and carbon, PHAs are produced by var-
ious bacteria when cells are cultivated in the presence of an 
excess carbon source, while another nutrient limits growth. 
In efforts to develop new polymers, engineered strains have 
been constructed to produce novel PHA homopolymers 
and block copolymers using metabolic engineering ap-
proaches (Chen, 2009; Fukui et al., 2009; Andreeßen and 
Steinbüchel, 2010; Liu et al., 2011).
  Poly(3-hydroxypropionate) (P3HP) is a biodegradable and 

biocompatible thermoplastic exhibiting high rigidity, duc-
tility, and exceptional tensile strength in drawn films (And-
reeßen and Steinbüchel, 2010). This polymer can be chemi-
cally synthesized via the ring-opening polymerization of β- 
propiolactone (Gresham et al., 1948; Yamashita et al., 1996). 
However it is not commercially feasible as β-propiolactone 
is a human carcinogen and too costly. Thus far, there has 
been no report demonstrating that a natural organism can 
synthesize P3HP.
  Information on PHA copolymers containing 3HP monomer 
were summarized by Andreeßen and Steinbüchel (2010). As 
3HP is not a common compound in most metabolic path-
ways, most of those copolymers were produced when the 
engineered strains were fed with structurally related carbon 
sources such as 3-hydroxypropionate (3HP), α,ω-alkanediols, 
and acrylate (Nakamura et al., 1991; Kang et al., 1993; Valen-
tin et al., 2000; Green et al., 2002). The discovery of 3HP 
cycle in the green, non-sulfur thermophile, Chloroflexus 
aurantiacus, made it possible to produce 3HP from sugar 
in vivo. In this pathway, malonyl-CoA is reduced to free 3HP 
by a unique malonyl-CoA reductase (MCR) in an NADPH- 
dependent manner (Hugler et al., 2002). Fukui et al. (2009) 
introduced the malonyl-CoA reductase and the 3HP-CoA 
synthetase domain of trifunctional propionyl-CoA synthase 
from C. aurantiacus into a well-known PHB-producing strain 
Cupriavidus necator (formerly R. eutropha), and this strain 
synthesized 0.77 g/L poly(3HB-co-3HP) copolymers with 
2.1 mol% of the 3HP fraction using fructose as sole carbon 
source.
  The first report about P3HP homopolymer biosynthesis 
arose in 2010 (Andreeßen et al., 2010). Andreeßen et al. 
(2010) developed the conversion of glycerol into P3HP by 
introducing the genes for glycerol dehydratase of Clostridium 
butyricum, propionaldehyde dehydrogenase of Salmonella 
enterica serovar Typhimurium LT2, and PHA synthase of 
Ralstonia eutropha into a recombinant E. coli strain. P3HP 
was accumulated up to 1.42 g/L in fed-batch fermentation.
  Compared with the P3HP pathway using glycerol, the me-
thod utilizing MCR was expected to have some advantages. 
Acetyl-CoA is a common intermediate of sugar metabolism, 
so that various sugars derived from lignocellulosic biomass can 
be used as raw material for P3HP production. Furthermore, 
the production of P3HP from glucose is redox neutral. The 
conversion of glucose to each mol of acetyl-CoA generates 
2 mol of NADH, while subsequent reduction of malonyl- 
CoA to 3HP utilizes 2 mol of NADPH, which is the product 
of NADP+ reduction by NADH and pyridine nucleotide 
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Fig. 2. Physical maps of plasmids pA-accADBC 
and pHP304. Pt7, phage T7 promoter; T7 term, 
phage T7 terminator; ori, origin of replication; 
cat, chloramphenicol resistance gene; Ap, ampi-
cillin resistance gene; lacI, lac repressor protein.

Fig. 1. Pathway for P3HP biosynthesis in the recombinant E. coli. AccEc, acetyl-CoA carboxylase of E. coli; MCRCa, malonyl-CoA reductase of C. aur-
antiacus; PhaCRe, PHA synthase of R. eutropha; PrpEEc, propionyl-CoA synthetase of E. coli.

transhydrogenase PntAB (Clarke and Bragg, 1985).
  To construct a recombinant E. coli strain producing P3HP, 
we developed a new strategy using MCR. Fukui et al. (2009) 
suggested that lower activity of 3HP-CoA synthetase than 
that of malonyl-CoA reductase caused the limited incorpo-
ration of 3HP units into the copolymers. Low activity of 
this thermophilic enzyme could be a result of low temper-
ature (30°C for C. necator growth). To achieve higher 3HP- 
CoA synthetase activity at 37°C (for E. coli growth), the 
propionyl-CoA synthetase from E. coli was overexpressed. 
In addition, the acetyl-CoA carboxylase converting acetyl- 
CoA into malonyl-CoA was used to channel the carbon into 
the P3HP pathway.
  Seven genes required in the MCR route were assembled into 
operons and cloned into two compatible plasmids. Plasmid 
pA-accADBC (Fig. 2, Cao et al., 2011) carries the accADBC 
genes encoding subunits of acetyl-CoA carboxylase. Plasmid 
pHP304 was constructed as follows: the PHA synthase gene 
phaC1 from R. eutropha H16 (Friedrich et al., 2006) syn-
thesized by Genray Company (China) was inserted into the 
NdeI and BamHI sites of the pET21a(+) vector to generate 
plasmid pHP301. Then, a PCR fragment containing the pro-
pionyl-CoA synthetase gene prpE, generated with primers 
129 (5 -CAGGATCCGGAGGAATAAACCATGTCTTTTA 
GCGAATTTTATC-3 ) and 153 (5 -CAGAAGCTTACTCT 
TCCATCGCCTGGC-3 ) and E. coli BL21(DE3) genomic 
DNA as template, was digested with BamHI and HindIII and 
then ligated between the same restriction sites of pHP301 
to construct pHP302. Next, a PCR fragment containing the 
malonyl-CoA reductase gene mcr, generated with primers 
125 (5 -GGCAGATCTCAGCGGAACAGGACGAC-3 ) and 
126 (5 -CCCTCGAGGAATTTACACGGTAATCGC-3 ) and 
the pTrc99A-mcr plasmid (Kroeger et al., 2011) as template, 
was digested with BglII and XhoI and then ligated between 
the same restriction sites of expression vector pCOLADuet-1 
to construct pHP303. Finally, the HindIII-XhoI fragments 

from pHP303 containing the T7 promoter and mcr coding 
region were purified from an agarose gel, and ligated with 
pHP302 digested with HindIII and XhoI. The resulting plas-
mid was named as pHP304 (Fig. 2), and its structure con-
firmed by restriction enzyme digestion and DNA sequencing.
  Expression of the cloned genes was determined by SDS- 
PAGE and by Coomassie brilliant blue staining as shown in 
Fig. 3A, and the gel was analyzed using Quantity One software 
(Bio-Rad, USA). All proteins, except PrpE, were observed 
as distinct bands with the expected molecular weights.
  Enzymatic activities of MCR and PrpE were determined 
in vitro, using crude extracts obtained by sonication of cells of 
E. coli BL21(DE3)/pHP304, using cells of E. coli BL21(DE3)/ 
pET21a(+) as a negative control. The malonyl-CoA reductase 
activity was measured as described (Kroeger et al., 2011). 
The malonyl-CoA is reduced to 3HP with an apparent ac-
tivity of 0.23±0.02 μmol/min/mg protein at 37°C, which 
presented about 60% of the enzyme activity at 57°C (0.38± 
0.01 μmol/min/mg protein, Fig. 3B). Considering the high 
expression level of MCR (>10% of the total soluble proteins, 
Fig. 3A), its activity was quite low.
  The propionyl-CoA synthetase activity was quantified as 
described (Horswill and Escalante-Semerena, 1999). The 
crude cell extract catalyzed the formation of 3HP-CoA at 
an apparent activity of 1.1±0.1 μmol/min/mg protein, which 
is much lower than that when propionate was used as sub-
strate (3.6±0.4 μmol/min/mg protein) (Fig. 3C). The velocity 
of 3HP-CoA synthesis was almost 5-fold higher than that 
of malonyl-CoA reduction.
  For P3HP accumulation, control strain E. coli BL21(DE3)/ 
pET21a(+) and E. coli BL21(DE3)/pHP304 were cultivated 
in baffled shaking flasks containing minimal medium (30 
mM potassium phosphate buffer (pH 7.0), 2 g/L (NH4)2SO4, 
0.2 g/L MgSO4∙7H2O, 0.5 g/L yeast extract, and 20 g/L glu-
cose). The recombinant cells were induced at ~0.6 OD600 
with 0.2 mM IPTG. IPTG (0.2 mM), biotin (40 mg/L), and 
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                  (A)                                                               (B)                                                           (C)

Fig. 3. Expression and enzyme activity of heterologous proteins in E. coli cells. (A) Coomassie brilliant blue-stained SDS-PAGE of crude cell lysate from 
different constructs. Lanes: 1, E. coli BL21(DE3)/pACYCDuet-1/pET21a; 2, E. coli BL21(DE3)/pA-accADBC; 3, E. coli BL21(DE3)/pHP304; 4, E. coli 
BL21(DE3)/pA-accADBC/pHP304; M, PageRuler Prestained Protein Ladder (Fermentas). The positions of overexpressed AccC (49.3 kDa), AccA and 
AccD (35 kDa and 33.3 kDa), AccB (16.7 kDa), MCR (132 kDa), and PhaC1 (64 kDa) are indicated by arrows. (B) Enzyme activity of malonyl-CoA reduc-
tase MCR at 37°C (black) and 57°C (grey). One unit of activity (u) was defined as the protein amount required for the synthesis of 1 μmol 3HP in 1 min. 
(C) Enzyme activity of propionyl-CoA synthase PrpE when propionate (black) and 3HP (grey) was used as substrate. One unit of activity (u) was defined 
as the protein amount required for the synthesis of 1 μmol acyl-CoA in 1 min.

(A)

(B)

Fig. 4. The 600 MHz 1H (A) and 13C (B) NMR spectra of P3HP synthe-
sized by E. coli BL21(DE3)/pA-accADBC/pHP304 in CDCl3 solution.

NaHCO3 (20 mM) were added periodically every 12 h until 
60 h. After 72 h cultivation, the cells were harvested by cen-
trifugation and lyophilized. PHA was extracted from lyophi-
lized cells with hot chloroform in a Soxhlet apparatus, and 
precipitated by ice-cold ethanol as described (Lageveen et al., 
1988). While the control strain produced no PHA, a trace 
amount of PHA was detected in the strain carrying pHP304. 
It was speculated that a low level of cellular malonyl-CoA 
impeded production of P3HP. Given that overexpression 
of acetyl-CoA carboxylase elevates cellular malonyl-CoA 
concentration (Zha et al., 2009), plasmid pA-accADBC was 
transformed into E. coli BL21 (DE3)/pHP304. When acc, 
mcr, prpE, and phaC1 were coexpressed, accumulation of 
PHA within the cells was observed by fluorescence micro-
scopy (Ostle and Holt, 1982). Grown with glucose as a sole 
carbon source, the recombinant cells produced 1.32 g/L 
cell dry weight containing 0.98% (wt/wt [cell dry weight]) 
PHA.
  10 μg of the extracted PHA was degraded by methanolysis 
in the presence of sulfuric acid (Brandl et al., 1988). The 
resulting methyl ester was analyzed using a 5975C Series 
GC/MSD system (Agilent, USA). GC analyses of the methyl 
ester of extracted polymer showed a specific peak with a re-
tention time of RT=5.72 min, which is identical to the reten-
tion time of the methyl 3HP standard. This particular peak 
was extracted by electron impact for MS analysis. Once 
again, the extracted peak spectrum showed a mass of 103 Da, 
corresponding to the mass of ionized 3HP methyl ester. 
Dissociation of this ion led to other masses, such as 31, 43, 55, 
and 73 Da. Comparison with the NIST database confirmed 
that the acid methanolysis product of extracted polymer is 
the methyl 3HP. The chemical structure of P3HP was con-
firmed by NMR analyses (Fig. 4). The 1H and 13C NMR spec-
tra were recorded at room temperature in d-chloroform 
(CDCl3) (20 mg/ml) as described (Wang et al., 2009) using 
an AVANCE III 600 NMR spectrometer (Bruker, Switzerland).
  The molecular weight of P3HP was determined using gel 
permeation chromatography (DAWN HELEOS II, Wyatt, 
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Fig. 5. Plasmid stability of E. coli BL21(DE3)/pA-accADBC/pHP304. 

USA) as described (Liu et al., 2011). The number-average 
molecular weight (Mn) and weight-average molecular weight 
(Mw) of the P3HP produced by the recombinant E. coli were 
6.58×104 Da and 1.08×105 Da, respectively. Differential scan-
ning calorimetry (DSC) data were recorded using Diamond 
DSC (Pekin Elmer, USA) as described (Arai et al., 1999), 
and the melting temperature (Tm), glass transition temper-
ature (Tg) , and enthalpy of fusion (ΔHm) of P3HP were 77°C, 
7°C, and 101.6 J/g, respectively.
  Compared with other strains producing PHA, our strain 
has a low content of P3HP. In one aspect, this was caused 
by loss of plasmids. To verify plasmid stability, diluted cul-
ture was spread onto LB plates without any antibiotics, and 
with ampicillin or chloramphenicol, and grown overnight. 
The number of colonies on the plates without antibiotics was 
set to 100%. After 72 h of cultivation, 73% of cells carried 
plasmid pA-accADBC, and only 19% possessed plasmid 
pHP304 (Fig. 5). The loss of plasmid pHP304 was much 
higher than pA-accADBC, and it was assumed that the seg-
regational instability of pHP304 was caused by two reasons. 
First, pHP304 is ampicillin resistant and its selective marker 
is the β-lactamase gene. The β-lactamase secreted into the 
culture broth caused rapid degradation of ampicillin and 
overgrowth of plasmid-free cells. Secondly, malonyl-CoA 
reductase catalyzes a two-step reaction: malonyl-CoA → 
malonate semialdehyde → 3HP (Hugler et al., 2002). Malo-
nate semialdehyde and 3HP are both toxic to E. coli cells 
(Poelarends et al., 2003; Warnecke et al., 2008), and ag-
gravated pHP304 instability. To achieve a more stable strain, 
chromosomal insertion may be used in the future.
  Low activity of malonyl-CoA reductase was also respon-
sible for the low P3HP content. Fukui et al. (2009) suggested 
that activity of 3HP-CoA synthetase lower than that of ma-
lonyl-CoA reductase limited production of P3HP. In our 
study, 5-fold higher activity of 3HP-CoA synthetase over 
malonyl-CoA reductase was achieved, but the P3HP pro-
duction still remained at a similar level. The 3HP monomer 
production in a recombinant E. coli strain using malonyl- 
CoA reductase was reported recently, and it also faced the 
same problem of low productivity (Rathnasingh et al., 2012). 
These facts indicated that malonyl-CoA reductase was the 

real rate-limiting step. MCR is most active at 57°C (Kroeger 
et al., 2011), and the remained activity at 37°C is only about 
60% of maximal-activity (Fig. 3B). Furthermore, MCR activity 
is strictly regulated by its postulated physiological requirement. 
It was reported that only about 37% of the maximal rate 
could be measured in heterotrophically grown C. aurantiacus 
cells, although these cells grew five times faster than cells 
under autotrophic conditions (Hugler et al., 2002). When 
expressed in E. coli, MCR enzymatic activity could be further 
down-regulated due to the change of physiological environ-
ment through some unknown mechanism.
  In this study, we focused on microbial synthesis of P3HP 
without any supplement of related precursors. An artificial 
pathway for P3HP production was constructed by applying 
several enzymes including malonyl-CoA reductase, propionyl- 
CoA synthetase and PHA synthase, and the engineered E. 
coli strain showed ability to synthesize the P3HP polyester 
from glucose. Although the P3HP content is low, this pathway 
was expected to have some advantages over other reported 
P3HP biosynthetic pathways. It is necessary to carry out 
further development to achieve a high P3HP yield for large- 
scale P3HP production.
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